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Abstract 
•  Radiative shocks are shock waves whose structure has been altered by 

radiation transport from the shock-heated matter. Such shocks are present 
in numerous astrophysical systems, including supernova remnants, 
supernovae, and accretion disks. Recent experiments have used the 
Omega laser to study radiative shock systems that are optically thin 
upstream and optically thick downstream. In these systems, a radiative 
precursor and high density cooling layer are formed in response to radiation 
lost in the upstream region. A thin slab of low-Z material is driven into a 1.1 
atm. cylinder of high-Z gas at speeds > 100 km/s, producing strong 
radiative effects. X-ray Thomson scattering is employed, in the Compton 
scattering regime, to measure the electron temperature and ionization in 
both the precursor region and cooling layer. The experiment used emission 
from a Mn x-ray source oriented to produce scattering at angles near 80 
degrees. The x- ray spectrum was detected using a crystal spectrometer 
and a gated, multi-strip, microchannel-plate detector. Measured results will 
be shown, and the inferred properties will be compared with results of 
simulations. 

•  This work is funded by the NNSA‐DS and SC‐
OFES Joint Program in High‐Energy‐ 
Density Laboratory Plasmas, by the National Laser User Facility Program in 
NNSA‐ DS and by the Predictive Sccorresponding grant numbDE‐FC52‐
08NA28616.  
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Radiative Shocks 
•  For the shock to push a plasma into the radiative 

regime the radiative fluxes must be greater than the 
material fluxes 

σTs
4 >ρous

3/2 

•    Defining Rrad as the ratio (σTs
4 )/(ρous

3/2), in the strong 
    shock limit:  

Where Ts is the initial post-shock temperature, σ is the Stefan-Boltzman  
    constant, ρo is the unshocked mass density, and us is the shock velocity. 

Rrad∝us
5/ρo 

•   High shock velocities, low mass densities required to be in  
   radiative regime 
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Shock thickness = !
1016 cm = 1 arc sec!

10 arc min!
= 6 x 1018 cm	


W.W. Craig, private communication (2002)	


Radiative shocks are 
ubiquitous in astrophysics!

– Old supernova remnants !
– Shocks emerging from 
supernovae !
– Interaction of shocks with 
dense clouds or clumps !

The stability and dynamics !
of radiative shocks is an 
active area of research.  !

VELA !
Supernova!
remnant!

Dist. = 350 pc, Vela SNR is from a SN 8000 yr ago	

	
- Green is Oxygen III (5007A), 	

	
- Red is Si II (~6712 and 6731 A),	

	
- Blue is ROSAT  x-ray data (0.5 - 2 keV	


Radiative Shocks in Astrophysics 
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Types of Radiative Shocks 

•  Types of Radiative shock 
are classified by how the  
radiated photons are 
attenuated 

• Experiment in the Thick-Thin  
regime 

•  Thick-Thin shocks refer  
to systems where the  
medium is optically thick 
upstream of the shock and optically 
thin downstream of the shock 

•  Thick-Thin shocks are present in astrophysical shocks such as  
 shock outbreaks from supernovae and can be produced in 
 laboratory experiments 
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Formation of Collapsed 
Shock 

•  Optically thin upstream region allows radiation to escape 
easily, causing the formation of a cooling layer 

•  Tries to drive the thermal pressure in cooling layer below 
the ram pressure 

•  System responds by collapsing spatially until pressure 
balance is restored 

•  Increased optical depth of collapsed layer balances 
radiation fluxes 

•  Cooling Layer controls final state of system 

Cooling 
  Layer 

Downstream Upstream 

FCL FCL 

σTf
4 σTf

4 

FCL = Radiation Flux from cooling layer 
Tf = final downstream Temperature 
σ = Stephan-Boltzman constant 

Shock 
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Creating a Radiatively Collapsed 
Shock in the Laboratory  

•  Lasers used to launch piston 
 (beryllium disk) into argon 

•  Shock is driven down shock  
    tube 

•  Optically thick downstream 
     (dense argon), optically thin 
     upstream (argon) 

Laboratory for Laser Energetics 
University of Rochester 

Target in  
Omega Laser 

Fill Tube 
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Simulations Predict Collapsed 
Layer 

Time = 19ns 
Electron temperature vs position Density vs position 

Cooling layer 

Shock front 

Precursor region 
beryllium 

Cooling layer 

Shock front 

Precursor region beryllium 
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Experimental Result Showing 
Collapsed Shock   

shock target wall 

gold grid 

Area Radiography Image 

•  X-ray radiography view shows 
  collapsed layer 
•  Validates method for producing 
   collapsed shock 
•  t = 13.5ns 
•  45 µm thick layer 
•  avg velocity = 115 km/sec 
•  40µm drive disk A.B. Reighard, et al 2003 

10 

Elastic scattering of electromagnetic-waves  
from free electrons 

Non-collective Thomson Scattering (λ < λD)!

Scattering 
on free 
electrons"

ΕS!
λ ∼ λ0!

Optical Laser!

λD!

Plasma!Ε0!
v! In

te
ns

ity
!

Wavelength!

Boltzmann distribution!

λ0!

Collective Thomson Scattering (λ > λD) !

ΕS!

λD!

Scattering on 
electron 
plasma waves"

Ion acoustic wave	


Optical Laser!

In
te

ns
ity
!

Wavelength!

λ0!

f(Te)!

α < 1 

α > 1 
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• 8 backlighter beams 
-1 ns pulse 
-Irradiance ~4 x 1016 W/cm2 

• Mn “back lighter” source 
-6.15 & 6.18 keV “probe photons” 
-1800 -θ = scattering angle 

• Changing beams delays between 
  the drive beams allows the probing  
  of different regions of the system 
•  Penetrating X-rays permits 
  scattering from  the dense  
  cooling  layer and post shock 
  region 

X-Ray Thomson Scattering 

            X-Ray Thomson  
scattering experiment setup 

θ 

X-ray probe 

Collected  
  Signal 

Gated Thomson 
  Spectrometer 

 B.L.  
Beam 

Mn  
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XRTS Target Design 

Be Drive 
Disk 

Ar  filled “Shock Tube” 

Mn backlighter creates  
X-rays which scatter  
off Ar plasma 

Au shields spectrometer from  
direct exposure of Mn x-rays 

P.I.window/viewing slit 
 allows passage of  
scattered X-rays which  
are collected in gated  
TS spectrometer 

Alignment  
flag 

Stalk/fill tube 
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Method of Analysis 
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• Window dimension: 800 x 400 μm 

• Divide window into two regions: 
  Be region and Ar region 

•  Define region averages of fluid  
  parameters: Te, Zbar, ne, ρ 

• Calculate spectrum for both 
  regions 

Be region Xe region 

Shock 
interface 

Experimental Radiograph 

K
 

Viewing Window 

Method of Analysis 

• Create weighted superposition spectrum 

Spectrum 
from Be region 

Spectrum 
from Ar region 

Superposed  
spectrum 

+ = 
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*S.H. Glenzer Rev. Mod. Phys. 2008    

• Calculate relative number of    
  photons in regions 

€ 

EL

€ 

ηx

€ 

Ωplasma

€ 

ηatt

€ 

σ th

€ 

l

€ 

Ωdet

€ 

Rcrystal

€ 

ηd

=  laser energy 

= conversion efficiency 

= solid angle subtended by plasma 

= attenuation of probe by plasma 
= Thomson cross section 
= path length 

= solid angle subtended by detector 

= crystal reflectivity 

= detector efficiency 
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Method of Analysis 

- Density 
-Te 
-Ti 

- Density 
-Te 
-Ti 

K
 

K
 

• Compare fit to measured spectrum 

• Repeat procedure for different plasma parameters and 
 interface position 

• Find find interface position that optimizes  fit 
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XRTS Experimental Results 
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Might be 
Cl Ly α (2.96keV) 
in 1st order 

Compton 
scattering 
signal 

• Te calculated from width  
 of Compton shifted peak 

T. Doppner, 2008 



4/28/10 

9 

Results 
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15 ns shot 

• 15ns delay 
• Scattering mostly from  Ar 
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Energy (eV) 

 cm 

• average Te = 40.7 eV  (Ar) 
• average Te = 29.7 eV  (Be) 
• average Zfree = 8.5  (Ar) 
• average Zfree = 2.7  (Be) 
• average ne = 1.8 x1021 cm-3  (Ar) 
• average ne = 4.0 x1021 cm-3 (Be) 

K
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c 
cm 

15 ns simulation 
Be/Ar interface 

Be Ar 

Results 
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19 ns shot (50187) 

• 15ns delay 
•  Scattering from both Ar and Be 
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19 ns simulation (50187) 

• average Te = 42.2 eV  (Ar) 
• average Te = 28.8 eV  (Be) 
• average Zfree = 8.5  (Ar) 
• average Zfree = 2.7  (Be) 
• average ne = 1.7 x1021 cm-3  (Ar) 
• average ne = 4.0 x1021 cm-3 (Be) 

K
 

Energy (eV)  cm 

Be/Ar interface 

Be Ar 
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Results 
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19 ns shot (50189) 
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19 ns simulation(50189) 

• average Te = 37.6 eV  (Ar) 
• average Te = 26.1 eV  (Be) 
• average Zfree = 8.15  (Ar) 
• average Zfree = 2.5  (Be) 
• average ne = 1.3 x1021 cm-3  (Ar) 
• average ne = 4.0 x1021 cm-3 (Be) 

• 19ns delay 
•  Scattering from both Ar and Be 

K
 

Energy (eV)  cm 

Be/Ar interface 

Be Ar 
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Summary and Conclusions 

•  X-ray scattering was employed to diagnose 
    radiative shock 

•  Data consistent with simulated profiles of 
 Te, ne, Z, and ρ 

•  Plan to evaluate parameter sensitivities.  

•  Future work: narrower viewing window and 
brighter source 


