
CENTER FOR MATTER UNDER EXTREME CONDITIONS | CMEC.UCSD.EDU

Collisionality studies in HEDP: 
Pulsed-Power plasma jets

M. P. Valdivia
Center for Energy Research, University of California San Diego

Team: F. N. Beg (PI), F. Conti, A. Williams (PhD student), K. Inzunza (Undergraduate student)



CENTER FOR MATTER UNDER EXTREME CONDITIONS | CMEC.UCSD.EDU

Collisionality studies: Motivation

• Planetary nebulae, active galactic nuclei, supernovae, and young stellar 
objects

• Supersonic plasma outflows. Wide range of physical parameters and features, 
e.g., shocks produced by weakly-collisional and strongly-radiating Herbig-Haro
(HH) objects [Schwartz et al, Astrophys. J. 223, 884 (1978)]. 

• Pulsed-power: astrophysically-scalable laboratory experiments

• Dimensionless analysis. Valuable information to complement the scarcer 
observational data 

Southern Ring Nebula: James Webb Telescope

“Cosmic Cliffs” in the Carina Nebula (vast 

stellar nursery): James Webb Telescope

Supersonic jets: ablation of conical wire arrays:

Variation of wire array geometry and/or atomic number produce different 
jet parameters and transport properties: collisionality, radiative cooling, 
and thermal conduction [Lebedev et al, PPCF 47 B465 (2005)].
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Previous work
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GenASIS: Compact, low-inductance, mid-scale current driver1,2

3x20 nF, 100kV 

capacitor block

Multi-gap, low 

inductance 

switch block

Vacuum Chamber

Conical-Coaxial power feed

X-pinch Target

1.24 m

Insulator

B-dot 

Groove

Open-air cavity

Trigger Marx

• 200 kA average current

• 150 ns quarter-period

• ~ 1.5 m2 footprint

• 4-5 shots a day with a crew of 2

Many drivers in this range since 2011!

Experiments:

• Planar, cylindrical, and conical wire arrays

• X-ray backlighter sources (x-pinch driven 

by return current: Laser-cut foils3)

• Gas-puffs

1. A. V. Kharlov et al.,  Rev. Sci. Instrum., 77, 123501 (2006) 2. S. C. Bott et al., Phys, Rev. STAB., 14, 050401 (2011) 3. GW Collins IV, et al. Journal of Applied Physics 129 (7), 073301 (2021)
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Jet collisionality studies: GenASIS
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Single jet experiments: parametrization
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Similarity parameters
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Jets collisionality: C, Al, Cu, and W
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Al shocks exhibit unique features

[5] G. W. Collins IV, et al. "Role of collisionality and radiative cooling in supersonic plasma jet collisions of different materials." Physical Review E 101.2 (2020)
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Opposed Array Geometry: Collisionality Change
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Simulations

Full-physics FLASH 2D cylindrical simulation of counter-propagating C jets:

(a) Bottom jet prior to collision and (b) shocked interaction region at t~300 ns.
Inter-jet ion-ion normalized mpf as function of plasma composition. (a)

C, (b) Al, and (c) Cu at t ~350 ns. Values below unity (blue) denote

collisional conditions and values above unity (red) denote a

collisionless interaction between the two flows.
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Current and Future work

CESZAR LTD to access larger physical scales and expanded parameter space 

for T, ujet, and ne:

Array modifications on GenASIS have limits: the ‘Short’ shocks may contact the 

floating electrodes, and so may carry current.

Characterizing the individual jets as a function of time using a high-

resolution visible-light spectroscopy:

-ℳ changes over time in the ‘Tall’ shots: meaning T increases and/or 

ujet decreases with time

- Newly set up spectrometer and fibers allow for doppler-shift 

measurements of jet emission.

Examining role of magnetic fields on shock formation:

- External B field at different orientations and strengths. Measured with Faraday rotation.

- Potential to employ Zeeman polarization spectroscopy
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CESZAR1: Higher current LTD driver (>500 kA, ~ 160 ns)3

[1] F Conti, et al., Physical Review Accelerators and Beams 23(9), 090401, 2020

Low to high atomic number -> largely collisional and moderately 

cooled (stable and sharp shocks) vs. weakly collisional or 

collisionless (rapidly cooled more structured interactions shocks) 

Transition between these two regimes: insight on governing mechanisms 

behind the formation and evolution of these shocks

• Shot rate of 3-5 shots per day (limited by vacuum and diagnostics)

Motivation: Study radiative cooling and collision rates (and their 

subsequent interaction) at higher currents -> Scalability

Explore: C, Al, Cu, W, Mo, Ti, Ni, and Constantan (high resistivity 

alloy for different ablation rate and higher magnetic field diffusion)

CESZAR current generator*Cooling, flow interpenetration, presence of magnetic fields, etc. relate to 

interactions between proto-stellar outflows and their surrounding stellar Nursery. 

The resulting turbulence or shock fragments possibly play a role in the seeding of instabilities. Spontaneous B fields, either advected 

during the plasma flows or self-generated via the Biermann battery effect will be studied
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CMEC Impact and Vision: 
Energy Transport in HED Plasmas and Applications
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• Pulsed-Power experiments: Single and opposing wire arrays -> collisional to collisionless shocks

CESZAR (>500 kA, ~180 ns) will achieve flows with higher density and temperature than those previously studied on 

GenASIS (~200 kA, 150 ns) -> Scalability. *Charging voltage increase to 75kV -> ~800 kA

A separate pair of Helmholtz coils can deliver an external B field up to 1 Tesla with a time scale of 5 ms (effectively 

stationary over the <500 ns timescale of the plasma dynamics). 

Diagnostics: 

• 4ns YAG laser: 4-frame interferometry and/or schlieren system.

• 30-100ps tunable YAG laser: probing with shorter pulse duration

• 4-8ns YAG laser: Optical Thomson scattering.

• 2 4-frame gated XUV imaging cameras: 

• Gated and time integrated XUV spectrometers (2-20nm) with Image plate or MCP detector

• Time integrated X-ray spectrometers quartz, mica, HOPG, PET, KAP, LiF crystals 

• 0.75m focal length PI spectrometer with intensified CCD camera (OTS)

• Silicon diodes and diamond detectors: XUV and X-ray light detection.

• Time integrated pinhole cameras: X-ray imaging.

• Bdot probes

• Faraday cup (biased) probes

UCSD’s HEDP group: research capabilities
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• Laser experiments: 

“Early-time Linear-saturation of the Ion-Weibel Instability in Counter-streaming Plasmas” Mario Manuel (GA)

• Simulations: 

UCSD’s HEDP group: research capabilities



CENTER FOR MATTER UNDER EXTREME CONDITIONS | CMEC.UCSD.EDU

- Supersonic jets from conical wire arrays produced astrophysically scalable shocks on a 

small, university scale LTD current driver.

- C, Al, Cu, W were tested. The resulting interactions ranged from: collisional to 

collisionless and weakly to strongly cooled.

- Collisional interactions formed shocks, while collisionless interactions did not.

- Radiative Cooling appears to affect the stability and structure of the shock.

- W flows clearly interpenetrate and establish long axial perturbations that could potentially be the Weibel instability.

- Weakly collisional Al flows (with significant radiative cooling), appear to develop cooling instabilities and turbulence.

- Follow-up experiments changed the collisionality of Al shocks. Apparent turbulence 

develops from cooling rather than collisionality-related perturbations (this work is ongoing).

- Future experiments: explore the transition between collisional and collisionless regimes

Insight on governing mechanisms behind the formation and evolution of shocks

Summary
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Tasks (1-15), Milestones (M1-M3)

1 Single jet experiments: focus on N, T, B advection, flow velocity as function of opening angle.

2 Counter-propagating jet collision experiments and measure pre- and post-shock plasma quantities for low Z materials (C, Al, Cu).

3 2D/3D FLASH simulations of counter-propagating plasmas.

4 Studies of flow configuration and stability of colliding plasmas.

5 Experimental data analysis and publication.

M1 Thorough experimental characterization of single jet experiments and shock characterization for low Z.

6 Continue counter-propagating jet collision experiments. Measure pre- and post-shock plasma quantities for low-Z (C, Al, Cu). 

7 Study magnetization effects on shock formation using external magnetic field sources for low Z materials (C, Al, Cu).

8 Ab initio 2D/3D FLASH simulations. Compare with experiments.

9 Studies of micro-instabilities and NTSI with external magnetic field.

10 Experimental data analysis and publication.

M2 Establish magnetized counter-propagating plasma jet platform, ab initio simulations. Is the shock mediated by B for low Z materials?

11 Conduct counter-propagating jet collision experiments and measure pre- and post-shock plasma quantities for high Z materials (Mo, W).

12 Study magnetization effects on shock formation using external magnetic field sources for low Z materials (Mo, W).

13 Ab initio 2D/3D MHD FLASH simulations for high Z flows 

14 Analytic and numerical solutions for transition layer: high-Z regimes

15 Experimental data analysis and publication.

M3 Perform collisionless experiments using high Z materials. Can collisionless shocks be formed by adding B?


