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Abstract

We have recently carried out novel and exploratory dynamic experiments where the sample fol-

lows a prescribed thermodynamic path. In typical dynamic compression experiments, the samples

are thermodynamically limited to the principal Hugoniot or quasi-isentrope. With recent devel-

opments in the functionally graded material impactor, we can prescribe and shape the applied

pressure profile with similarly-shaped, non-monotonic impedance profile in the impactor. Previ-

ously inaccessible thermodynamic states beyond the quasi-isentropes and Hugoniot can now be

reached in dynamic experiments with these impactors. In the light gas-gun experiments on copper

reported here, we recorded the particle velocities of the Cu-LiF interfaces and employed hydrody-

namic simulations to relate them to the thermodynamic phase diagram. Peak pressures for these

experiments were on the order of megabars, and the time-scales ranged from nanoseconds to several

microseconds. The strain rates of the quasi-isentropic experiments are approximately 104 s−1 to

106 s−1 in samples with thicknesses up to 5 mm. Though developed at a light-gas gun facility,

such shaped pressure-profiles are also feasible in principle with laser ablation or magnetic driven

compression techniques allowing for new directions to be taken in high pressure physics.

PACS numbers: 62.20.-x; 62.50.+p; 64.70.-p
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The ability to attain extreme pressure and temperature conditions has given investi-

gators in fields as diverse as biology, condensed matter physics, and earth and planetary

sciences the tools to explore material behavior at megabar pressures and at thousands of

degrees [1–13]. With these tools, they have simulated the physical conditions in the Earth’s

core and planetary interiors [1, 2], probed a wide range of high pressure and temperature

material properties [5–10], synthesized novel materials [11, 12], and solved long standing

physics problems such as the metallization of hydrogen [13]. These extreme conditions

were achieved through three main techniques: static, shock and quasi-isentropic compres-

sions [13–24]. Since the pioneering work by P. W. Bridgman [25], advances in diamond anvil

cell technology have pushed the peak pressure by static compression from 200 kbars to more

than 4 megabars [21, 22]. Similarly, shock compression and quasi-isentropic compression

techniques [13–20] can load samples to megabar pressures in a fraction of a nanosecond to

microseconds.

Future advances will likely push the peak pressure higher and extend the pressure loading

time. However, these techniques will continue to be limited to a portion of the high pressure

phase diagram by their characteristic loading rate and a single thermodynamic path. In

particular, static compression yields continuous states on an isotherm (or an isochore, when

heating), with a slow loading rate of ε̇ < 101 s−1. Shock compression rapidly loads a

sample at strain rates of ε̇ >∼ 109 s−1 to a single state on the Hugoniot – a locus of shock

compression states. Current quasi-isentropic compression techniques constrain samples to

lie near an isentrope, with strains rates of around ε̇ ≈ 105 s−1 to ε̇ ≈ 108 s−1 [17–20].

With these vastly different strain rates varying as much as 10 orders of magnitude, there

is no a priori reason to assume that the high pressure and temperature data gathered with

these differing techniques can be directly compared [1]. What is needed is a less constrained

approach that can produce highly compressed states, as well as afford continuity between

the thermodynamic paths and time scales.

We describe herein a series of dynamic compression experiments designed and performed

with an approach that not only removes the constraint of a specific thermodynamic path,

but also helps to bridge the gap in loading rates between a static and shock compression

experiment. This method allows for flexibility in designing the applied pressure profile

through various sequential combinations of shock, quasi-isentropic compression, controlled

release and constant pressure. The resulting pressure profiles in the samples have time-scales
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ranging from nanoseconds to microseconds.

The ability to dynamically apply an arbitrary shaped pressure pulse to a sample has been

realized through an impactor (Fig. 1) that has a corresponding arbitrary shock impedance

profile along the thickness of the impactor (impedance = cρ◦, where c is the sound speed and

ρ◦ the density). An increasing (decreasing) impedance profile in the impactor imparts an

increasing (decreasing) applied pressure to the sample system. Abrupt increases (decreases)

in impedance can be used to generate shock (rarefaction) waves that propagate into the

sample. To achieve these types of sequential impedances in the impactor, fine layers (<∼
200 ± 20 µm thick) were assembled into a functionally graded material (FGM) impactor.

The individual layers are themselves composed of Al (or Mg) and W powders (≤ 5µm

in particle size), mixed in the appropriate proportions to produce the desired impedance.

Sintered powders yielded the highest densities (2.7 g/cc to <∼15 g/cc for Al-W powders;

1.7 g/cc to 15 g/cc for Mg-W powders). Lower density impedance layers were created by

embedding the powders in a resin matrix (final densities of 1.2 g/cc to 8 g/cc) or a foam

matrix (densities of 0.01 g/cc to 2.7 g/cc). In practice, we restricted the lowest densities to

about 0.1 g/cc so that the integrity of the impactor can be maintained during launch (where

acceleration can be as high as 80,000 ms−2). By employing any or all of these techniques,

impactors with varying densities ranging from 0.1 g/cc to 15 g/cc over a thickness of several

millimeters were produced.

A series of Cu experiments were carried out on a two-stage light-gas gun with the FGM

impactors, and simulations were performed to understand the resulting thermodynamic

paths. The impactors were launched at velocities between 1 and 4.5 km/s towards a Cu

target (typically a Cu disk a few-mm thick and flat to better than 5µm, tamped with a

10 mm thick single crystal of LiF) (Fig. 1). We have successfully launched low-density FGM

impactors at velocities as high as 6 km/s. A velocity interferometer (VISAR) [26] was used

to record the particle velocity, Up, at the Cu-LiF interface (Fig. 1).

In order to draw a connection between the experimental Up and the system’s thermo-

dynamic path through pressure, volume, and temperature (PVT) space, one- and two-

dimensional hydrodynamic simulations were performed for the complete experimental set-

up [27]. A typical set-up consists of a FGM impactor striking a Cu target sample with

a tamped LiF window. The necessary equations-of-state (EOS) for each layer within the

FGM were developed through iterative simulations of a series of experiments with impactors
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of various impedance profiles and launch velocities. In addition, some individual layers or

sections of layers were launched at Cu targets to develop the corresponding EOS set for the

impactor. The simulations presented here included adjustments made to the densities in the

simulated FGM impactor to account for manufacturing variations. This was performed to

study the sensitivity of the thermodynamic path to density perturbations. EOS information

for Cu and LiF were taken from the standard material LLNL EOS library. Finally, the

strength of the target and window was modeled through the Steinberg-Guinan model [28].

In Fig. 2, we present two representative quasi-isentropic experiments on Cu obtained from

two similar FGM impactors with monotonic impedance profile launched at two different

velocities. The particle velocities, Up, at the Cu-LiF interface are seen to rise smoothly,

with no evidence of shock, for a period of 2 to 3 µs before reaching peak velocities of 0.073

and 0.05 cm/µs. The linear increase in the observed Up represents a nearly constant strain

rate during the experiment, albeit perturbations from this linear increase do occur (e.g.,

the variation at t = 2 µs of V3787 in Fig. 2). These perturbations have little effect due to

their small relative amplitude. We estimate the strain rate to average 3 − 5 × 104s−1 for

these shots by using hydrodynamic simulation results. These strain rates are similar to or

are an order of magnitude lower than other quasi-isentropic compression techniques [17–20].

At the presented ε̇ in metals, the sample is expected to be near local thermal equilibrium,

since the thermal relaxation times for particle interactions are significantly faster: 10−13 s

(electron-phonon), 10−12 s (phonon-phonon), and 10−12 s (electron-electron) [29]. Specifically

in Fig. 2(inset), we show the related temperature-pressure (T-P) path transversed in the Cu

sample during the experiment, as given by hydrodynamic simulation. The calculated path

agrees to better than 0.2% with the isentrope, while the calculated temperature of the sample

at peak pressure of 70 kbar is already 1% lower than that on the Hugoniot. In pressure-

density space, the simulations agree even better to the isentrope (not shown). In experiments

that approach the Mbar regime, simulations indicate temperatures significantly lower than

those on the Hugoniot, but slightly above the isentrope, due to the effect of dissipation

mechanism (strength) in the sample.

The ability to control the time scale of the experiment extends to the quasi-isentropic

pressure-release as well. By creating a FGM impactor with a constant initial impedance

followed by a slowly decreasing impedance, we can control the rate of pressure release. As

demonstrated in Fig. 3, the rate of pressure release due to the controlled rarefaction wave
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is a factor of three slower than if the rarefaction had been induced by a single-impedance

impactor in a typical shock experiment. Such a controlled pressure release could be used to

mimic a Taylor wave in one-dimension.

By employing FGM impactors with monotonic impedance profiles, we have demonstrated

in these experiments (Figs. 2-3) the capability to monotonically move through the thermo-

dynamic phase space, i.e., quasi-isentropes from an ambient initial state or an initial state

on a Hugoniot. However, we can exploit the flexibility in FGM impactor manufacturing

to expand the attainable phase space within a single experiment. This is achieved by de-

signing a FGM impactor with a corresponding non-monotonic impedance profile to drive

the sample with a non-monotonic pressure-time history. In general, a sequential set of

compressions, rarefactions, shocks, or constant pressures can be produced in the sample

resulting in a set of discrete and/or continous thermodynamic states. The first experiment

of this character is presented in Fig. 4. For this experiment, the impactor was comprised

of a uniform, high-impedance layer followed by a low-impedance and monotonically increas-

ing impedance layers. The effective thermodynamic path transversed by the Cu involves a

shock, a pressure-release and a quasi-isentropic compression. The obtained states – shocked,

released, and finally compressed – are sequentially demarcated in relation to the Up record

(points B, C, and D, respectively, in Fig. 4) and also in the T-P plane taken from calculation

(inset Fig. 4).

In the experiment discussed above (Fig. 4), the quasi-isentrope was the same for the

release as for the compression in a single experiment. However, a family of quasi-isentropes

are obtainable. In Fig. 5, we present an experiment demonstrating such capability. The

FGM was designed in similar manner to the previous experiment (Fig. 4) except for the

introduction of a step of increased impedance in the impactor prior to recompression. This

design produced a second shock jumping the system to a new state, from which the system

is recompressed (Fig. 5, top panel). The Cu target passes through two thermodynami-

cally parallel quasi-isentropes, broadening the accessible T-P plane through an increase in

temperature within a pressure range.

In some experiments, it is desirable to maintain periods of constant pressure at particular

states. This can be achieved by increasing the impedance layer thickness in the impactor,

as demonstrated in Fig. 5(bottom panel). Again similar to Fig. 4, particular Up are held for

approximately 0.15 µs during the release (points B and C). The calculated path of the Cu
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system in T-P plane is similar to Fig. 4(inset), however with time spent at particular states

along the quasi-isentropes.

Such thermodynamic paths, in addition to a choice in strain rate, can be chosen in

advance by the experimentalist and designed into the FGM impactor. This customization

of impedance profile allows access to a broad region of phase space. Indeed, the high T-P

quasi-isentrope (BCD in Fig. 4) obtained here could not have been attained from ambient

conditions using any current conventional techniques [14–20, 23, 30].

These results help us to understand the connection between the observed particle veloci-

ties and the thermodynamic paths and states. This FGM impactor, or similar compression

profiles at other facilities, can be used to extend the strain-rate of quasi-isentropic com-

pression experiments, and broaden the thermodynamic phase space available. Hence, in the

future this will allow a bridging of the time-scale gap between static and dynamic com-

pressions. In addition, with appropriate design through hydrodynamic simulations, one can

explore complex and previously unattainable sequences of thermodynamic paths controlled

by combinations of shock, quasi-isentropic compression, release, and static pressure in one

dynamic experiment. With this technique, one can therefore dynamically probe those time-

dependent features of a phase diagram, such as phase transitions[30], or investigate the

dynamics of material response along various thermodynamic paths (strength hardening).

Currently, this FGM impactor is being applied to a study of liquid-solid phase transitions

that investigates strain-rate effects, kinetics and possible hysteresis effects, as well as time-

scales [31]. These are just a few cases in which new directions may be stimulated for high

pressure physics. Impactor manufacturing process is continually being improved and exper-

iments are being carried out to address issues such as planarity of the impedance layers, and

impedance matching of the impactor sections. These improvements and alternative tech-

niques of analysis such as backward integration and Lagrangian analysis will be reported in

subsequent publications.

We would like to acknowledge useful discussions with R. Chau and R. Minich and the

dedicated efforts of W. Hall, N. Hinsey, M. O’Shell, E. Loughnane, J. van Lue, J. van Lewen,

K. Lewis, L. Raper, K. Stickle, S. Weaver, and E. White. This work was performed under the
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LiFCu
VISAR

FIG. 1: Illustration of a typical experimental set-up. The FGM impactor is launched toward a

stationary Cu-LiF target at velocities up to 4.5 km/s. A VISAR [26] is used to record particle

velocity (Up) at the Cu-LiF interface.
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FIG. 2: Typical particle velocity (Up) record from a compression experiment at the light-gas gun

[impactor velocity 1.0 km/s (V3787) (solid line) and 1.2 km/s (V3783)] is shown (line-circle).

A hydrodynamic calculation (CALE) [27] models the impactor composition and simulates the

experiment in one-dimension (dotted line). The deviation of the experiment from calculation at

0.05 cm/µs is due to rarefraction (release) waves from the side of the Cu-target. Inset: a comparison

is made between the thermodynamic path from the modeled experiment, Hugoniot, and the quasi-

isentrope for Cu. The calculation is within 0.2 % (numerical error) of the quasi-isentrope and is

approximately 1 % of the Hugoniot at the highest obtained pressure. The strain is 6%.
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FIG. 3: The experimental Up record (Cu/LiF interface, solid-line) is shown for a controlled rar-

efraction (release) wave at a different strain-rate as compared with a simulated rarefraction wave

(dotted-line) that would normally originates from the free-surface of the non-impacting end of a

single-density impactor in a standard shock experiments.
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FIG. 4: A Up record (Cu/LiF interface) shows a Cu system that is shock-compressed (A-B), released

(B-C), quasi-isentropically compressed (C-D) and finally released. The hydrodynamic simulation

(dotted-line) overlays the experimental (solid line) Up. (Inset) From simulation, the corresponding

path in the (T-P) plane. The dotted line denotes the principal Hugoniot.
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FIG. 5: (Top panel) An experiment demonstrating multiple quasi-isentropic compression paths is

shown. Solid line (dotted line) denotes experimental measurements (hydro-simulation) of particle

velocity Up. (Inset) the corresponding T-P path from the simulation with the associated Hugoniots

(dotted lines). The system is shock-compressed (A-B), released (B-C), re-shocked (C-D), and

quasi-isentropically compressed (D-E). (Bottom panel) A particle velocity trace produced through

a sequential impedance arrangement in the impactor shows that the Cu system was controlled to

and held at each of the labeled states via a shock to point (A), controlled releases (A-B and B-C),

and quasi-compression (C-D).
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