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Abstract: Recent progress of high-peak-power lasers makes researchers envisage ultra-high-field

science; however, the current or near future facilities will not be strong enough to reach the vacuum

breakdown intensity, i.e., the Schwinger field. To address this difficulty, a relativistic flying mirror

(RFM) technology is proposed to boost the focused intensity by double the Doppler effect of an

incoming laser pulse. We review the principle, theoretical, and experimental progress of the RFM, as

well as its prospects.

Keywords: intense laser; high-field science; laser plasma; laser wake wave; QED critical field

1. Introduction

Recent progress of high-peak-power lasers such as chirped pulse amplification [1]
opens a new multidisciplinary field in ultra-high-field science (UHFS), in which the plasma,
laser, beam, and quantum electrodynamics are employed. One of the scientific goals of
UHFS is to observe vacuum breakdown under the conditions of terrestrial laboratories
by electromagnetic waves such as lasers [2,3]. Currently, multi-petawatt laser facilities
are being operated, and the record focused intensity is 1.1 × 1023 W/cm2 [4], of which
the electric (magnetic) field is 9.1 × 1014 V/m (3.0 × 106 T). The forthcoming 10 PW laser
facilities may reach higher intensity, or the planned 100 PW laser facility might boost
10–100-fold focused intensity. However, this electric field is still far below the Schwinger
field, which is known as the quantum electrodynamics (QED) critical field Es = m2c3/(eh̄)
= 1.3 × 1018 V/m, where m, e, c, and h̄ are the electron mass, the elementary charge, the
speed of light, and the reduced Planck constant, respectively.

Several approaches have been proposed to overcome this difficulty, such as the colli-
sion of an intense laser pulse with a high-energy electron beam [5,6], a multiple laser beam
focusing [7], a superposition of high- and low-frequency electromagnetic waves [8], and
so on. With the help of the Lorentz boost for high-energy electron beams, the field seen
by the electron in the rest frame is enhanced by twice the Lorentz factor γ = E/(mc2),
where E is the electron energy. The multi-beam focus effectively increases the interaction
volume, thus increasing the probability of electron–positron pairs under a fixed laser energy
condition. The high-frequency radiation can be used as a catastrophe singularity to be
formed. As another technique, a relativistic flying mirror, was proposed for the pulse
intensification due to the double-Doppler effect of reflected laser pulses from a moving
focusing mirror [9]. Such mirrors are formed as electron density cusps in intense laser
interaction with underdense plasma.

This review paper discusses the relativistic flying mirror model, experimental verifica-
tions, related topics, applications to UHFS, and the prospects.
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2. Theoretical Model

Here, we review a simple theoretical model for relativistic flying mirrors (RFMs) [9–11].
As shown later, a wake wave is excited in tenuous plasma when an intense, ultrashort laser
pulse propagates in the plasma by pushing plasma electrons outwards from the center of
the laser due to a strong ponderomotive force. First, we start with an ideal moving mirror
whose velocity is close to the speed of light in vacuum.

2.1. Ideal Moving Mirror

Let us derive the relationship between the reflection angle and the reflected light
frequency [12]. The mirror propagates along the positive direction with the velocity of
V = βc, where c is the speed of light in vacuum. Light with a frequency ω is incident on
the mirror at an angle of α, as seen in Figure 1.

Figure 1. The light reflection by a flying mirror propagating perpendicular to its surface, an oblique

incidence case. (a,c) are shown in the laboratory frame of reference, and (b) is in the mirror rest frame.

From [13].

Then, consider in the mirror rest frame by performing a Lorentz transformation
x′ = γm(x − βct), y′ = y, z′ = z, t′ = γm(t − βx/c), where primes (′) denote the variables
in the rest frame and γm = (1 − β2)−1/2 is the relativistic factor of the mirror. The light
phase φ = ωt − k · r is Lorentz invariant. We obtain

ωt −
ω

c
(x cos α + y sin α) = ω′t′ −

ω′

c
(x′ cos α′ + y′ sin α′) (1)

and equations
ω′ = ωγm(1 − β cos α), (2)

cos α′ =
cos α − β

1 − β cos α
. (3)

In the mirror rest frame, the angle of reflection is the same as that of incidence, and
the frequency does not change; thus, we obtain α′ = π − θ′ and ω′

r = ω′. Finally, we return
to the laboratory frame of reference by the inverse Lorentz transformation and obtain

cos θx =
2β + (1 + β2) cos θ

1 + β2 + 2β cos θ
, (4)

and

ωx = ω
1 + β cos θ

1 − β cos θx
≈

(

4γ2
m cos2 θ

2

)

ω. (5)

The approximation at the end of Equation (5) is the case when the velocity of the mirror is
ultra-relativistic (γm ≫ 1). The pulse duration of the reflected pulse is shortened by the
same factor ≈ 4γ2

m cos2(θ/2) as the frequency upshift because the number of light cycles is
Lorentz invariant.
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2.2. Practical Moving (Flying) Mirror Implementation

As we saw in the previous subsection, a relativistically moving mirror has several
interesting features in a thought experiment. Several methods are proposed to realize such
moving mirrors, as in [13]. Here, we review a case of relativistic flying mirrors formed by
the breaking plasma waves in the interaction of an intense laser pulse with underdense,
gaseous plasma [9] (see Figure 2). Plasma waves are excited by the ponderomotive force of
the intense laser pulse (driver), called wake waves. Such plasma waves tend to break when
the laser intensity is high enough that a plasma density profile is not uniform due to phase
mixing. Another laser pulse (source) is incident to the breaking wave (relativistic flying
mirror) and is partially reflected by the mirror.

Figure 2. Relativistic flying mirrors formed in underdense plasma. From [9].

Several reflectivities of RFMs are given in [10] depending on the kind of the formed
singularity. Here, we show the reflectivities for the cases of the Dirac Delta function and
Cusp structure, respectively:

Rδ ≈

(

ωp

ωs cos2(θ/2)

)2 1

2γph
, (6)

Rcusp ≈
Γ

2(2/3)

2234/3

(

ωp

ωs cos2(θ/2)

)8/3 1

γ4/3
ph

, (7)

where ωp =
√

nee2/(ǫ0m)
1/2

is the electron plasma frequency, ne is the electron plasma
density, ǫ0 is the permittivity of free space, θ is the incidence angle of the source pulse
(Figure 1), γph is the Lorentz factor associated with the group velocity of the driver in
plasma, ωs is the angular frequency of the source pulse, and Γ(x) is the Euler gamma
function [14]. Here, the reflectivities Rδ and Rcusp are in terms of the photon number;
therefore, they are Lorentz invariants. Recently, Liu et al. calculated the reflectivity formula
for a square-root Lorentzian distribution [15]:

n(x) =
Clsrd

L

c

ωp

√

L2

x2 + L2
, (8)

where Csrld =
√

1 + a2
0/2 sinh−1(λNP/4L), and λNL ≈ (2

√

1 + a2
0/2/π)λp,

a0 = eE/(mcωd) is the normalized driver laser amplitude, ωd is the angular frequency of
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the driver, λp is the plasma wavelength, and L is a characteristic length. The reflectivity for
the SRLD case is

Rsrld =

[

ωpCsrld

2γphωs
K0(4γ2Lωs/c)

]2

, (9)

where K0(x) is the modified Bessel function of the second kind. Liu et al. also presented
the modified reflectivity formula for a Gaussian temporal source beam. One-dimensional
PIC simulations reproduce these new formulas well.

2.3. Limitations of Relativistic Flying Mirrors

The temperature of the plasma is essential for how densely the plasma electrons form.
The higher temperature typically results in lower cusp density. Nonetheless, the reflectivity
is reduced, but the above-breaking limit regime can increase the reflectivity because the
higher-order singularities are formed in such a case [16].

The reflected source pulse gains energy from the electron singularity, and its energy
comes from the driver laser energy. Thus, the reflected source energy has a certain limit
determined by the driver laser energy.

The other limitation comes from the mirror’s recoil effect during the reflection of
the source laser pulse. The recoil effect degrades the upshifting factor and, thus, the
performance of the RFM. Considering energy and momentum conservation, the modified
formula for the upshift factor is given in [14,17].

In addition, to minimize the recoil effect, Valenta et al. proposed a characteristic time
τc using a one-dimensional PIC simulation [14]:

τc = κ
34/3mc2

2Γ2(2/3)

(

ωs

ωp

)8/3

γ1/3 neλp

Is
, (10)

where κ is a parameter that may be obtained from the simulation and Is is the source pulse
irradiance. The source pulse duration should be smaller than τc. An example estimate for
κ of 1.5 × 10−4, an electron density of 0.01nc, and a normalized source laser intensity of
as = 0.1 gives a duration of 9 fs.

The modified frequency upshift factor for taking this recoil effect is described as [14,17]

ωr ≈ 4γ2
phωs

(

1

1 + 4γphRPsτs/(Nemc2)

)

≈ 4γ2
phωs

(

1 −
4γphRPsτs

Nemc2

)

(11)

where Ne is the number of electrons in the cusp, R is the reflectivity of the RFM, Ps is the
power of the incident source pulse, and τ is the source pulse duration. The last expression
is obtained by approximating the second term in the bracket in the last expression smaller
than unity, which is typical for the RFM. Thus, we can recover Equation (5) in the limit
using θ = 0.

3. Experimental Demonstration

This section introduces experimental demonstrations of the relativistic flying mirror
concepts and related ones. The broader experiments, including the reflection of electromag-
netic radiation from moving objects, were listed in the previous review [13].

3.1. Relativistic Flying Mirrors

The relativistic flying mirror experiment was conducted with the setup [18,19] as
shown in Figure 3a. The target was a gas-jet target, and the wakes were excited by irradi-
ating a 2-TW, 76-fs Ti: sapphire laser pulse (referred to as “Driver”) onto it. The onset of
the wake breaking or flying mirrors formed was the generation of energetic electrons up
to 30 MeV. Another laser pulse split from the driver pulse was focused onto the gas-jet to
collide with the driver pulse in plasma with a counter-crossing angle of 135◦ with respect
to the driver propagation axis. The reason for not using the 180◦ colliding angle was to
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avoid possible damage to the laser system by the returning pulse. After the spatial and
temporal overlapping high-frequency radiation was observed in the forward direction of
the driver pulse. With careful statistical analysis, they concluded that the observed signals
were around 13 nm.

The same group conducted the second experiment. The setup was similar to the first
experiment, except for the head-on colliding configuration thanks to the countermeasures
for the returning pulse problem [20,21] (see Figure 3b). In this experiment, reflected light
into (13 ± 4)◦ was detected with an imaging spectrometer, and the photon number was
half the theoretical estimate (see Figure 4). Furthermore, the timing scan shows that the
reflection from the flying mirrors occurred at some proper timing range.

Figure 3. Experimental setups for the RFM. (a) A counter-crossing setup where the source beam is

directed to the driver at 135◦. (b) A head-on colliding setup. D: driver pulse, S: source pulse, P: probe

laser, G: gas-jet target, TM: toroidal mirror, DG: diffraction grating, A: aperture slit, F: filters, SFM:

spherical focusing mirror, TG: transmission grating, C1: X-ray charge-coupled device (CCD), C2:

image intensified camera, e: electron beam.

Figure 4. Reflected signals from [20]. (a) Raw CCD image of the reflected light after the transmission

grating in the spectrometer. (b) Reflected light spectra with the diffraction orders of +1 and −1.

(c) The reflected light intensity (CCD counts within the 1st diffraction order) vs. time delay between

the driver and source pulses with the source-off shots (time is assigned arbitrarily).

3.2. Burst Intensification of Stimulated Emission of Radiation

RFMs utilize the electron density cusps as a moving mirror. We can see other singu-
larities in the nonlinear interaction in Figure 5. Experimentally, the intense XUV light was
observed in an experiment similar to that of the flying mirror without a source laser pulse.
The emission contained harmonics of the fundamental driver laser wavelength with even
and odd numbers in the forward direction [22–24]. The emission was considered a result of
collective synchrotron radiation in density singularities. This is called burst intensification
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by singularity emitting radiation (BISER) [25]. The duration of the XUV harmonics is
calculated to be sub-fs. This regime of coherent X-ray radiation is very sensitive to the
driving laser quality [26].

Figure 5. (a) The 3D PIC simulation of the BISER. The electron density and its cross-section are

shown together with the electromagnetic energy (shown in red). (b) Electron density and phase space

distribution with the catastrophe model. (From [22]).

3.3. Measurement of Plasma Waves

We have seen in the previous subsections that the radiation of shorter wavelengths
in the XUV region has been demonstrated in the flying mirror experiments and in the
experiments on high-order harmonic generation in underdense plasma [22]. In both
experiments, the electron density singularities play an essential role in generating the
shorter-wavelength radiation. However, the direct measurement of such density cusps has
not been demonstrated. Here, we describe potential methods to measure electron density
singularities in future experiments.

The regular wake waves were measured with the frequency domain interferometer
(FDI), which utilizes two temporally separated probe pulses to co-propagate with a driving
laser of the wakes [27,28]. The timing of the two pulses is set so that one sits on the higher
density region of the wake or plasma electron density oscillation and the other on the
lower part. By scanning the timing between the driving laser and the two probe lasers
and keeping the probes’ separation time the same, the probe pulses can map the electron
density distribution as a function of time. The readout of the density is performed by
the phase retrieval algorithm as in standard interferometers. The difference is that an
interferogram is formed in the frequency domain. The FDI is suited for a relatively longer
plasma wavelength or a lower-density plasma. The drawback of this method is that several
scans are necessary to map the distributions.

The modified scheme was proposed where chirped probe pulses are used instead
of short (usually, the shortest in the given experimental conditions) probe pulses. The
method is referred to as frequency domain holography (FDH) [29]. The technique was
demonstrated to map electron density distribution in a weakly nonlinear regime in a single
shot. The feature of the curved wake structure was successfully observed, as is seen in the
numerical simulations.

Another method is also used for characterizing wake waves, and the shorter probe
pulse is introduced in a shadowgraphy configuration [30,31]. In a standard shadowgraph
setup, a moderate pulse duration (same as the driving laser duration such as 30 fs) cannot
resolve the fast oscillation of the wakes because the wake time scale is very fast, in tens of
femtoseconds, driven by typical Ti: sapphire laser pulses. The shorter pulses are created
by spectral broadening due to the self-phase modulation in a gas-filled, hollow capillary.
Negative chirped mirrors recompress the broadened pulse. The measured images are very
similar to those obtained with numerical codes showing the electron density modulations
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(see Figure 6). However, the RFMs or high-density singularities of electron densities are not
apparent. Measuring density singularities with improved spatial and temporal resolutions
may be possible [32,33].

Instead of the optical probe, laser-accelerated electron beams are also used to probe
plasma density modulations. The electron beam has a similar pulse duration to the laser
pulse duration because the accelerating phase of the wake is somewhat limited to a shorter
wake cycle that is on the order of femtoseconds. The probe electron beams are sensitive
to the wake’s electromagnetic field; thus, the initially uniform distribution is modified
after passing through the probing region. The measured profiles are referred to as the first
measurement of breaking wakes [34].

Figure 6. Shadowgrams measured with a 5.9 fs probe laser pulse. (a–f) Measured at different

longitudinal positions described in the left figure. (From [31]).

4. Applications

In this section, applications to ultra-high field science using RFMs are discussed.

4.1. Intensification

Intensification of an incoming laser pulse is one of the favorable features of the RFM
and was proposed in the original paper [9]. In the mirror rest frame, the density cusp
distribution is parabolic, and the reflected light is focused to a diffraction-limited spot
determined by the source wavelength in the boosted frame λ′

s ≈ λs/(2γph). The photon

energy is finally multiplied as ∼ 4γ2
ph, and the pulse duration is also scaled as the same

factor. A particle-in-cell (PIC) simulation demonstrates the intensification of the reflected
light, as seen in Figure 7.
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Figure 7. Reflection of laser light by the flying mirror seen in the three-dimensional PIC simulation.

The cross-sections of the electric field components are shown at each time step of t = 16, 18, 20, and

22 × 2π/ωd (top-down). The reflection and focusing of the source pulse are seen in Frames 3 and 4

from the top (from [9]).

Thus, the reflected pulse is ideally intensified as (4γ2
ph)

2 × (2γph)
2R = 64γ6

phR. Here,

R is the reflectivity of the RFM in terms of the photon number. If we use a delta-function-like
cusp structure as Eq.(6) and ωs = ωd, i.e., ωs ≈ γphωp, the focused source intensity is

Ir = 32γ3
ph Is. (12)

S. S. Bulanov et al. proposed to use a converging plasma wake by using a focusing
beam to excite wake waves [35]. In the ideal case, the focused spot size of the reflected
pulse is improved down to the diffraction limit, i.e., ≈ λr in the laboratory frame. The
focused intensity may be

Iconv
r = (4γ2

ph)
2
× (4γ2

ph)
2R = 256γ8

phRIs

= 128γ5
ph Is, (13)

where we use the reflectivity of a delta function distribution in the last expression.
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Recently, Jeong et al. calculated a detailed electric field distribution focused by an
RFM with the vector diffraction model [17]. Jeong et al. proposed to use a colliding setup
to achieve a single electron–positron pair production under the focused electric field by the
RFM in a vacuum by carefully considering the recoil effect. This is one of the fascinating
goals of UHFS. Using a delta-function reflectivity Equation (6), the required laser and
plasma parameters are a drive laser power of 250 TW, a driver spot radius of 158 µm, a
source power of 180 TW at the fourth harmonic with a duration of 3.5 fs, and a γ factor
of 12.2.

4.2. Photon–Photon Scattering

Koga et al. proposed to use RFMs to observe photon–photon scattering, which has not
yet been detected in experiments [36]. The experimental difficulties mainly come from the
extremely small cross-section (∼10−30 pb at a photon energy of 1 eV). The cross-section
increases as the photon energy increases; thus, using coherent X-rays is a possible solution
of that problem. Of course, increasing the colliding number and energy of photons and
decreasing the area are essential. As is seen in the RFMs’ features, the RFMs can approach
these two points. In addition, the stimulated scattering using three-photon beams is also
employed to enhance the effect. Photon–photon scattering can be observed using the
relativistic mirror concept and future powerful laser facilities.

4.3. Ultrashort X-ray Pulse Generation

Because the reflected pulse is compressed in time, the RFMs can offer a coherent,
ultrashort X-ray pulse. If a mirror works ideally, the pulse shape of the X-ray pulse can be
relatively easily modified by shaping a source laser temporal profile. Since the source pulse
is generated by a near-infrared laser, several optics are available to manipulate a temporal
profile, such as chirping, double-pulse, and so on. Probably, it is an upper limit for the
pulse duration due to how long the cusp structure remains. Here, we give an example for
an attosecond pulse duration. Assuming that ne = 1.7 × 1019 cm−3, γ = 10, the source
energy of 180 µJ, τs = 20 fs, and Is = 1 × 1016 W/cm2, the reflected pulse has a photon
energy of 620 eV and a pulse energy of 0.8 µJ with a duration of 50 as. These parameters
are chosen so that the source pulse does not affect the mirror due to the recoil effect.

As introduced in the previous section, the BISER can emit coherent electromagnetic
radiation in the forward direction. This can be a simple mechanism to generate coherent,
attosecond XUV to soft X-ray regions. The maximum harmonic number is estimated to
be nH = ωc/ω f ≈ a3

0, where ωc and ω f are the critical frequency and laser frequency,
respectively, and a0 is the normalized laser amplitude. In practical units,

nH ≈ 500

(

P

1 PW

)(

ne

1019 cm−3

)(

λ

1 µm

)2

, (14)

where P, λ, and ne are the laser peak power, the laser wavelength, and the electron density,
respectively. The total emitted photon energy ε in cgs units is approximately equal to

ε ≈
e2N2

e a4
0γω2

f τH

8c
∝ N2

e P4/3n5/6
e ω1/3τh, (15)

where Ne is the number of electrons in the singularity, γ is the Lorentz factor associated
with the laser group velocity in plasma, and τH is the duration of the emission. Assuming
practical parameters P = 100 TW, ne = 5 × 1019 cm−3, a0 = 12, γ = 5.8, τH = 0.1 fs, and
λ = 0.8 µm, the maximum harmonic number is nH ∼160 (the photon energy of 250 eV)
and the maximum energy ∼0.6 mJ. This can be a very bright, soft X-ray source.

4.4. Analog Black Holes

Chen and Mourou proposed to use accelerating plasma mirrors for investigating the
black hole information paradox in laboratories [37]. The current research on analog black
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holes is mainly theoretical because it seems impossible to address this paradox by direct
astrophysical observations; typical stellar-sized black holes are too cold and young to see
the paradox, which might be observed in the end-stage of black hole evaporation.

Among several proposals to investigate the Hawking effects in laboratories, an accel-
erating mirror is recognized that can mimic black holes and emit Hawking-like thermal
radiation (Unruh radiation). According to the equivalence principle, the Hawking tem-
perature of gravity g is expressed as TH = h̄g/2πckB, and the observer at the uniform
acceleration of a feels radiation in a vacuum such as TU = h̄a/2πckB, where kB is the
Boltzmann constant.

The acceleration of the mirror is achieved by varying a plasma density along the laser
propagation [37–39]. Assuming that the plasma density ne(x) = np0(1 + x/D)2(1−η0), the
acceleration is

a(x) ≈
(1 − η0)c

2

D(1 + x/D)2
exp

(

(1 − η0)x/D

1
+ x/D

)

. (16)

This is an extensive experiment, and much still needs to be considered and verified before
the actual experiment is conducted. An international, Analog Black Hole Evaporation via
Lasers (AnaBHEL), collaboration is currently pursuing an experimental realization of the
Chen–Mourou proposal. The concept, design, and status of AnaBHEL are presented in [40].

5. Discussion

The relativistic flying mirror (RFM) concept was reviewed, and the potential applica-
tions of the RFMs were also presented. Here we give the necessary theoretical considera-
tions and technological challenges to realize the proposed visions.

The detail of the realistic parameters is owed to numerical calculations such as PIC. In
PIC calculations, resolving the upshifted frequency is problematic due to the high spatial
and temporal resolutions necessary for shorter wavelengths. For example, in standard
parameters, a spatial grid is determined by the laser wavelength to be 0.8 µm, which is
shorter than the plasma wavelength. Treating shorter wavelengths of 10 nm requires finer
spatial and temporal grids. Thus, a new scheme might be necessary for resolving shorter
wavelengths and/or smaller spot sizes.

As is shown in theoretical consierations, the plasma temperature effect reduces the
density of the electrons in a cusp, which limits the effectiveness of the RFMs. The initial
plasma temperature is strongly affected by the prepulse condition of the driving laser. Ion-
ized electrons can be heated by absorption of the laser’s energy and transfer the energy via
collisions. This effect in an actual situation has not yet been addressed in gaseous plasma.

Experimental challenges remain in many aspects. The focusability of the RFM to the
theoretically estimated size has not yet been demonstrated. This is a crucial fundamental
property of the RFM.. Another concept to be demonstrated is the pulse compression of
the reflected pulse. According to the theory, the compression must happen as long as the
upshift of the frequency happens. However, the effect must be measured experimentally to
prove the concept. This is crucial for ultrashort X-ray generation.

Practically, the repeatability of the reflection must be improved. This is necessary
for the applications and the precise characterization mentioned above. For example, the
temporal characterization in the sub-femtosecond regime requires many shots. The detailed
mechanism for forming a cusp structure or singularities in plasma has been addressed
experimentally, mainly investigated numerically. Singularities or breaking waves should
be monitored with an ultrashort pulse (optical light or an electron beam).

6. Conclusions

We reviewed the relativistic flying mirror concept highlighting the theoretical and
experimental achievements. The flying mirror has several attractive properties, such as
high-frequency and ultra-short pulse generation. In addition, the intensification can be
expected due to the focusing mirror shape. Some of these features are to be demonstrated
experimentally. In the near term, the ultra-short, coherent source can be realized. In the long
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term, the RFM might enable terrestrial laboratory experiments in quantum electrodynamics
and astrophysics, which would be nearly unattainable without it.
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Abbreviations

The following abbreviations are used in this manuscript:

BISER Burst intensification by singularity emitting radiation

CCD Charge-coupled device

FDI Frequency domain interferometry

FDH Frequency domain holography

PIC Particle-in-cell

RFM Relativistic flying mirror

SRLD Square-root Lorentzian distribution

UHFS Ultra-high-field science

QED Quantum electrodynamics
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