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Laser-launched flyer plates for shock physics experiments
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The TRIDENT laser was used to launch Cu, Ga, and NiTi flyers from poly�methylmethacrylate�
�PMMA� substrates, coated with thin ��micron� layers to absorb the laser energy, confine the
plasma, and insulate the flyer. The laser pulse was �600 ns long, and the flyers were 50 to 250 �m
thick and 4 mm in diameter. With an energy of 10–20 J, speeds of several hundred meters per second
were obtained. Simulations were performed of the flyer launch process, using different models. The
simulations reproduced the magnitude of the flyer speed and qualitative variations with drive energy
and design parameters, but systematically overpredicted the flyer speed. The most likely explanation
is that some of the laser energy was deposited in the transparent substrate, reducing the amount
available for acceleration. The deceleration of the flyer was measured on impact with a PMMA
window. Given the equation of state and optical properties of PMMA, the deceleration allowed
points to be deduced on the principal Hugoniot of Cu. The points deduced were in good agreement
with the published equation of state for Cu, suggesting that there was no significant preheating of
the flyer or other systematic effects which might reduce the accuracy of equation of state

measurements. © 2005 American Institute of Physics. �DOI: 10.1063/1.2052593�
I. INTRODUCTION flyer experiments make it convenient to study small samples,
Laser-launched flyers offer great promise for shock
physics experiments, for investigating the dynamic proper-
ties of materials such as the equation of state �EOS�,
strength, and phase changes. The flyer—typically a thin disk
launched from a transparent substrate—is accelerated by di-
recting a laser pulse through the substrate to vaporize a layer
of material, which then exerts pressure on the flyer. Shock
physics experiments are performed by allowing the flyer to
impact a stationary target, and measuring properties of the
shocked state. Laser launching has advantages compared
with older techniques such as propellant or gas guns and
chemical explosives1 because there is relatively little mo-
mentum or energy associated with the acceleration process,
so the apparatus can be significantly smaller and recovery of
the sample significantly easier. This lack of collateral dam-
age also reduces the cost per shot. The time over which
acceleration occurs is much shorter than in a gun, so it is
easier to synchronize diagnostics with the shock event. A
relatively high shot rate can be maintained—we have rou-
tinely achieved 10–15 high-quality experiments per day,
compared with one or fewer on a gun—which, together with
the lower cost, makes it possible to address one of the
chronic problems of shock experiments, which is a paucity
of repeat experiments and poorer statistics than in most other
fields of physics. It also opens the possibility of exploring
systematic effects which would not otherwise be practicable,
such as the response of samples of many different combina-
tions of crystal orientation: a key requirement in testing mi-
crostructurally based theories of material response. Laser
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a significant benefit when dealing with toxic, radioactive, or
expensive materials.

There are potential drawbacks in laser launching of fly-
ers. The temperature in the plasma may reach thousands of
Kelvin. A commonly raised concern is that heat may be
transferred to the bulk of the flyer, altering the state induced
in the target on impact and reducing the accuracy of shock
measurements. In situ temperature measurements of the flyer
are difficult, particularly when spectral channels for pyrom-
etry must be shielded carefully from stray laser light. An
alternative way to investigate the accuracy is to perform
measurements on well characterized materials, testing
whether laser flyers can reproduce results obtained from al-
ternative experimental techniques.

We have developed laser flyers for shock physics experi-
ments, building on technology intended originally for laser
initiation of chemical explosives,2–4 but scaled up to allow
experiments to be performed in conditions similar to those
accessible with a gas gun. Flyer acceleration histories were
obtained by Doppler velocimetry for a range of laser and
flyer parameters, including the flyer material �Cu or NiTi�.
Simulation techniques were investigated to explore the
physical processes involved in flyer launch, and to allow the
launch system to be optimized for different applications. Im-
pact experiments were performed with Cu flyers, to test the
accuracy with which a known EOS could be reproduced.
Experiments were also performed with Ga flyers, as a sensi-
tive demonstration that preheating of the flyer is negligible.

Since the concept of launching flyers from a transparent
substrate was first reported, other researchers have developed
and reported similar systems and their applications to shock
physics experiments, typically with a laser pulse around 10

5–7
ns long delivering up to 1 J. The novelty of the work
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presented here is in the use of much longer laser pulses,
allowing flyers to be launched which are thick enough to
permit meaningful comparison with data from gun-launched
flyers, and also the inclusion of simulations of the launch
process. Flyers have also been launched by unconfined laser
ablation,8–10 which is a qualitatively different process of
much lower efficiency; it has been considered as a method of
launching satellites.11

II. LASER-DRIVEN FLYER PLATES

The flyer on its substrate was spaced off from an impact
window. The substrate and impact window were both planar
disks of poly�methylmethacrylate� �PMMA�. The complete
assembly was screwed together in a reusable target holder.
Experiments were performed in vacuum at the TRIDENT
laser facility at Los Alamos �Fig. 1�.

A. Flyer assembly

The flyer assembly comprised a disk-shaped flyer 4–6
mm in diameter and with a variety of thicknesses from 50 to
250 �m, attached to a PMMA substrate 3 mm thick, which
had been coated with layers of carbon, alumina, and Al �Fig.
2�. The carbon was intended to absorb the laser energy and
form a vapor or plasma which would act as the working fluid
to accelerate the flyer; the alumina and Al were intended to

FIG. 1. Schematic of flyer impact experiments.
FIG. 2. Detail of coatings between substrate and flyer.
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insulate the flyer from conducted heat and to prevent the
working fluid from expanding sideways.2–4 In some cases the
flyer disk was deliberately wider than the laser spot: the laser
drove a “bubble” of the disk outward to form the flyer; while
the edges remained in contact with the substrate, preventing
the working fluid from escaping radially.

Cu foils were purchased from Goodfellow Corp; flyers
were punched from this stock. The foils had distinct stria-
tions and machining marks. We attempted to remove these
from the surface to avoid the generation of interference pat-
terns which might interfere with the laser velocimetry mea-
surements, by polishing the surface manually using diamond
paste. This was only partially successful. Flyers were also
made from Ga, cast into disks of 6 mm diameter and
50–100 �m thick, and also NiTi alloy, cut from a cast rod,
ground to 50–200 �m and polished.

Each flyer was attached to its substrate with five-minute
epoxy glue. A bubble-free drop, around 5 mm3 in volume, of
freshly mixed glue was placed at the center of the coated
face of the substrate. The flyer was pushed gently into the
glue, then clamped in place between parallel, circular faces,
with a pressure of around 0.5 MPa until the glue had set. The
pressure of the clamp squeezed the excess glue—almost all
of it—radially outward. The viscosity of the glue was suffi-
ciently low, and the time before the glue set was sufficiently
long, that the thickness of glue remaining should be negli-
gible compared with the surface finish of the coating and the
flyer. A conservative estimate of the maximum thickness of
any glue present is thus 2 �m.

B. Drive beam

The drive pulse was generated by one of the main TRI-
DENT beams. TRIDENT is based around a Nd:glass laser
with a fundamental wavelength of 1054 nm. A key aspect of
laser launching of flyers is that the pressure pulse and, hence,
the laser pulse should be chosen for reasonably optimal cou-
pling to the flyer. Under normal operating conditions, the
pressure in the working fluid rises with energy deposited, and
is relieved as the flyer accelerates and the substrate recoils.
The rising pressure in the working fluid drives a compression
wave into the flyer, and back into the substrate. In most
materials, the sound speed increases with pressure, so the
compression wave steepens as it propagates, and may ulti-
mately become a shock wave. Thus, if the pulse intensity
rises too quickly, a shock wave would be induced in the flyer,
causing irreversible heating. The maximum rate of increase
that can be tolerated depends on the peak pressure and the
flyer thickness, but should be of similar order to the transit
time of sound through the flyer. If the pulse duration is
shorter than the time for the compression wave to travel
through the flyer and for release from the free surface of the
flyer to then travel back to the working fluid, interactions
between the release waves from the drive and free surfaces
may interact, inducing tension which may damage and spall
the flyer. If the drive pressure is comparable with the flow
stress of the flyer material, strong elastic oscillations may be
set-up in the flyer. Conversely, if the pulse is long enough for
conduction to be significant, the flyer may be heated by the

working fluid. Another constraint on the pulse length is that
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if the flyer accelerates over a distance significant compared
with the diameter, it may become appreciably curved, reduc-
ing its suitability for shock impact experiments which are
ideally one-dimensional. For the flyers used here, the laser
pulse should be several hundred nanoseconds long.

The laser was operated in long-pulse mode, using a
pulse-stretching technique. Frustrated amplification was used
to stretch the pulse: an arbitrary wave form generator was
used to drive an acousto-optical modulator positioned within
the laser; the laser pulse was permitted to buildup for a short
time, then the transmission of the crystal was reduced to
reduce the amplification rate. The pulse shape produced by
the wave form generator was altered until the laser pulse
lasted the desired duration. The drive pulse was chosen to be
�600 ns long �full width at half maximum�. The pulses gen-
erated were asymmetric in time, with a long tail. The drive
energy was measured with a calorimeter, and the irradiance
history of the drive pulse with a photodiode. The uncertainty
in energy was of the order of 1 J at most. The pulse shape
was reasonably repeatable at all energies used �Fig. 3�.

A random-phase plate �RPP� was used to smooth the
beam; this made a significant improvement to the spatial
uniformity. The beam optics were arranged to give a spot
�4 mm in diameter on the substrate. The beam irradiance
was well below the threshold to cause damage to the RPP.
Except at the lowest energies, the compression wave from
the working fluid induced spall and fragmentation of the free
surface of the substrate; fragment impact was the principal
potential source of damage to the RPP. Although debris did
impact the RPP, initial trials with a fragment shield showed
that no significant damage was caused by the debris, so the
RPP shield was omitted in subsequent experiments. The sur-
face of the RPP became misty after a couple of shots; this did
not degrade the energy imparted to the flyer to any appre-
ciable extent, and no larger-scale damage was observed after
repeated firings through the same region of the RPP �as was
feared if the misty layer absorbed much of the laser energy�.
We moved the RPP to expose a fresh region once during this
series of experiments. The cause of the misting was not de-
termined; one possibility was thought to be the oxidation of
a layer of grease collected during storage. However, a sur-
face previously cleaned with ethanol also became misty.

FIG. 3. Example temporal history of laser pulse. The pulse shape was re-
producible.
The nominal �requested� laser energy was 5, 10, or 20 J;
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the energy delivered was usually within 1 J of the request.
TRIDENT was capable of delivering up to 400 J at this
wavelength, but damage was caused to the RPP at energies
over 35 J.

C. Diagnostics

The velocity history of the flyer was measured by time-
resolved laser Doppler velocimetry, measured by interferom-
etry of the VISAR type.12 A line-imaging VISAR was used
on all experiments, and a point VISAR on some.

Line VISAR illumination was provided by a pulsed
Nd:yttrium-aluminum-garnet laser, operating at 1319 nm
wavelength and frequency doubled to 660 nm. The laser
pulse was stretched to about 1.5 �s to capture the accelera-
tion and impact of the flyer, again using an acousto-optical
modulator as for the drive pulse. A continuous wave laser of
532 nm was used for the point VISAR. Line VISAR fringes
were recorded using an optical streak camera. Timing mark-
ers were incorporated on the streak record, at intervals of 200
ns. The fringe constant of the VISAR was computed from the
thickness of the delay element �9.970 in. of BK7 glass�. The
dispersion of the glass was determined at the wavelength of
the probe laser by fitting a straight line to points sampling the
variation of refractive index with wavelength. The fringe
constant deduced was 216 m/s at 660 nm. The relative tim-
ing of the point and line VISARs was deduced by comparing
the position at which a shock wave appeared in a flyer im-
pact experiment. The relative timing had an uncertainty of
around 3 ns.

The line-imaging VISAR was used to measure the flat-
ness of the flyer; the point VISAR provided a more accurate
velocity averaged over a small region. The velocities from
both VISARs were consistent. The flyer decelerated on im-
pact with the window: this provided a direct measure of flat-
ness after several hundred microns of flight. The deceleration
also provided the raw observable for determining shock
states and, hence, measurements of the EOS. A distance-time
record was inferred by integrating each velocity history.

Because of noise in the signals, the acceleration histories
exhibited some undulations caused by difficulties in locating
the zero in the phasor diagram. There was no absolute time
reference between the drive pulse and the acceleration
history.

III. ACCELERATION PERFORMANCE

We have performed many tens of experiments with the
flyer assembly as described earlier, and also with variants
such as different substrates and working fluids. The series of
experiments with PMMA coated as above are the best start-
ing point for studies of the launch process, as some experi-
ments were intended specifically for measurements of the
acceleration history. No target was included other than a
transparent window, allowing the full diameter of the flyer to
be observed. Here we consider experiments performed prin-
cipally with Cu flyers, but also including some made from
NiTi and Ga. Different materials allow the variation of mass

density to be studied: this would be expected to affect the
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recoil of the substrate. Experiments also explored the effect
of different flyer thickness and drive energy �Table I�.

The acceleration correlated with the irradiance of the
drive pulse, with some further acceleration ��10% in speed�
after the end of the pulse caused by expansion of the plasma.
Most of the flyers were still accelerating slightly at the end of
the record. There was evidence of ringing during accelera-
tion, but no sign of shock formation or spall in the flyers. The
250 �m Cu flyers appeared to show an increased accelera-
tion after the drive pulse compared with the thinner flyers;
the time scale was too long to correspond with reverberations
in the plate. One cause might be a radial reflection in the
plasma after it had expanded to the sides of the target holder.
The velocity ranges covered by varying the drive energy and
flyer thickness were large enough to give an overlap between
each group. The displacement history was used to predict the
impact time with a stationary window: this provided a sen-
sitive check on the velocity �Figs. 4 and 5�.

Apart from a slight lag at the edges, all the flyers were
flat to within the accuracy of the data �Fig. 6�. In most cases,
the accuracy was dominated by the uncertainty in spatial
wavelength of the fringes. If the line VISAR record com-
prised many closely spaced fringes then the uncertainty in
the initial position of each fringe—and hence, in the
wavelength—was quite large.

The speed of the flyer increased monotonically with la-

TABLE I. Acceleration experiments with Cu flyers.

Shot
Flyer thickness

��m�
Drive energy

�J�
Residual

pressure �MPa�

14 119 105 10 10
14 120 105 5 0
14 121 105 20 20
14 129 55 11 10
14 130 55 19 10
14 131 55 5 10
14 132 250 11 40
14 134 250 24 60
14 135 250 5 70

FIG. 4. Example of acceleration and displacement history �shot 14 119:

105 �m Cu flyer, 10 J drive�.
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ser energy, and decreased monotonically with flyer thickness
�Fig. 7�. Comparing the laser energy delivered per flyer mass
with the specific kinetic energy of the flyer, an approximately
linear relation was observed for each flyer thickness, indicat-
ing a constant efficiency of energy conversion across each
group. The efficiency ranged from �1% for 250 �m Cu fly-
ers to �3% for 55 �m Cu flyers. This variation probably
reflects the increased energy imparted to the substrate with
thicker flyers. Comparing Cu with NiTi, the terminal velocity
correlated with areal mass: Cu at 100 �m thick was similar
to NiTi at 150 �m thick; thicknesses matching the relative
density �Fig. 7�.

The relatively small acceleration present at the end of
each record was used to estimate a residual pressure behind
the flyer, by dividing the acceleration by the areal mass of
the flyer. The acceleration was estimated by fitting a straight
line to the last section of each record. In all cases, the re-
sidual pressure was small compared with typical impact
pressures generated by flyers at these speeds and compared
with typical spall strengths, so the presence of residual
plasma at this pressure would not be expected to perturb
materials experiments �Table I�.

In the experiments with a Ga flyer, the surface reflectiv-
ity was high and uniform throughout the acceleration pro-
cess. This suggests that the front surface of the flyer was no
hotter than the melting temperature of Ga: 29.8 °C.

FIG. 5. Velocity history for Cu flyers.

FIG. 6. Line VISAR record for shot 14 119. Fringes are displaced spatially
as the flyer accelerates: the displacement is proportional to the speed. The
field of view was 4 mm, centered on the center of the flyer. The flyer

diameter was 5 mm.
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IV. SIMULATION OF FLYER ACCELERATION

A calculational study was performed to investigate
whether the velocities obtained were reasonable, and in par-
ticular that the nominal efficiency of converting laser to
kinetic energy suggested that all the energy was deposited in
the working fluid. If the efficiency predicted using this as-
sumption was much higher than observed, it would be an
indication that fast electrons or x rays could be produced
�possibly heating the flyer or target�, that the laser energy
may be absorbed in the transparent substrate �limiting the
possibilities of increasing the flyer speed by supplying more
energy�, or that heating of the working fluid may be limited
by laser-plasma instabilities such as stimulated Raman or
Brillouin scattering �again limiting the value of supplying
more drive energy, and also risking damage to the drive la-
ser�. A calculational capability also allows the design param-
eters to be optimized to increase the efficiency.

Laser energy is deposited in the working fluid; if the
final temperature of the fluid is very high, it might constitute
a significant fraction of the drive energy. If the layer is thick
or of high density, its kinetic energy could be considerable. If
the density of the substrate is low or its compressibility high,
its recoil would reduce the energy transferred to the flyer;
thicker substrates are preferable in this respect. If the work-
ing fluid escapes laterally from behind the flyer—as should
happen once the flyer has traveled far enough for the confin-
ing layers to rupture—then the pressure accelerating the flyer
would fall to zero. A fraction of the laser energy fails to
reach the working fluid, because of reflection from surfaces
encountered on the way �including the free surface of the
substrate� or if it is absorbed in the bulk of the substrate.
Absorption in the substrate may change during the drive
pulse, as the compression wave traveling through the sub-
strate may alter its optical properties—particularly once the
wave reaches the free surface. The substrate may also accu-
mulate damage from deposited energy. Substrates recovered
from these experiments were damaged at the free surface,
often by cratering as could be caused by spall induced by the
compression wave. At higher energies, material at the surface
of the crater was brown or black, suggesting that a significant
amount of laser energy was deposited there. Energy is lost

FIG. 7. Variation of flyer kinetic energy with specific laser energy measured
against flyer mass.
from the working fluid by radiation through the substrate.
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When long-duration laser pulses pass through the column of
plasma that may be formed from the working fluid, resonant
de-excitation of the plasma may occur.

Simulations were performed using continuum mechan-
ics, with the laser energy applied as a heat source in the
working fluid, and also using radiation hydrodynamics, with
the propagation and absorption of the laser beam simulated
explicitly from the interface with the substrate. The computer
programs used for these simulations were previously used to
simulate the loading of samples tens of micrometers thick by
laser ablation;13,14 the numerical schemes were demonstrated
to be accurate and consistent with each other.

A. Heat source simulations

Simulations were performed using one-dimensional con-
tinuum mechanics.15 The axial profile of the flyer assembly
was modeled, usually ignoring the Al and alumina layers as
these had negligible mass compared with the substrate and
the flyer, and it was observed from post-shot recovery that
these materials were not vaporized by the laser drive. The
power history of the laser pulse was deposited uniformly
over the carbon layer, as a heating source term. An advantage
of performing simulations with no explicit modeling of the
absorption of laser energy or transport of thermal radiation is
that material models and numerical representations of these
behaviors can be ignored.

PMMA and Cu were modeled using empirical equations
of state of the Grüneisen type.16 Carbon �graphite� and Al
were modeled using thermodynamically complete equations
of state from the SESAME library,17 necessary to allow heat
deposition to be treated. The cell size was 20 �m in the
PMMA, 0.5 �m in the carbon �one cell�, and 5 �m in the
Cu.

Simulations were performed with the energy deposited
over only part of the carbon layer, to assess the sensitivity to
axial variations in heating. Simulations were also performed
with the energy deposited uniformly over the carbon and an
adjacent layer of Al 0.5 �m thick. The acceleration history
was fairly insensitive to these large changes in the working
fluid. The acceleration was around 10% greater with the en-
ergy deposited over a smaller volume of carbon.

For uniform heating over the full thickness of the work-
ing fluid, peak drive pressures were predicted to lie in the
range 0.4–1.1 GPa and peak temperatures from 12 000 to
44 000 K �1–4 eV�. The acceleration histories exhibited the
same qualitative trends as the experimental data, but the ve-
locities were 10%–100% higher than observed, the highest
discrepancies being for the thickest flyers. The temperature
histories lay in three groups according to the laser energy
�Figs. 8–10�.

Given the predicted temperature history T�t�, heat loss
by radiation through the substrate was estimated, assuming a
blackbody. Taking representative peak temperatures for uni-
formly deposited heat and assuming radiative cooling over
2 �s, the energy lost would be 0.05 J for 5 J laser energy
�negligible�, 0.5 J for 10 J laser energy �small�, and 3–8 J for
20 J laser energy �significant�. The greatest energy loss was
for the highest laser energy and the thickest flyer: thicker

flyers accelerate less quickly so the working fluid cools more
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slowly by expansion; there is thus more opportunity for heat
loss by radiation. These figures overpredict the radiated heat
because the substrate is not transparent at all wavelengths
and the working fluid is not a perfect blackbody, but it is
likely that radiative cooling reduces the efficiency of accel-
eration at energies around 20 J or higher, particularly for
flyers over 200 �m thick.

The simulations gave systematically higher predictions
than the experimental data, the radiation hydrodynamic
simulations falling higher than the heat source simulations.
The shape of the predicted acceleration histories was broadly
similar to the experimental records at early times, suggesting
that loss of the working fluid through rupture of the confin-
ing layers was not an important effect during the early part of
the acceleration. At later times for thicker flyers, the accel-
eration decreased more rapidly than in the predictions. This
could be caused by rupture of the confining layers or by
radial expansion with the layers intact.

B. Laser deposition/radiation transport simulations

Simulations were performed using one-dimensional ra-
diation hydrodynamics18 to investigate the effect of physi-
cally realistic deposition profiles and energy transfer by ther-
mal radiation. Radiation hydrocodes often do not treat
transparent materials accurately, so the laser beam was
treated as originating at the interface between the substrate
and the carbon layer.

FIG. 8. Acceleration history, predicted with heat source applied uniformly
over working fluid.

FIG. 9. Pressure history in working fluid, predicted with heat source applied

uniformly over working fluid.
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These simulations are interesting in their own right. The
laser irradiance and pulse length, and the confined plasma,
explore regimes that are very unusual in laser-plasma terms.
In fact, the irradiance in these experiments was two orders of
magnitude smaller than the default numerical cutoff in the
hydrocode below which laser deposition was ignored; the
cutoff was reduced by a factor of 104 to allow the simula-
tions to proceed.

Radiation hydrodynamics simulations are sensitive to the
models used for absorption and emission of radiation,
through the ionization model. Simulations were performed
with Saha and Thomas-Fermi ionization; the results were not
significantly different. Simulations were also performed with
and without radiation transport �grey radiation diffusion� in
the carbon; the acceleration histories were identical though
the time taken to burn through the carbon was significantly
different. Thomas-Fermi diffusion and grey radiation diffu-
sion were used in subsequent simulations.

The radiation hydrodynamics simulations predicted
similar pressure histories to the heat source simulations.
Temperatures, though of the same magnitude as in the heat
source simulations, were predicted to vary strongly with po-
sition through the working fluid. The acceleration histories
exhibited the same qualitative trends as the experimental
data and heat source simulations, but predicted velocities
which were even greater than the heat source estimates.

It seems most likely that the radiation transport proper-
ties of carbon were not accurate enough to allow the radia-
tion hydrodynamics simulations to improve over the heat
source simulations, and in fact made them significantly less
accurate. It was found when applying the heat source over
only part of the carbon that the acceleration was slightly
greater. The main difference between the heat source and
laser deposition simulations is probably that the laser energy
was mainly deposited close to the interface with the PMMA,
which would lead to a more extreme partitioning of the en-
ergy. Since the heat source simulations reproduced the ex-
perimental data more faithfully, it seems likely that the heat
was not redistributed fast enough in the laser deposition
simulations. This could be caused by an opacity that was too
high, or a thermal conductivity that was too low. The opacity

FIG. 10. Temperature history in working fluid, predicted with heat source
applied uniformly over working fluid. �Central group from bottom to top:
105 �m, 10 J; 55 �m, 11 J; 250 �m, 11 J.�
was supplied in the form of SESAME tables, and the thermal
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conductivity calculated from the ionization state. The dis-
crepancy appeared after the initial acceleration, so the states
in which thermal transport may be too low are carbon at
temperatures of a few electron volts and mass densities of a
few percent of the solid.

The accuracy of the radiation hydrodynamics simula-
tions was encouraging enough to suggest that they could be
the basis of a predictive capability including the effect of
radiation transport properties. However, the simulations were
not as accurate as the simpler heat source predictions when
using the opacity and ionization models available, and thus
are not recommended without further characterization of and
improvements to these models.

V. EQUATION OF STATE MEASUREMENTS FROM
FLYER IMPACT

High pressure states were deduced from experiments in
which the flyer impacted a transparent window. The decel-
eration on impact can be used to infer an unknown parameter
on the principal shock Hugoniot of either the flyer or the
window. If the EOS of the flyer and window are both known,
the experiments can be used to investigate the accuracy of
the technique.

A. Impact-induced shock measurements

Ideally, the velocity history from the surface of the flyer
should show a smooth acceleration to a well-established ter-
minal speed, an abrupt deceleration on impact to a speed
which remains constant for the time required for the shock
wave to travel through the flyer and for a rarefaction to travel
back, then a succession of decreasing decelerations as re-
compactions and rarefactions travel across the flyer �Fig. 11�.
Before impact, the velocity can be obtained directly from the
Doppler shift. Afterwards, light reflects from the sample sur-
face into the compressed window material, so the velocity
should be calculated with respect to light traveling at the
speed appropriate for the refractive index of the compressed
material. The correction is negligible for PMMA.

Impact data for Cu flyers were obtained from five ex-
periments �Table II�. The VISAR records were used to deter-
mine the velocity history and flatness of each flyer. The im-
pact of the flyer with the window was recorded, so we were

FIG. 11. Idealized velocity history for flyer acceleration and impact, based
on 250 �m flyer.
able to measure the flatness directly after several hundred
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microns of flight. As discussed earlier, most of the flyers
were still accelerating slightly at the end of the record. In
most cases, after the initial deceleration on impact the veloc-
ity traces became more difficult to analyze, presumably be-
cause of damage causing changes to the optical properties of
the window. There was some sign of ringing during accel-
eration, but no sign of shock formation or spall in the flyers
�Fig. 12�.

B. Shock Hugoniot

The impact of the Cu flyer with the window provided a
direct measurement of a point on the principal Hugoniot,
with reference to the principal Hugoniot for the window.
Reference Hugoniots were calculated from published EOS.16

The Rankine-Hugoniot equations were solved numerically.19

The pressure regime explored was restricted to �2 GPa
and less, because of the low shock impedance of the PMMA.
This is desirable as a test that preheating of the flyer is low,
as the effects may be obscured by higher-pressure impact
states. Hugoniot points deduced from impact with the win-
dow were consistent with the published EOS for Cu. The
laser flyer data followed the same trend as published data,20

though the shock pressures were lower. Apart from the ex-
periments at the lowest and highest pressures, the remaining
points fell on the published Hugoniot to an accuracy an order
of magnitude better than the estimated uncertainty, which
was dominated by the uncertainty in particle speed. This sug-
gests that the random errors may be less than the conserva-
tive estimates used here, but that there were sources of sys-
tematic error which did not manifest themselves in every
experiment �Figs. 13 and 14�.

TABLE II. Cu impact experiments.

Shot Flyer Postimpact speed

Thickness��m� Speed �m/s� �m/s�

14 139 250 153±2 150±2
14 140 250 180±2 167±2
14 147 55 324±1 297±4
14 148 55 573±2 522±2
14 149 55 556±2 503±2

FIG. 12. Comparison between ideal velocity history and typical record �shot
14 140�. The deviation between the records following the first reverberation

after impact was caused by optical damage to the window.
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The Hugoniot states would be sensitive to preheating in
the flyer of around 500 K or greater. Any plausible preheat-
ing mechanism is likely to cause a significant temperature
gradient through the flyer, which would be manifested as a
velocity variation across the decelerated step in velocity fol-
lowing impact. From the flatness of the step, the preheat is
estimated to be at most a factor of several smaller than
500 K.

VI. DISCUSSION

The flyer acceleration experiments demonstrated that la-
ser launching can be used for relatively thick flyers:
�50–250 �m thick. The coated PMMA substrates per-
formed reliably in this regime of laser irradiance
��0.3 TW/m2� and energy ��0.2 MJ/m2�, and were inex-
pensive compared to alternatives such as sapphire. The irra-
diance and energy values are averages over the spot diam-
eter: in principle, spatial variations—the speckle pattern—
from a given laser and phase plate is likely to dictate the
effective limit, and any given laser launch system �including
substrate� should be expected to exhibit a catastrophic loss of
efficiency as the energy is increased. The onset of this break-
down may be difficult to predict.

Comparing materials of different initial mass density and
thickness, for a given laser energy, the velocity was similar
for flyers of the same areal mass. The flyers were flat to
within the accuracy of the velocity measurements, and

FIG. 13. Flyer Hugoniot points compared with Hugoniot from published
equation of state. The Marsh points lying well below the curve are for
porous samples.
FIG. 14. Flyer Hugoniot points compared with published experimental data.
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showed no sign of shock formation or spall, with the 600 ns
drive pulse. These characteristics indicate that the laser-
launching procedure is suitable for accurate shock physics
experiments, and was demonstrated to operate in a regime of
flyer thickness and speed which overlaps conditions acces-
sible using proven gas gun techniques. In this range of thick-
ness, the diameter of the flyer is still large enough to allow
one-dimensional impact shock experiments to be performed.

Displacement histories deduced from the velocity history
allowed the “barrel” length between the substrate and target
to be constrained, to allow the flyer to reach its terminal
speed. For the experiments considered here, the barrel length
was in the range of a few hundred micrometers. The flyer
travels a small fraction of its diameter before impact, so most
of its diameter is free of edge effects.

The one-dimensional simulations of the flyer launch pro-
cess reproduced systematic trends in the acceleration history
with respect to variations in laser energy and flyer thickness.
The simulations systematically overpredicted the speed
reached by the flyers. Simulations in which the laser energy
was deposited uniformly through the depth of the carbon
working fluid were more accurate than simulations in which
the laser deposition was calculated explicitly and heat trans-
port was included by conduction and radiation. It seems
likely that the opacity and heat conduction properties for
carbon are inaccurate in the hot, expanded states explored in
these experiments. It also seems likely that some laser energy
was deposited in the PMMA substrates used, and that the
drive plasma expanded or escaped laterally—particularly for
thicker flyers. The level of agreement and capability for pre-
dicting systematic trends seems adequate to allow meaning-
ful parameter studies to optimize the design of the flyer as-
sembly, though considerable improvement in models of
optical and transport properties of the substrate would be
required before fully predictive simulations were possible.
The simulations are also adequate to allow the performance
of new systems to be predicted, assuming that the substrate is
not close to breakdown.

The experimental Hugoniot points for Cu, deduced from
the deceleration of the flyer on impact with a PMMA win-
dow, were generally in excellent agreement with the pub-
lished equation of state. This consistency indicates that the
flyers were not heated by the acceleration process to a degree
where the shocked state was significantly affected, and cer-
tainly not to a level comparable with the working fluid or
with a significant proportion of the laser energy appearing as
heating of the flyer. The temperature of the working fluid—
rather high in this case as its initial thickness was relatively
small—can be misleading as its mass was low and there was
little time for heat conduction to occur. Evidence from con-
stant reflectivity of the flyer surface, the integrity of Ga fly-
ers, and examination of recovered flyers indicates that any
preheating was probably far below the level where it could
affect shock measurements. The accuracy obtained in this
particular case was ±5 m/s and ±20 MPa: certainly useful

for shock physics studies.
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