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 Velocity-encoded atomistic snapshots showing the evolution of the polystyrene sample under compression for 
(a) 0.5, (b) 0.8, and (c) 1.1 ps. The model and setup of the simulation are shown in the bottom left inset. The 
piston propagates along the +z direction in a fixed velocity of 38 km/s. The sample has an average initial density of  
1.05 g/cm3. Insets in (a)–(c) show g(r) plots based on 10-nm-thick regions of the sample that are not shocked (0.5 
ps), around the shock front (0.8 ps), and under steady shock (1.1 ps), respectively.

 (top) Plasma velocities and (bottom) scale lengths (normalized by 
sample thickness z0) at 1020 cm−3 as a function of time (normalized by 
shock duration t0) in comparison with experiment and regular single-
fluid hydro simulations (without preexpansion) from Ref. [1]. Error 
bars denote the fit error; the labels of “1.0” and “0.5” indicate the 
estimated charge state for carbon (grey) or hydrogen (blue).Ref: S. Zhang & S. X. Hu, Phys. Rev. Lett. 125, 105001 (2020); S. Zhang et al., in preparation.

Still two challenges to be tackled before comparing calculation to expt.

Sample size is smaller and the simulation time is shorter by 
orders of magnitude in CMD than in experiment!

CMD simulation (this work) Experiment [1]

Challenge#1 
How to compare atomic velocities to plasma velocities?Challenge#0 

Sample thickness z0 37 μm
Shock duration t01.1 ps 580 ± 40 ps
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We tackle Challenge#1 by hydrodynamic scaling

‣ Two CMD simulations are performed 
with the same Up and ρ0 but 
different cell sizes 

‣ Atomic distribution profiles agree 
very well with each other by 
choosing sample thickness z0 as the 
length scale and shock propagation 
duration t0 as the time scale 101
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We have tackled two challenges before comparing calculation to expt.

Sample size is smaller and 
the simulation time is shorter 
by orders of magnitude in 
CMD than in experiment!

Challenge#1 

How to compare atomic 
velocities to plasma 
velocities?

Challenge#0 
We tackle Challenge#0 by ionization considerations

‣ Comparing atomic velocities to plasma (electron) velocities is 
effectively assuming <Z>=1 

‣ Released plasmas remain hot (T>104—3×104 K) until after 10 ps and 
may not sufficiently recombine to reach equilibrium* 

‣ <Z>~0.5 according to DFT-based average-atom calculations for C 
and H plasmas at 2×104 K and 1019—1020 cm-3 

* According to collisional-radiative models [4], it can take several ns for shock generated C and H 
plasmas (<Z>=1.45) at 1020 cm-3 density and 2 eV temperature to recombine and reach <Z>=1

[4] J. J. MacFarlane, NLTERT—A Collisional-Radiative Code for Computing the Radiative Properties 
of Non-LTE Plasmas (Fusion Technology Institute, University of Wisconsin-Madison, 1997). p. 99.
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Hydrogen streaming disappears under weak shock (<5.9 Mbar)
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More experimental evidence?

1

Hydrogen running ahead upon CH-shock release: more experimental 
evidence* from LLNL?

*Courtesy of Dayne Fratanduono[5] Courtesy of D. Fratanduono (LLNL)

Hugoniot EOS from CMD agrees with DFT-MD to within 3%–20% 

‣ Results are similar from calculations of samples with different density, structure, 
shock direction, and sizes and simulations with different time steps 

‣ Results are overall similar when using AIREBO or REBO2 potentials 

Overall differences (relative 
to DFT-MD): 
∼14% in shock velocity 
12%–20% in density  
7%–20% in temperature 
3%–10% in pressure

We observe species separation and hydrogen streaming upon shock breakout

z

y

x

‣ Atom velocities dramatically increase upon shock breakout 
‣ A significant amount of hydrogen stream ahead of carbon

Reasons for species separation:
‣ Dissociation when being shocked 
‣ Conservation of momentum and energy upon shock breakout 
‣ Velocity distribution of H is broader than C 
‣ Particle thermal energy and kinetics exceeds the dragging force due to chemical bonding

Before shock breakout

“piston”, Up=38 km/s

1.1 ps

After shock breakout

 Vz 
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0
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Atomic distribution and density profiles around shock breakout

‣ Three-stage feature before 
shock breakout (at 1.1 ps) 

‣ Less hydrogen than carbon 
next to the piston 

‣ More hydrogen than carbon at 
the shock front (more so at the 
void), and in released CH after 
shock breakout
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Velocity distributions of carbon in comparison to hydrogen
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‣ Before shock breakout, 
both C and H follow the 
Maxwell–Boltzmann 
distribution (broadness 
characterized by m/2kBT, 
centered at Up) 

‣ H profiles broader than C 
‣ Peak velocity increases 

after shock breakout 
‣ Distribution stabilizes to 

non-Maxwell after 2 ps

Faster hydrogen streams ahead of carbon after shock release
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‣ Hydrogen atoms travel far ahead of carbon, 
more so at lower densities
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‣ Motion of both species is linear  
‣ Hydrogen travels much faster than carbon, 

more so at the lower density

*This material is based upon work supported by the Department of Energy National Nuclear Security Administration under Award Number DE-NA0003856.

‣ Shock front position vs time          Shock velocity 
‣ Kinetic + virial contribution         Pressure 
‣ Kinetic + ionization/energy partition        Temperature

We calculate the Hugoniot EOS to set a benchmark for the simulations

P = Pkin+ Pvirial = N kBT
V

+ ⟨W ⟩
3V

Us = d z /dt

Tei = T
1 + ⟨Z ⟩ , T = ∑

i

miv2
i

3N kB

Us (km/s) ρ (g/cc)  P (GPa) Tei (x105K)

DFT 52.5 3.8 2096 1.49

CMD 58.0        
± 1.2 

3.0          
± 0.42

2022    
± 222 

1.54          
± 0.36 

* According to a DFT-based average-atom model for 
ionization [3], <Z>=1.45 at this temperature and 
density.
[3] S. X. Hu et al., Phys. Plasmas 23, 042704 
(2016).

16×14×62 nm cell with 
1.35×106 atoms 
Ambient density: 1.05 g/cm3 
AIREBO-M [2], dt=0.05 fs
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[2] O’Connor et al., J. Chem. Phys. 142, 024903 (2015)

Shock release poses grand challenges to hydro simulations
‣ Recent experiments show low-density plasmas generated by shock released CH move 

far ahead of what regular hydro (i.e., w/o radiation preheat) predicts 
‣ Agreement is reached when considering radiation transport in hydro simulations, 

which induces expansion at the rear surface of CH before shock arrival 
‣ Q: is there any other microscopic physics that may have been missed in the single-fluid 

hydro simulations? 

CH

red: 1019 cm−3 
blue: 1020 cm−3

points: Experiment  
solid curves: hydro with preheat 
dashed curves: hydro w/o preheat

[1] D. Haberberger et al, Phys. Rev. Lett. 123, 235001 (2019)


