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Abstract

The ability of collisionless shocks to efficiently accelerate nonthermal electrons via diffusive shock acceleration
(DSA) is thought to require an injection mechanism capable of preaccelerating electrons to high enough energy
where they can start crossing the shock front potential. We propose, and show via fully kinetic plasma simulations,
that in high-Mach-number shocks electrons can be effectively injected by scattering in kinetic-scale magnetic
turbulence produced near the shock transition by the ion Weibel, or current filamentation, instability. We describe
this process as a modified DSA mechanism where initially thermal electrons experience the flow velocity gradient
in the shock transition and are accelerated via a first-order Fermi process as they scatter back and forth. The
electron energization rate, diffusion coefficient, and acceleration time obtained in the model are consistent with
particle-in-cell simulations and with the results of recent laboratory experiments where nonthermal electron
acceleration was observed. This injection model represents a natural extension of DSA and could account for
electron injection in high-Mach-number astrophysical shocks, such as those associated with young supernova
remnants and accretion shocks in galaxy clusters.

Unified Astronomy Thesaurus concepts: Cosmic ray sources (328); Supernova remnants (1667); Laboratory
astrophysics (2004)

1. Introduction

Astrophysical observations have long shown the ability of
high-Mach-number collisionless shocks to accelerate nonther-
mal electrons, from supernovae remnants (SNRs) to accretion
shocks in galaxy clusters (Völk et al. 2005; Molnar et al. 2009;
Ha et al. 2023). These shocks are mediated by plasma
instabilities, which produce and amplify magnetic fields and
dissipate the flow energy by heating the plasma and
accelerating particles. The dominant particle acceleration
mechanism thought to operate at astrophysical shock waves
is diffusive shock acceleration (DSA; Axford et al. 1977;
Krymskii 1977; Bell 1978a, 1978b; Blandford & Ostriker
1978), which corresponds to a first-order Fermi process.
Particles gain energy by repeatedly crossing the shock front
while scattering off converging magnetic field turbulence on
both sides of the shock. DSA is well understood in the test-
particle limit and, for strong shocks, produces power-law
energy spectra with a universal slope ε−2 (with ε the particle
energy; Drury 1983; Blandford & Eichler 1987) that can be
consistent with the spectrum of galactic cosmic rays ε−2.7 when
nonlinear corrections (Blandford & Eichler 1987; Diesing &
Caprioli 2021) and diffusion in the galactic medium is taken
into account (Blasi & Amato 2012). However, in order for
particles to cross the shock front they must undergo
preacceleration, causing their gyroradii to reach a size
comparable to or greater than the shock transition size, which

is typically dictated by the gyroradius of the inflowing ions.
This is known as the “injection problem” and it poses a
significant challenge, particularly for electrons due to their
relatively small mass (Treumann 2009).
Two main injection mechanisms are often invoked: shock

drift acceleration (SDA; Hudson & Kahn 1965; Begelman &
Kirk 1990) and shock surfing acceleration (SSA; Sagdeev 1966;
Katsouleas & Dawson 1983). In SDA, particles gyrating in the
ambient magnetic field gain energy as their guiding center
moves along the convective electric field due to drifts
associated with the magnetic field gradient at the shock.
Conservation of magnetic moment limits the energy gain
during the interaction of the particles with the shock. In SSA,
particles reflected by the shock potential can be trapped
between the shock front and the upstream, and gain energy by
the convective electric field.
Spacecraft observations have been shaping our understand-

ing of planetary shocks, suggesting that both electrons and ions
can be efficiently accelerated via SDA in the region where the
shock is quasi-perpendicular (Sarris & Krimigis 1985; Joh-
lander et al. 2021). However, observations of planetary shocks
are typically limited to low/moderate Mach numbers (M 10);
electron injection in very high-Mach-number shocks (M 100)
remains an important challenge that is critical to understanding
particle acceleration in SNR and galaxy cluster accretion
shocks.
In the last decades, kinetic simulations have been playing an

important role in the characterization of particle acceleration at
shocks by providing a self-consistent description of the shock
dynamics. Most numerical studies of high-Mach-number
shocks have focused on quasi-perpendicular configurations
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and indicate that electrons can gain energy by a combination of
different effects, including scattering off Whistler waves
(Levinson 1992), SSA in electrostatic modes driven by the
Buneman instability (Hoshino & Shimada 2002; Matsumoto
et al. 2012), a combination of SDA and SSA (Amano &
Hoshino 2007, 2008), and magnetic reconnection (Matsumoto
et al. 2015; Bohdan et al. 2020). In addition, microturbulence
produced at the shock has been suggested to help electron
injection directly via second-order Fermi acceleration (Bohdan
et al. 2017; Ha et al. 2023) or by increasing the efficiency of
SDA due to the increased time over which particles remain
confined close to the shock front, in a process termed stochastic
SDA (SSDA; Matsumoto et al. 2017; Katou & Amano 2019;
Amano et al. 2020). There is still no consensus on whether
these mechanisms can effectively operate in high-Mach-
number astrophysical shocks and how they control electron
injection.

Laboratory experiments are opening new, complementary
paths to investigate the microphysics governing astrophysical
shocks at kinetic scales, which are not accessible by
observations. While the scales associated with laboratory
experiments are vastly different from those of astrophysical
shocks, it is becoming possible to drive energetic plasmas
where the dimensionless parameters that control the micro-
physical behavior (e.g., Mach number, flow velocity normal-
ized to the speed of light, and collisional mean free path
normalized to the system size) match those of astrophysical
plasmas enabling formal scaling of the processes between both
systems (Ryutov et al. 2012). Recently, experiments at the
National Ignition Facility (NIF) have used energetic lasers to
drive high-Mach-number plasma flows, demonstrating the
formation of collisionless shocks in conditions relevant to
young SNRs (Fiuza et al. 2020). In these experiments, shock
formation follows from the interpenetration of two counter-
streaming flows with velocity 1000 km s−1 produced by laser
ablation of two solid targets. Measurements of the electron
spectra show the acceleration of nonthermal electrons up to
500 keV, which is more than 100 times the measured shocked
electron thermal energy Te; 3 keV (Fiuza et al. 2020). These
results offer a unique opportunity to benchmark numerical
simulations and help validate models of electron injection in
shocks.

In this paper, we present the results of kinetic simulations of
the NIF experimental conditions that indicate that kinetic-scale
turbulence produced by the ion Weibel (Weibel 1959), or
current filamentation (Fried 1959), instability leads to effective
electron injection via a first-order Fermi process occurring
within the shock transition. We introduce a description of this
process as a modified version of DSA, here termed modified-
DSA (m-DSA), in which we account for the flow velocity
profile at the shock transition, in contrast to conventional DSA
in which the shock front is considered an infinitely sharp
transition. This model is consistent with the simulation results
and represents a natural mechanism for electron injection in
high-Mach-number shocks.

2. Simulations of NIF Experiments

The experimental observation of nonthermal electron accel-
eration to >100× their thermal energy at the shock, in a few
nanoseconds of the shock evolution, can help benchmark models
of electron injection in high-Mach-number shocks. In order to
gain further insight into the shock structure and to identify the

electron acceleration mechanism, we perform 2D3V fully kinetic
simulations of the experimental conditions with the particle-in-
cell (PIC) code OSIRIS 4.0 (Fonseca et al. 2002, 2008). We
consider two nonrelativistic counterpropagating electron-ion
plasmas with nonuniform velocity and density profiles matching
the NIF laser-produced flows (see Fiuza et al. 2020 and Grassi &
Fiuza 2021 for more details). These profiles are in good
agreement with hydrodynamic simulations (Marinak et al. 2001),
with measurements of the plasma density at the midplane from
the NIF experiments, and with the well-established self-similar
solution (Gurevich et al. 1966), which predicts a flow velocity
that decreases with time as ∝t−1 at the midplane. We consider
initially unmagnetized plasmas as appropriate for the experi-
ments and given that we are interested in studying the high Mach
number limit. The sonic Mach number is Ms; 35 for the
initial velocity of the counterstreaming flows. We model the
interaction between the two flows in a box of extension

( )w´ c11,000 800 pe
2, where c is the speed of light in vacuum

and ( )w p= n e m4pe e0
2 1 2 is the electron plasma frequency, n0

the maximum density of the overlapped plasmas, and −e and me

the electron charge and mass. We used a spatial resolution of
;0.4 c/ωpe and 50 macro-particles per cell with a third-order
particle interpolation scheme for improved numerical accuracy.
We have tested the convergence of the numerical results by
varying the resolution in the range (0.07–0.4)c/ωpe, the number
of particles per cell between 25 and 200, and the ion-to-electron-
mass ratio between 128 and 512, observing overall agreement on
the shock structure and nonthermal electron spectrum. The
boundary conditions for both particles and fields are open along
the flow direction and periodic transversely. To maintain a
reasonable computational cost, we employed a reduced ion
mass-to-charge ratio mi/(meZ)= [128–512], with mi the ion
mass and Z the ion charge number, and an initial peak flow
velocity |u(t; 0)|; 0.25c, which is ;30× higher than the
experimental one. For this scaled-up velocity, the interaction
remains nonrelativistic and dominated by electromagnetic
instabilities so that the properties of the shock structure and
magnetic fields can be formally scaled to the experimental
conditions (Ryutov et al. 2012) as also shown by Bohdan et al.
(2021).
The main simulation results are shown in Figure 1. As the

plasma flows interact, strong B-fields perpendicular to the
propagation direction are produced through the Weibel, or
current-filamentation, instability (Fried 1959; Weibel 1959;
Medvedev & Loeb 1999), with a spatial scale comparable to
the ion skin depth, c/ωpi, and a few percent of the flow kinetic
energy is converted into electromagnetic energy (Spitkovsky 2007;
Kato & Takabe 2008; Lemoine et al. 2019; Swadling et al. 2020).
During the nonlinear evolution of the instability, the spatial scale
of the magnetic field structures increases and becomes turbulent,
as shown in Figure 1(a). As the coherent length of the amplified
magnetic field becomes comparable to the gyroradius of the
incoming flow ions in the local field, the ions are effectively
slowed down and compressed. Two collisionless shocks are
formed, whose front widths are comparable to the local ion
gyroradius and propagate outward with respect to the midplane (as
highlighted by the black arrows).
The temporal evolution of the electron energy spectrum in

the downstream region clearly shows the development of a
nonthermal tail that extends to 100kBTe, where Te is the
shocked electron temperature computed in a downstream
region of extension ;200 c/ωpi around the center of interaction
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(x= 0). This is consistent with the experimental observations
(Figure 1(b)). The separation between the thermal and
nonthermal electron populations occurs around εNT; 4kBTe.
We note that at late times electrons reach high enough energy
to be injected into DSA, namely the electron gyroradius
becomes comparable to inflowing ion gyroradius rL,e; rL,i in
the local magnetic field. In general, this injection condition is
given by veγe> u mi/(Zme). Inspection of the magnetic power
spectrum in this region reveals that the initial ion kinetic scale
magnetic fields evolve into a broad turbulent spectrum ranging
from sub c/ωpi scales to ∼10c/ωpi. Most importantly, we
observe that the gyroradius of electrons with εNT is close to
c/ωpi allowing for efficient scattering of these electrons. We
have verified this for different values of the ion-to-electron
mass ratio, as illustrated in Figure 1(c). This suggests that
magnetic turbulence induced by the ion Weibel instability can
impact the diffusion of thermal electrons.

To investigate the mechanism responsible for the accelera-
tion of electrons to nonthermal energies we track, in the PIC
simulation performed with mi/(Zme)= 128, ;3500 electrons
with high temporal resolution, i.e., equal to the time resolution
of the PIC simulation wD = -t 0.285 pe

1. These electrons have
been selected from the nonthermal component at

 w´ -t 2.5 10 pisel
3 1, so as to have even statistics in 15 log-

spaced bins with energies ε> 10 kBTe.
Electrons are found to gain energy via multiple reflections

along the flow direction (i.e., the x-axis), as shown for a typical
trajectory in Figure 2(a). This happens while the particle is
confined in the shock transition layer, which is the region with
strong B-field turbulence, as confirmed by the transversely
averaged B-field 〈|Bz|〉y (red plain line). We also observe
(Figure 2(a); red dotted line), that the effective (mean) flow
velocity profile in this shock transition, defined as
〈u〉y= (n+u++ n−u−)/(n++ n−) where the index +(−) refers
to the flow moving in the positive (negative) x-direction, is
approximately linear. As the shocks move away from each
other, we have confirmed that electrons are accelerated by
interacting with only one shock front and performing multiple
reflections as they are trapped within the shock front, similarly
to the case of the particle trajectory illustrated in Figure 2(a)—
i.e., particles are not gaining energy by interacting with both
shocks.
In order to confirm if either SDA or SSDA is responsible for

the electron energization, we have computed the magnetic
moment of the electrons while they are accelerated

( ∣ ∣)m g= ^ Bm v 2e e e
2

,
2 , where, in the configuration of our

2D3V simulation, ⊥ identifies the component in the xy-plane

Figure 1. (a) Magnetic field Bz at  w´ -t 2.5 10 pisel
3 1. The shock front positions and their propagation direction are highlighted by the black lines and arrows. (b)

Energy spectrum of the electrons in a downstream region extending for ; ±100 c/ωpi at  w´ -t 2.5 10 pisel
3 1 (blue plain line) and w= ´ -t 5 10 pi

3 1 (orange plain
line). The thermal component given by the Maxwellian fit (black dashed line) and the nonthermal components (obtained by subtracting the thermal component from
the full distribution) are shown at both times (blue and orange dotted lines, respectively). (c) Magnetic power spectrum in the shock downstream −22 < x ωpi/c < 22
at  w-t 1260 pi

1 (plain lines) and inverse gyroradii for downstream electrons with energy εNT ; 4kBTe (dashed vertical lines), considering the average B-field
amplitude in the downstream, for simulations using mi/(meZ) = 128 (blue lines) and 512 (orange lines).

Figure 2. (a) Typical particle energization trajectory as a function of its longitudinal position (i.e., along the x-axis) and time (color bar), magnetic field amplitude (red
plain line), and flow velocity (red dotted line) averaged along the transverse y-direction at  w-t 7125 pe

1. (b) Evolution in time of the electron energy (black line), of
the work done by the electric field, assuming the particle motion to be described by the gradient drift approximation (green line), and of the magnetic moment (red
line) averaged over the local gyroperiod, during a typical energization event. (c) Evolution of the average particle energy (black line) and the average work within the
gradient drift approximation (green line). Shaded gray lines correspond to the energy evolution in time of all particles.
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transverse to the Bz field produced by the Weibel instability and
all quantities are averaged over the local gyroperiod of the
particle. We observe that μ is not conserved. This is illustrated
in Figure 2(b), where we focus on one energization event
associated with a reflection in the x-direction. This can be
understood from the fact that the gyroradius of the electrons is
comparable to the scale of the magnetic turbulence produced at
the shock. To further confirm this, we have calculated the
energy gain experienced by electrons due to the grad-B drift
associated with SDA as ∫Eyv∇B,ydt with v∇B=
(− μ/e)B×∇B/B2. We can see that both in the case
illustrated in Figure 2(b) and for all the selected nonthermal
particles (Figure 2(c)) the grad-B drift does not contribute to the
nonthermal particle acceleration. We can thus exclude
mechanisms such as SDA or SSDA to play a dominant role
in this case.

This analysis suggests that in such a high-Mach-number
shock the small-scale magnetic turbulence produced at the
shock transition is key in controlling particle scattering and the
ability of the shock to energize electrons up to injection into
DSA. This injection process will be described in the following
as a modified-DSA mechanism that occurs while the particles
are still confined within the shock front; for thermal electrons,
the finite nature of the shock transition must be considered,
given that the shock transition is larger than the electron
gyroradius, in contrast with the standard DSA.

3. Electron Injection via Modified-DSA

The transport and acceleration of electrons in the self-
generated turbulence at the shock transition can be described by
a Fokker–Planck-type equation (Skilling 1975; Blandford &
Eichler 1987; Petrosian 2012). In the diffusive limit, this can be
reduced to a diffusion-convection equation for the isotropic
part of the distribution f0(x, p), which gives (Reville &
Bell 2013)

· · ·

· ( ) ( )

  

 

¶
¶

+ = -
¶
¶

+

⎛
⎝

⎞
⎠

u u u
f

t
f

B

B
p

f

p
D f

1

3
, 1

0
0

0

0

where D is the spatial diffusion coefficient. As shown in Katou
& Amano (2019) and Amano & Hoshino (2022), the
component proportional to the gradient of the magnetic field
in the energization term (first term on the right-hand side)
corresponds to SDA. Since we have shown that this is not the
dominant contribution in our configuration, we will focus on
the energization term proportional to the gradient of the fluid
velocity, which corresponds to first-order Fermi acceleration.
From Equation (1) we can then obtain the equation describing
standard DSA by assuming that the shock seen by the particles
is an infinitely sharp transition, such that ∇ · u= (uu− ud)δ(x),
where x= 0 identifies the shock front position, and uu and ud
the upstream and downstream velocities, respectively. For
nonrelativistic steady-state shocks ush= c, considering that
electrons are subject to elastic scatterings in the rest frame of
the scattering centers, which are moving at uu and ud, this gives
an average energization rate (Bell 1978a, 1978b)

  ( )e e eD
D

-d

dt t

u u

c

v

c t

4

3
, 2u d e

DSA DSA scatt
DSA

where Δε is the average energy gain in a cycle around the
shock front (i.e., upstream-downstream-upstream) over the
time Δt that a particle takes to scatter back and forth across it,
ve and ε are the electron velocity and energy, and D =t tscatt

DSA

the scattering time. This is related to the spatial diffusion
coefficients in the upstream Du and downstream Dd as

( )= +t
D

u v

D

u v

4 4
. 3u

u e

d

d e
scatt
DSA

The typical acceleration time tacc defined as dε/dt∼ ε/tacc, then
reads

( )
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t
u u
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D
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acc
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2
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This description leads to the well-known power-law energy
spectrum with an index dependent only on the shock
compression factor (Blandford & Eichler 1987).
For low-energy, near-thermal electron energies, as relevant

to the injection process considered here, however, the
approximation of an infinitely sharp shock transition cannot
be made, as the electron gyroradius is much smaller than the
shock transition. Indeed, as we saw in the simulation analysis
above, electron energization happens through scattering in the
shock transition itself, and thus we must account for the spatial
dependence of the different quantities within the shock front.
There, the upstream flow slows down and the average flow
velocity decreases roughly linearly with the distance from the
unperturbed upstream (Figure 2(a) dotted red line). The
variation of the flow velocity in the region where the electrons
are accelerating modifies the average energy gain Δε and
consequently the energization rate. Specifically, the difference
of the velocities seen at consecutive reflections, that in
Equation (2) is a constant equal to uu− ud, has to be replaced
by a generic Δu(ε) that can be a function of the particle energy.
Indeed, particles with higher energies can, in principle, explore
larger portions of the shock front transition through their
diffusive motion and this corresponds to larger values ofΔu, as
suggested by Figure 2(a) (dotted red line). The extension of the
longitudinal electron motion depends on the properties of the
diffusion in the self-generated magnetic field turbulence. Given
the large amplitude of the magnetic turbulence at the electron
gyroradius scales (Figure 2(c)), we consider Bohm diffusion to
be a reasonable approximation (we will later verify with the
help of PIC simulations) leading to a spatial diffusion
coefficient DBohm= rL,eve/3. Analogously to Equation (3),
we expect the scattering time for the modified-DSA to scale as

( )µ µ-t D v r . 5escatt
m DSA

Bohm L,e

Within the assumption of Bohm diffusion, the longitudinal
diffusive length scales as Ldiff∝ rL,e, and consequently
Δu∝ rL,e, because of the linear behavior suggested by
Figure 2(a). The typical energization rate and acceleration
time for the modified-DSA process hence read

  ( )e e e
e

D D
µ

-
- -

d

dt t

u

c

v

c t

v

c

4

3
, 6e e

m DSA scatt
m DSA

scatt
m DSA

( )µ
D

µ-t
c

v

D

u

c

v
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e e
acc
m DSA

2

2
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This suggests that contrary to what is expected for standard
DSA, the acceleration time is independent of energy for high
energy (relativistic) electrons, and therefore the energization
rate increases linearly with the particle energy, up to injection
into DSA. Note that in high Mach-number shocks with typical
velocity 1000 km s−1, the electrons need to be relativistic to
reach the threshold for injection. Considering that the shock
transition is set by the gyroradius of incoming protons, the
condition rL,e; rL,i entails γe 6.

4. Validation of Electron Injection Model with PIC
Simulations

To test the proposed injection model, the physical
quantities that identify the modified-DSA process are
extracted from the trajectories of the electrons tracked in
the PIC simulation of Section 2. We first analyze the
dependence of the energization rate on the electron energy.
We have checked that for nonthermal particles their
energization is dominated by the perpendicular electric field
Ey, while the thermal component is primarily heated by the
longitudinal Ex component. Thus, our theoretical description
of the nonthermal particle acceleration accounts for the work
Wy of the Ey component of the electric field, which is
predominantly produced by the advection of the magnetic
field Bz along the x-direction. The average energization rate
dWy/dt, shown in Figure 3(a) is measured considering the
trajectories of each tracked particle up to tsel, in a region of
±103 c/ωpe around the midplane, which contains both shock
fronts and the shocked downstream at all times t< tsel. The
best fit confirms a near-linear dependence on energy,
dWy/dt∝ ε α with α; 1.2± 0.1, and consequently an
acceleration time -tacc

m DSA independent from the particle
energy. This is consistent with the scaling predicted in
Equation (6), i.e., an energization rate ∝veε∝ ε1.1 when
considering mildly relativistic particles as appropriate for the
simulation.

To further confirm our interpretation of this scaling, we study
the dependence on the particle energy of each term on the right
side of Equation (6). Since the scattering time is strictly related to
the diffusion properties, we extract the spatial diffusion coefficient
as = áD ñ

D
D x

t2

2

with  wD -t 700 pe
1 a time interval larger than the

local gyroperiod for all particle energies,7 and Δx the corresp-
onding displacement along the x-direction (Figure 3(b)). From
the fit D(ε)∝ εβ (dashed line), we obtain β= 0.85± 0.02,
which confirms that the diffusion coefficient follows quite
accurately the scaling predicted by Bohm diffusion in the
mildly relativistic regime (dotted line), which is
DBohm∝ rL,eve∝ ε0.85. Following Equation (5), we see that
the scattering time increases as the accelerating electron
gyroradius. We verify this with an independent analysis, in
which we identify reflection events in the electron trajectories,
averaged over the local gyroperiod, and -tscatt

m DSA is computed as
the interval between two consecutive reflections. The obtained
scattering time compares well with the expected theoretical
scaling, Equation (5), as shown in Figure 3(c) (orange line). We
also report the reference value of the half gyroperiod in the B-
field seen by the electrons at the reflection (black dotted line),
to highlight that we are excluding simple rotations in the
averaged field from our analysis.
To conclude the investigation of the energy dependence in

Equation (6), we verify thatΔu, the velocity difference seen by an
electron at consecutive reflections, scales as rL,e. To do that we
considered the same reflection events used to compute -tscatt

m DSA

and we extracted Δε, considering only the work of the Ey
component of the electric field. The fit of Δε∝ εδ (dashed line in
Figure 3(d)) gives δ= 1.8± 0.2, from which Δu∝ ε0.7±0.2. This
is in reasonable agreement with the dependence on energy of the
electron gyroradius that, in this range of energies, is ∝ε0.77. This
analysis confirms that particles with higher energy can explore a
larger portion of the shock front extension and, therefore, a larger
variation of the advection velocity.
We note that in the standard Fermi acceleration picture

( )e eD µ u cu
N , where N is the order of the Fermi process.

This relation is generally used to distinguish between first-order
acceleration in nonrelativistic shocks and second-order accelera-
tion in turbulence (Petrosian 2012). In our configuration, the
average flow velocity within the shock front, where the
acceleration process takes place, decreases from ¯ =u c0.125 at
early times to ¯ =u c0.0025 at tsel. Considering all the reflections
happening in this interval of time, one can use the time-averaged

Figure 3. Analysis of the tracked particles for t < tsel in the region ±103 c/ωpe: (a) Average contribution to the energization ofWy the work of the Ey component of the
electric field. The best fit (dashed line) confirms the linear dependence on the particle energy with dWy/dt ∝ εα with α = 1.2 ± 0.1. (b) Spatial diffusion coefficient
D = 〈Δx2〉/(2Δt). The dashed line corresponds to the best fit (D ∝ εβ with β = 0.85 ± 0.02) and the dotted line corresponds to the Bohm diffusion in the average B-
field seen by the particles along their trajectories. They both show the same dependence in energy. (c) Averaged scattering time computed as the interval between two
consecutive reflections in the particle trajectories time-averaged over the local gyroperiod. Value of half electron gyroperiod (black dotted line) and theoretical
prediction (orange line) assuming Bohm diffusion Equation (5). (d) Averaged energy gain due to the work of the Ey component of the electric field during the
reflection events. The fit of Δε ∝ ε δ (dashed line) gives δ = 1.8 ± 0.2.

7 We verified that, for different values of the particle energy, the obtained
results are independent of the choice of Δt, provided that it is larger than the
gyroperiod.

5

The Astrophysical Journal Letters, 958:L32 (6pp), 2023 December 1 Grassi et al.



velocity asΔε/ε∝ (0.064)N. This value is consistent with a linear
fit of the data in Figure 3(d), which gives ¯ = u c 0.05 0.01,
and is much larger than the squared velocity (normalized to c)
dependence even for the early times. Hence, this suggests the
predominance of a first- over second-order Fermi process
operating as the injection mechanism.

Given that, while confined in the shock transition region,
electrons experience a velocity jump (or equivalently a density
compression) between consecutive reflections that is smaller
than the total flow velocity variation across the shock front, the
energy spectrum produced by this injection mechanism is
expected to have a steeper slope than that associated with
standard DSA. Because high-energy particles will experience a
larger flow velocity jump, the spectrum shape can also become
slightly concave (Ellison et al. 2000; Amato & Blasi 2006).
Above the injection energy (i.e., when the gyroradius of the
electrons becomes comparable to that of the inflowing
upstream ions) the spectrum should then evolve to the standard
DSA spectrum.

5. Conclusions

We have shown that ion kinetic scale magnetic turbulence
produced by the Weibel instability in high-Mach-number
shocks can be effective in injecting electrons into a nonthermal
population via a first-order Fermi process. Results of kinetic
simulations for the conditions of recent NIF simulations
confirm the ability of this process to accelerate electrons to
>100kBTe, consistent with the experimental results. We have
proposed that this injection process can be described as a
modified-DSA mechanism, where within the shock transition
electrons interact with converging magnetic turbulence, under-
going Bohm-like diffusion and accelerating via multiple
scatterings in a first-order Fermi process. The obtained scaling
laws are consistent with the statistical analysis of the
accelerated electrons in the self-consistent kinetic simulations.
This modified-DSA mechanism represents a natural extension
of conventional DSA and could enable the effective injection of
electrons in high-Mach-number astrophysical shocks, such as
those associated with young supernova remnants and accretion
shocks in galaxy clusters.
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