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Abstract. Here we report quasi-isentropic dynamic compression and thermodynamic characterization 
of solid, precompressed deuterium over an ultrafast time scale (< 100 ps) and a microscopic length 
scale (< 1 µm). We further report a fast transition in shock wave compressed solid deuterium that is 
consistent with the ramp to shock transition, with a time scale of less than 10 ps. These results suggest 
that high-density dynamic compression of hydrogen may be possible on microscopic length scales.   

Keywords: Hydrogen, deuterium, dynamic compression, ramp compression, static compression, shock 
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INTRODUCTION 
 

Cold, dense hydrogen1 exhibits a number of 
exotic phenomena [1,2], and the thermodynamic 
properties of hydrogen at very high density are 
essential to a diverse range of topics including the 
fundamental physics of solids, the physics of giant 
planets, and inertial confinement fusion. Dynamic 
compression can generate much higher pressures 
and temperatures than other methods, but fast2 
compression of hydrogen cannot obtain high 
density [3]. 

States with higher density and lower 
temperature may be obtained via two methods, 

                                                 
1 Although the experiments described here are for deuterium 
(which gives better shock impedance matching than hydrogen), 
under the thermodynamic conditions addressed in this work 
analogous results for hydrogen are easily derived from 
measurements in deuterium. 
2 Here, “fast” corresponds to a compression time scale 
comparable to or faster than the steady shock wave rise time, 
and “slow” corresponds to a compression time scale much 
slower than the thermodynamic equilibration time. 

both which have been intensively developed 
recently. First, static precompression may be used 
to increase the initial density of the material (see 
refs. [3] and [4]). Second, the material may be 
compressed more slowly than the steady state 
shock rise time, i.e. ramp, or quasi-isentropic, 
compression. Substantially less heat is deposited 
under ramp compression compared to shock 
compression to the same pressure, enabling 
generation of lower temperature, higher density 
thermodynamic states for a given final pressure. 

 
EXPERIMENTS 

  
We apply ultrafast compression methods [4, 5] 

to dynamically compress solid deuterium from 
initial static pressures above 20 GPa at room 
temperature to final pressures as high as 44 GPa, 
over a time scale of 10s of picoseconds, using the 
method of ref. [4], as shown in Fig. 1.  

Dynamic compression is achieved via laser 
ablation of a ~1 µm thick Al layer on the culet of 
one diamond in a conventional diamond anvil cell 



which has been loaded with deuterium. Energy 
deposition in the ablator drives a shock wave 
through the Al layer into the sample. 

Simultaneously, a pair of broadband (~25 nm 
FWHM bandwidth) chirped optical pulses near 800 
nm wavelength are used as an interferometric 
probe of the shocked state in the deuterium, as 
described in ref. [4]. This diagnostic is essentially 
ultrafast VISAR. For expansion of a shocked free 
surface, this method measures an optical phase 
shift over a ps-scale time delay, providing a 
measurement of surface velocity in direct analogy 
to VISAR measurements, but with picosecond time 
resolution. The time resolution of this method can 
be as high as 3 ps for a 300 ps FWHM observation 
window with a 25 nm FWHM bandwidth pulse. 
For the data shown in this work, a moving average 
with a 5 ps width is applied to all data, reducing the 

time resolution to ~5 ps. 
For steady shock waves, this method obtains 

data with a characteristic form shown in Fig. 2. 
From this data, three parameters are estimated, the 
average phase offset, the amplitude of the 
sinusoidal oscillation, and the period of the 
oscillation. From these measured parameters, the 
shock velocity, particle velocity and index of 
refraction behind the shock front may be estimated. 

In contrast, analogous data from 
precompressed deuterium gives a qualitatively 
different signal, as shown in Fig. 3. In particular, 
the oscillation amplitude and offset do not reach 
steady state values on a time scale less than the 
period of oscillation, and there is a rapid transition 
in the data at around 65 ps. Fits to several datasets 
with similar characteristics are shown in Fig. 4. All 
fits were placed in time just previous to the fast 
transition and fit over a range of about 1.5 cycles of 

 

Figure 1: (Left) The optical setup, PBS is a polarizing beam splitter. (Right) A close-up of the shocked region in the DAC. 
Probe light reflects from the shock front and the ablator/sample interface. These two reflections are Doppler shifted to 
different frequencies and beat, producing a signal from which shock parameters may be derived. 

  

Figure 2: The typical form of the ultrafast VISAR signal 
from a shocked sample, in this case, shocked water. 

Figure 3: Ultrafast VISAR data from deuterium at an 
initial pressure of 22 GPa. 

 



the oscillation, where the wave offset and 
amplitude were steady. 

Velocities given by the fit and analysis are 
shown in Fig. 5, along with calculations of the 
Hugoniot of deuterium from 24 GPa pressure, and 
the calculated sound speed plus particle speed vs. 
particle speed for the deuterium isentrope starting 
from 24 GPa. Although generally the measured 
wave speeds (at a given particle velocity) are faster 
than the isentrope, they are more consistent in 
magnitude and slope with the calculated wave 
speeds along the isentrope.  

Further, the fast transitions in these data occur 
at times consistent with simulations of ramp 
steepening given a 20-40 ps rise time in the 
compression wave from the Al ablator, consistent 
with measurements of the Al rise time outside the 
DAC. These observations suggest that the ramp to 
shock transition occurs within ~100 ps of the wave 

arrival at the Al/deuterium interface. These data 
further suggest that the ramp to shock transition 
interferes with the coherent reflection of the probe 
from the wave front, which in turn eliminates 
sinusoidal oscillation in the data. This hypothesis is 
qualitatively consistent with theoretical speculation 
regarding the nature of the ramp to shock transition 
[6], where the convergence of acoustic 
characteristics in a steepening ramp results in 
acoustic instabilities propagating out from the point 
of convergence. 

We note two caveats with respect to the 
analysis. First, estimates of the particle velocity 
depend on the amplitude of the oscillation in the 
time domain data (via the reflectivity of the wave 
front). For shock waves, the wave front is 
effectively a Fresnel interface, but ramp waves 
(even on this time scale) may not act as a step 
interface in the index of refraction. This results in 
an underestimate of the particle velocity (but very 
little change in the estimate of the wave velocity), 
so the particle velocity estimates shown in Fig. 5 
are probably too low. Based on simulations of the 
ultrafast VISAR signal for comparable 
compression, we estimate these particle velocity 
estimates to be no more than 30% lower than the 
actual particle velocity, and more accurate 
estimates may be possible with reasonable 
assumptions about the material compression. 
Second, the measured wave speed is not the peak 
wave speed, but an aggregate wave speed whose 
value depends on the strain rate distribution in the 
compression wave. For a symmetric compression 
wave, the measured wave speed is the average of 
the sound speed in the uncompressed material and 
the peak wave speed. Taken together, these errors 
in the velocity do not substantially impact the 
primary conclusion of this work, that deuterium 
can be isentropically compressed on an ultrafast 
time scale. 

 
CONCLUSION 

  
Using ultrafast interferometry to characterize 

an ultrafast compression wave in deuterium at 
pressures of greater than 20 GPa, we observe a 
signal that is consistent with a steepening ramp 
(quasi-isentropic) compression wave for 
propagation time less than 100 ps, followed by a 
rapid (<10 ps) qualitative change in the signal. The 

 
Figure 5: Estimated wave and particle velocities from 
time domain ultrafast VISAR data in deuterium 

 

Figure 4: Several qualitatively similar datasets from 
deuterium shocked from initial pressures ranging from 
22-24 GPa. Arrows point to where transitions occur in 
the data. 



timing of this rapid change in the signal is 
consistent with ramp wave compression steepening 
into a shock wave, which destroys the optical 
coherence of the wave, providing a signature of the 
ramp to shock transition in ultrafast VISAR data.  
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