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In a plasma wake wave generated by a high power laser, modulations of the electron density take the
shape of paraboloidal dense shells, moving almost at the speed of light. A counterpropagating laser pulse
is partially reflected from the shells, acting as relativistic flying mirrors, producing a time-compressed
frequency-multiplied pulse due to the double Doppler effect. The counterpropagating laser pulse reflection
from the plasma wake wave accompanied by its frequency multiplication (with a factor from 50 to 114)
was detected in our experiment.
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The development of laser technology [1] has resulted in
a tremendous growth in the light intensity in the laser focal
spot. Nowadays lasers produce focused irradiance ap-
proaching 1022 W=cm2 [2], which makes plasma dynam-
ics ultrarelativistic. By increasing the irradiance further we
shall encounter novel physical processes such as the
Compton scattering dominated laser-matter interaction
[3], and then, at irradiances of the order of 1028 W=cm2

[4], the focused light can generate electron-positron pairs
in vacuum, according to [5]. Several ways have been
suggested to achieve such intensity [6–8]. Here we con-
sider the ‘‘flying mirror’’ concept [6]: dense shells formed
in the electron density in a strongly nonlinear plasma wake,
generated by a short laser pulse (driver) [9], reflect a
portion of a counterpropagating laser pulse (source). The
reflected radiation is frequency upshifted, as predicted by
Einstein [10], and focused due to the paraboloidal shape of
the shells [11,12], caused by the relativistic dependence of
the plasma frequency on the wake wave amplitude [13].
This leads to the pulse shortening and light intensification.
In this concept the wake wave must be close to wave
breaking. If the wake wave is far below the wave-breaking
threshold, the reflection is exponentially small. Near the
wave-breaking threshold, the reflection becomes much
more efficient [6], because the electron density of the shells
takes the profile of cusps [13] moving with phase velocity,
vph, close to the speed of light c, with the Lorentz factor,
�e, of electrons forming the shells equal to �ph � �1�

�2
ph�
�1=2, where �ph � vph=c. Since the wake wave is

generated by the driver pulse, the factor �ph is close to
!0=!p [9], where !0 is the laser frequency, !p �

�4�nee
2=me�

1=2 is the plasma frequency, ne is the electron
density, and e andme are the electron charge and mass. The
frequency of light reflected off the shell at the angle � is
upshifted and the pulse duration is shortened by a factor

 !X���=!0 � �1� �ph cos��=�1� �ph cos��; (1)

where � is the incidence angle.
The proof-of-principle experiment is performed by col-

liding two 76 fs laser pulses from the JLITE-X laser at
JAEA-Kansai in a helium supersonic gas jet from a 1:26�
10 mm2 nozzle (Fig. 1). The laser produced a 210 mJ, 76 fs
driver pulse at a center wavelength of 820 nm, which was
focused by an off-axis parabolic mirror in order to make a
wake in the supersonic jet. The source pulse, split from
the main pulse, was focused to the wake breaking region at
the incidence angle � � 45� by a plano-convex lens. The
driver pulse had a 1=e2 focal spot diameter of 27 �m and
the estimated irradiance in vacuum of 5� 1017 W=cm2.
The source pulse energy was 6.3% of the driver pulse, and
an estimated irradiance in vacuum of � 1017 W=cm2. The
fast electrons, generated in the laser-plasma interaction,
bent by a permanent magnet, hit a phosphor screen, which
was monitored with an intensified CCD. The two laser
pulse collision and channeling in the plasma were observed
in the shadowgram and interferogram produced by the
probe laser beam. The signal reflected by the wake wave
was measured with a grazing incidence extreme ultraviolet
(XUV) spectrometer composed of a toroidal mirror, a

FIG. 1 (color). Setup (top view).
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diffraction grating, and a back-illuminated CCD. Two
optical filters (freestanding Mo/C multilayer stacks with
60 periods each 2.6 nm thick) were used to block the driver
laser light. The spectrometer was calibrated using Ar and
Ne emission lines. The spectral resolving power was
�=�� � 100 (200) at 5 nm (15 nm). The spatial resolution
in the vertical direction was approximately equal to
60 �m. The acceptance angle was 10�4 sr.

To understand the details of the interaction under the
present experimental conditions, we performed two-
dimensional particle-in-cell (PIC) simulations using the
relativistic electromagnetic particle-mesh code [14]. The
simulations were carried out for the full-scale plasma and
then, with much higher resolution to reveal high frequency
upshifts, for the smaller region enclosing the point of inter-
section of the two pulses. The plasma density and laser
irradiance were set according to the conditions of the
experiment. In simulations, the driver laser pulse under-
goes self-focusing and strong modulation about 300 �m
before the gas jet center. As a result, it excites a wakefield
with a regular structure, yet close to wave breaking, in a
region 200–300 �m before the gas jet center and forms
solitons near the jet center. The collision of the two laser
pulses is shown in Fig. 2, where the electron-density ne is
normalized to the critical density ncr � me!

2
0=4�e2, the

laser pulse fields are in terms of the dimensionless ampli-
tude, a � eE=me!0c, and spatial coordinate is in laser
wavelengths. The driver pulse excites a wakefield near
the wave breaking; the dense shells acting as flying mirrors
partially reflect the incident source pulse, whose frequency
is anisotropically upshifted due to the mirror curvature. For
an ideal reflection of a plane wave the frequency multi-
plication factor is described by Eq. (1), which defines an

ellipse in coordinates (kx, ky). This ellipse is shown for
�ph � 4:17 in Fig. 2(c), where the point (kx, ky) corre-
sponds to the spectral intensity of radiation emitted at the
angle � � arctan�ky=kx� with frequency !X��� � c�k2

x �

k2
y�

1=2. The reflected emission at � � 0 is estimated as
5:2� 1010 photons=sr, in agreement with the theoretical
prediction.

Under the experiment conditions the theoretical fre-
quency multiplication factor at � � 0 is !X=!0 �

3:4�2
ph. The plasma density is about 5� 1019 cm3. The

chosen parameters of the driver pulse and gas jet secure the
necessary optimal wake wave excitation, since in previous
experiments [15] quasimonoenergetic electron beams were
observed under these conditions. We used the fast electron
acceleration, of the order of 20 MeV in our case, as
evidence of the breaking plasma wake wave formation
[16]. Additional evidence of the plasma wave excitation
came from the analysis of the scattered driver pulse spec-
trum observed at 60� (not shown here), which exhibited
red- and blueshifted maxima, corresponding to stimulated
raman scattering.

In the experiment, it was crucially important to choose
the point of the collision of the two laser pulses. Their
positions were determined by the shadowgram obtained
with the third probe laser beam, as seen in Fig. 3(a). Easing
of the source laser pulse aiming onto the wake region was
also achieved by observing well localized stationary spots
inside the self-focusing channel near the center of the gas
jet. These spots are seen within the driver path in Fig. 3(b),
which is a superposition of two time-integrated images
obtained in two shots with different bandpass filters: in
one shot the source pulse was alone and the filter window
was 414–531 nm, in the other shot the driver pulse was
alone and the filter bandwidth was 10 nm at � � 800 nm;
both pulses could not be seen in one shot since the source
pulse was much weaker. According to our simulations,

FIG. 2 (color). (a) The electron density disturbed by the driver
laser pulse and contours of the source pulse dimensionless
amplitude (dashed curves). (b) The reflected radiation seen in
the electric field component Ez with frequencies 	 !0 filtered
out. (c) The reflected radiation spectral intensity; the hatched
region is filtered out. The dashed ellipse is for the dependence
given by Eq. (1) for �ph � 4:17.

FIG. 3 (color). (a) Side-view shadowgraphs produced by the
76-fs probe beam for different delays between driver and source
pulses. (b) Superimposed time-integrated top-view images ob-
tained in two shots, where either the driver pulse or the source
pulse was present. Both pulses could not be seen in one shot
since the source is much weaker than the driver.
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stationary spots were identified as postsolitons, the late
stages of the evolution of relativistic electromagnetic sol-
itons [17]. They appear where the laser pulse energy is
substantially depleted and thus indicate the limit to which
the good quality wake extends.

The temporal overlapping with picosecond accuracy
was controlled by an analysis of the transmitted source
spectrum. The blueshift caused by ionization effects [18]
was observed irrespective of the driver pulse presence.
However, a delay-dependent additional blueshift was ob-
served when the source pulse intersected the wake wave
region, due to the fast change of the refractive index there.
An accuracy of a few microns times tens femtoseconds was
required to point the source laser pulse at the location of the
wake wave breaking, where the flying mirror is formed.
This was met by observing a moving spot in the scattered
light of the unfocused source pulse; Fig. 4. In contrast to
stationary spots, also seen in Fig. 3(b), the position of this
15–20 �m spot, xms, changes monotonically with decreas-
ing time delay between the pulses. The moving spot is
interpreted as the electron-density modulation, associated
with the driver pulse and a wake region behind it, leading
to the source pulse refraction. Since the driver pulse prop-
agates at � � 45

�
with respect to the monitor object plane,

the corresponding image velocity is vms � c sin�=�1�
cos�� � 0:414c, in agreement with the observed velocity
�0:416
 0:003�c of the moving spot, Fig. 4. Aiming at the
moving spot, we varied the delay time between pulses, �,
and the vertical position, z, of the source pulse. In this way
a wide range of colliding point coordinates was scanned.

We detected 24 signals of the reflected radiation in 24
different shots. In Fig. 5, each point represents the photon
number, corresponding to the peak of the spectrum ex-
tracted from a readout of the XUV spectrometer CCD in a
single shot, as in Fig. 6. We note that the reflectivity of the
electron-density shell can be smaller at greater gamma
factors [6]. The XUV spectrometer has the spectral range
of 4–18 nm, which is narrowed by the filter absorption to
5–15 nm. The signals occurred within 7–15 nm. A major-
ity of the signals was seen when the colliding point was

located 200 �m before the gas jet center (the driver focal
plane was located 600�m before the gas jet center). As
seen in Fig. 5 (inset), the detected photon number corre-
lates with the accuracy of targeting, imposing constraints
on the vertical size of the flying mirror and the duration of
the incident radiation (before reflection), in agreement with
the expected wake wave transverse size and the source
pulse duration.

Figure 6 shows the spectrum extracted from the XUV
spectrometer readout, where the signal corresponds to the
peak at the wavelength �X � 14:3 nm, which is 56 times
shorter than the incident source pulse wavelength. The
detected spectral peak (60 counts) is more than 5 times
higher than the noise level (	 � 12 counts). The signal
bandwidth is ��X � 0:3 nm and the detected photon num-
ber per shot is Nd � 25
 7. The uncertainty in the photon
number arises from both the shot noise and the background
emission. Using idealized values for the spectrometer to-
roidal mirror reflectivity RT � 0:8, the transmission of two
filters TF � 0:32, the diffraction grating efficiency 
G �
0:2 and the CCD quantum efficiency 
CCD � 0:4, we can
estimate the number of photons produced by the relativistic
flying mirror formed in the plasma wake wave. Taking into
account the spectrometer acceptance angle (10�4 rad), we
find the emission of 3� 107 photons=sr. This number is
lower than the theoretically estimated value and the num-
ber seen in the PIC simulations because of the nonoptimal
conditions of the collision. Not taken into account here are
the effects of contamination, spectrometer optics rough-
ness, source pulse attenuation, etc., which can substantially
increase the estimated number of reflected photons.

The detected wavelength 14.3 nm and shortening factor
�0=�X � 3:4�2

ph (due to reflection from the flying mirror)
give a Lorentz factor of �ph � 4:1. We can also estimate

FIG. 4 (color). (a) The side-view shadowgraph produced by an
unfocused source pulse. (b) Moving spot position, xms, vs time
delay, �, between the driver and the source pulses.

FIG. 5 (color). XUV signals. Each point corresponds to the
peak of a spectrum obtained in a single shot (the background is
subtracted), as in Fig. 6. Horizontal and vertical bars are for the
spectral width and the photon number uncertainty, respectively.
Inset: the same signals arranged in the plane (��, �z), where ��
and �z correspond to the targeting in time and space. The photon
number density is obtained by attributing a Gaussian distribution
to each point, with FWHM widths determined by the resolution
of the monitors.
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this factor from the fast electron bunch energy, Eb �

mec
2�b � 2mec

2�2
ph [9]. From the 19 MeV electrons de-

tected in this shot (see also [15], where the electron accel-
eration was detected under the same conditions), we obtain
�ph � 4:3, in good agreement with the previous estima-
tion. An assumption that the reflected signal has inherited
the coherence from the source pulse, yields its estimated
duration to be 1.4 fs, consistent with the observed spectral
width ��X=�X � 1=48. Our simulations also match well
with the spectral characteristics such as the value of �ph,
�X, and Eb.

Without the source pulse, we observed a background
emission from a region with vertical size equal to
200–300 �m. This background included a continuous
bremsstrahlung plasma emission. The detected signal rep-
resents an emission from a much more localized region.
The XUV spectrometer spatial resolution gave an upper
limit of 60 �m for the signal vertical size. As seen in the
inset in Fig. 5, the signal origin localization was much
tighter, of the order of 10 �m. Since the signal appeared
only when the source pulse is present and was isolated both
in space-time (Fig. 5, inset) and in the spectral distribution
(Fig. 6), it cannot be explained by high-order harmonics
generated as a result of nonlinear polarization of atoms
[19] in the driver pulse or its spatial wings or due to
relativistic effects [20], though these harmonics can con-
tribute to the background. The narrow bandwidth of the
detected signals hinders explaining the reflection in terms
of Thomson scattering. Figure 6 shows an upper limit for
the signal due to Thomson scattering from a single density
cusp, calculated in a one-dimensional model of a nonlinear
wake wave [13] with a parabolic dependence of the wake-
field maximum gamma factor, �m, on the distance from
the axis r: �m � �ph�1� r2=�2r2

0��, where r0 � 2 �m is
taken from the PIC simulation. This signal spectral width is
� 5 nm ��X. The contribution from the Thomson scat-
tering off fast electrons is orders of magnitude smaller than
the detected photon number within the given spectral range
and its spectrum is much broader [21]. For the detected
signals, the reflection off electrons occurs in a collective

manner mainly at dense shells in the electron density, as
described in the flying mirror concept [6].

In conclusion, our measurements and supporting simu-
lations may evidence the first observation of a collective
relativistic frequency multiplier through two colliding la-
ser pulses in plasma. This gives the proof-of-principle of
the flying mirror concept. The observed XUV signal can
also help to measure the wake wave phase velocity, spatial
profile, and duration, which is a challenging problem re-
quiring femtosecond time resolution [12]. According to
theoretical estimations [6,8], in the future the flying mirror
concept will hopefully allow the production of tunable
sources of hard electromagnetic radiation with controlled
parameters desired for a wide range of applications [8,22].
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FIG. 6 (color). The spectrum of the signal at 14.3 nm (solid
line) and a typical spectrum obtained without the source pulse
(dashed line); the background is subtracted in both cases. The
blue line is for calculated Thomson scattering (see text).
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