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Physical Motivation Interpenetration ResultsNumerical Methods
Understanding the interpenetration and heating of counter-

streaming plasma flows is critical to understanding the physics of 

Inertial Confinement Fusion (ICF) at the National Ignition Facility.

• During ICF experiments, plasmas from the heated hohlraum

gas fill, ablated capsule, and wall material interact and may 

interpenetrate in ways different from the conditions assumed in 

single-fluid hydrodynamics codes. 

• Studying interpenetration is also of relevance to understanding 

and predicting the stimulated Brillouin scattering (SBS) of laser 

light off of ion acoustic waves in plasma, which is a threat to 

the sensitive optics in ICF experiments. 

We introduce a 1D interpenetration model based on the two-fluid 

plasma equations derived by Braginskii [1], rewriting them in 

conservative form and including multiple ion species coupled via 

collisional effects 𝑅𝛼,𝛽 and electric fields 𝑒ℇ = −
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𝜕𝑥 𝑝𝑒𝑣𝑒 + 𝑝𝑒𝜕𝑥𝑣𝑒 = −𝑅𝛼,𝑒 𝑣𝛼 − 𝑣𝑒 − 𝑅𝛽,𝑒 𝑣𝛽 − 𝑣𝛼 − 𝜕𝑥𝑞𝑒

𝑞𝑒 = 𝑛𝑒𝑣𝑡ℎλ𝑒,𝑖𝜕𝑥𝑇𝑒

𝜌 − 𝑑𝑒𝑛𝑠𝑖𝑡𝑦, 𝑛 − 𝑛𝑢𝑚𝑏𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦, 𝑣 − 𝑓𝑙𝑜𝑤 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦, 𝑝 − 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒, 𝐸 − 𝑒𝑛𝑒𝑟𝑔𝑦
ℇ − 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑓𝑖𝑒𝑙𝑑, 𝑅𝑖,𝑗 − 𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛𝑎𝑙 𝑑𝑟𝑎𝑔 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑖 𝑎𝑛𝑑 𝑗, 𝑞 − ℎ𝑒𝑎𝑡 𝑓𝑙𝑜𝑤,

𝑣𝑡ℎ − 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦, λ𝑒,𝑖 − 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 − 𝑖𝑜𝑛 𝑚𝑒𝑎𝑛 𝑓𝑟𝑒𝑒 𝑝𝑎𝑡ℎ, 𝑇 − 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒

We assume quasineutrality and isothermal electrons and reduce 

to a system of Euler equations with a coupled source term 𝑆:
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Figure 1:

Visualization of the J. S. Ross et al. 

experiment, in which counter-

streaming plasma flows were 

generated using laser pulses to heat 

two foils 8 mm apart. Measurements 

were taken at the midpoint using 

Thomson scattering [2].

Figure 4

Figure 2:

Log-log plot of spatial convergence test results. 

Tests were run on grids with 10, 20, 40, 80, 160, 

and 320 cells. Error shown is relative to a smooth 

analytic solution to a linearization of the system.

References: [1] Braginskii, Reviews of Plasma Physics 1, 1965, p. 205., [2] J. S. Ross, et al, Phys. Rev. Lett. 110 145005 (2013).

We develop a spatially fourth-order solver 

for the coupled nonlinear hyperbolic system 

of Euler equations with an arbitrary number 

of fluid ion species using the following 

numerical schemes:

• We use a flux-conservative fourth-order 

explicit Runge-Kutta iteration to update 

cell averages on a uniform grid. 

• The Harten, Lax, van Leer, and Einfeldt

(HLLE) solver is used to find an 

approximate solution for the flux in the 

Riemann problem about the cell 

boundary at 𝑥 = 𝑥𝑖:

𝜕𝑡𝑢 + 𝜕𝑥𝑓 𝑢 = 0, 𝑢 𝑥, 0 =  
𝑢𝑖,𝐿 , 𝑥 ≤ 𝑥𝑖
𝑢𝑖,𝑅 , 𝑥 > 𝑥𝑖

To update the cell average value for 

𝑥𝑖 , 𝑥𝑖+1 we difference the values 

obtained by HLLE at 𝑥𝑖 and 𝑥𝑖+1.
• A fifth-order Weighted Essentially Non-

Oscillatory (WENO) stencil scheme 

suitable for treating hydrodynamic 

shocks is used to reconstruct cell 

boundary values 𝑢𝑖,𝐿 and 𝑢𝑖,𝑅 from cell 

averages (see Figure 3).

• The source term 𝑆 𝑢 𝛼 , 𝑢 𝛽 is 

computed using fourth-order finite 

differences.

We compare our interpenetration model with a single-fluid result 

by setting up counter-streaming plasma from the left and right 

wall. As in the experiment of J. S. Ross et al. [2], our model 

allows the two streams to move through each other rather than 

stagnate, with the level of interpenetration depending on the 

coupling and the collisionality regime. 

Uncoupled two-fluid model (no collisions/no electric field)

Single-fluid model

Coupled two-fluid model: collisionless regime

Coupled two-fluid model: collisional regime

Fourth-order convergence

Future Work:

• Extend the model to include electron heat flow.

• Quantitatively compare numerical output with the results of the 

J. S. Ross et al. interpenetration experiment.

• Implement the model in multiple spatial dimensions

WENO scheme

Figure 3

Figure 5
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