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ABSTRACT

We present a pressure amplifier that integrates with single-stage gas launchers and enhances the accessible range of sample pressure states.
The design of the amplifier was guided by hydrodynamic simulations. Using a convergent shock geometry, the amplifier generates pressures
of up to 4.3 times greater than those achievable through direct impact. The evolution of the shock fronts through the amplifier was captured
using ultrahigh speed x-ray phase-contrast imaging, and the velocity history of shocked samples was measured using photonic Doppler
velocimetry to ascertain output pressures of the amplifier. Pressures of up to 40 GPa were observed in copper and iron samples as well as
the observation of phase-transition kinetics in iron (α–ϵ transition). These results demonstrate the utility of the pressure amplifier in
allowing a wider range of material phase space to be explored with single-stage guns.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0323238

I. INTRODUCTION

Single-stage gas launchers or gas guns (SSGGs) are widely
used in scientific research due to their simplicity, reliability, and
cost-effectiveness. Their use plays a key role in impact physics,
planetary science, high-pressure equation-of-state (EOS) studies,
and the study of material dynamics.1–5 However, the velocities and
resulting impact pressures achievable with single-stage gas launch-
ers are limited by physical and engineering constraints. These
include the maximum reservoir pressure and, most critically, the
restricted gas flow rate through diaphragms that separate the reser-
voir from the launch tube.2,6 Single-stage gas launchers can operate
with velocities exceeding 1.6 km/s in well-optimized systems.7

However, more typical single-stage gas launchers are limited to
velocities of �0:8 km/s. Such velocities translate to relatively low
impact pressures: for example, 0.8 km/s aluminum flyers generate
approximately 2.5 GPa in polymers, while impacts on higher-
impedance materials, such as copper or iron, can produce pressures
up to 10 GPa.

To achieve higher velocities and impact pressures, two-stage8,9

and three-stage gas gun10 systems have been employed. These
drivers provide significantly improved velocities11 greater than
9 km/s, with some systems12 reaching velocities exceeding 11 km/s
equating to impact pressures greater than 380 and 570 GPa in poly-
mers and metals, respectively. However, multi-stage systems involve
higher upfront costs, greater system complexity, and increased
operational and infrastructure demands. This paper presents a pres-
sure amplifier that uses convergent shocks and Mach stem interac-
tions to greatly enhance the shock pressure imparted on a sample
of interest by a single-stage gas launcher. The amplifiers were dem-
onstrated on two 25mm bore single-stage gas launcher systems,
similar to that previously reported by Rack et al.13 Pressure amplifi-
cation through converging shocks has been demonstrated using
several distinct approaches. Polymer pusher–impactor assemblies
generate inertial geometric focusing in metallic cones.14 Explosively
driven conical waveguides similarly strengthen shocks through
guided convergence and internal Mach-stem formation.15

Shock-tube systems with smoothly converging sections transform
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planar shocks into stronger spherical or cylindrical waves, extend-
ing achievable pressures.16 Laser-driven annular targets have also
produced centrally converging shocks and controlled Mach-stem
formation in gas environments.17 These methods illustrate the
range of hydrodynamic amplification strategies but differ markedly
from the compact modular single-stage gas-gun driven Mach-stem
amplifier used in the present work, designed as a simple addition
to muzzle of a single-stage launcher. A key objective of this work
was not only to measure the amplified output pressure, but also to
directly study the internal shock dynamics that give rise to the
amplification. At the European Synchrotron Radiation Facility
(ESRF), ultrahigh speed x-ray imaging (UHS XRI)13,18,19 enabled
time-resolved visualization of shock-front dynamics within the
amplifier. These measurements provided the opportunity to vali-
date the behavior predicted by hydrodynamic simulations, includ-
ing the timing and geometry of shock convergence and
recombination features that are essential to the design and optimi-
zation of pressure amplifiers. Additional experiments at the
University of Oxford used photonic Doppler velocimetry (PDV)20

to characterize the velocity history and peak pressures delivered to
various samples.

Experimental observations indicate sample pressure enhance-
ments of up to 4.3 times vs the direct impact (defined in Sec. III C)
of an Al projectile. In shocked iron, multiple waves consistent with
the α ! ε transformation were observed, with peak sample pres-
sures reaching 40 GPa. Together, these results demonstrate that
pressure amplifiers enable SSGGs with modest projectile velocities
to access significantly larger regions of material phase space.

II. SINGLE-STAGE GAS LAUNCHER PRESSURE
AMPLIFIER

A. Amplifier mechanisms

The pressure amplifier is designed as a simple add-on to exist-
ing SSGG systems, intended to be mounted directly to the end of
the launch-tube and impacted by a metallic tipped projectile.
Samples of interest can be bonded directly to the amplifier exit to
enable studies at elevated pressures. The pressure amplifier is made
up of a conical cavity, filled with a low impedance UV cure resin,
encased by a thick high impedance wall (anvil) made of steel. The
conical cavity is characterized by a convergence ratio (CR) defined
by its input and output diameters of 20 and 3 mm (CR ¼ 6:6),
respectively. The input diameter is intentionally undersized relative
to the projectile tip to accommodate typical impact concentricity
tolerances of single-stage gas launchers (�10 mrad tilt).21 This geo-
metric margin ensures reliable full engagement under expected
alignment variations. A dedicated sensitivity study examining small
lateral offsets or impact tilt was not performed in the present work,
as the current design operates within established alignment toler-
ances for planar-impact experiments. A detailed investigation
aimed at minimizing concentricity and tilt sensitivity would require
full 3D simulations and is considered beyond the scope of this
study, although it forms part of future design refinement. Previous
work using amplifiers of similar geometry22 has shown that impact
tilts exceeding 1� primarily introduce degradation in output-shock
planarity. Since this aspect was not optimized in the present
design, the impact tilt of projectiles used here was not of immediate

concern. Two amplifier designs with differing cone angles (and
lengths) are presented here, with similar operating mechanisms.

Figure 1 illustrates the working principle of a basic conical
pressure amplifier. The projectile impacts the amplifier, launching
a planar shock wave through the low impedance resin fill.
Simultaneously, Mach reflections23,24 occur at the high impedance
steel anvil [Fig. 1(a)]. These Mach reflections propagate toward the
central axis as the planar shock front continues to advance through
the amplifier [Fig. 1(b)]. All three shock fronts coalesce on-axis to
form a Mach stem25,26 that expands as a new planar shock front
[Fig. 1(c)]. The planar Mach stem, which is considerably stronger
than the input shock generated by the projectile impact, grows to
fill the output area of the amplifier [Fig. 1(d)]. The working princi-
ple of a second longer amplifier (with a smaller cone angle) is out-
lined in Fig. 2. The projectile impact again launches a planar shock
front through the amplifier with converging Mach reflections
[Figs. 2(a) and 2(b)]. The shock fronts coalesce on-axis to form a
Mach stem [Fig. 2(c)]. However, the longer cone means that reflec-
tions from the anvil walls occur again, causing a second pair of
inward moving Mach reflections [Fig. 2(d)]. These oblique shock
fronts coalesce on-axis for a second time to form a new
Mach stem, which expands to fill the output of the amplifier
[Figs. 2(e) and 2(f )]. Again, the Mach stem is considerably higher
pressure than the initial impact pressure.

B. Amplifier design and simulations

The design of pressure amplifiers requires careful hydrody-
namic modeling to precisely time the convergence of multiple
shock fronts. Simulations were carried out using our internal
hydrodynamics code B2,27 which contains pre-computed EoS
tables created using the Frankfurt EOS (FEOS) code,28 as well as
closure microphysics tables.29

A cone angle scan was performed while keeping the CR and
material set fixed. Iron was considered for the anvil material, while
poly(methyl methacrylate) (PMMA) was used to represent the
UV-cured resin fill material. These are not the exact materials used

FIG. 1. Evolution of a projectile-driven planar input shock wave through a
conical pressure amplifier, with a single on-axis Mach stem crossing. (a)
Projectile impact generates a planar shock. (b) Shock reflections from the anvil
generate converging Mach reflections, while the main shock continues propagat-
ing. (c) The Mach reflections coalesce and cross on-axis to form an expanding
Mach stem. (d) The Mach stem expands, forming a planar shock at the output.
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in manufacturing (see Table I), but were adopted at this stage
because equation-of-state (EoS) models were available and their
impedances are comparable to those of the manufacturing materi-
als. Cone angles of 45� and 75� were selected, as these configura-
tions produced correctly timed Mach stem formation and
subsequent expansion at the amplifier output (Figs. 1 and 2).
Further optimization of the design with alternative geometries, con-
vergence ratios, or material combinations was not explored in this
study.

To enable phase-contrast imaging (PCI) of the shock dynam-
ics within the amplifier, a modified aluminum thin-walled design
was developed for experiments conducted at the ESRF. The aim
was to reduce the x-ray opacity of the anvil walls while preserving
the essential hydrodynamic behavior of the original steel design.
This required identifying a material and wall thickness that pro-
vided sufficient x-ray transmissivity through the anvil wall while
maintaining adequate mechanical rigidity and impedance to
support the internal shock reflections.

The transmission of the ESRF ID19 synchrotron source spec-
trum through materials within the assembly was evaluated using
National Institute of Standards and Technology (NIST) mass atten-
uation coefficients.30 Figure 3 shows the photon count as a function
of energy for the unattenuated source spectrum and for both iron
and aluminum at several thicknesses. A thickness of 1.0 mm of
iron (used as an analog for steel) significantly reduces the photon

flux. This corresponds to an anvil-wall thickness of approximately
0.5 mm since the x rays must traverse the wall both on entry to and
exit from the amplifier. The result indicates that an exceptionally
thin wall would be required for a steel anvil, and this material was,
therefore, deemed unsuitable.

The attenuation of aluminum was also evaluated at a thickness
of 37 mm, representative of the maximum penetration distance in
the standard design. This configuration resulted in minimal x-ray
transmission, indicating that a reduction in anvil-wall thickness
was necessary even when using aluminum. It was found that

FIG. 3. Simulated transmission of the ESRF ID-19 x-ray spectrum through key
materials in the amplifier assembly. The high attenuation associated with steel
and full-thickness aluminum highlights the requirement for a reduced-thickness
aluminum wall to allow effective x-ray phase-contrast imaging.

FIG. 2. Evolution of the shock wave through a longer conical pressure amplifier,
with two on-axis Mach stem crossings. Panels (a)–(c) show the same sequence
as Figs. 1(a)–1(c). Following on-axis crossing, the expanding fronts reflect off
the anvil and again converge inward. (e) The process repeats, with the reflected
converging fronts crossing on-axis, forming a second expanding Mach stem. (f )
The Mach-stem continues to expand and unloads at the output.

TABLE I. Geometry and material parameters for standard and thin-walled amplifier
designs.

Parameter Standard Thin-wall

Geometric parameters
Cone angle (°) 75/45 75/45
Cone length (mm) 11.1/20.5 11.1/20.5
Input diameter (mm) 20.0 20.0
Output diameter (mm) 3.0 3.0
Wall thickness at inlet (mm) 10.0 10.0
Wall thickness at outlet (mm) 18.5 2.0
Thin-out distance (mm) N/A 5.1/10.5
Materials
Anvil-wall material Steel 316L Al 6082
Fill resin Dymax 6-621
Fill density (g cm−3) 1.08
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4.0 mm of aluminum (equivalent to 2.0 mm thick anvil walls) pro-
vided sufficient transmissivity to enable PCI measurements.

Also shown is the transmission through 15 mm of PMMA,
used as an analog for the UV-cured resin fill (Dymax 6-621).
PMMA exhibits relatively low attenuation across the ID19 spectrum
and has a comparable density (1:175 g=cm3) to the resin
(1:08 g=cm3), for which tabulated NIST data are unavailable.

To minimize energy loss through the anvil wall, and consider-
ing the field of view (FOV) of the PCI diagnostics, the wall thick-
ness was reduced to 2.0 mm only in the lower portion of the
amplifier, from just above the location of the first on-axis shock
reflection to the outlet. Hydrodynamic simulations of these thin-
walled aluminum designs showed that, although the outlet pres-
sures were reduced relative to the full-thickness configurations, the
essential internal shock dynamics were preserved, enabling experi-
mental validation of the shock interactions within the amplifier. A
comparison of the simulated pressure fields for the standard steel
and thin-walled aluminum amplifier designs is shown in Fig. 4.
The timing and position of both the first on-axis shock reflection
(a) and (b) and the first anvil-wall reflection (c) and (d) remain
similar in both configurations. Following reflection from the anvil
walls (d) and (e), the shock dynamics begin to diverge slightly, with
the second on-axis reflection (e) occurring marginally later in the

thin-walled configuration. Importantly, this interaction still occurs
prior to the shock unloading, resulting in the formation of an
expanding Mach stem at the amplifier outlet.

The differences in shock dynamics arise primarily from
energy loss through the thinner aluminum walls, which leads to
lower pressures at breakout. Figure 5 shows the on-axis shock-head
pressure as a function of time following breakout into a PMMA
block. The simulations indicate that the standard 45� and 75�

designs produce peak pressures of approximately 25 and 30 GPa,
respectively, whereas the corresponding thin-walled designs reach
peak pressures of approximately 15 and 20 GPa. This represents a
reduction of roughly 10 GPa attributable to the reduced wall
thickness.

C. Summary of manufactured amplifier variants

Figure 6 shows the geometric parameters of the four designs,
and the corresponding geometric and material parameters are sum-
marized in Table I. The standard and thin-wall designs share iden-
tical cone geometry and resin fill, differing only in anvil material
and wall thickness (316L stainless steel for the standard configura-
tion and aluminum 6082 for the thin-walled variant).

III. EXPERIMENTAL VALIDATION

Experiments were performed on the 25 mm bore single-stage
gas launcher located at the ESRF.13 Ultrahigh speed (UHS) x-ray
imaging was used to elucidate the internal shock dynamics of the
amplifier and through a PMMA (9mm diameter and 12 mm thick)
sample bonded to its output. This method allowed for the determi-
nation of the shock-front dynamics in the amplifier and the
sample, which allowed for comparison with our hydrodynamic
simulations. Experiments were conducted using the 45� and 75�

FIG. 4. Side-by-side comparison of the pressure field within the fill region of the
standard (left) and thin-walled (right) 45� pressure amplifier. The pressure field
shows the internal shock interactions, as outlined in Fig. 2. Shock dynamics
remain similar between the two variants for the majority of the shock transit
through the amplifier, with the largest difference being that the second
Mach-stem convergence on-axis occurs slightly later in the thin-walled variant
(e), and that there is a noticeable reduction in output pressure (f ). Both designs
produce a near planar shock at unload, with a higher pressure than that from
the initial impact.

FIG. 5. Simulated amplifier unload shock pressure (into a PMMA sample) aver-
aged over a radius of 0.25 mm, for standard and thin-walled variants of the 75�
(black) and 45� (red), respectively. A discrepancy between standard and full
thickness of �10 GPa is evident in both cases resulting from the energy lost
due to the lower impedance aluminum and thinned wall section.
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variants. Complementary experiments were performed using the
single stage gas launcher facility at the University of Oxford, which
is similar in specifications to the ESRF SSGG.13 In these experi-
ments, PDV was used to track the velocity history of shocked
samples allowing for the pressure conditions to be determined.
Aluminum foils with lithium fluoride windows as well as iron and
copper free-standing foils were tested. In both experimental cam-
paigns, polycarbonate sabots with aluminum tips were used, with
flyer velocities consistently reaching approximately 800 m/s.

A. Ultrahigh speed (UHS) x-ray imaging (XRI)

Ultrahigh speed (UHS) x-ray imaging (XRI) is a technique
used for in situ radiography of ultrafast (sub-microsecond) pro-
cesses. The technique has been implemented successfully at the
ESRF beamline ID-1913,18 to achieve effective frame rates (fps) of
over 5Mfps. X rays are emitted in evenly spaced pulses from elec-
tron bunches circulating in the synchrotron storage ring, driven by
the radio frequency power supply.31 Each bunch has a minimum
duration of �100 ps with the inter-bunch time depending on the
mode of operation selected. This work utilized a 16-bunch mode,
which gave an inter-bunch timing of 176 ns.32 The multiplexed
camera configuration for maximizing frame rate, utilizing three
Shimadzu Hyper-Vision HPV-X2 ultrafast imaging cameras, has

been outlined in previous work.18 The HPV-X2 while in an
adjustable frame rate mode has a minimum inter-frame time of
500 ns (2 Mfps), adjustable in 10 ns steps. Synchronization
between the x-ray pulse train and the inter-frame camera timing
is achieved by using three HPV-X2 cameras triggered in sequence
with 530 ns inter-frame times, closely matched to the temporal
separation between 3 bunches (528 ns). An effective frame rate of
5.68 Mfps is then achieved by combining the three separate
image sets in post-processing. Figure 7 illustrates the experimen-
tal setup, which used a single 250 μm (Cerium-doped Lutetium–
Yttrium Oxyorthosilicate) LYSO:Ce scintillator.33 Camera 1
imaged the upstream optical emission from the scintillator, while
Cameras 2 and 3 imaged the downrange emission via a 50:50 pel-
licle beam-splitter arrangement, enabling indirect x-ray imaging
of the impact region across all three Shimadzu cameras. After
passing through the PMMA sample, the pulsed x-ray beam was
converted to optical emission by the scintillator and relayed to
the cameras through a combination of various beam splitters and
mirrors. The effective x-ray FOV on the cameras was approxi-
mately 12� 8 mm, as indicated by the purple box in Fig. 7(b).
Cameras were synchronized to projectile impact via light gates
and various triggers in phase with the x-ray bunches delivered to
ID-19 beamline. Further information, such as timing diagrams,
scintillator absorption and emission spectra, and x-ray spectra,
and a more detailed explanation of the multiplexed camera
system implementation with the synchrotron are outlined in pre-
vious work.18

B. Phase-contrast imaging for shock propagation
imaging

X-ray phase-contrast imaging (PCI)34 is a diagnostic tech-
nique that enhances the visibility of shock fronts as well as static
objects by detecting variations in the phase shift of x rays as they
pass through materials with differing densities. Unlike conventional
x-ray absorption imaging, which relies on attenuation, PCI is sensi-
tive to density gradients, making it particularly effective for
imaging low-Z materials and transparent media under dynamic
loading without the need for contrast agents. Figure 7(b) illustrates
the specific setup used with the single-stage gas launcher at the
ESRF, where PMMA samples were placed on the output of the
amplifier to allow imaging of the shock front as it exited the
conical amplifier. The thin-walled (low x-ray attenuation) amplifier
variants were fielded to enable x-ray phase-contrast imaging of the
interior of the amplifier. The resulting x-ray phase-contrast images
enabled detailed assessment of shock dynamics by providing a
visual representation of shock evolution. In addition to the alumi-
num variants used for PCI, steel amplifiers were also fielded in the
experimental campaign. These steel designs are highly attenuating
to x rays but were included to verify that the shock structures
observed at the amplifier output, particularly the formation and
expansion of the Mach stem, were consistent with those produced
by the thin-walled variant. Comparison of the PCI results with cor-
responding simulations confirmed that both the aluminum and
steel amplifiers exhibited the same qualitative shock dynamics at
breakout, with the former providing access to the interior shock
dynamics.

FIG. 6. Geometry of the standard (left) and thin-walled (right) pressure amplifier
cone designs showing the key geometric parameters. (a) 45� pressure amplifier
indicating the input diameter, output diameter, cone length, and cone angle. (b)
75� pressure amplifier highlighting the wall thickness at the inlet and outlet and
the thin-out distance. The geometric and material parameters for the four
designs are summarized in Table I.
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Although PCI frames can, in principle, be used to estimate
shock velocity and infer pressure via Rankine–Hugoniot relations,
extracting velocity from these frames introduces large uncertainties
due to the spatial resolution. Furthermore, while UHS-XRI achieves
effective frame rates exceeding 5Mfps, the inter-frame time of
176 ns was still substantially longer than the timescale of breakout
dynamics (tens of ns), meaning the peak pressure at release could
not be captured. Therefore, because of the discrete nature of the
imaging, the inferred pressures would represent averages between
two frames and offer little practical value. To obtain accurate

measurements of amplifier output pressures and quantify the pres-
sure enhancement, complementary experiments employing PDV
were conducted at the University of Oxford.

C. Photon Doppler velocimetry for interface velocity
measurement

The PDV system employed used two narrow-linewidth
(,700 Hz), single-frequency CW fiber lasers operating near
1550 nm, enabling a tunable zero velocity frequency shift.

FIG. 7. Experimental setup used for impact studies at the ESRF. (a) Schematic of the ultrahigh-speed x-ray imaging (UHS XRI) setup, including the beam-line, cameras,
and single-stage gas launcher. The setup incorporates a single pellicle beam splitter, a cube beam splitter, and a 250 μm (Cerium-doped Lutetium–Yttrium
Oxyorthosilicate) LYSO:Ce scintillator with camera 1 imaging the up range emission and cameras 2 and 3 imaging the downrange emission. The amplifiers were impacted
by an aluminum flyer accelerated to 800 m/s. With the subsequent progression of the shock through the latter half of the amplifier and its exit into PMMA, samples were
examined in situ using single bunch (100 ps) hard x-ray pulses separated by 176 ns. The x-ray beam is indicated in purple with the pulses in dark purple. The optical light
incident on the cameras is indicated in blue, with the optical pulses corresponding to the x-ray pulses in dark blue. (b) A schematic of the impact region at ESRF [red
dashed box in (a)], showing the aluminum flyer and the thin-walled pressure amplifier, (c) Phase-contrast images of shock propagation through a 75� cone angle thin-
walled amplifier variant and a PMMA sample. With the purple dashed box [in (b)] outlining the x-ray field of view.
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Experiments were typically conducted using a frequency shift of
1 GHz to improve temporal resolution. Signals were detected using
a Thorlabs DET08CFC/M InGaAs biased detector and recorded on
a LeCroy WaveMaster 808ZiB oscilloscope with an 8 GHz band-
width and a 40 GS/s sampling rate, enabling high temporal and
spatial resolution. Further details on the system configuration and
methodology can be found in previous work.35

Figure 8 illustrates the experimental setup used at the SSGG at
the University of Oxford. A single-mode optical fiber coupled with
a Thorlabs 1550 nm Single Mode graded-index fiber collimator
produced a collimated beam approximately 0.5 mm in diameter.
Time-resolved interferometric velocimetry, such as VISAR and
PDV, are widely used to measure free-surface velocity histories in
shock compression experiments and relate them to Hugoniot states
for pressure determination. The quasi-steady (plateau) portion of
the free-surface velocity trace prior to release-induced acceleration
provides an objective measure of the peak shock state, with the cor-
responding pressure calculated via Rankine–Hugoniot analysis.36

For interface velocity measurements in samples with confining
windows, the peak pressure state is taken as the constant hold-time

velocity immediately following release into the sample. This
approach is consistent with standard dynamic compression diag-
nostics, in which time-resolved interface velocity histories are used
to infer shock states via impedance matching and Hugoniot analy-
sis.37,38 A detailed discussion of the path from the measured veloc-
ity to the sample pressure states as well as the Hugoniot relations
and parameters used is outlined further in Appendixes B–D.

For a metallic sample, the free-surface velocity is typically
approximated as twice the particle velocity up, based on momen-
tum conservation at a stress-free boundary.39 This relationship can
deviate in the presence of material phase transitions; however, in
the relatively low-pressure regime examined in this study, such
deviations are expected to be small and have a negligible effect on
the inferred pressure values.40 This analysis also assumes that the
release isentrope does not differ significantly from the Hugoniot,
an approximation that is again valid at the low pressures consid-
ered here.

An amplification ratio (AR) is outlined here, which is used to
quantify the performance of the amplifiers, presented in Sec. IV,
being defined as

AR ¼ Pout
PDI

, (1)

where Pout is the peak sample pressure and PDI is defined as the
direct-impact pressure imparted into the amplifier by the projectile.
In this work, PDI is the direct-impact pressure produced by planar
impact of an aluminum flyer at the measured projectile velocity
(approximately 800 m/s), impedance-matched to the Hugoniot41 of
the sample (LiF, Cu, or Fe) to determine the corresponding base-
line direct-impact pressure used for calculation of the amplification
ratio. (Further discussion is provided in Appendix E.)

With the experimental methods established, Sec. IV presents
results from both UHS XRI alongside simulations and supporting
PDV measurements to characterize the pressure amplifier
performance.

IV. RESULTS

A. Phase-contrast imaging of shock dynamics

A total of six shots were performed at the ESRF, which used
x-ray PCI to diagnose shock dynamics within the amplifier and the
PMMA sample bonded to the outlet of the amplifier. These shots
are summarized in Table II. Four experiments were conducted
using the thin-walled amplifier variants, while two experiments
employed the standard steel configuration. For the standard config-
uration, the amplifier was positioned such that the PCI FOV was
primarily focused on the unload block, as x-ray transmission
through the anvil walls was not possible.

1. Qualitative comparison of shock morphology

a. 75� amplifier variant. Figure 9 shows PCI frames corre-
sponding to shot 2 (75� thin-walled), illustrating the propagation of
the shock imparted by the projectile impact through the amplifier
and into the PMMA sample. In Fig. 9(a), interactions between the
planar shock front (originating from projectile impact) and the

FIG. 8. Schematic of the experimental setup used at the University of Oxford,
single-stage gas launcher muzzle, and impact chamber with light gate shown
along with the target hardware. Zoomed in target area highlighted in red, includ-
ing the pressure amplifier, aluminum tipped projectile, foil, or sample as well as
a single collimating probe used to record the interface of shocked samples.
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anvil walls initiate Mach reflections (label 1). Figure 9(b) highlights
the progression of these reflections toward the central axis (label 2),
with Fig. 9(c) showing the formation of the Mach stem (label 3). In
the subsequent frames [Figs. 9(d)–9(g)], the Mach stem expands to
fill the amplifier output as the shock releases into the PMMA
sample.

Figure 10 presents a side-by-side comparison of the experi-
mental PCI results for shot 5 (75� thin-walled amplifier) and corre-
sponding snapshots from the 2D hydrodynamic simulation. Twelve
frames are shown [Figs. 10(a)–10(l)], corresponding to the final
�1:3 μs of the shock propagating through the amplifier prior to
unloading into the PMMA sample. The simulation field was
exported with 10 ns temporal resolution, while the PCI frames are
separated by 176 ns. Simulation snapshots were selected to align
with the observed shock position in the PCI images to facilitate a
qualitative comparison of the shock shape and propagation. As
such, the frames do not necessarily correspond to identical absolute
times; quantitative comparisons of shock positions as a function of
time, for all shots, are presented separately in Sec. IVA 2.

Figure 10(a) shows the planar shock front, which had already
traveled through the “thick” portion of the amplifier body before
entering the PCI field of view, so interactions with the anvil walls
had already begun. Some features behind the shock front that can
be seen converging onto the central axis in simulated frames are
not resolved by the PCI due to the resolvable density-gradient

cutoff. Figures 10(a)–10(e) show the planar shock front produced
by the projectile impact continuing to propagate forward, while
Mach reflections can be seen traveling radially inward after inter-
acting with the anvil wall. Figures 10(f ) and 10(g) show the Mach
reflections coalescing with the planar shock front along the central
axis, and Fig. 10(h) shows the formed Mach stem just before it fills
the amplifier output. The subsequent frames [Figs. 10(i)–10(l)]
show the output shock entering the PMMA sample, initially
convex, becoming briefly planar, before finally turning concave.
The simulations accurately reproduce the experimentally observed
shock front morphology at several stages of propagation through
the amplifier and during subsequent unloading.

b. 45� amplifier variant. Figure 11 presents a side-by-side
comparison of the experimental PCI results for shot 1 (45� thin-
walled amplifier) and the corresponding snapshots from the 2D
hydrodynamic simulation. Nine frames are shown [Figs. 11(a)–11(i)]
corresponding to the final �2 μs of the shock traveling through
the amplifier before exiting into the PMMA sample. Similarly to
comparison for the 75� variant (Fig. 10), snapshots from the simu-
lation were selected to align with the experimentally observed
shock position. Figures 11(a)–11(f ) show the continuation of the
shock front, having traveled approximately halfway through the
amplifier body with one Mach stem formation already having
occurred before entering the PCI FOV as highlighted previously
(Fig. 2). Figures 11(g)–11(i) show the secondary Mach stem forma-
tion prior to filling the output of the amplifier and releasing into
the PMMA sample. Although the release into the PMMA sample
was captured by PCI, it is not shown in Fig. 11 because the weaker
unload shock produced a density gradient near the PCI detection
limit, making the shock difficult to resolve.

2. Quantitative comparison of shock position-time
evolution

To further compare the hydrodynamic simulations with the
PCI data, Fig. 12 presents the shock-front position extracted from
PCI as a function of time, together with the corresponding simu-
lated trajectories for both thin-walled and standard amplifier geom-
etries [75� and 45�, Figs. 12(a)–12(d), respectively]. The

FIG. 9. X-ray PCI frames corresponding to shot 2 (Table II). Shown is the propagation of the shock imparted by the projectile impact through the amplifier into a PMMA
sample. Label 1 highlights the interactions between the planar shock front and the anvil, which cause Mach reflections. Label 2 highlights the Mach reflections progression
toward the central axis. Label 3 highlights the formation of the Mach stem, which in the subsequent frames (d)–(g) expand to fill the output as the shock releases into the
PMMA sample.

TABLE II. Summary of experiments performed on the single-stage gas launcher at
the ESRF. Projectile velocities were measured with an uncertainty of ±10 m/s for all
shots.

Shot
ID

Angle
(°) Variant

Anvil
material

Projectile velocity
(m/s)

1 45 Thin-wall Aluminum 804
2 75 Thin-wall Aluminum 795
3 75 Standard Steel 806
4 45 Standard Steel 773
5 75 Thin-wall Aluminum 790
6 45 Thin-wall Aluminum 793
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shock-front position in the experimental data was determined from
the PCI images using axial line-outs through the central region of
the shock front, representing a lateral average over +0:25 mm
about the amplifier z-axis. For both geometries, the simulated and
measured shock front trajectories were temporally and spatially
aligned by anchoring t ¼ 0 at the first emergence of a shock in the
PCI. All positions are measured relative to the outlet of the ampli-
fier (z ¼ 0), with positive z defined in the direction of shock propa-
gation. In all cases, the PCI data points are shown with vertically
propagated uncertainty bars, which account for the pixel-level
uncertainty in localizing the shock front, the fiducial-reference
uncertainty, and the finite accuracy of the pixel-to-distance calibra-
tion. The resulting positional uncertainty contains both a constant
component arising from the intrinsic precision with which the
shock edge can be located in the raw PCI images—and a distance
dependent contribution associated with the mm-per-pixel calibra-
tion error. In the standard (steel) variants [Figs. 12(c) and 12(d)],

the simulated shock trajectories from amplifier exit through the
PMMA sample agree with the PCI measurements to well within
the experimental positional uncertainty over the entire transit. For
the thin-walled variants [Figs. 12(a) and 12(b)], the 75� case shows
similarly strong agreement with the simulations across the shock
trajectory, from propagation within the amplifier to release into the
PMMA sample. In contrast, the 4� thin-walled configuration exhib-
its a modest divergence at later times, with the PCI measurements
tending to lie slightly above the simulated trajectory, indicating that
the simulation overpredicts the shock velocity in this case. This
increased divergence may reflect limitations in the modeling of the
more complex sequence of shock and wall interactions in the 45�

configuration.
Overall, the experimental and simulated trajectories presented

in Figs. 10–12 show good agreement throughout propagation and
breakout into the PMMA sample, indicating that the hydrodynamic
model captures the key features of the shock dynamics, including

FIG. 10. Evolution of shock through the 75� thin-walled amplifier (shot 2). (left) Shows the phase-contrast images (PCIs) from the ESRF ID-19 beamline with separations
of 176 ns between frames. (right) Simulated B2 snapshots showing shock-front evolution through the amplifier with density as the field, which is directly comparable to
shock fronts visible in the PCI frames. Features present behind the shock front in the simulations are not visible in the PCI frames due to the resolvable density cutoff of
the imaging. Mach stem formation occurs between frames d and e with the created Mach stem expanding in the following frames (f )–(h) before exiting into the PMMA
sample (i)–(l).
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the timing of Mach reflections, Mach-stem growth, and subsequent
release. This level of agreement provides support for the ability of
the B2 code to represent complex shock interactions in this config-
uration and suggests that such simulations can be used to inform
the design of related amplifier geometries. In particular, this capa-
bility may enable the optimization of amplifier configurations to
achieve desired outputs for specific applications, such as improved
planarity and extended hold times.

B. Photonic Doppler velocimetry of shocked samples

A series of seven experiments were conducted using the
single-stage gas launcher located at the University of Oxford,
employing PDV to characterize the output conditions of both alu-
minum and steel pressure amplifiers. While thin-walled amplifiers
were essential for PCI measurements, the majority of PDV experi-
ments employed the steel variants. These steel designs provide a
higher pressure amplification as the thicker, higher-impedance
anvil reduces energy loss through the wall. Pressure states achieved

in each material along with the corresponding amplification ratio
(AR) from these experiments using Cu, Al/LiF, and Fe samples are
summarized in Table III. We note the typical uncertainties associ-
ated with the velocity measurements. Depending on the sample
configuration, the PDV signal corresponds either to the free-surface
velocity of a metallic foil or to the interface velocity at an Al/LiF
window. For both free-surface and interface velocity measurements,
the dominant contributions to the total uncertainty arise from the
instrumental response and from the interpretation of quasi-steady
regions in the velocity histories. The instrumental contribution set
by the oscilloscope sampling rate, detector bandwidth, and signal
processing is estimated to be approximately +20m=s.

The interpretation uncertainty is quantified by evaluating the
variation of the measured velocity within the nominal plateau
region. Specifically, we take the difference between the minimum
and maximum velocities over the interval identified as quasi-steady,
which typically contributes an additional +10� 60m=s depending
on signal quality and sample configuration. This velocity uncer-
tainty is further propagated into the calculation of the peak

FIG. 11. Evolution of shock through a 45� thin-walled amplifier (shot 1). (left) Shows the phase-contrast images (PCI) from the ESRF ID-19 beamline with separations of
176 ns between frames. (Right) Simulated B2 snapshots showing shock-front evolution through the amplifier with density as the field, which is directly comparable to shock
fronts visible in the PCI frames. Frames (a)–(f ) show the continuation of the shock front through the amplifier after the first Mach stem formation as highlighted previously
in Fig. 2. The second Mach stem formation occurs between frames (g) and (i), with the release into the PMMA sample not shown here as the reduced output pressure
compared to the 75� variant results in a shock front that is difficult to resolve.
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FIG. 12. Comparison of simulated and PCI-measured shock positions within the amplifier and in the (PMMA) unload block for the six PCI shots described in Table II.
The shock position is plotted as a function of time, where z is the axial position of the shock averaged over a radial region of +0:25 mm from the z-axis, in both the
simulation and the PCI measurements. The simulation time has been shifted such that t ¼ 0 corresponds to the first PCI measurement, and the shock occupies the
same axial position in both datasets at that time. All positions are measured relative to the outlet of the amplifier (z ¼ 0), with positive z defined in the direction of
shock propagation.

TABLE III. Summary of experiments performed on the single-stage gas launcher at the University of Oxford. Pressure values calculated using material-specific Hugoniot rela-
tions. The particle velocity inferred using the particle velocity/free-surface velocity relation where applicable.

Shot
ID

Angle (°)
(material)

Sample
material

Sample
thickness

Projectile
velocity (m/s)

Particle
velocity (m/s)

Peak sample
pressure (GPa)

Amplification ratio AR
= Pout/PDI

1 75 (Al) LiF 3 mm 790 ± 8 854 ± 33 14.28 ± 0.65 2.32 ± 0.11
2 75 (S) Cu 75 μm 816 ± 10 800 ± 29 36.51 ± 1.63 3.99 ± 0.18
3 75 (S) LiF 3 mm 801 ± 7 1410 ± 40 26.37 ± 0.96 4.28 ± 0.16
4 45 (S) Fe 250 μm 799 ± 7 631 ± 40 24.5 ± 2.9 2.67 ± 0.25
5 45 (S) Cu 75 μm 793 ± 12 546 ± 23 23.07 ± 1.13 2.52 ± 0.12
6 75 (S) Fe 500 μm 787 ± 16 960 ± 67 39.9 ± 4.1 4.36 ± 0.39
7 75 (S) LiF 3 mm 784 ± 7 1356 ± 47 25.10 ± 1.09 4.07 ± 0.18

Journal of
Applied Physics

METHOD pubs.aip.org/aip/jap

J. Appl. Phys. 139, 155901 (2026); doi: 10.1063/5.0323238 139, 155901-11

© Author(s) 2026

 
1
5
 
A
p
r
i
l
 
2
0
2
6
 
1
9
:
5
7
:
3
6

https://pubs.aip.org/aip/jap


pressure states via Hugoniot relations discussed previously, with
detailed discussion of full uncertainty propagation outlined in
Appendixes A and F.

1. Copper (Cu)

Figure 13 shows a downshifted PDV spectrogram correspond-
ing to the measurement of the free-surface velocity of a 75 μm
copper foil bonded to the output of a steel 75� amplifier variant. A
sharp breakout feature marks shock emergence at the rear surface,
where the free-surface velocity reaches approximately 1600 m/s,
corresponding to a peak pressure of 36:5+ 1:63 GPa using the
acoustic approximation Ufs ¼ 2up

40 along with Hugoniot relations
as previously discussed. Following breakout, a steady 20 ns velocity
plateau is observed, associated with reverberation and the peak
stress state within the sample. After this plateau, the foil undergoes
continued acceleration, and the finite thickness of the Cu foil intro-
duces reverberations that modify the measured velocity profile.

A second shot using a 45� steel amplifier and a 75 μm Cu
sample demonstrated a sharp breakout with a peak free-surface
velocity of 1100 m/s followed by a plateau in the velocity, which
holds for approximately 30 ns taken as the steady region corre-
sponding to the peak pressure state. The velocity plateau corre-
sponds to a pressure of 23+ 1:13 GPa. This represents a 2.5-fold
pressure increase relative to direct impact.

2. Lithium fluoride (LiF)

Experiments were conducted using LiF windows backed with
a thin aluminum foil (3 μm) to provide a reflective interface.

Measured velocities were corrected for the refractive index of LiF
using

u ¼ 0:7895 u0:9918� , (2)

where u� is the apparent velocity, consistent with literature values
for LiF at 1550 nm.42

Figure 14 highlights the measured velocity trace for the thin-
walled 75� amplifier used with a LiF sample (shot 1 Table III). The
Al/LiF interface reached a peak velocity of 854 m/s, which was held
for approximately 50 ns. This quasi-steady region in the velocity
trace (highlighted in red in Fig. 14) is taken as the peak pressure
state, corresponding to 14:28+ 0:65 GPa.

Shots 3 and 7 (Table III) employed 75� steel amplifiers again
with LiF samples. Peak interface velocities of 1400 and 1350 m/s
were measured, corresponding to pressures of 26:37+ 0:96 and
25:1+ 1:09 GPa, respectively. The PDV signals were lost shortly
after shock breakout; consequently, only �10 ns of the quasisteady
plateau region corresponding to the peak pressure state could be
determined, and the subsequent interface velocity within the LiF
sample could not be resolved.

A direct comparison between the pressure states achieved
using the standard and thin-walled amplifier variants is particularly
noteworthy. Relative to shots 3 and 7, shot 1 exhibits reductions in
the peak sample pressure of 12.02 and 10.28 GPa, respectively.
When accounting for experimental uncertainty and small variations
in the projectile velocity (which are known to influence achievable
pressure in amplifier geometries22), the discrepancy between the
thin-walled and standard amplifier configurations is consistent
with the expected difference predicted by simulations (�10 GPa).
This agreement provides further validation of the B2 hydrocode’s
fidelity in modeling the shock dynamics in the presented geometry.

FIG. 13. Downshifted PDV spectrogram of the free-surface velocity from a
75 μm copper foil bonded to a steel 75� amplifier variant. A sharp breakout
feature (label 1) marks shock emergence at the rear surface, reaching a free-
surface velocity of approximately 1600 m/s, 36:5+ 1:6 GPa. This is followed by
a 20 ns plateau (label 2) associated with reverberation and the peak stress state
within the sample. Subsequently, the foil undergoes continued acceleration
(label 3), indicating residual drive from the amplifier system.

FIG. 14. Output of a 75� aluminum amplifier into a lithium fluoride (LiF) window
backed with a thin aluminum layer, recorded using PDV (Shot 1). The Al/LiF
interface reaches a peak pressure of 14.28 GPa (up ¼ 854m=s), which is main-
tained for approximately 50 ns (highlighted in red) before the shock decays as it
continues into the LiF window.
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3. α–ϵ phase change in iron

Iron is the archetypal system for studying phase transforma-
tions under shock compression. Bancroft et al. first reported the
experimental observation of a polymorphic transition in Fe occur-
ring at 13 GPa.43 Subsequent static compression measurements44–46

identified this polymorphic transition as the alpha (body centered
cubic) to epsilon (hexagonal close packed) transformation, which
has since been extensively studied.47,48

Figure 15 presents PDV free surface velocity histories for exper-
iments performed using the steel 75� and 45� amplifier variants
driving shocks into 250 and 500 μm iron foils. The free-surface
velocity Ufs in iron is approximately 1:97up.

47 The traces exhibit a
distinct initial elastic wave, visible up to approximately 4 GPa
(up � 125 m/s), corresponding to the Hugoniot elastic limit (HEL)
of iron.21 This is followed by a sharp increase in the velocity that
marks the onset of plastic deformation and then a shoulder in the
wave profile that marks the α ! ϵ phase transition, observed at
13+ 1:8 GPa (up � 330+ 37 m/s) for the 500 μm sample and
transition at 14:5+ 2 GPa for the 250 μm sample
(up � 364+ 40m/s). This variation in transition pressure is consis-
tent with the trend reported by Smith et al.,48 which shows that the
onset pressure of the α ! ϵ phase transition in iron increases with
decreasing sample thickness. Measured velocity plateaus of 631 and
960m/s, which persist for approximately 50 ns (highlighted red in
Fig. 15), were observed for the 45� and 75� amplifier variants,
respectively, taken as the peak pressure states. Sample pressures were
calculated using the Rankine–Hugoniot conservation equations in a
reshock form,49 employing separate linear Us–up relations for the α
and ϵ phases to account for the phase transition.21,50 Using this
approach, the measured velocities correspond to peak pressures of
24:5+ 2:9 and 39:9+ 4:1 GPa.

Figure 16 places the pressure states achieved in the samples
using the various amplifier configurations in context by plotting
the pressure states against the representative P–up Hugoniots. For
comparison, the reflected Al Hugoniots corresponding to up ¼ 0:4
and 0.8 km/s are also shown, with their intersections with the
sample Hugoniots indicating the pressures achievable through
direct impacts at projectile velocities of 800 and 1600m/s. These
comparisons highlight that the amplifier geometry dramatically
expands the accessible pressure range of a single-stage gas launcher.
Notably, the 75� steel variant achieves a maximum amplification ratio
(AR) of 4.3 in LiF and Fe—exceeding even the pressures from a
direct 1.6 km/s impact despite using only a 0.8 km/s projectile. Even
relative to a 1600 m/s impact, the amplifiers retain an AR of 1.95,
underscoring the substantial performance enhancement they provide.

V. DISCUSSION

We have shown, through a side-by-side comparison of two-
dimensional hydrodynamic simulations with UHS XRI, together
with measurements of peak output pressures using PDV, that pres-
sure amplifiers can substantially enhance the pressures achievable
using single-stage gas launchers. The observed amplification ratios
of up to 4.3 arise from geometric shock convergence and
Mach-stem formation within the conical geometry, with the 45�

and 75� variants differing primarily in the number and timing of
these interactions. The choice of wall material and thickness also
influences performance: steel-walled designs provide higher ampli-
fication due to their higher mechanical impedance, whereas the
aluminum design sacrifices some performance to enable x-ray
access while preserving the essential shock dynamics.

The amplifier design in this work shares similarities with con-
figurations previously investigated using two-stage light gas guns,
such as those reported by Gorman et al.22 In that work, a multilay-
ered amplifier was validated using the STAR facility at Sandia
National Laboratories, where a projectile accelerated to 6.5 km/s
generated output pressures of 1.07 TPa over a planar region of
1 mm with a hold time of 20 ns in a quartz sample.

The level of agreement observed between simulations and
experiments in the present study provides support for the use of the
B2 code in capturing the dominant features of shock amplification
in these geometries. As such, the simulations offer a useful tool for
exploring design variations and guiding the optimization of amplifier
configurations, including geometric parameters, material selection,
and the incorporation of additional features, such as layered fills.

More broadly, these results highlight the versatility of pressure
amplifiers in generating a wide range of output pressures, from
tens of gigapascals to multi-terapascal levels, depending on the
driver system. While the current experiments were conducted at
projectile velocities of only 800 m/s, the amplifier geometry demon-
strated here could reach significantly higher pressures at increased
impact speeds, which are accessible on more advanced single-stage
platforms. This capability further expands the applicability of pres-
sure amplifiers in dynamic materials research. Continued refine-
ment of amplifier designs, including the use of higher-impedance
anvil materials, modified geometries, and more complex internal
structures, may enable further increases in achievable pressure and
improvements in shock planarity.

FIG. 15. Output from 75� and 45� steel amplifiers into 250 μm (dashed) and
500 μm (solid) thick iron foil samples, respectively. An elastic wave is present in
both traces up to up ¼ 125 m/s as well as the α ! ϵ phase transition present
at up ¼ 350 m/s. Velocity plateaus (highlighted in red) at 1300 and 1950 m/s,
existing for approximately 50 ns in the 250 and 500 μm samples, respectively,
correspond to peak pressure states of 24 and 39 GPa.
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VI. CONCLUSION

A pressure amplification method is presented, capable of extend-
ing the operational pressure ranges of single-stage gas gun/launchers
to regimes previously only accessible with two-stage systems.

X-ray PCI was carried out at the ESRF to probe the internal
shock dynamics of both the 45� and 75� cone angle amplifier vari-
ants, as well as the transmitted shock through PMMA targets. The
shock front evolution captured through the PCI is in agreement
with that predicted by the hydrodynamic simulations validating the
predictive capabilities.

PDV measurements of shocked samples showed peak pres-
sures of 37 and 40 GPa in Cu and Fe foils, respectively, as well as
27 GPa in LiF demonstrating 4.3 times pressure enhancement rela-
tive to direct impact opening new avenues for dynamic material
studies and shock physics research using SSGG drivers.
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FIG. 16. Pressure–particle velocity (P–up) Hugoniot relations for Al, Cu, LiF, and ϵ-Fe. Dashed curves show reflected Al Hugoniots representing the approximate release
from shocked aluminum states at up ¼ 400 and 800m=s, corresponding to nominal Al flyer velocities of 800 and 1600m=s. Experimental peak-pressure states measured
in this work for Cu, LiF, and Fe using amplifier configurations are shown. This construction allows comparison between pressures achieved with an amplifier driven by an
800m=s Al flyer and those attainable through direct Al impact at the same velocity or at the approximate upper limit of the present gun system (�1600m=s).
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APPENDIX A: VELOCITY DETERMINATION

Shock pressures were determined from velocity histories mea-
sured using photon Doppler velocimetry (PDV). Velocities were
extracted from the free-surface or particle velocity traces by manual
interpretation of the velocity–time profiles.

For Cu samples, the free-surface velocity v fs was measured
and converted to particle velocity using40

up ¼
v fs
2
: (A1)

For Fe samples, the measured quantity was also the free-
surface velocity v fs. The particle velocity was inferred using a
material-specific free-surface relation21

up ¼ v fs
1:97

: (A2)

For LiF samples, particle velocity up was obtained directly
from the velocity history without free-surface conversion.

Two independent uncertainty contributions were considered
for all cases:

† A fixed instrumental PDV uncertainty of +20m=s.
† An uncertainty associated with manual interpretation of features

in the velocity trace, quantified as the variation between the
minimum and maximum velocities within the identified
quasi-steady region.

These contributions were treated as independent and com-
bined in quadrature:

σup ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2
PDV þ σ2

graph

q
: (A3)

APPENDIX B: HUGONIOT RELATIONS

Shock pressures were determined using linear Us–up Hugoniot
relations of the form

Us ¼ c0 þ sup, (B1)

where Us is the shock velocity, up is the particle velocity, c0 is the
bulk sound speed, and s is the linear Hugoniot slope parameter.

Reference Hugoniot datasets were obtained from the Rusbank
database. For Cu, LiF, and post-transition Fe, data were restricted
to pressures below 100 GPa to ensure that fitted parameters were
representative of the pressure regime relevant to the present experi-
ments (typically �20–40 GPa). Linear regression was performed on
the filtered dataset to determine c0 and s, including the covariance
between fitted parameters.

APPENDIX C: PRESSURE DETERMINATION: PRINCIPAL
HUGONIOT

For Cu and LiF, shock pressure was calculated using the
Rankine–Hugoniot momentum relation

P ¼ ρ0upUs, (C1)

which, using Eq. (B1), becomes

P ¼ ρ0up(c0 þ sup), (C2)

where ρ0 is the initial density of the material.

APPENDIX D: SPECIAL CASE: IRON (PHASE
TRANSITION AND RESHOCK)

Iron undergoes the α ! ϵ phase transition near 13 GPa. For
iron, a two-step reshock model was employed based directly on the
Rankine–Hugoniot conservation equations.

First, the pressure at the phase-transition state (P1) was calcu-
lated using a pre-transition (α-Fe) Hugoniot fit:21

Us ¼ 4:460þ 1:720up: (D1)

The pressure at state 1 was, therefore,

P1 ¼ ρ0u1Us1: (D2)

The density at the phase-transition state (ρ1) was calculated
directly from Rankine–Hugoniot mass conservation,

ρ1 ¼
ρ0Us1

Us1 � u1
, (D3)

ensuring internal consistency between the pre-transition Hugoniot
parameters and the reshock calculation.

For the second shock (reshock) to the final state (P2), the
momentum jump relation between states 1 and 2 was used:

P2 ¼ P1 þ ρ1(U2 � u1)(u2 � u1), (D4)

where u1 and u2 are the particle velocities at states 1 and 2.
The shock velocity U2 was estimated using the post-transition

(ϵ-Fe) Hugoniot fit:

Us ¼ 3:816 53þ 1:627 37up: (D5)
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This formulation treats the final state as a true reshock from
the α–ϵ transition state, rather than assuming that the final state
lies on a single principal Hugoniot from ambient conditions.

APPENDIX E: REFERENCE-STATE COMPARISON AND
AMPLIFICATION RATIO (AR)

To compare peak pressures across different materials on a con-
sistent basis, an equivalent pressure in each sample was estimated for
a common reference state in the aluminum driver. The aluminum
particle velocity was taken as up,0 ¼ 0:4 km/s, corresponding to a
shocked aluminum pressure of approximately PAl,0 � 6 GPa from
Eq. (C1) with the aluminum Hugoniot parameters in Table IV.

For each sample material M [ {Cu, LiF, Fe}, an equivalent
sample pressure Peq(M) was obtained by intersecting the aluminum
release with the principal Hugoniot of the sample:

Prel,Al(u
�) ¼ PH,M(u

�), (E1)

where u� is the interface particle velocity at which the two curves
intersect. The corresponding equivalent sample pressure is then

Peq(M) ¼ PH,M(u
�): (E2)

This procedure maps the reference aluminum state (�6 GPa)
to the pressure that would be supported in each material at a
release-matched interface, enabling direct comparison to the exper-
imentally inferred peak sample pressures.

APPENDIX F: UNCERTAINTY PROPAGATION

Uncertainties in pressure were propagated using first-order
(linear) error propagation. A summary of the dominant uncertainty
contributions is provided in Table V.

For principal Hugoniot calculations (Cu, LiF), the total vari-
ance in pressure was calculated as

σ2
P ¼ @P

@up
σup

� �2

þ @P
@c0

σc0

� �2

þ @P
@s

σs

� �2

þ2
@P
@c0

@P
@s

Cov(c0, s):

(F1)

For iron reshock calculations, additional uncertainty contribu-
tions arise from

† uncertainty in u1 and u2,

† uncertainty in post-transition c0 and s (including covariance),
† propagated uncertainty in U2, and
† propagation through the mass-conservation calculation of ρ1.

For the reference-state comparison, uncertainty in Peq(M)
arises from uncertainty in the aluminum Hugoniot parameters (c0,
s and their covariance) propagated through the implicit intersection
condition. The uncertainty in AR was then obtained by combining
the fractional uncertainties in Ppeak and Peq(M) in quadrature.
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