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A spatially-planar (∆time/time ~ 0.2%) longitudinal stress drive extending over 

millimeter scale lengths is used to shocklessly compress an aluminum sample to a peak 

stress of 210 GPa over nanosecond timescales. Direct laser irradiation onto the inner wall 

of an Au halfraum creates an x ray distribution with a near-uniform blackbody 

temperature of up to 137eV. The x rays ablate material from a low-Z foil in a region of 

planarity closely matched to the diameter of the halfraum. The resultant ablatively-driven 

shock is converted into a ramp-stress-wave in a secondary aluminum target through 

unloading across an intermediate vacuum-gap. Higher peak ramp stresses and shorter

associated rise-times result from increasing input laser energy. Ramp-compression 

experiments can provide single shot equation-of-state data close to the isentrope, 

information on the kinetics of phase transformations and material strength at high 

pressures.
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I. Introduction

Recent experiments have demonstrated the production and propagation of high stress 

ramp-waves that result in quasi-isentropic compression of condensed materials [1-4].

This permits the sampling of thermodynamic space not accessible by near-instantaneous 

shock compression [5] or static-pressure methods [6], and ensures a solid state even at 

very high pressures. Depending on the ramp-wave-loading method, rise-times can be 

varied between nanoseconds to several microseconds. This capability enables the study of 

time-dependent material behavior associated with structural changes and deformation in 

solids subjected to extreme compressions. In these quasi-isentropic compression 

experiments (ICE) the equation-of-state (EOS) of a material may be determined from

Lagrangian sound speed analysis from a multi-stepped target if an identical ramped 

stress-wave is applied simultaneously to each of the step samples [7]. Using this 

technique, the stress-strain response for aluminum (Al-6061) has recently been 

determined up to a peak stress of 240 GPa when ramp compressed over hundreds of 

nanoseconds on the Sandia Z-machine [8].

In previously developed laser-driven ICE an ablatively-driven shock in a primary 

target is transformed into a ramp-compression-wave in a secondary target via unloading 

followed by stagnation across an intermediate vacuum-gap [1, 9, 10]. Using this direct 

laser-drive technique peak longitudinal stresses, Px, of 200 GPa have been obtained. The 

planarity of the stress drive reported in that work, however, is limited by the performance 

of the current state-of-the-art laser focal spot smoothing techniques, which precluded 

their use for EOS measurements [10]. Previous work has demonstrated the potential for 
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generating spatially-planar ablative-shocks when laser photons are first converted into x 

rays within a high-Z hohlraum [11, 12].  

Here, we have developed a laser-produced x-ray drive to generate ramp-wave 

loading that was spatially uniform to ~ 0.2% over 500 µm. This uniform loading ensured 

that different thicknesses of a multi-step target had the same loading history. Ramp-

loading rise-times in Laser ICE are more than an order of magnitude faster than with

other drivers (e.g. pulsed power [2], gas guns [3], high explosives [4]) and offer new 

insights into the rate-dependent response of materials at high levels of compression.  

In order to make reliable EOS measurements from a laser-ICE a number of 

criteria need to be satisfied. Each thickness on a multi-step target of the material of 

interest must experience shockless-compression. If a compressive-shock forms, entropy 

will be generated and an uncertain amount of target heating will result. In addition, the 

experimental design should preclude the possibility of target pre-heat so that the initial 

temperature and density conditions are well known. The pressure drive needs to be 

spatially-planar such that each step experiences the same loading history. Finally, a

detailed error analysis incorporating target and experimental uncertainties coupled with 

shot-to-shot repeatability is required. One central assumption for all current ramp-wave 

analysis techniques for extracting EOS information is that the ramp-wave is a simple 

wave. This implies that there is no rate-dependence in the material properties (e.g. 

strength) as the propagating ramp-wave steepens during transit.

The layout of this paper is as follows: Section II details the experimental design of 

laser-ICE EOS targets with experimental results on drive planarity, target preheat and 
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modeling of target dynamics. In section III results describing the energetics of the laser-

ICE target are presented.

II. EXPERIMENT

II.I Shockless-drive design

A target layout is shown in Fig. 1. Fifteen beams from the Omega laser [13] at 0.35µm, 

with a combined energy of up to 6 kJ in a 2ns temporally-flat pulse, were focused 

symmetrically onto the inner walls of an Au “halfraum” (i.e. half of a hohlraum [14]). 

The halfraum used had 25µm thick Au walls and the following dimensions: laser 

entrance hole (LEH): 1.7mm, diameter: 2.2mm, length: 1.7mm. This confined high-Z 

geometry results in a near-blackbody distribution of thermal x-rays with uniform 

temperature-gradients over a spatial region close to the diameter of the halfraum. For 

these laser irradiation conditions and halfraum geometry the peak radiation temperature, 

Trad, was measured with a calibrated array of filtered diodes (Dante spectrometer [15]) to 

be ~135 eV. The x-ray field within the halfraum launches an ablatively-driven shock 

through a 180µm thick 12% Br-doped polystyrene reservoir [C4H3Br]. The initial region 

of planarity is expected to approach that of the diameter of the halfraum. Transit through

the Br-CH reservoir causes the ablative shock to be hydrodynamically attenuated into a 

blast-wave which contains no temporal information pertaining to the initial laser drive.

The bromine dopant absorbs high energy Au M-band x-rays (~ 2-5 keV) generated within 

the halfraum which otherwise could pre-heat the Al step sample. After breakout from the 

rear surface, shock heating and momentum cause the Br-CH plasma to unload across a ~ 

400 µm vacuum-gap and pile-up against a multi-step aluminum sample launching a 
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ramped-stress wave. The temporal profile of this compression-wave may be shaped by

varying the size of the vacuum-gap, the density of the reservoir or the temperature within 

the halfraum. 

Due to increase of sound speed with increasing pressure the ramp-stress-wave 

will eventually steepen up into a shock within the Al sample. This would result in a near 

instantaneous jump in entropy and off-isentropic compression (and possible target 

melting) would ensue. This shock-up distance is estimated by modeling the target and 

irradiation conditions with a 1-D hydrocode. The maximum Al thickness is therefore 

designed to be less than the calculated shock-up thickness. In the experiments described 

here we used 10/20/30 µm Al steps coated onto a LiF window. To make these samples, 

the Al was coated directly onto a 500µm thick stepped LiF window using electron-beam 

deposition at a growth temperature of 425 K and was then later micro-machined to ensure 

all surfaces were parallel. The thickness uniformity across the sample was determined 

with white light interferometry to be less than 1% (∆thickness/thickness).

As the stress wave reaches the back surface of the Al, it begins to accelerate into 

the well impedance-matched LiF window. The interface velocity history, u, is recorded 

with a line-imaging velocity interferometer (VISAR: velocity interferometer system for 

any reflector) with two channels set at different sensitivities [16]. Figure 2(a) shows a 

typical streak camera output of the VISAR for an Al/LiF target. The VISAR gives one-

dimensional (1-D) spatial resolution of 5µm over a 500µm field of view across the Al 

steps. The time-resolved fringe movement recorded by a streak camera is linearly 

proportional to the velocity of the reflecting surface, which in this case is the Al-LiF 

interface. The temporal resolution is 50 ps over a 30ns time window. The velocity per 
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fringe is 1.105 km s-1 and we detect fringe position to 5% of a fringe.

The measured interface velocity is very close to the in-situ particle velocity due to 

the comparable mechanical impedance of LiF and Al. Furthermore, the refractive index 

of LiF depends linearly on density in this regime, so the index correction for the velocity 

calibration is trivial [17]. Figure 2(b) shows representative particle-velocity histories for 

each of the 10, 20 and 30 µm thick steps. For all Al/LiF samples, we observed a low 

amplitude precursor similar to the elastic precursor in shock experiments [18]. This 

velocity plateau corresponds to longitudinal stress, Px ~ 2.7 GPa, which is significantly 

higher than the reported Hugoniot Elastic Limit (HEL) for pure Al (~ 0.4 GPa) on 

millimeter-scale thick targets [18] and seventeen times higher than quasi-static tensile 

measurements on the same material used here. 

The dynamics of the unloading solid density Br-CH foil dictates the temporal 

shape of the initial ramp-compression wave launched into the aluminum. As observed in 

Fig 2(b) the ramp-compression wave hydrodynamically steepens into a shock for u < 1 

km/s after propagating 30µm in the Al sample. Softening out the foot on the 

compression-wave would increase this shock-up distance and allow for larger step 

heights and hence smaller error bars in EOS measurements. Recent work [19] has 

demonstrated that the use of a graded density at the reservoir/vacuum-gap interface 

lengthens the shock-up distance. 

II.II Halfraum Closure

Arriving ~10 ns after the peak of the ramp-wave is a spherically-shaped compressive 

shock (Fig. 2(a)). To understand the origin of this spherical shock we simulated the 
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halfraum physics with a two-dimensional (2-D) radiation-hydrodynamics code, LASNEX 

[20]. Shown in Fig. 3(a) is a radial cut-out view of the halfraum at three discrete times (0, 

10 and 20ns) relative to the time the laser energy turns on, t0. Trad peaks at ~t0 + 2ns as 

the laser radiation turns off. The Au material ablated normally from the halfraum walls 

cylindrically converges on-axis between 10 and 15 ns after t0. This process is tamped 

somewhat by the ablated Br-CH reservoir material streaming into the halfraum cavity. As 

the Au stagnates, it creates a spike in density and temperature which radiatively couples 

to the Br-CH launching a late-time-shock along the target axis. As the source of this 

shock is localized along the halfraum axis the shock-front propagates in a spherical 

fashion. 

By post-processing the output files, we obtained the x-ray flux hitting the back 

wall of the halfraum, where the Br-CH reservoir sits. This time-resolved and spectral-

energy-resolved x-ray flux then drives a 1-D finely-zoned simulation of the reservoir and 

target. This simulation provides stress and velocity as a function of time that can be 

compared to experimental data. Shown in Fig. 3(b) is the predicted Px profile as a 

function of distance from the original front surface of the Br-CH material (ablation 

surface) at t0 + 20ns. The primary compressive shock, launched at t0, hydrodynamically 

decays into a blast-wave before exiting the rear surface of the reservoir. As the material 

unloads across the vacuum-gap the density gradient associated with the stress front 

relaxes. For larger vacuum-gaps the peak Px drops and the density gradients continue to 

soften. The late-time (spherical) shock caused by the halfraum collapse is predicted by 

the simulations and observed in the data record on the VISAR. The collapse of the 

halfraum may be delayed (and the region of planarity increased) by increasing the 
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halfraum diameter although a larger laser energy input would be required to maintain a 

given Trad.

II.III Drive Planarity

As shown in Fig. 2(a) excellent drive planarity across the field of view is observed with 

smooth ramp-unloading from the 10, 20 and 30µm Al samples at progressively later 

times. However, the raw VISAR data contains spatial and temporal non-linearities due to 

the configuration of the electron focusing optics within the optical streak camera. To 

ascertain the planarity of the pressure drive it was necessary to quantify this distortion 

map and then linearise the time-space scales on the data images. To generate a distortion 

map we splayed the time fiducials (seen in Fig. 2(a) at the top of the screen) across the 

entrance slit of the streak camera. Each time pulse then revealed the true shape of the 

time contour for a given region of the output screen. The temporal separation between the 

eight 60 ps timing pulses was determined precisely to be 0.548 ns with a fast detector and 

a spectrum analyzer. The spatial and temporal non-linearity’s were warped onto a linear 

grid with a mesh-warping algorithm [21]. The separation between time contours allowed 

for calibration of the sweep speed at each point along the slit (distance axis). The timing 

fiducials in Fig. 2(a) appear sloped in time as the distortion map did not extend to this 

region of the data record. After obtaining the full velocity history at each point in space 

on the distortion corrected data images the spatial planarity of the drive is defined as the 

distribution of the time of arrival for a given velocity contour or ∆time/time. Analyzing

each step in Fig. 2 and for different velocity contours gives a ∆time/time planarity of 

~0.2% over the 500µm full field of view. Non-planarities in this drive may result from 
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target thickness variations, spatial gradients in Trad within the halfraum or, perhaps, 

Rayleigh-Taylor instabilities as the low density unloading plasma from the reservoir 

loads up against the solid aluminum target.

II.IV Pre-heat

In order to obtain data on the material response it is important to have accurate 

knowledge of the temperature and density of the target. X-rays produced in the halfraum 

may directly penetrate through the target package and pre-heat the stepped Al target. The 

spectral content of x-rays emitted from the halfraum is well understood by many previous 

investigations. In the experiments reported here the potential for x-ray preheat stems from 

Au M-band emission (2 → 5 keV) and above. In this spectral range the cold opacity for 

the 180µm 12% Br/CH foil used as a heat shield gives an attenuation of ~10-35 ( 2 keV) 

→ 0.01 (6 keV). In an attempt to quantify the level of pre-heat experimentally we replace 

the 12% Br-CH foil with a 2% Br-CH foil (C25H24Br2) which gives a lower attenuation of 

~ 10-9 → 0.36 over the 2 → 6 keV spectral range. In the target design in Fig. 1 we 

replaced the Al/LiF target with a 25µm Al free-standing foil. As the laser radiation turns 

on, x-rays penetrate through the low dopant Br-CH foil and are absorbed by the Al foil. 

Using the VISAR as a diagnostic we observed instantaneous thermal expansion of the Al 

foil to a peak velocity of 60 m/s followed by contraction due to the material strength. 

This oscillation was repeated over the duration of the measurement. Integrating under the 

velocity profile a displacement of the Al foil-vacuum interface is determined and shown 

in Fig. 4. Based on the calculated spectral content/output flux of the source and the cold 

opacity of the 2% Br-CH foil, the expected spectral region to dominate the preheat is ~ 4
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→ 6 keV. Over this energy range the average optical depth in aluminum is 25 µm. Using 

a 1-D hydrocode coupled to an equation-of-state for aluminum the front surface of the 

25µm foil was driven to a peak temperature, Tpeak, for the 2 ns over which the laser 

irradiation is on. This corresponds to the time over which the flux associated with the 

higher photon energies are at a maximum. For the estimated optical depth of 25µm, Tpeak

was varied and the resultant displacement was compared against experimental 

observations. Calculated displacements for Tpeak of 373, 737 and 1237K are shown along 

side the experimental data in Fig. 4. Using this analysis we estimate a Tpeak of ~737K 

when a 2% Br/CH foil is used. A more rigorous test of this technique would utilize multi-

stepped aluminum samples. Using the same analysis, the estimated flux transmitted 

through 12% Br-CH used would be insufficient to preheat the target by more than several 

degrees.

In addition, there is strong heating due to the unloading plasma stagnating upon 

Al target. As the Br-CH re-compresses there is a rapid temperature increase as the ramp-

compression-wave is launched. To quantify the magnitude and relative timing of the 

resultant heat wave, the thermal emission from the target was imaged onto the entrance 

slit of an additional streak camera. These time-resolved pyrometry measurements

(synchronized with the VISAR measurements) confirm that the diffusion of this heat-

wave lags well behind the main ramp-compression wave [22]. These pre-heat 

measurements suggest that the target material remains cold before the arrival of the ramp 

compression wave.

III. Target Energetics
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The particle velocity history of the Al allows for the compression source to be determined 

by integrating the equations of motion backward in space with the EOS of aluminum, the 

target thickness and the time-dependent particle velocity at the rear surface as an input 

[23]. The applied ramp-stress waves for the target conditions described in Fig. 1 are 

shown in Fig. 5 for a number of input laser energies, ELaser. Higher peak stresses and 

correspondingly shorter rise-times are achieved with increasing laser energy. An increase 

in ELaser results in an increase in Trad and therefore a higher Px in the ablatively-driven 

shock-wave launched into the reservoir material. A higher shock Px breakout at the rear 

surface of the reservoir material causes the Br-CH material to unload at higher velocities 

across the vacuum-gap. The increased momentum gives rise to higher peak Px in the 

ramp-compression-wave with associated shorter rise-times. The data shown in figure 2(b)

was for ELaser of ~ 4.5kJ. In direct drive laser ICE [10], rapid cooling at the ablation front 

results in a more rapid fall-off after the peak of the ramp-compression wave in contrast to 

the indirect-drive technique described here were the halfraum heat source decays more 

slowly. Below a certain ELaser (low Trad), the heating associated with the ablatively-driven 

shock will not be sufficient to ionize the reservoir material. In this case, the material 

unloads across the vacuum-gap in clumps and a secondary ramp drive will not be 

launched. This sets a lower peak Px limit in the ramp-compression wave (expected to be 

~10 GPa).

The highest peak longitudinal stress is achieved for a ELaser of 5.9 kJ. For this 

particular shot a 20µm Be ablator was glued onto the halfraum side of the Br-CH 

reservoir and a 600µm vacuum-gap was used. Be has a higher ablation velocity than the 

12% Br-CH and so for a fixed input energy a higher Px(peak) is achieved. This target and 
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irradiation geometry has been simulated with LASNEX with good agreement to the 

experimentally determined stress source (Fig. 5). A summary of experimental 

observables are listed in Table 1 for the target configuration described in Fig. 1 and for a 

range of ELaser. Increasing ELaser from 2.3kJ to 5.7kJ, increases Px(peak) from 21 GPa to 120 

GPa. This is driven by the approximately linearly increase in Trad from 105eV to 134eV. 

In these experiments Trad is measured with a Dante spectrometer [15] with a 70º viewing 

angle to the LEH. This oblique viewing angle makes the Trad calculation more sensitive to 

LEH closure and introduces an estimated uncertainty of ~5eV in the measurement. For all 

ELaser the late time shock is observed 10-20 ns after the onset of the ramp-wave. For 

Px(peak) > ~ 55 GPa the ramp-waves have reached a peak before the arrival of the late time 

shock. In these cases EOS measurements, which are made up to the peak of the ramp-

unloading-wave, would be unaffected. For Px(peak) < ~ 55 GPa however the rise-time of 

the ramp-wave has increased such that the late time shock cuts off the ramp-wave before 

it has reached a peak. For Px (peak) of 26 GPa the rise-time of the ramp-wave ∆tramp is > 

15ns (truncated by late-time shock) whereas for a Px (peak) of 120 GPa, ∆tramp is 3.3 ns. The 

shock-up distance is shorter for shots with higher Px (peak).

IV. Conclusions

We have demonstrated a technique for generating a high planarity (~0.2 %) ramp-

compression over a several hundred micron region, by converting spatially

inhomogeneous laser radiation into a spatially-uniform temperature x-ray drive. This 

ensures an identical ramped-stress wave is applied simultaneously to the loading surface 

of a stepped Al sample. The use of a 12% Br-CH foil has been shown to be an effective 
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heat-shield from energetic x-rays produced in the halfraum which could otherwise pre-

heat the target. Using the x-ray drive technique described here, single shot equation-of-

state data close to the room temperature isentrope of pure Al has been extracted up to 110

GPa [24]. Designs predict that we will be able to extend this quasi-isentropic 

compression technique to above 1000 GPa on NIF [1].
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Figure Captions

Fig 1. (color online) Schematic of indirectly-driven laser ICE-EOS target design. Fifteen

beams from the Omega laser at 0.35µm deliver ~5.5 kJ in 2ns onto the inner walls 

of an Au halfraum. An ablatively driven shock launched into the reservoir causes it 

to unload across a vacuum-gap and to stagnate upon a stepped Al/LiF target. This 

stagnation process causes the Al steps to be shocklessly compressed. 

Fig 2. (a) The output of the line imaging VISAR as recorded by an optical streak camera

for an input ELaser of 4.5kJ. The velocity per fringe is 1.105 km s-1. Excellent 

planarity (∆time/time ~0.2%) is observed over the ~500µm field of view. A late 

time spherical shock, associated with the halfraum collapse, reaches the Al/LiF 

interface ~15 ns after the peak of the ramp-compression-wave. (b) Al/LiF particle 

velocity profiles are extracted as a function of time for the 10, 20 and 30 µm steps.

Fig 3. (color online) (a) Two-dimensional Lasnex simulations for the target conditions

described in Fig. 1 predict that on-axis convergence of ablated Au holhraum wall 

material occurs at ~ t0 + 10-15 ns. This results in a rapid increase in localized 

density and temperature which radiatively couples to the target launching a late-

time spherical shock on axis. (b) Stress as a function of distance relative to the 

front of the 180µm Br-CH reservoir at t0 + 20ns, for the target and irradiation 

conditions described in Fig. 1. 
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Fig 4. (color online) Displacement of a 25mm thick aluminum foil due to thermal 

expansion after absorption of x-rays generated within the halfraum. In this 

experiment a 2% Br-CH foil was used instead of the standard 12% Br-CH foil. 

Also shown are fits to the data for peak heating temperatures of 373K, 737K and 

1273K.

Fig 5. (color online) The time resolved stress source is calculated via a back-integration

technique [23]. A family of loading profiles are shown as a function of input laser 

energy. An increase in energy results in an increase in Trad and therefore higher Px

in the ablatively-driven shock-wave launched into the reservoir material. The

shock ionized Br-CH travels at higher velocities across the vacuum-gap and the 

increased momentum gives rise to higher ramped peak Px in the aluminum target 

with associated shorter rise-times.
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Figure 1 – Smith et al.
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Figure 2 – Smith et al.

(a)

(b)
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Figure 3 – Smith et al.

(a)

(b)
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Figure 4 – Smith et al.
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Figure 5 – Smith et al.
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Table 1 – Smith et al.

Table 1. For the target geometry described in Fig. 1, and for a range of input laser 
energies (ELaser), the measured peak halfraum radiation temperature (Trad), peak 
longitudinal stress in the sample (Px(peak)), target material and thickness, ramp breakout 
time (τramp), ramp rise-time (∆τ) and shock breakout time (τshock) are recorded. For shot 
no. s38964 a 20µm Be ablator was glued onto the halfraum side of the Br-CH reservoir 
and a 600µm vacuum-gap was used.

Shot no. ELaser Target         Px (Peak)  Trad  τramp ∆τramp [10-90 %]  τshock  
(kJ)  (GPa)   (eV)  (ns)  (ns)  (ns)

s39720 2.25 20µm Al 26            104.9 43 > 14.5 57.5
s39723 2.65 55µm Al 31            108.8 46.6  > 9.4 66.4
s40125 3.5 65µm Al  52            117.1 42.6 > 12.9 55.5
s40126 3.8 20µm Al  64            126.0 33.2    6.5 48.2
s40127 4.5  “   84            128.7 29.6  5.27           44.6
s38962 5.08  “  98            132.3 26.2 4.26           44.2
s38963 5.42  “  110  134.8 25.2 3.59          41.8
s38961 5.7                   “  120            134.0  25 3.3             -
s38964i  5.93            6µm Al 210            137.8          21.7          4.82           -

i Target had a Be ablator and a 600µm vacuum-gap.


