
Anomalous Relativistic Emission from Self-Modulated Plasma Mirrors

M. Lamač ,1,2,* K. Mima,3 J. Nejdl ,1,4 U. Chaulagain ,1 and S. V. Bulanov 1,5

1ELI Beamlines Facility, The Extreme Light Infrastructure ERIC, Za Radnicí 835, Dolní Břežany 25241, Czechia
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The interaction of intense laser pulses with plasma mirrors has demonstrated the ability to generate high-
order harmonics, producing a bright source of extreme ultraviolet (XUV) radiation and attosecond pulses.
Here, we report an unexpected transition in this process. We show that the loss of spatiotemporal coherence
in the reflected high harmonics can lead to a new regime of highly efficient coherent XUV generation, with
an extraordinary property where the radiation is directionally anomalous, propagating parallel to the mirror
surface. With analytical calculations and numerical particle-in-cell simulations, we discover that the
radiation emission is due to laser-driven oscillations of relativistic electron nanobunches that originate from
a plasma surface instability.
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Generation of attosecond pulses and extreme ultraviolet
radiation (XUV) originating from the interaction of a
relativistically intense laser with a plasma mirror has
now been investigated for almost three decades [1–5].
With experimental results supporting its potential for
applications in fundamental science, ultrafast science,
attosecond interferometry or imaging [2,6–12], this mecha-
nism presents a competitive alternative to the contemporary
workhorse of attosecond science, which is high-harmonic
generation (HHG) from noble gases originating from
nonlinear laser-atom interactions [11,13–15]. The potential
of relativistic high-harmonic generation reveals itself in the
lack of ionization thresholds, which pose a hard limit on
intensity of conventional gas or solid HHG sources. With
the growing availability of commercial high-repetition rate
laser systems with peak powers in the terawatt range,
relativistic generation of broadband, bright, and ultrashort
radiation will be attractive even at small university-scale
laboratories. The emission of relativistic high harmonics
originates from plasma surface electrons performing non-
linear oscillations within the laser field, with velocity close
to the speed of light. This occurs when the amplitude of the
incident laser exceeds the threshold amplitude of relativistic
optics [16], which is characterized in terms of the normal-
ized laser amplitude as a0 ¼ eE0=meω0c ≥ 1, where e is
the elementary charge, me the electron mass, c the speed of
light, ω0 is the angular frequency of the laser, and E0 the
amplitude of the laser electric field. The coherent reflection
from the plasma surface can be additionally affected for
very high laser intensities such that the ions can accelerate
to a fraction of the speed of light in a single laser cycle,

a0 ≥ ðmi=ZmeÞ1=2 [17,18], where mi is the ion mass and Z
is the ion charge number.
In this Letter, we report the discovery of a new regime of

XUV light generation, which we call relativistic instability-
modulated emission (RIME), originating from the inter-
action of an intense laser pulse with a plasma mirror, which
is self-modulating due to unstable return current induced by
the collisionless absorption of the laser. RIME generates
broadband XUV radiation with high-efficiency and an
anomalous propagation characteristic, where the radiation
is emitted parallel to the plasma mirror surface. The
mechanism of RIME is illustrated in Fig. 1. An intense
P-polarized laser pulse is obliquely incident on the sur-
face of a relativistically overdense plasma mirror,
1 ≤ a0 < ne=nc, where ne is the electron plasma density,
nc ¼ meϵ0ω

2
0=e

2 is the critical plasma density and ϵ0 is the
vacuum permittivity. At the beginning of interaction, the
intense incident laser coherently reflects from and accel-
erates the surface electrons into the plasma bulk [Fig. 1(b)]
by the Brunel effect [19,20]. These bulk-penetrating Brunel
electrons induce neutrality-restoring return currents flow-
ing along the mirror periphery, consisting of counter-
streaming electrons and ions which generate intense
quasistatic magnetic field on the mirror surface [21].
The electron-ion two-stream grows unstable with a growth
rate Γ ∝ ωpeðZme=miÞ1=3 [22], which is of the order of the
laser frequency for solid high-Z targets with electron
plasma densities ne=nc ≥ ðmi=ZmeÞ2=3. Therefore, after
laser-plasma interaction time of ≈1=Γ, the plasma mirror
self-modulates with wavelength of the order of the plasma
wavelength λp ¼ 2πc=ωpe, where ωpe ¼ ðe2ne=meϵ0Þ1=2
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is the electron plasma frequency. As the plasma wave
grows, the oscillating electrons are bunched and the
individual bunch emissions are coherently enhanced while
the reflected wave loses its spatiotemporal coherence
[Fig. 1(c)]. As the laser amplitude ramps up in the
interaction region, the unstable plasma wave grows non-
linear and breaks [23], releasing electron nanobunches to
be accelerated by the laser across the magnetized plasma
surface to velocities close to the speed of light, resulting in
surface-parallel relativistic beaming of individual bunch
emissions [Fig. 1(d)].
The coherent intensity spectrum of RIME generated over

a half-oscillation period by an electron bunch containing
Ne electrons can be obtained as (see Supplemental Material
[24] for derivation details)

IðωÞ ¼ N2
e

ffiffiffi

3
p

e2γ
4πϵ0c

ω=ωc

ð1þ ðω=ωbÞ2Þ2
Z

∞

ω=ωc

K5=3ðξÞdξ; ð1Þ

where K5=3ðxÞ is the modified Bessel function, ωc ¼
3cγ3=2λ0 is the critical frequency indicating an exponential
cutoff in the spectrum, λ0 is the laser wavelength, and γ is
the electron Lorentz factor. The electron bunch modulation
frequency is given as ωb ¼ c=Lb, where Lb is the electron
bunch length. Bunch modulation frequency indicates a
transition in the radiation spectrum, from the coherent
regime of radiation emission, where I ∝ N2

e for frequencies
smaller than or of the same order ω≲ ωb, into the regime of
incoherent emission, where I ∝ Ne for ω ≫ ωb.

To describe the modulation frequency of the electron
bunch, we must consider the origin of the bunch modu-
lating instability. Fast Brunel electrons penetrate into the
plasma mirror and induce a return current composed of
counter-streaming electrons and ions flowing along the
surface. Assuming that the drift velocity of the return
electrons is much larger than ions vde ≫ vdi, the ion
velocity may be neglected and, following the usual treat-
ment of two-stream instability, we obtain the well-known
Buneman instability (BI) dispersion relation for a small
perturbation [22],

ω2
pe

ðω − kvdeÞ2
þ ω2

pi

ω2
¼ 1; ð2Þ

where ωpi ¼ ðZ2e2ni=miϵ0Þ1=2 is the ion plasma fre-
quency. For an unstable growing mode, the mirror surface,
and therefore the Brunel electrons, will be modulated
according to the instability wavelength as illustrated in
Fig. 1(c). Solving Eq. (2) for the complex frequency
ω → ωþ iΓ, we obtain from the imaginary part the
maximum growth rate of the Buneman instability as

Γm ¼ ωpe

ffiffiffi

3
p

2

�

Z2me

2mi

�

1=3

; ð3Þ

which is approximately valid for all modes in the band
jkvde − ωpj≲ ð3=2Þðωpeω

2
piÞ1=3 [22]. The condition for

RIME to occur therefore requires laser pulse duration to
be larger than ≈1=Γm. This straightforward result allows us
to see that the plasma surface instability e-folding time can
be of the order of a single laser cycle, since Γm ≈ ω0 for
solid density plasma, ne ≈ 103nc, which means that the
plasma surface instability can fully manifest already within
a few laser cycles.
To study the process in detail, we have performed

multidimensional particle-in-cell (PIC) simulations
(See Supplemental Material [24] for simulation details).
A P-polarized laser pulse defined with pulse duration
τFWHM ¼ 30 fs, laser wavelength λ0 ¼ 1 μm, and peak
intensity I0 ¼ 1022 W=cm2 corresponding to a normalized
laser amplitude a0 ¼ 85.5, was focused with an incidence
angle θ ¼ 45° to a spot size with waist radius w0 ¼ 2 μm
upon a plasma mirror composed of uniformly overlapping
electrons and ions with matching density ni=nc ¼ ne=nc ¼
1000 and temperature kBT ¼ 100 eV. Figure 2 shows the
analysis of plasma surface instability observed in the PIC
simulation. Figure 2(a) shows the temporal evolution of the
surface-parallel ion current, revealing an unstable plasma
wave propagating in the direction of electron return flow
with phase velocity vp=c ≈ 0.01. This corresponds to the
drift velocity of the electron return current, since from the
current neutrality condition vde=c ≈ a0nc=ne ≈ 0.01 at t ≈
45 fs when the amplitude of the incident laser is a0 ≈ 10.

FIG. 1. Principle of RIME. (a) Schematic of radiation emission
geometry. (b) Radiation emitted by electrons composing a mirror
surface forms a reflected wave. (c) Surface modulation leads to a
loss of spatiotemporal coherence in the reflected wave and
enhancement of individual bunch emissions. (d) Oscillating
electrons move along the surface in the field of a relativistically
intense laser, leading to relativistic beaming of individual bunch
emissions towards the surface.
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Figure 2(b) presents the time evolution of the instability,
showing the instability saturation and clear separation
between the linear and nonlinear phases occurring at
t ≈ 55 fs. We note that the maximum instantaneous growth
rate matches the prediction given by Eq. (3). Figure 2(c)
shows the numerical dispersion of the instability overlaid
with the real part of the solution of Eq. (2), showing a
match between the PIC and Buneman unstable modes.
Figure 3 presents a detailed view of the RIME origin. In

Fig. 3(a), Brunel electrons can be seen penetrating into the
bulk in the direction of laser propagation at twice the laser
frequency, which is due to the relativistic j ×B Lorentz
force term. This leads to the growth of unstable return
current flowing along the periphery seen in Fig. 3(b). As the
unstable plasma wave breaks, oscillating electron nano-
bunches are accelerated by the laser across the surface
within the focal region to relativistic velocities. This is
shown with the electron current components in Figs. 3(c)
and 3(d). The transverse component highlights the trans-
verse oscillatory turning points of the individual nano-
bunches occurring at j⊥;e ¼ 0. On the other hand, it is at
these points where longitudinal velocity is largest, vk ≈ c,
which leads to relativistic beaming of radiation along the
surface. (See Supplemental Material [24] for a movie of the
process.) This results in the loss of reflected wave coher-
ence and the emergence of RIME XUV bursts seen in the
perpendicular component of the magnetic field Bz shown in
Fig. 3(f). Additionally, the magnetic field reveals that the

instability region is extremely magnetized due to the return
current, with amplitude of the order of the incident laser.
This leads to enhanced confinement of relativistic electrons
towards the plasma surface [21]. The electric field compo-
nent Ey in Fig. 3(e) shows the incident P-polarized laser
interfering with the intense RIME bursts.
Radiation characteristics of RIME are presented in

Fig. 4. Trajectories of two characteristic electron bunches
with γ ≈ a0 are presented in Fig. 4(c). Calculated radiation
power confirms multiple bursts emitted along the bunch
trajectory. The intensity spectra of RIME and the wave
reflected due to the relativistic oscillations of the mirror
(ROM) are shown in Fig. 4(a). The spatiotemporal coher-
ence of the reflected wave is reduced with the onset of
RIME, leading to larger XUV conversion efficiency for the
emission along the mirror surface. To evaluate coherent
enhancement of radiation due to electron bunching, we
have performed another PIC simulation with immobile
ions. The simulation confirmed that in this case BI and
RIME are not present. In this scenario, the coherence of
high harmonics composing the reflected wave is signifi-
cantly improved, as shown in Fig. 4(a). However, compared
to the RIME spectrum, the efficiency significantly drops for
ω=ω0 > 10, which can be explained by the nanobunching
effect occurring in the realistic simulation, since the
individual bunch sizes can be smaller than λpe ¼ λ0=31.6 ≈
31 nm as shown in Figs. 3(c) and 3(d). The continuous
RIME spectrum is explained by the fact that the peak laser-
plasma interaction, and therefore strongest emission,
occurs deep into the nonlinear phase of the instability
evolution at t ¼ 80 fs, as seen in Fig. 2(b). This leads to
nonperiodic trains of electron nanobunches individually
producing broadband XUV bursts that add up to a broad,
continuous spectrum. We point out that the bunching effect
also enhances the low-order harmonics composing the
reflected wave, which can be seen when comparing the
two ROM spectra shown in Fig. 4(a). This is because
the distances between the individual bunches within a single
laser oscillation are smaller than thewavelengths of the low-
order harmonics, which can be seen in Figs. 3(e) and 3(f). To
compare the RIME spectrumwith the analytical result given
by Eq. (1), we proceed to estimate the bunch modulation
frequency. The average value of electron drift velocity inside
the return current observed in the PIC simulation is vde=c ≈
0.18 at the peak interaction time t ¼ 80 fs [Fig. 3(d)]. The
bunch modulation frequency due to BI can be therefore
estimated as ωb ¼ c=Lb ≈ 2c=λB ≈ ðcωp=vdeπÞ ≈ 18ω0,
corresponding to an electron bunch length of Lb ≈ 88 nm
and instability wavelength λB ≈ 0.18 μm, which is in agree-
ment with the features seen in Figs. 3(c) and 3(d).
Considering such modulation frequency, RIME spectrum
as given by Eq. (1), with energy of laser-accelerated
electrons given γ ≈ a0 ¼ 85.5, is presented in Fig. 4(a),
showing an excellent agreement with the PIC result. In
Fig. 4(b) we show the dependence of emitted radiation on

FIG. 2. PIC simulation of the surface instability. (a) Time
evolution of the longitudinal component of the ion current, shown
up to t ¼ 80 fs. Dashed line following linear phase velocity of the
surface wave corresponds to vp=c ¼ 0.01. (b) Time evolution of
jji;kj averaged over rk ∈ ½−1 μm; 1 μm� (black) and corresponding
instantaneous growth rate ΓðtÞ (blue). (c) Fourier transform of the
ion current in the linear phase of the instability, 0 fs < t < 55 fs
(colored, smoothened) and the real part of the solution of Eq. (2)
(black, dashed) calculated for the electron drift velocity
vde=c ¼ 0.01, ωp=ω0 ¼ 31.6.
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laser polarization. When the incident laser is S polarized, BI
and RIME are not present and only ROM-reflected wave
remains with less efficient high-harmonic generation, which
confirms a well-known property of ROM [2].
Previous studies have demonstrated that the presence of

preplasma with scale length satisfying kL ≈ 1 can optimize
ROM conversion efficiency [28,29], where k ¼ ω0=c is the
laser wave number and L is the pre-plasma scale length.
This optimum comes from the balance of the strong
electrostatic field due to the space-charge distribution
limiting electron oscillations when kL < 1, and the growth
of plasma waves leading to reflected wave coherence loss
when kL > 1 [20,30]. In the case when kL > 1, the plasma
wave growth is resonant for a P-polarized laser incident
upon inhomogeneous plasma with a scale length satisfying
[30,31]

ðkLÞ1=3 sin θ ≈ 0.8; ð4Þ

where θ is the laser incidence angle. To investigate the
effect of nonzero pre-plasma scale lengths on RIME, we
have conducted PIC simulations in the range 0 ≤ kL ≤ π.

The results are summarized in Fig. 4(d), where we show the
conversion efficiency of laser energy to XUV wavelengths
λ ≤ 100 nm. Our numerical results match the experimen-
tally discovered ROM optimum found in [28,29], which
occurs when kL ≈ 1. For such scale length, the total
reflectivity reaches up to 60%, with around 0.4% of laser
energy converted to XUV. The results for RIME show high
XUV efficiency, but more intricate dependence. First, as
discussed above, the coherent enhancement due to nano-
bunching yields larger XUV conversion efficiency by up to
an order of magnitude. Second, the XUV yields are
anticorrelated. This is due to the fact that the coherent
enhancement of RIME results in the loss of coherence in
the reflected wave and vice versa. Finally, the RIME XUV
yield reveals an optimal scale length for the simulation with
L=λ0 ¼ 0.25, where XUV conversion efficiency grows up
to 2%. To compare to conventional XUV sources, the
widely used gas HHG source operates at XUV energy
conversion efficiency of ≈10−5 [14,15], with maximum
incident laser intensity limited to ∼1015 Wcm−2.
For the simulated incidence angle of 45°, the condition

for resonant plasma wave growth given by Eq. (4) gives the

(a) (c) (e)

(b) (d) (f)

FIG. 3. PIC simulation of RIME. Average kinetic energy of electrons (a) and the longitudinal electron current (b) at the time of
instability saturation, t ¼ 55 fs. Transverse (c) and longitudinal (d) electron current, and electric (e) and magnetic field (f) components at
the time of peak laser amplitude arrival, t ¼ 80 fs.
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scale length as L=λ0 ¼ 0.23, an excellent match which
shows that the origin of the RIME optimum is due to the
resonant growth of large-amplitude plasma waves which
facilitate faster wave breaking of instability-modulated
electrons into the laser field. The XUV intensity distribu-
tion for the two optimal cases are shown in Figs. 4(e)
and 4(f). In the case of kL ≈ 1, the laser is initially reflected
coherently by ROM. As the unstable plasma wave satu-
rates, the spatiotemporal XUV coherence is reduced and
coherent XUV bursts propagating along the mirror surface
emerge. In the case of resonant plasma wave growth,
ðkLÞ1=3 sin θ ≈ 0.8, the reflected wave loses its spatiotem-
poral coherence almost immediately and most of the XUV
radiation is increasingly collimated towards the surface as
the laser intensity ramps up.
The angular distribution of RIME is given by the

emission angle of laser-accelerated relativistic electrons
given by tan θ ¼ ½2=ðγ − 1Þ�1=2 [20]. For the electrons
oscillating in the peak laser amplitude γ ≈ a0, the emission
angle is therefore θ ≈ 8.7° ¼ 150 mrad, which is in rea-
sonable agreement with the XUV intensity distributions
shown in Figs. 4(e) and 4(f), and the angular distribution of
RIME for the case of kL ≈ 1 shown in Fig. 5(b). The
angular distribution shows clear separation between the
high-frequency radiation emitted by ROM and RIME,
which is also visible in the corresponding XUV intensity

distribution shown in Fig. 4(e). The temporal profile of
XUV radiation for the two optimal cases is shown in
Fig. 5(a). In correspondence with Fig. 4(e), the radiation
pulse of the ROM-optimal case L=λ0 ¼ 0.1 shows initially
coherent and smooth reflected wave profile at t < 55 fs,
losing its coherence at t ¼ 55 fs, and then transitioning to
the RIME profile modulated by coherent attosecond bursts
at t > 55 fs. The case of RIME-optimal scale length
L=λ0 ¼ 0.25 shows that already at the beginning of
interaction, t < 55 fs, the XUV pulse is modulated with

FIG. 4. Radiation properties of RIME. (a) Intensity spectra with the analytical model given by Eq. (1). (b) Intensity spectra for S and P
laser polarizations. (c) Instantaneous power of radiation emitted along the surface calculated for two electron bunches oscillating above
the surface (r⊥ ¼ 0) with γ ≈ a0. (d) Laser-to-XUVenergy conversion efficiency dependence on pre-plasma scale length L. (e) Spatial
distribution of XUV intensity for the ROM-optimal and (f) the RIME-optimal pre-plasma.

FIG. 5. (a) Temporal profile of XUV radiation for the case of
RIME (black) and ROM (red) optimal scale length, offset for
clarity. (b) Angular distribution of spectral intensity for ROM-
optimal scale length L=λ0 ¼ 0.1. Color map is saturated for
higher contrast in the XUV region.
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the RIME bursts in accordance with Fig. 4(f). As the laser
peak arrives at t ¼ 80 fs, coherently enhanced giant atto-
second XUV pulses emerge due to the strong electron
nanobunching from the resonant plasma wave growth.
In conclusion, a new high-yield mechanism of coherent

XUV light generation called RIMEwas discovered to occur
during the interaction of relativistically intense P-polarized
laser pulse with overdense plasma satisfying 1 ≤ a0 <
ne=nc. The radiation emission is directionally anomalous,
propagating parallel to the mirror surface. With numerical
and analytical methods, we have found that RIME occurs
due to laser-driven oscillations of electron nanobunches
which emerge from a return current instability induced by
collisionless absorption of the incident laser. Furthermore,
by varying the preplasma scale length, we have found that
RIME is anticorrelated with the reflected high harmonics,
showing the possibility to tune between two directionally
separated XUV radiation sources in a single experimental
configuration. Finally, we have found an optimal preplasma
scale length for RIME corresponding to resonant growth of
plasma waves at the mirror surface. The optimal XUV
conversion efficiency of RIME reaches percent level,
presenting a new approach for future experiments aiming
to produce high-yield coherent XUV radiation.
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