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This talk dedicated to Thomas P. Intrator 
(1952–2014) 
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•  Background on plasma shock experiments 

•  Experimental setup 

•  Results 
–  Oblique two-jet merging à collisional oblique shock formation 
–  Unmagnetized head-on jet merging à interpenetration and 

stagnation in a regime with λii >> L and λie ~ L 
–  Magnetized head-on merging à RT-instability and collisionless 

shock studies 

Outline 
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Plasma shock experiments are experiencing a 
renaissance 

State-of-art facilities and 
codes are enabling 
fundamental collisionless 
shock studies in new regimes 

Magnetized, 
astrophysically 
relevant 

Unmagnetized 
(Weibel-instability 
mediated) 

Challenges of ICF and NIF 
ignition prompting re-
examination of collisional 
plasma shocks 

Two-fluid 
and kinetic 
modifications 

Multi-ion-
species 
effects 

Data needed 
for code 
validation 

See Ch. 2 
of WOPA 
report 

Background/motivation 
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We are aiming 
to contribute in 
these 2 areas 

Unmagnetized 
(Weibel-instability 
mediated) 
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Theoretical picture of a two-fluid (collisional) 
plasma shock 

Figure from O. Larroche, PoP 20, 044701 (2013). 
 
Plasma and multi-species modifications to shock handling in rad-hydro ICF 
design codes à see, e.g., C. Bellei et al., PoP 20, 012701 (2013). 

Kinetic effects modify 
this picture (even in 
collisional regime). 

M. Y. Jaffrin and R. F. Probstein, “Structure of a Plasma Shock Wave,” Phys. Fluids 7, 1658 (1964). 

M. Casanova, O. Larroche, and 
J.-P. Matte, PRL 67, 2143 (1991). 

collisions energy 
exchange 

energy 
exchange 

Background/motivation 
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Magnetized collisionless shocks of 
astrophysical relevance (λ>>L) 

HST image of a bow shock in O/N/H 
emission (credit:  Hubble Institute). 

High-energy electrons (blue) around Tycho 
supernova remnant (credits: X-ray: NASA/CXC/
Rutgers; optical: DSSNASA/CXC/Rutgers). 

Research needs:  shock structure, particle acceleration, B-field 
generation, formation time/mechanisms, ion vs. electron 
heating, particle injection, role of B-field…   
 
Will discuss criteria for forming astrophysically relevant 
collisionless shocks later in talk. 

See, e.g., WOPA report, R. P. Drake, PoP 7, 4690 (2000), 
and R. P. Drake & G. Gregori, ApJ 749, 171 (2012). 

Background/motivation 
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Plasma Liner Experiment (PLX) facility at LANL 

9’ diameter spherical chamber with 2 plasma 
mini-railguns, originally built to do a 30-gun 
spherical implosion experiment à since 
converted into a plasma shock experiment 

S. C. Hsu et al., IEEE Trans. Plasma 
Sci. 40, 1287 (2012).  

Experimental setup 
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We use two pulsed plasma mini-railguns with 
injected pre-ionized plasma 

Plasma gun electrical system: 

•  12–36 µF 

•  Typically -24 kV charge, 10.4 kJ stored 
energy 

•  Up to 350 kA (linear spark-gap switch) 

•  τ1/4 ≈ 3–5 µs 

•  Designed/fabricated by collaborator HyperV 
Technologies Corp. 

Experimental setup 
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Diagnostics 

Mirror for 
schlieren 
system 

Laser interferometer (8-chord) 
and survey spectrometer 

Fast-framing 
CCD camera 

Plasma railguns 
(oblique-merging 
configuration) 

9’ diameter chamber Photodiode array  

Experimental setup 

Magnetic 
probe array 
& triple probe 
(not shown) 
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Iterative analysis method for spectroscopy and 
interferometry gives ntot, ne, Te, and Zbar 

Experimental setup 
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We have characterized argon plasma jet 
parameters and evolution in detail 

S. C. Hsu et al., PoP 19, 123514 (2012). 
E. C. Merritt, Ph.D. dissertation, Univ. of New Mexico (2013). 

Single-jet characterization 

(ioniz. frac.) 

sonic Mach # ≈ 14  
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We conducted oblique two-jet merging experiments in 
a collisional regime (λi,mfp ≈ stagnation layer thickness) 

Oblique merge 

E. C. Merritt et al., PRL 111, 085003 (2013). 
E. C. Merritt et al., PoP 21, 055703 (2014). 
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Double-peaked emission morphology is consistent with 
interferometer density profiles & 1D multi-fluid plasma simulation 

1D USim multi-fluid plasma simulation of transverse 
merging dynamics, courtesy of J. Loverich (Tech-X): 

E. C. Merritt et al., PRL 111, 085003 (2013). 

Oblique merge 

reflected 
shock 
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Next we studied unmagnetized head-on plasma jet 
merging with λii>>Lexp but λie ≥ Lexp 

gun A gun B 

jet A jet B 

Unshocked 
plasma 

Shocked 
plasma 

Shock 
wave 

~100 cm 

9 ft 

~30 cm 

Unmagnetized head-on merging 

D. D. Ryutov, LLNL-TR-628772 (2013). 
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Argon-jet-merging evolution shows interpenetration distance of 
~40 cm and postulated shock gradient scale length ~ 10 cm 

A.  L. Moser & S. C. Hsu, submitted (2014); http://arxiv.org/abs/1405.2286; 
details will be presented in an invited talk at the 2014 APS-DPP meeting. 

Ion-ion (> 3 m) >> ion-electron collision length (~40 cm) ~ observed interpenetration scale (~40 cm) 
> postulated shock gradient length scale (~10 cm) 

Unmagnetized head-on merging 

interpenetration length 

thickness of postulated 
shock fronts 
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We made detailed multi-chord interferometer and 
single-chord survey spectroscopy measurements 

Unmagnetized head-on merging 

t=35 µs 

t=40 µs 

t=60 µs 

interpenetration 

stagnation onset 

postulated 
shock formation 

A. L. Moser & S. C. Hsu, submitted (2014); http://arxiv.org/abs/1405.2286. 
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Interferometer profiles show that jets first interpenetrate (when λii 
and λie are both large) and then stagnate (consistent with 
decreasing λie) followed by likely shock formation 

Merged trace 
consistent w/
interpenetration. 

Merged trace 
explained by 
ionization (rise 
in Zbar). 

Merged trace 
can only be 
explained by 
density pileup. 

Unmagnetized head-on merging 

Likely shock 
fronts 

Ln~10 cm 
A. L. Moser & S. C. Hsu, submitted (2014); http://arxiv.org/abs/1405.2286. 
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We designed magnetized experiments to satisfy R. P. Drake’s 
criteria* for “cosmically relevant” collisionless shocks 

Magnetized head-on merging 

*R. P. Drake, “The design of laboratory experiments to produce collisionless 
shocks of cosmic relevance,” PoP 7, 4690 (2000). 
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2D unmagnetized PIC simulations show interpenetration 
confirming that our design is in a collisionless regime 

C. Thoma, D. R. Welch, and S. C. Hsu, PoP 20, 082128 (2013) 

0.24 cm resolution; does not 
resolve c/ωpe (but higher 
resolution simulations were 
also done without seeing 
shocks) 

 
No Weibel expected:  linear 
growth time >> interaction 
time 

Magnetized head-on merging 
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2D magnetized (350 G in z-direction) PIC simulations 
show the appearance of collisionless shocks 

C. Thoma, D. R. Welch, and S. C. Hsu, PoP 20, 082128 (2013) 

Magnetized head-on merging 
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at 1 kA 

We recently installed an in-chamber Helmholtz coil to 
generate applied B-fields up to 2 kG in merge region 

Magnetized head-on merging 

-  1.3-ms rise time 
-  262 G at 1 kA 
-  Up to 8 kA 
-  5 kV, 4 mF cap. bank 

29 cm radius 
30 cm separation 
9 turns per coil 

Coils built by Woodruff Scientific 
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CCD movie of trailing argon jet structure decelerating against 
stagnated magnetized plasma shows RT-finger growth and 
progression to longer wavelength 

Magnetized head-on merging 

CCD movie taken by Colin Adams 



Slide 24 

Observed instability growth rate is consistent with 
theoretical estimate of linear RT growth rate 

Magnetized head-on merging 

Plasma jet decelerates against stagnated magnetized plasma à unstable to Rayleigh-
Taylor; simplest estimate of growth rate is plasma decelerating against vacuum field: 

γRT ~ kg ~ 2π
(1cm)

50km / s
5µs

τ RT ~1µs

More detailed analyses, including effects of magnetic and viscous stabilization, are being 
performed by Ph.D. student Colin Adams, who will present these results at 2014 APS-DPP. 

With magnetic stabilization (for slab geometry): 
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We are running WARPX ideal MHD simulations to 
interpret the details of the observed RT evolution 

Magnetized head-on merging 

Initialized with 
modes 1, 5, and 20 
 
Density jump 4x 
 
1 mm resolution 
(200×600) 
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Summary 

•  PLX facility creates supersonic plasma jets for fundamental plasma 
shock experiments 
–  spans collisional à collisionless, and unmagnetized à magnetized 

regimes 

•  We have completed three experimental campaigns offering unique code 
validation opportunities: 
–  Oblique two-jet merging in collisional regime leading to collisional 

oblique shock formation 
–  Unmagnetized head-on merging showing transition from collisionless 

interpenetration to collisional stagnation due to rising Zbar 
–  Observation of Rayleigh-Taylor-instability evolution of jet decelerating 

against previously stagnated magnetized plasma 

•  Ongoing work aimed at higher-velocity “cosmically relevant” collisionless 
shock experiments 
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•  LANL experiments 
–  Elizabeth Merritt (former UNM Ph.D. 

student, now LANL postdoc)  
–  Auna Moser (LANL postdoc) 
–  Colin Adams (UNM Ph.D. student) 
–  John Dunn (engineer) 
–  Mark Gilmore & Alan Lynn (UNM) 
–  Many undergraduate students 

Team members and collaborators 

•  Theory & modeling 
–  Carsten Thoma and Dale Welch (Voss Scientific), LSP code (hybrid and full PIC) 
–  John Loverich (Tech-X), USim code (multi-fluid MHD) 
–  Prof. Jason Cassibry (Univ. Alabama in Huntsville), theory & SPHC (3D smooth particle 

hydro) 

•  Railguns 
–  Sam Brockington, Andrew Case, Sarah Messer, and F. Doug Witherspoon (HyperV 

Technologies Corp.) 
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Jet magnetic field decays quickly so that jet-merging 
dynamics are essentially unmagnetized 

Extrapolating to t ≈ 24 µs (time of initial merging), B≈0.01 T 
à “kinetic” β = (ρv2/2)/(B2/2µ0) ≈ 270 

à jet Rm ≤ 1, thermal β ~ 1–10 
 

 

Magnetic probe measurements along exterior 
of railgun nozzle of B transverse to rails: 

E. C. Merritt et al., PoP 21, 055703 (2014). 

Backup 
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Diagnostics overview 

*testing/planned 

1 Tables

diagnostic measurement quantities inferred

CCD camera (gated) visible image (1280⇥1024, 12-bit, 20 ns) shock morphology, jet profiles

eight-chord interferometer ��(t) chord-averaged n

tot

survey spectrometer (gated) spectrum (350–1000 nm, 0.45 µs) ne, Te,
¯

Z

photodiode array visible light vs. time V

jet

, jet axial profiles

magnetic probe array @

~

B(~x, t)/@t

~

B(~x, t)

triple Languir probe

⇤
I

sat

, V

+

, Vf ne, Te, Vf

schlieren imaging

⇤
(1 µm) 2D IR image shock position, speed

ion energy analyzer

⇤
ion current (flux) fi(v)

2 Equations

1

E. C. Merritt et al., RSI 83, 033506 (2012). 
E. C. Merritt et al., RSI 83, 10D523 (2012). 
S. C. Hsu et al., PoP 19, 123514 (2012).  

Backup 
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Interferometer analysis 
Backup 

*E. C. Merritt et al., RSI 83, 10D523 (2012). 
E. C. Merritt et al., PoP 21, 055703 (2012).  
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We completed construction of a 2D schlieren 
imaging system 

Diagnostic designed to capture density changes of 10% 
over one ion gyroradius in 1-10 eV plasmas at 1014  
cm-3 and greater densities, magnetized at 1 kG 

Nd:YAG (3 ns pulse, 30–160 mJ), 20 cm 
diameter parabolic mirrors, Apogee Alta w/
Hamamatsu CCD (8% efficiency at 1.06 µm) 

Backup 
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Jet density axial profiles have been characterized via both 
photodiode signals and Stark broadening of H-β line 

Backup 
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Experimentally inferred parameters at 
merge location for oblique jet merging 

Backup 

E. C. Merritt et al., PRL 111, 085003 (2013). 
E. C. Merritt et al., PoP 21, 055703 (2014). 
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Parameters at initial head-on jet merging for argon and 
Zbar=1 

1

Parameters at jet collision assuming µ = 40 and Z = 1

parameter value parameter value

ne 3⇥ 1014 cm�3 c/!pe 0.03 cm

Te = Ti 1.4 eV c/!pi 8.3 cm

Vjet,rel 150 km/s ⇢e 0.003 cm

B 1000 G ⇢i 0.8 cm

Ljet 50 cm �ii 2.2⇥ 104 cm

Rjet 30 cm �ie 76 cm

Backup 
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Experimentally inferred collision lengths support the picture of 
collisionless interpenetration evolving to collisional stagnation 

Unmagnetized head-on merging 
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Analytic calculation of an M=3.45 hydrogen shock using Jaffrin/
Probstein two-fluid theory 

Calculation by Colin Adams 

Backup 

V

Te 

Ti 
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Coil models were calibrated with in-chamber 
flux loop measurements 

Backup 
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Limiting physics for ion collisionality is frictional drag 
between counter-streaming ions (Vrel=20 km/s) 

Oblique merge 

Of order the 
stagnation 
layer thickness 

E. C. Merritt et al., PoP 21, 055703 (2014). 
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Emission morphology of obliquely merging jets is 
consistent with oblique shock formation 

E. C. Merritt et al., PRL 111, 085003 (2013). 
E. C. Merritt, Ph.D. dissertation, Univ. of New Mexico (2013). 
E. C. Merritt et al., PoP 21, 055703 (2014). 

Analogous to textbook 
fluid mechanics problem 
of supersonic flow past 
compression corner. 

CCD emission 
morphology consistent 
with analytic model. 

Speculation:  possible 
transition to detached 
shock at later times. 

Oblique merge 
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We obtained interferometer and spectrometer 
measurements at multiple positions 

Oblique merge 

E. C. Merritt et al., PRL 111, 085003 (2013). 
E. C. Merritt, Ph.D. dissertation, Univ. of New Mexico (2013). 
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Classical resistive diffusion of applied field into 
oncoming jet is ~3–8 cm over our parameter space 

Magnetized head-on merging 

Anomalous resistivity 
would increase these 
values by (η/ηSp)1/2 
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We are able to span a range of kinetic-to-magnetic 
pressure ratios 

Magnetized head-on merging 
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Example magnetic probe measurements 
(hydrogen, at center of coil) 

Coil coordinates (BZ, Bφ, BR) à 
Jet coordinates (into-page, up-
down, jet propagation 
direction) 

solid = 10-shot ave. 
dotted = 10-shot std. dev. 

Observations: 
 
-  BZ grows by nearly 2× 

but then relaxes to 
below applied value 

-  Finite Bφ, BR despite 
no applied component 

-  BR has larger shot-to-
shot variation à due 
to instabilities? 

Leading 
(main) jet 
structure 

Trailing jet 
structure due to 
current ringing 

Magnetized head-on merging 

PK/PB ~ 1 
 
No striations in 
movie 
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Theoretical mRT growth rates for n=1014 cm-3 

Magnetized head-on merging 


