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Brilliant gamma-ray beam and electron–positron
pair production by enhanced attosecond pulses
Yan-Jun Gu1,2, Ondrej Klimo1,3, Sergei V. Bulanov1,4,5 & Stefan Weber1

Electron–positron pair production via Breit–Wheeler process requires laser intensities

approaching 1024Wcm−2 due to the small cross-section. Here, we propose a mechanism

for brilliant γ-ray emission and dense GeV pairs creation accompanied with high-

harmonic generation by using plasma mirror and an ultra short pulse with the intensity of

3 × 1023Wcm−2. The laser is reflected by the solid surface after propagating tens of microns

in a near-critical density plasma and breaks into short wave packets. The intensity of the

reflected high order harmonic field is enhanced by the focusing and compression effects

from the deformed oscillating mirror. The radiation trapped electrons emit γ-photons while

colliding with the reflected attosecond pulses. The peak intensity of the γ-ray reaches

0.74 PW with the brilliance of 2 × 1024 s−1mm−2mrad−2 (0.1%BW)−1 (at 58MeV). A GeV

positron beam is obtained with density of 4 × 1021 cm−3 and a particle number of 5.6 × 109.
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T
he rapid development of laser technology allowed for sig-
nificant increase of the pulse power and intensity. The
state-of-the-art laser facilities are able to exceed the

intensity level of 1022Wcm−21,2. The next generation 10-PW
installations are expected to reach 1023–24Wcm−2 or even
higher3,4. At such intensities, the laser-plasma interaction
approaches the radiation-dominated quantum electrodynamics
(QED) regime. A relativistic electron absorbs the energy from
the electromagnetic (EM) field and emits high-energy photons
at the same time. The radiation friction effect is dominant when
the rate of radiation emission overcomes the rate of absorption.
When the emitted photon energy is of the order of the electron
energy, QED effects become important. Novel physical processes
such as gamma-photon emission, electron–positron pair creation
and QED-cascade come into play under these extreme intensity
conditions. The abundant new phenomena provide possibilities
of studying high-energy density physics, laboratory astrophysics,
and to address the fundamental physics in QED5–8.

Among the large number of new topics, γ-ray emission and e+e−

pair creation in laser-plasma interactions have been studied
extensively in recent years9–27. γ-ray generation by Bremsstrahlung
radiation has been demonstrated in laser–solid interactions28,29. γ-
photons in the giant-dipole-resonance range are obtained via
Bremsstrahlung of electron bunches30. A γ-ray beam with the
brilliance of 1020 s−1mm−2mrad−2(0.1%BW)−1 is obtained in
experiment from nonlinear relativistic Thomson scattering31.
Multi-MeV photons are also emitted by an ultra-relativistic elec-
tron beam in a self-generated magnetic field32. The energy transfer
efficiency from laser to the photons is about 1.45%. One of the
main mechanisms for γ ray production is the nonlinear Compton
scattering33,34, in which the relativistic electrons interact with the
strong EM field. Recently Chang et al.23 proposed high-brightness
photon bunch generation by circularly polarized laser pulses. In
ref 35, high brilliance (1025 s−1mm−2mrad−2(0.1%BW)−1) and
collimated γ-ray flashes are obtained from plasma filaments based
on the synchrotron emission of a high density ultra-relativistic
electron beam. The γ-rays from harmonically resonant betatron
oscillation in a plasma wake is obtained in experiments with the
brilliance of 1023 s−1mm−2mrad−2(0.1%BW)−136. The gamma-
ray pulses with similar brilliance were obtained recently by using a
Laguerre–Gaussian mode laser and compound targets37. High-
energy photons are related to e+e− pair creation at extreme high
laser intensity via the multiphoton Breit–Wheeler (BW)
process38,39, γ+ nħω0→ e−+ e+, here ω0 is the laser frequency. In
general, the BW process requires a laser intensity as high as 1024W
cm−210. Multiple counter-propagating pulses have been employed
to achieve pair creation at laser intensities of the order of 1023W
cm−212,22,24. With even higher laser intensities as 1023–25Wcm−2,
QED cascades are obtained40–42. In ref 42, about 1.44 × 107 photons
are emitted and 5.5 × 104 e+e− are obtained as a result of a QED
cascade. Our previous work proposed a mechanism for pair crea-
tion by a single laser pulse interacting with near-critical-density
(NCD) plasmas21. The longitudinal self-injected electrons collide
with the EM field in a regime characterized by a large cross-section
for γ-ray emission and e+e− production. In our recent work43, a
mechanism to generate a tunable γ-ray beam by using a plasma
mirror was reported. The laser-wakefield acceleration regime is
used which provides the controllable high-energy electron beam.
The corresponding γ-ray beam is emitted by the electron beam via
nonlinear Compton scattering. Since the beam quality of the
wakefield accelerated electrons is scalable, the quality of the emitted
photons is also under control. In the present paper, we propose a
mechanism of bright γ-ray emission and positron acceleration by
using ultra-intense attosecond pulses colliding with a relativistic
electron bunch accelerated directly by the laser-field via the j ×B
heating effect. The attosecond pulses are generated by the

relativistic oscillating mirror localized at the end of the NCD target.
The plasma mirror not only reflects the laser field but also enhances
the intensity due to the significant deformation of the surface. The
reflected field is enhanced by both compression and focusing effect.
The concave mirror can provide an intensity more than two times
higher than the incident one. With the laser intensity of 3 × 1023W
cm−2, a brilliant γ ray pulse with brilliance of 2 × 1024 s−1mm−2

mrad−2(0.1%BW)−1 (at 58MeV) and a GeV positron beam with
the density of 4 × 1021 cm−3 are obtained with three dimensional
particle-in-cell simulations. Compared with the proposed regimes
in refs 30,31,36, the energy of the γ-photons is much higher in our
case. The energy transfer efficiency in the proposed mechanism is
comparable to the previous ones32. The brilliance of the γ ray is
similar to the highest achieved in ref 35. The number of the gen-
erated positrons is comparable with the previous work, in which
two counter-propagating ultra-intense laser pulses are used19.
However, the energy of the obtained positrons is much higher
in our case due to the further acceleration of the positrons by
the reflected laser field. The whole process can be divided into three
stages: relativistic electron trapping and acceleration in the laser
field, high-harmonics generation by relativistic oscillating mirror
and γ ray and e+e− pair creation by the reflected attosecond pulse.

Results
Simulation setup. The laser pulse is linear polarized and pro-
pagates along the x-direction. It’s focused on the target with
the peak intensity of 3 × 1023Wcm−2. The pulse has a
Gaussian temporal profile with a duration (full width at half
maximum (FWHM)) of τ= 15 fs of the field amplitude and
a transversely Gaussian distribution a= a0exp(−r

2/σ2), where

σ ¼ r0= 2
ffiffiffiffiffiffiffi

ln2
p� �

. It is cut at 2 × τ from the peak intensity, which

means the peak intensity locates at x=−2cτ at t= 0. The cut-off
intensity is ~1014Wcm−2. The dimensionless amplitude of the
laser pulse is a0= eE0/meω0c ≈ 468, where ω0 is the laser fre-
quency, e and me are the electron charge and mass, respectively;

and c is the speed of light in vacuum. E0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

8πI0=c
p

is the laser
electric field strength. The focus spot size (FWHM) of the laser is
r0= 3 λ, where λ= 1 μm is the laser wavelength. The laser
radiation interacts with a double-layer target. The first layer
consists of a hydrogen plasma with the peak density of n0= 4nc,
where nc=meω2/4πe2 is the plasma critical density. Its thickness
is 22λ. The second layer is at the end of the hydrogen plasma
target. It is a pre-ionized gold layer (Au51+) with the density of
600nc and of the thickness of 1λ. The details of the simulations
and the code information are presented in the Methods.

Relativistic electron acceleration in the laser field. The laser
power employed in the simulation is above the critical power for
the self-focusing44, P > Pcnc/n0 Pc ¼ 2m2

e c
5=e2 ¼ 17GW

� �

, and
satisfies the relativistic self-channeling condition45. Electrons are
trapped inside the plasma channel due to radiation friction when
the critical laser amplitude is approaching arad ≈ (4πre/3λ)−1/3 ~
400, where re= e2/mec

2 is the classical electron radius. Instead
of being scattered transversely, the electrons are confined in the
laser field when the transverse radiation reaction force is com-
parable to the expelling ponderomotive force. On the other hand,
the electrons drift slowly backwards inside the pulse being
accelerated by the laser field to high energy as discussed in ref. 21.
The electron density distribution at t= 33T0 is shown in Fig. 1a.
The density of the trapped electrons modulates with the scale
length corresponding to the laser intensity profile (the black
curve). The kinetic energy of the electrons is above 1 GeV as
shown by the scatter diagram. The main mechanism of electron
acceleration comes from the component of the j × B force. The
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electrons trapped in the laser pulse experience a strong EM field
in the transverse directions and obtain large transverse momen-
tum. Figure 1b shows the evolution of the transverse momentum
and kinetic energy of the traced electrons randomly selected from
the trapped high energy electrons. After several oscillation peri-
ods, the transverse momentum p⊥ grows to hundreds of mec.
Under the ultra-relativistic conditions, the electron velocity is
close to the speed of light and then the magnetic field force is as
strong as the electric field force. The j × B force converts the
transverse momentum to the longitudinal direction and accel-
erates the electrons to high energy in a short distance. Although
the radiation reaction suppresses the j × B heating due to the
momentum loss for photon emission, the electron bunch can still
be accelerated to values above GeV. The corresponding electron
spectrum is shown in Fig. 1c.

High-energy electrons interacting with a strong EM field emit
photons via the nonlinear Compton scattering. The Lorentz and

gauge invariant parameter χe ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Fμνp
ν

ð Þ2
q

= Esmecð Þ39 charac-

terizes the probability of the photon emission, where Fμν= ∂μAν

− ∂νAμ is the four-tensor of the EM field, pν is the electron four-
momentum and Es ¼ m2

e c
3=e�h is the critical QED electric field46.

It can be expressed as χe= (E/Es)(γ− px/mec) in the case of a
plane EM wave propagating in x-direction. In the ultra-relativistic
limit, γ � 1, the photon emission probability is maximized in a
counter-propagating geometry of the electrons and EM field,

χ"#e ’ 2γ E=Esð Þ. In contrast, it decreases to χ""e ’ ð2γÞ�1 E=Esð Þ
for the co-propagating electrons. Figure 2a presents the electron
energy and angular distribution at 33T0. The energy of the
electrons, normalized to GeV, is scaled by the radius. The
accelerated electrons are mainly forward propagating, i.e., co-
propagating with the laser field, with small opening angle.
Therefore, the γ-ray emission at this stage is suppressed due to
the small χe. The characteristic radiation energy is estimated as
�hωγ � 2a30�hωL � 200MeV47. Both the number and the energy of

the emitted photon are relatively low as can be seen in Fig. 2b. At
this stage, the γ-photon emission is similar to the electron beam
synchrotron radiation in the near-critical density plasma as
proposed in refs. 48,49, in which the resonant electrons accelerated
directly by the laser field in the plasma channel dominate the
radiation process in the forward direction.

High-order harmonics generation by relativistic oscillating
mirror. At the rear end of the hydrogen plasma layer, a solid target
is attached to provide efficient reflection of the laser pulse. To block
the transmission, the target is set to be pre-ionized Au51+ with an
electron density of 600nc and a thickness of 1λ. The target is fully
opaque even under the relativistic transparency condition and
reflects the incident light as a mirror. Figure 3a, b shows the
evolution of the electron and ion density distributions (trans-
versely averaged in −0.5 < y(λ) < 0.5) of the solid target. The
initial interface between the hydrogen plasma layer and the solid
target is located at x= 32λ. The electrons on the surface are
pushed inward by the laser field. However, the ions with much
heavier mass respond in a longer time scale. Similar to the laser
piston model50, a double-layer structure with separated electrons
and ions is formed. According to the balance between the
momentum flux of the radiation and those of the charged par-
ticles, one can obtain the relationship between the piston velocity,
the laser intensity and the target density: I/[(mi/Zi+me)nec

3]

(1− βf)/(1+ βf)= γ2f β
2
f , in which βf is the normalized piston
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Fig. 1 Electron acceleration effect. a The electron density distribution at

33T0 is projected on the bottom plane. The profile of laser intensity

along the laser axis (y= 0) is plotted by the black line. The vertical

axis shows the amplitude of the intensity and also the coordinates in the

y-direction. The scatter diagram includes the radiation trapped high energy

electrons. The colorbar represents the density (normalized to critical

density) and the kinetic energy (normalized to 0.1 GeV). b The evolution

of transverse momentum (p⊥) and kinetic energy (εke) of the traced high

energy electrons. c The electron energy spectrum at time equals 18T0,

23T0, 28T0, and 33T0
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velocity, γf ¼ 1� β2f

� ��1=2
is the Lorentz factor, Zi is the ion

charge state and ne is the electron density on the surface. The
obtained normalized target surface velocity, βf ~ 0.14c, is plotted
by the dashed line in Fig. 3b. For the time interval of the pulse
duration (15fs), this is well consistent with the forward moving
velocity of the ion density surface. The electrons are forced back
to the ion layer by the strong charge separation field generated by
the unbalanced double-layer structure. The resulting electron
oscillations can be seen from the electron density surface mod-
ulations in Fig. 3a. The critical electron surface oscillates around
the ion layer. Since the incident laser pulse is reflected by the
critical density surface, the solid gold layer behaves as an oscil-
lating mirror.

The model of relativistic oscillating mirror and attosecond
second generation have been proposed and discussed in refs. 51–54.
The frequency of the reflected laser field is blue shifted since the
incident pulse experiences the Doppler effect and the incident
pulse also breaks up into short-wave packets55. The intensity

distribution of the reflected laser field at 52T0 in the x,y-plane is
shown in Fig. 4a. The solid red line represents the Poynting vector
profile along the laser axis, in which the negative value indicates
the backward propagation. It is seen that the reflected radiation
breaks into several ultra short spikes. The profile of the intensity
on laser axis shows that the duration of the spike (FWHM) is
about 200 attoseconds. The intensity of the reflected pulse
increases by a factor of two with a smaller spot size of about
0.85λ, as shown by the black line corresponding to the profile of
the laser intensity along the maximum intensity at x= 20.9λ. The
increase of intensity and the reduction of the spot size are due to
the focusing effect produced by the deformed solid target. The
electron density distribution of the solid target at t= 44T0 is
plotted in Fig. 4b. The reflecting surface is deformed inward as a
concave mirror focusing the reflected light. The black arrows
represent the Poynting vectors of the reflected field, which are
focused so that the intensity increases. Limited by the slight
curvature, the reflected field cannot be tightly focused within
several wavelengths. The focal length can be estimated from the
laser radius r0 and the maximum displacement of the solid
surface as: cβfτ ≈ 0.56λ. This gives for the focal length the value of

f � r20 þ cβf τ
� �2

� �

=4 cβf τ
� �

� r20= 4cβf τ
� �

λ. Comparing the

intensity profiles in Fig. 4a, b, one finds that it requires about
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10λ to focus the reflected field to the laser axis. Before that, the
transverse intensity distribution has double peaks on both sides of
the center axis as depicted by the black line in Fig. 4b, which is the
intensity profile in transverse direction and the scale of the
amplitude is related to the upper axis. In this case, the laser field is
reflected to be counter-propagating to the ultra-relativistic
electron bunch while the intensity is also enhanced. This effect
greatly increases the probability for γ-ray emission and also for
the subsequent pair creation. To present the high-order harmonic
generation scenario in detail, the frequency power spectrum with
logarithmic scale in the 2D simulation is provided in Fig. 4c in

(ω, t) plane. The EM field components (in the region in front of
the solid surface) are Fourier transformed to the frequency
domain along the longitudinal direction and then transversely
integrated within the range of −5 < y(λ) < 5. The high-order
harmonics are generated after the reflection with decreasing
power. The intensity spectrum falls off according to the power
law Iω ≈ ω−5/256. In our case, the intensity decrease is partially
compensated by the focusing effect from the concave mirror,
therefore the intensity of the high order harmonics waves on the
laser axis becomes comparable to the light at the fundamental
frequency ω0. The time integrated frequency power spectrum is
shown by the black line. It represents the energy partition in the
different frequency components.

γ-Ray emission and e
+
e
− pair creation. When the high-order

harmonic pulse collides with the ultra-relativistic electron bunch,
the number of emitted γ-photons significantly increases. Fig-
ure 5a shows the γ-photon density distribution (normalized to the
critical density) in logarithmic scale at t= 43T0, when the inci-
dent laser has been almost completely reflected. The highest
photon density appears on both sides of the laser axis (y= 0). It is
due to the fact that the reflected field is not focused to the center
at this position as discussed above and the high-density region is
also correlated with the double peak of the transverse intensity
amplitude shown in Fig. 4b. The corresponding laser intensity
profile along the laser axis is indicated by the red line in Fig. 5a,
which contains the high-harmonic components. The green and
black lines represent the density profile (normalized to 20nc) of
photons and electrons on the laser axis, respectively. The peak
photon density on the axis reaches 50nc and it even exceeds 300nc
on both sides. In the inset of Fig. 5b, the black, green, red, and
blue lines are the energy spectra of the γ-photons at 36T0, 41T0,
42T0, and 43T0, respectively. The laser reflection begins at about
t= 41T0. From this moment onward the number and energy of
the photons increase. Since the reflected field interacts with ultra-
relativistic electrons, the emitted photon direction are correlated
to the electron direction. The angular-energy distribution of
photons at 44T0 is shown in Fig. 5b. The energy of the photons
reaches 1.5 GeV and they are collimated in the forward direction.
The transverse emittance of the forward propagating γ-photons is
about 2.96 mmmrad and the angular divergence is about θdiv ≈
0.38 rad. In the nonlinear Compton scattering regime, the most
radiated photon energy can be estimated as εγ ~ χeγmec

210,35. For
a typical accelerated electron with the energy of 2 GeV as seen in
Fig. 1c, one obtains photons with energy 1 GeV which is con-
sistent with Fig. 5b. The photon energy is much higher than that
from the estimate of linear Compton scattering, which proves the
nonlinear Compton scattering dominates the γ-ray emission.
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With the high-energy γ-ray flux, electron–positron pair creation
becomes possible via the Breit–Wheeler process38,39. The prob-
ability of this QED process is determined by the Lorentz invariant

parameter χγ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Fμνk
ν

ð Þ2
q

= Esmecð Þ39, with kν the four-momenta

of the photon. In the 3-D notation the parameter can be given as

χγ = 1=Esð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�hωγE=mc2 þ kγ ´B=mc
� �2

� kγ � E=mc
� �2

r

57. In an

EM wave propagating along the x-direction, χγ= (E/Es)(ħω− kxc)/
mc2, the counter-propagating and co-propagating photons have
χ"#γ ’ 2 �hω=mc2ð Þ E=Esð Þ and χ""γ ’ 0, respectively. Therefore, the

reflected high order harmonic EM field provides a relatively large
probability for the BW process. The profiles of the positron density,
EM field intensity and χγ are shown in Fig. 6a with black, red and
blue lines, respectively. One finds that the χγ has separated peaks
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at 44T0. The black, red, and blue lines are the profiles of positron density,

EM field intensity, and χγ along y= 0. The colorbar is the positron density in

logarithmic scale, log10 neþ=ncð Þ. b, c are the angular-energy distribution of

the generated positrons at 43T0 and 57T0. The colorbar in b, c represent

the number of the positrons in logarithmic scale in arbitrary unit. The inset

in c shows the temporal evolution of the positron energy spectrum. The

black, green and blue lines represent the time at 44T0, 51T0 and 57T0,

respectively
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according to the reflected wave packets which results in the
generated positron trains as shown by the positron density
distribution. Similar to the γ photons distribution, the highest
positron density is located also on both sides of the laser axis. The
corresponding angular-energy distributions are shown in Fig. 6b, c.
The energy spectra of the positrons shown in the inset of Fig. 6c
indicate that the positrons are created and then accelerated by the
reflected EM field. At t= 43T0, the positrons are just being created
and have the initial directions accompanied with the γ photons.
Subsequently the positrons are trapped and accelerated by
the reflected EM field in the backward direction. At a later stage
(t= 57T0 in (c)), the positrons are further accelerated to the
maximum of 3 GeV but are transversely disturbed by the laser field.
Therefore the beam quality of the positrons is slightly decreased
with a transverse emittance of 32.72mmmrad and an angular
divergence of θdiv≈ 2.07 rad. The forward propagating positrons
disappear since they are trapped and co-moving with the reflected
pulse. Some of the positrons, which are not trapped, are leaving the
simulation box. The positron acceleration regime is similar to the
direct laser acceleration of the electrons. Furthermore, the positron
generation and acceleration are self-consistent without any extra
target design and alignment.

In order to check the robustness of the mechanism, we carried
out 3D simulation with the same parameters. The simulation
results are presented in Fig. 7. The monochrome stripes are the
reflected EM field intensity. The high harmonics spikes can be
seen clearly in the region of 20.5 < x(λ) < 21.5. The colorbar is
normalized to the incident laser intensity I0. The focusing effect is
indicated by the deep dark spikes. The colorful cloud in the
simulation box shows the density of the γ photons in the 3D
volume. The cross-section of the photon density at x= 22λ is
projected on the y–z plane, which describes the brightness of the
γ-ray flux. The total number of the γ-photons is 1.7 × 1012 with
the mean energy about 58MeV. Considering the volume of 1λ3,
the power of the γ-ray flux reaches 0.74PW with the brilliance of
2 × 1024 s−1mm−2mrad−2 (0.1%BW)−1 (at 58MeV). The bril-
liance as a function of the photon energy is plotted in Fig. 7b. It
decreases with the photon energy growing, which is consistent
with the energy spectra shown in the inset of Fig. 5b. However,
the brilliance is still above 1022 with the photon energy of 600
MeV. The black dots in the simulation box represent the
generated high energy positrons εeþ>500MeVð Þ. The total
positron charge, which can be collected in the backward direction,
is about 0.9 nC. The energy in the γ-photons is about 15 J and the
energy of the pairs is about 0.35 J. The corresponding conversion
efficiency from laser to γ-photon is about 1.4% and laser to pairs
is about 0.035%.

Discussion
The upcoming laser facilities such as ELI3 will reach the laser
intensities of 1023–24Wcm−2. At such the intensity the laser-
plasma interaction is ultra-relativistic and dominated by the
radiation friction force. The ultra-intense EM pulses provide
opportunities to investigate strong field QED effects and labora-
tory astrophysics. The proposed scheme, in which ultra-bright γ-
ray flux and GeV positron beams are produced, can be considered
as a candidate for potential experiments carried out on such
lasers. The well collimated high brilliance γ-ray flux propagates in
the direction opposite to the reflected laser wave. It can be easily
collected. The high energy e+e− pairs are generated and accel-
erated by a single laser pulse.

In summary, we propose a regime for γ-ray and e+e− pair
creation via a relativistic oscillating plasma mirror mechanism.
The pulse reflected by the mirror experiences a frequency up-shift
according to the Doppler effect. The high order harmonics field

has the double intensity enhanced due to the focusing and
compression effect from the concave deformation of the solid
target. The high energy radiation trapped electrons, accelerated by
the j × B force, are colliding with the reflected EM field and emit γ
photons with high brightness and high energy. The photons are
counter-propagating in the intense field which provides a large
cross-section for Breit-Wheeler process. A large number of e+e−

pair are created with the density as high as several critical den-
sities and the total positron charge is of the order of nano-
Coulomb.

Methods
Simulation setup. The simulations are performed with the relativistic EM
code EPOCH58,59 in 2D and 3D cases. QED effects for nonlinear Compton
scattering and multiphoton BW process are implemented in the simulations. A
Monte-Carlo algorithm is employed for modeling the photon emission and BW
process. The local constant field approximation is used to treat the external EM
field as a plane wave in the instantaneous rest frame of the charge. The
Bremsstrahlung radiation and the e+e− annihilation effects are ignored in the
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code. For a typical electron with 1 GeV, the radiation stopping power in the
overdense hydrogen plasma is about 10MeV/mm, and is therefore not
significant on the distances as short as several tens microns. The linear-
polarized laser pulse with the peak intensity of 3 × 1023Wcm−2 incidents
from the left boundary and propagates along the x-axis. The simulation box has
the size of 40λ and 40λ in the x- and y-direction. The hydrogen plasma layer is
in the interval from x= 10λ to x= 32λ. The longitudinal density linearly
increases from 0 to 4nc in the interval of 10λ < x < 12λ, then it remains constant for
20λ. A solid gold layer is attached to the plasma layer with the density of 600nc. It is
localized in the region from x= 32λ to x= 33λ. The ionization process is not
switched on in the simulations and all the targets are assumed to be pre-ionized.
The gold ions are set to be Au51+. The mesh size for the 2D simulation is δx=
δy= λ/200. The timestep is 0.003T0, where T0 is the laser period. All the quasi-
particles (64 per cell) are initially at rest. In the 3D simulation, the box size is X ×
Y × Z= 25λ × 20λ × 20λ, sampled by 1500 × 800 × 800 cells with 10 quasiparticles
per cell.

Data availability
The data that support the plots and findings of this paper are available from the
corresponding author upon reasonable request.
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