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Measurement of iron characteristics under ramp compression∗
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Laser-driven ramp compression was used to investigate iron characteristics along the isentropic path. The iterative
Lagrangian analysis method was employed to analyze the free surface velocity profiles in iron stepped target measured with
two VISARs. The onset stress for the α to ε phase transformation was determined from the sudden change in the sound
velocity and was found over-pressurized compared to the static and shock results. The derived stress (26 GPa) and strain
rate (up to 108 s−1) are consistent with our previous experimental results. The stress–density relations were compared with
those from previous ramp experiments and good agreements were found, which experimentally confirms the simulations,
showing that iterative Lagrangian analysis can be applied to the ramp-compression data with weak shock.
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1. Introduction
During the last two decades, several planets were discov-

ered around some stars outside the solar system; mass and ra-
dius were the main collected information. Deducing planet
compositions and internal structure from the mass–radius re-
lation is very often the only possibility to study the phys-
ical properties of these extrasolar planets, but this method
depends greatly on the equation of state of a planet’s con-
stituent materials.[1] Thus properties of matter at pressures up
to 70 Mbar and temperatures up to 20000 K are essential to
determine the formation process and internal structure of such
planets,[2] of which iron is one of the most important materials
and thought to be the main composition element in the core.[3]

Over recent decades, the study of matter under extreme con-
ditions has been extended greatly, in both pressure and strain
rate, with rapid development of the large pulse power facili-
ties, such as Z-pinch[4] and large laser facility.[5,6] New devel-
opments in static compression methods have also raised the
limit of available pressure. For example, the highest pres-
sure for metal osmium can reach 750 GPa with conventional
and double-stage diamond anvil cells.[7] Also, ramp compres-
sion methods have been used to compress matter to pressure

and temperature conditions not available with former shock
methods and study matter under variable strain rates. Ramp
compression with laser was first demonstrated by Edwards et
al. in 2004,[8] where laser energy was converted to expanding
plasma to load ramp wave on the target. Since then, study of
the properties of materials under isentropic conditions, such as
the equation of state, the phase transformation, and the elastic
response, has been carried out widely.[9–13]

In this context, the dynamics of phase transition at high
strain rates is particularly interesting. The iron body-centered-
cubic [bcc] phase to hexagonal-closed packed [hcp] phase
transformation was first discovered in 1956[14] and this phe-
nomenon was studied afterwards both in static and shock
experiments.[15–17] Recently, Smith et al.[18] investigated iron
with ramp compression methods on laser facilities and the
Sandia Z-machine. In their work, the strain rate reached
108 s−1. By combining their experimental results and pre-
vious experimental data, they found a rapid increase in the
onset pressure of phase transition when the strain rates are
higher than 106 s−1. Laser-driven ramp compression with the
compression rate of about 107 s−1 was reported by Amadou
et al.[19,20] and explained the pressure overshoot in the con-
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text of phase nucleation and growth theory with an isokinetic
strain rate regime. Laser-driven isentropic compression is try-
ing to reach the highest pressure with the laser facility under its
available parameters, such as energy and pulse width. The key
challenge is to avoid the shock formation during compression
process, while shock is thermodynamically inevitable when
the high pressure sound waves catch up with the low pressure
sound waves for a target of infinite thickness. Thus experi-
ments must be carefully designed to make this “catch up” hap-
pen on the rear surface of the target. Since the sound wave
velocities at different pressures are not exactly known, and
the laser intensity cannot be arbitrary changed, it is difficult
to achieve the isentropic compression with direct laser-driven
method. Generally, ramp compression data at these high rates
are relatively rare.

In this paper, laser-driven ramp compression is employed
to study iron under isentropic conditions. In earlier ramp com-
pression experiments, laser energy was usually converted into
x-ray Planck radiation by irradiating a hohlraum,[21] or the
expanding plasma of a plastic reservoir was used to achieve
ramp compression.[22] In our experiment, we have chosen a
more efficient way, irradiating the sample directly with a tem-
porally shaped laser pulse.[23] A signature of the α-phase to
ε-phase transition is observed at 26 GPa. This pressure is
much higher than that observed in static and shock experi-
ments (13 GPa).[14,15] The compressive strain rates in our ex-
periment are up to 108 s−1. The present results are consistent
with our previous work, where these over pressurizations were
observed and well explained using the phase nucleation and
growth theory with an isokinetic regime for the strain rates
ranging from 3× 107 s−1 to 9× 107 s−1.[20] Comparison of
stress–density relations with other ramp experiments is made,
and good agreements are found. The layout of the article is as
follows. The experiment setup is described in Section 2. The
experimental results and discussion are then given in Section
3. The summary and conclusions are present in Section 4.

2. Experimental setup
The experiment was performed at the LULI2000 laser fa-

cility, which can deliver a total energy of 400 J with pulse
duration of up to 5 ns at wavelength of 532 nm. To achieve
the ramp compression, shock must be avoided. Thus the laser
pulse intensity has to be adjusted to increase smoothly.[24]

In our experiment, the laser pulse shape was optimized to
an exponential shape instead of linear shape based on the
theoretical model.[25,26] This is similar to our previous ramp
experiments.[19,20,27] A 1 mm diameter flat intensity profile of
laser was obtained by using the hybrid phase plate (HPP). Tar-
gets were free standing iron foils with steps of 10/20/30 µm
thicknesses. The iron was a polycrystalline rolled foil acquired

from Goodfellow. The schematic diagram of the experiment
setup and the measured laser pulse shape are shown in Fig. 1.

To measure the rear surface velocity of the iron target, two
velocity interferometer systems for any reflector (VISARs)
were used to eliminate the ambiguity in case of a fringe jump.
Etalons with different thickness were used to provide different
velocity sensitivities for the two VISARs. The velocity-per-
fringe (VPF) constants of the two VISARs are 0.992 km/s and
1.653 km/s. The temporal and spatial resolutions are 100 ps
and 10 µm, respectively. The velocity profiles from the two
VISARs agree well. The VISAR uses a probe laser beam de-
livering 1 mJ with 8 ns full width half maximum pulse length
at a wavelength of 532 nm. It is independent of the drive
laser and can have a variable delay relative to the drive laser.
Furthermore, a streaked optical pyrometer (SOP) was used to
record thermal emission from the rear surface of the iron tar-
get. As expected for isentropic compression, the temperatures
were below the detection threshold of the diagnostic equip-
ment (approximately 4000 K).
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Fig. 1. (color online) (a) The schematic diagram of experimental setup
and (b) the measured laser pulse shape. The laser beam was directly
ablating the iron stepped target with a flat intensity spot of a diameter
of 1 mm. Two VISARs with different velocity sensitivities were used
to record the velocity profile of the rear surface of iron.

3. Experimental results and discussion
The raw image and velocity profiles of the iron’s rear

surface measured with two VISARs are shown in Fig. 2. In
Fig. 2(a), the fringes move smoothly and continuously along
the time and no discontinuities are found, which indicates that
the compression is isentropic and no shock forms. The ve-
locity profiles for the iron 10/20/30 µm steps are shown in
Fig. 2(b) and VISAR results with different velocity sensitivi-
ties agree well with each other. The typical three-wave struc-
ture, one elastic wave and two subsequent plastic waves, is ob-
served in the velocity profiles. At the foot of the velocity pro-
file shown in Fig. 2(b), a so-called elastic precursor, labeled
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“E”, appears at a free surface velocity of about 0.12 km/s,
which is caused by a decrease from the longitudinal elastic
wave speed to the bulk sound velocity above the onset of plas-
tic deformation. This elastic precursor decreases and gets
longer with increasing step size due to the plastic flow and
subsequent stress relaxation behind the wave front pushing the
elastic-plastic transition wave amplitude toward an asymptotic
equilibrium value.[28] While for the velocity profile with the
VPF of 1.653 km/s, no signature of the iron α–ε transition
is clearly observable; a small velocity plateau can be distin-
guished in the 10 µm iron step velocity profile (with a VPF
of 0.992 km/s) at approximately 1.2 km/s, which indicates the
onset of the transition from α-phase to ε-phase. This plateau is
also vaguely observed in the 20 µm iron step profile at approx-
imately 1.0 km/s. The velocity of the plateau decays with the
wave propagation distance through the target, consistent with
data reported by Smith et al.[18] There are many oscillations
in the velocity profiles with velocity sensitivity of 0.992 km/s,
which are due to the relatively high velocity sensitivity. It is
quite difficult to interpolate these data when calculating the
sound velocity and doing the characteristic correction. Be-
sides, smoothing these data may lose velocity information, and
it is hard to define its effect on the final stress–density rela-
tion. However, velocity profiles with low velocity sensitivity
(1.653 km/s), i.e., the solid lines in Fig. 2(b), are quite smooth.
Since these two velocity profiles are in good agreement with
error-bar taken into account, we use velocity profiles with low
sensitivity to investigate the iron equation of state under ramp
compression in the following.

The iterative Lagrangian analysis,[29,30] that is, La-
grangian sound speed analysis combined with the iterative
characteristic corrected method, is employed to analyze the
experimental data. In Lagrangian analysis, a simple wave
is assumed and the sound velocity is calculated by CL(u) =
(Z2−Z1)/(T2(u)−T1(u)), where Z2 and Z1 are the thicknesses
of two steps, respectively, T2(u) and T1(u) are the arrival time
with a particle velocity u at the two step rear surfaces. Then
the stress and the volume can be obtained by integrating the
following equations:

dσ = ρ0CL(u)du, dV =−du/ρ0CL(u), (1)

where σ is the stress, ρ0 is the initial density of iron, u is the
particle velocity, and V is the volume. The characteristic anal-
ysis method, which accounts for the wave interactions due to
the limited target size, is used to get the in-situ particle ve-
locity. After these characteristic corrections, the Lagrangian
sound speed CL(u) is shown in Fig. 3 as a function of the rear
surface velocity, where the uncertainties of the sound veloc-
ity are calculated using the same method as Smith et al.,[18]

namely, the uncertainties in the slope of linear least-squares to
the characteristic lines in Lagrangian coordinates. The sound

speeds calculated by different steps are shown. The decrease
of the sound speed at the free surface velocity (Ufs) of about
0.1–0.2 km/s indicates the elastic to plastic deformation. This
result is consistent with the expectations.[20] In addition, one
can observe a clear drop in CL at the Ufs of about 1.2 km/s,
which is a sign of the onset of the α-phase to ε-phase trans-
formation. This corresponds to a pressure of 26 ± 3 GPa,
comparable with values found in previous ramp experiments
(25 GPa at strain rate of 8.7×107 s−1).[20]
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Fig. 2. (color online) (a) The sample of the raw VISAR image. (b) The
velocity profile of the stepped iron rear surface. The solid lines are ve-
locity profiles with a VPF of 1.653 km/s and the dotted lines are profiles
with a VPF of 0.992 km/s for iron 10/20/30 µm steps.
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Fig. 3. (color online) Lagrangian sound velocity calculated by different
steps as a function of the rear free surface velocity. The error bar shows
the uncertainties of the sound velocity.
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Figure 4 shows the stress–density relations integrated
from Eq. (1). The uncertainties of stress and density are di-
rectly calculated from the uncertainties of sound velocity and
shown in Fig. 4. The results from Omega experiments[21] to-
gether with those Hugoniot data from SESAME table 2140[31]

are also plotted in Fig. 4. As the SESAME does not treat any
phase transition dynamics and represents the static phase dia-
gram, a plateau is observed at about 13 GPa, corresponding to
the α–ε transition under static compression. In contrast, in the
high strain rate experiments, our experimental data and those
from the Omega shot s58588[21] show a smooth increase in
stress as the density increases with no sign of a phase transi-
tion. Our experimental results are directly compared with the
results from the Omega experiment,[21] where similar analy-
sis was applied, with excellent agreement except a slight de-
viation at the high stress. This deviation is caused by the
shock heating which makes the iron stiffer than pure ramp
compression.[30] The iron was pre-compressed by a designed
shock and then along the isentropic path in the experiment.[21]

This is the first experimental demonstration that the iterative
Lagrangian analysis can be used even if shocks are present in
ramp compression, which is in consistent with the former sim-
ulation results.[30]
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Fig. 4. (color online) Stress–density relations calculated from our ex-
periment (blue curves with error bars). Also shown are the stress–
density data from SESAME (black squares) and Wang et al. (green
diamonds).[21]

The stress distributions along the time and Lagrangian
position in the iron, calculated from the iterative Lagrangian
analysis, are shown in Fig. 5. The onset stress of α-phase to
ε-phase transition is about 26 GPa (corresponding to sound
velocity about 1.2 km/s) in our experiment. This stress is
much higher than the equilibrium value (13 GPa) in static or
low strain rate experiments.[15,16] This increase in the onset
stress, namely, the over-pressurization, can be well explained
by an Avrami-type kinetics model based on the phase nucle-
ation and growth theory with a constant characteristic time
(isokinetics regime) in a limited strain rate range.[20] While

for a much broader range of the strain rates, the transition
characteristic time should vary;[18] and for strain rate greater
than 106 s−1, Smith et al.[18] reported a sudden variation of
the transition pressure overshot with the strain rate attributed
to the deformation mechanism changing from thermally acti-
vated to phonon drag dislocation motion when compressing at
high strain rate. The strain rate for the phase transformation is
calculated as ε̇ = (1/ρ)(dρ/dt), using the stress distribution
in Fig. 5. The strain rates at the free surface, where the onset
stress (26 GPa) has just arrived and no wave is reflected, are
around 1.7×108 s−1 for 10 µm iron step and 1.4×108 s−1 for
20 µm iron step. In fact, the strain rate could also be directly
estimated from the velocity profile: ε̇ =(ρ/ρ0CL)(du/dt),[32]

which also gives a similar value of 1.0×108 s−1 in our experi-
ment. Thus it could be roughly deduced that the strain rate for
the stress of 26 (±3) GPa is about 1.4× 108 s−1. Taken this
strain rate into Eq. (3) by Smith et al.,[18] we can obtain that
the stress for α–ε phase is 33.6 GPa, which is a little higher
than our experimental result. This is not surprising since equa-
tion (3) in Smith et al.[18] is obtained over a range of lower
strain rates where most are less than 1×107 s−1 and only one
is greater than 1×108 s−1. A new fit to the experimental data
presented by Smith et al.,[18] Amadou et al.,[20] and our work
is represented by

σα→ε = 2.96ε̇
0.12
α→ε .
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Fig. 5. (color online) Stress distribution along time and Lagrangian po-
sition in the iron target.

4. Summary and conclusion
We have investigated the iron properties under ramp com-

pression by directly irradiating the sample with a profiled laser
pulse. The free surface velocity profiles of an iron step target
measured by VISAR were analyzed with iterative Lagrangian
analysis, and the stress–density relations were determined.
Our data is in excellent agreement with other ramp compres-
sion experiments. This is the first experiment demonstrating
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that iterative Lagrangian analysis can be applied even if shock
occurs in the ramp compression. Strain rates up to 108 s−1

were achieved in our experiment and the onset stress for α–
ε phase transition was found to be over pressurized, in ac-
cordance with our previous experimental results[20] and those
from Smith et al.[18] The data presented here together with our
previous data[20] are a good supplement to experimental data
of strain rates greater than 107 s−1.
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