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Earth’s bow shock

Supernova remnants

Collisionless shocks are ubiquitous in space and astrophysical plasmas

• Observed to accelerate nonthermal particles, amplify magnetic field, 
and heat plasma

• What are the plasma processes that control energy partition in these 
environments?
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Gamma-Ray Bursts

Shock breakout or internal 

Adapted from Gehrels et al, Sci. Am. 

Galaxy clusters
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Energy partition is a fundamental open question in collisionless shocks

Earth’s bow shock

Supernova remnants

λmfp ~ 1011 m ~ 1 AU

λmfp > 10 pc ~ 3x1017 m 

Lsh ≪ 0.01 pc

Lsh ~ 105 m

Downstream Upstream

Collisionless shock

Magnetic field/waves

Lsh ≪ λmfp

• electron temperature Te?
• ion temperature Ti?
• non-thermal particles?

ion kinetic energy
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Energy partition is a fundamental open question in collisionless shocks

Earth’s bow shock

Supernova remnants

λmfp ~ 1011 m ~ 1 AU

λmfp > 10 pc ~ 3x1017 m 

Lsh ≪ 0.01 pc

Lsh ~ 105 m

•Observations indicate Te/Ti ~ 0.05-1, which is much larger than me/mi 
•No well-established models for how wave-particle interactions control Te/Ti

• Can laboratory experiments help address this fundamental question?

MA ≫ 1

?

* P. Ghavamian et al Space Sci. Rev. 178, 633 (2013); J. C. Raymond et al, arXiv:2303.08849
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At high-MA self-generated turbulence dominates shock structure

Lsh ≪ 0.01 pc

Ion density

B-field
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Te/Ti ∼ 0.2 − 0.5

see also Spitkovsky ApJL (2008); Kato & Takabe, ApJL (2008); Lemoine et al, PRL (2019); Bodan et al, ApJ (2020) F. Fiuza | December 13, 2023 | 32nd Texas Symposium
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B-field amplification by the Weibel instability observed experimentally

C. Huntington, F. Fiuza et al. Nat. Physics 11, 173 (2015); G. Swadling et al., PRL 124, 215001 (2020) 

proton
radiography

8 lasers
~ 4 kJ, 1 ns

8 lasers
~ 4 kJ, 1 ns

protons

Experimental data

 3 MeV protons

Proton deflection consistent with 1% conversion efficiency from kinetic to magnetic energy

3.
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1 mm

Experimental data

 14.7 MeV protons

3D PIC simulation

 14.7 MeV protons

Experiments at the OMEGA laser facility (LLE, NY)
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NIF laser system delivers ~ 1MJ in 190 beams

88 lasers
450 kJ, 3 ns

88 lasers
450 kJ, 3 ns

88 lasers
450 kJ, 3 ns

CD2 
target

CD2 
target

F. Fiuza et al., Nature Physics 16, 916 (2020)

Platform to study high-Mach number shocks                               
on the National Ignition Facility (NIF)

Exploring plasma regimes relevant to young SNR shocks

Shock Shock

Thomson
scattering

X-ray imaging
Electron spectrometer
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NIF experiments use Thomson scattering to measure n, v, T

Doppler shift:

Electron plasma wave (EPW) data

Ion acoustic wave (IAW) data

Laser 
drive

Flows interact, 
slow down, 
and heat

Shock is 
formed

Shocked plasma 
expands and cools

Plasma
flow

Plasma
flow

nsns

data
fit
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Formation of high-Mach-number collisionless shock on NIF

Shock temperatureEvolution of plasma flow velocity

F. Fiuza et al., Nature Physics 16, 916 (2020)

Flows strongly slowed down                           
by self-generated turbulence

t [ns]

v i/
c

Ion flow velocity

Self-similar solution
[Gurevich et al., JETP 22, 449 (1966)]

Density evolution of shocked plasma

Strong collisionless shock observed!
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Electrons gain important fraction of total ion energy
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Theory
1D collisional PIC

Electron collisional heating is subdominant

Collisionless temperature ratio:

G. Swadling et al, in preparation (2023)
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Preliminary analysis from Be plasmas confirms collisionless heating ratio
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NIF experiments for same conditions but Be targets instead of CH2/CD2

Collisionless temperature ratio:
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G. Swadling et al, in preparation (2023)

Observed Te/Ti is consistent with electron transport model in self-generated magnetic turbulence: see A. Vanthieghem’s talk
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Experiments show clear evidence of nonthermal electron acceleration

F. Fiuza et al., Nature Physics 16, 916 (2020)

Significantly larger (>10x) number and energy of 
electrons from flow interaction: electrons 
must be injected from 3 keV shocked 
plasma

Experimental electron spectrum

Single flow

Double flow

Electrons are accelerated to > 100x Te 
in a few ns

500 keV electrons are magnetized at the scale of 
the shock front: particle escape is 
primarily transverse

Maximum energy given by Hillas limit 
and consistent with experiment:
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Electron injection via modified diffusive shock acceleration

A. Grassi et al., ApJL 958, L32 (2023)

Modified-DSA for electron injection in high-Mach number collisionless shocks 5

limit, this can be reduced to a di↵usion-convection equation for the isotropic part of the distribution f0(x, p), which158

gives (Reville and Bell 2013)159
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where D is the spatial di↵usion coe�cient. As shown in Ref. (Katou and Amano 2019; Amano and Hoshino 2022), the161

component proportional to the gradient of the magnetic field in the energization term (first term on the right-hand162

side) corresponds to SDA. Since we have shown that this is not the dominant contribution in our configuration, we163

will focus on the energization term proportional to the gradient of the fluid velocity, which corresponds to first-order164

Fermi acceleration. From Eq. 1 we can then obtain the equation describing standard DSA by assuming that the shock165

seen by the particles is an infinitely sharp transition, such that ~r · ~u = (uu � ud)�(x), where x = 0 identifies the shock166

front position, uu and ud the upstream and downstream velocities, respectively. For nonrelativistic steady-state shocks167

ush ⌧ c, considering that electrons are subject to elastic scatterings in the rest frame of the scattering centers, which168

are moving at uu and ud, this gives an average energization rate (Bell 1978a,b)169
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where �" is the average energy gain in a cycle around the shock front (i.e. upstream-downstream-upstream) over the171

time �t that a particle takes to scatter back and forth across it, ve and " are the electron velocity and energy, and172

�t = tDSA
scatt the scattering time. This is related to the spatial di↵usion coe�cients in the upstream Du and downstream173

Dd as174
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The typical acceleration time tacc defined as d"/dt ⇠ "/tacc, then reads176
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This description leads to the well-known power-law energy spectrum with an index dependent only on the shock178

compression factor (Blandford and Eichler 1987).179

For low-energy, near-thermal electron energies, as relevant to the injection process considered here, however, the180

approximation of an infinitely sharp shock transition cannot be made, as the electron gyroradius is much smaller181

than the shock transition. Indeed, as we saw in the simulation analysis above, electron energization happens through182

scattering in the shock transition itself, and thus we must account for the spatial dependence of the di↵erent quantities183

within the shock front. There, the upstream flow slows down and the average flow velocity decreases roughly linearly184

with the distance from the unperturbed upstream (Fig. 2a dotted red line). The variation of the flow velocity in the185

region where the electrons are accelerating modifies the average energy gain �" and consequently the energization186

rate. Specifically, the di↵erence of the velocities seen at consecutive reflections, that in Eq. (2) is a constant equal to187

uu � ud, has to be replaced by a generic �u(") that can be a function of the particle energy. Indeed, particles with188

higher energies can, in principle, explore larger portions of the shock front transition through their di↵usive motion189

and this corresponds to larger values of �u, as suggested by Fig. 2a (dotted red line). The extension of the longitudinal190

electron motion depends on the properties of the di↵usion in the self-generated magnetic field turbulence. Given the191

large amplitude of the magnetic turbulence at the electron gyroradius scales (Fig. 2c), we consider Bohm di↵usion to192

be a reasonable approximation (we will later verify with the help of PIC simulations) leading to a spatial di↵usion193

coe�cient DBohm = rL,eve/3. Analogously to Eq. (3), we expect the scattering time for the modified-DSA to scale as194
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scatt / DBohm/ve / rL,e . (5)195

Within the assumption of Bohm di↵usion, the longitudinal di↵usive length scales as Ldi↵ / rL,e, and consequently196

�u / rL,e, because of the linear behavior suggested by Fig. 2a. The typical energization rate and acceleration time197

for the modified-DSA process hence read198
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Modified diffusive shock acceleration within shock front

Shock frontDownstream
 

Upstream

PIC simulations show consistent nonthermal spectra
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Opening new windows into the inner workings of collisionless shocks

Space and astrophysical observations indicate that electrons can be 
significantly heated and accelerated in collisionless shocks but microphysics is 
still not well understood

Laboratory experiments at NIF have resolved for the first time electron and 
ion energy partition in high-MA shocks and indicate Te/Ti ~ 0.25 - 0.45

Observed nonthermal electron acceleration consistent with modified diffusive 
shock acceleration due to microturbulence within shock transition

Laboratory experiments are opening unique windows to probe relevant shock 
microphysics and test numerical simulations and models
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Interested in working on this topic?

XPACE

Extreme Particle Acceleration in Shocks: 
from the laboratory to astrophysics

Reach out to frederico.fiuza@tecnico.ulisboa.pt 
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First measurements of local current structure and B-field

3D simulations

Experiments

Thomson
scattering

probe
laser

Measured B-field = 30 T corresponds to 1% 
of flow kinetic energy density 

Saturation amplitude consistent with magnetic trapping 
mechanism [Davidson 1972]

2 c/ωpi

G. Swadling, C. Bruulsema, F. Fiuza et al., PRL 124, 215001 (2020)


