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High-energy lasers interacting with flowing plasmas can induce a plasma response that results in beam bending 

and, through momentum conservation, slows down the plasma flow velocity [1]. When the incoming supersonic 

plasma flow slows to subsonic speeds, the speckled laser beams can generate a shock within the plasma [2,3,4]. 

We report on recent advancements in shock detection and measurement, focusing on properties such as density 

and ion temperature jumps, and shock propagation speed, using Thomson scattering. Experimental results were 

obtained on both the Omega laser facility and the National Ignition Facility.
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Outline

1. Physics of shock generation: theory, modeling, drag 

coefficient, beam bending and collective action of speckles.

2. Experimental platforms on OMEGA and NIF: Thomson 

scattering measurements of shocks, slowing down a flow. 

3. Broader impact of shock generation physics: ion heating.
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1.  Physics of shock generation:  theory, modeling.



Transverse flow at Mṃ  enhances plasma response to the 
ponderomotive force and bends the laser light 

H.A. Rose, Phys. Plasmas 3, 1709 (1996);  J.D. Ludwig et al. Phys. Plasmas 31, 032103 (2024).

​ Ὢὓȟ’ ,The average laser beam deflection rate:   

ȣ  average over laser speckles, speckle width ~Ὂ‗ 
Laser beam 
deflected 
along flow 
direction

By momentum 
conservation a 
drag force on 
the plasma is 
opposite to 
flow direction
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Numerical 2D fluid model (in y-x plane) of the isothermal plasma 

includes nonlinear hydrodynamics and the ponderomotive force.

6

Drag slowing the flow from the supersonic (M=v/cs>1) to 
subsonic (M<1) velocities, leads to shock formation 

plasma flow
flow

Geometry of the 

simulations 

J. D. Ludwig, et al., Phys. Plasmas 31 (3), 032103 (2024). 

Evolution 

of densityx
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Drag slowing the flow from the supersonic (M=v/cs>1) to 
subsonic (M<1) velocities, leads to shock formation 

Geometry of the 

simulations 

J. D. Ludwig, et al., Phys. Plasmas 31 (3), 032103 (2024). 

Evolution of density and velocity perturbation in a shock 

and within the RPP beam (cut along y-axis at x=1000 ‘ά)
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shock 

propagation

plasma flow

Plasma density (red) ὲȾὲ and flow velocity

(blue) ὺȾὧ as a function of y taken from the 

line-out in the center of the simulation box

at x=1000 ‘ά at t=2376 ps. In the simulation

ὟȾὝ = 0.13 and ὓ ρȢρ
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Reduced hydrodynamic model with a drag coefficient

Plasma flow across RPP laser

beam is modelled by the isothermal 

fluid equation with a ponderomotive

force term.

J. D. Ludwig, et al., Phys. Plasmas 31 (3), 032103 (2024). 
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Fluctuations induced by the speckles are 

averaged out except for the nonlinear 

ponderomotive force term:
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Shock generation ï scaling argument

J. D. Ludwig, et al., Phys. Plasmas 31 (3), 032103 (2024). 

Speckled laser beam propagation, in plasma slab or cylindrical geometries, with perpendicular supersonic 

plasma inflow and laserïplasma coupling through the ponderomotive force always leads to a macroscopic 

shock formation provided the plasma can propagate into a thick enough laser beam. The characteristic 

distance of plasma penetration across the randomized laser beam required for the flow to slow down to 

subsonic velocity and form a shock, ώ , is given by

Distance ysonic /yp along the plasma flow 

necessary to slow down the flow (Min>1) to a 

speed of sound. Points are results of simulations 

at n/nc=0.1, F=8 at wide range of ponderomotive 

potentials 0.05 <ὟȾὝ<0.15
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2.  Experimental platforms on OMEGA and NIF



Plasma expands from the Al disk. After 2 ns 

delay it interacts with several crossing beams at 

the location B. The shock is observed by 

Thomson scattering at A after propagation 

upstream. 

Experimental observation of a bow shock

п ŘǊƛǾŜ 
ōŜŀƳǎҐмƪW

OTS probe 

18 crossing 
beams=3.6kJ

Up-
stream

0.2mm

0.4mm

Al disk

мΦлƳƳ

B

A

0.1mm

Down-
stream
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A.L. Milder, C. Bruulsema, S. H¿ller, C. Walsh, W. Rozmus, L. Yin, J. D. Ludwig, W. Farmer, B.J. Albright, H.A. Rose, 

G.F. Swadling, Phys. Review Research 7, 013163 (2025).



EPW

IAW

Crossing beams No crossing beams

Flow velocity 

becomes comparable 

with ὧ at ~ 6.5 ns

Shock signature in 
terms of density 
enhancement appear 
after 7 ns
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TS measurements are consistent with shock generation

TS spectra in the 

upstream region 

at A 



Ray Tracing Model of Thomson Scattering 

The precision of Thomson scattering measurements is improved through the use of ray tracing combined with 

the eikonal approximation. This ray-based TS model accounts for plasma inhomogeneities and incorporates 

finite convective gain associated with scattering instabilities driven by the TS probe.

D. Carleton, J. Myatt, W. Rozmus, C. Bruulsema, A. Milder, J. Palastro, and D. Froula, Geometric optics model of Thomson 

scattering enhanced by parametric coupling, submitted for publication, 2026.  

The incident probe beam and scattered light are 

sampled by a sufficient number of rays to resolve

its profile within scattering volume and frequency 

content. 

Example of EPW resonances, homogeneous plasma, 

L=100‘ά, —=60Ј
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