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By particle-in-cell simulation and analysis, we propose a plasma approach to generate a relativistic
chirped pulse based on a laser-foil interaction. When two counterpropagating circularly polarized pulses
interact with an overdense foil, the driving pulse (with a larger laser field amplitude) will accelerate the
whole foil to form a double-layer structure, and the scattered pulse (with a smaller laser field amplitude) is
reflected by this flying layer. Because of the Doppler effect and the varying velocity of the layer, the
reflected pulse is up-shifted for frequency and chirped; thus, it could be compressed to a nearly single-
cycled relativistic laser pulse with a short wavelength. Simulations show that a nearly single-cycled
subfemtosecond relativistic pulse can be generated with a wavelength of 0.2 um after dispersion

compensation.
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An intense laser pulse interacting with a solid-density
ultrathin foil becomes controllable since laser-light con-
trast has been greatly improved by means of the double
plasma mirror [1] and other techniques [2]. Meanwhile,
diamondlike foils as thin as several nanometers can now be
fabricated [3]. Laser-foil interaction involves various im-
portant applications. On the one hand, protons or ions of
the foil can be accelerated to a very high energy by the light
pressure of the laser pulse, known as light-pressure or
phase-stable acceleration [4-7]. In this accelerating
scheme, the ponderomotive force of the laser field pushes
electrons to form a skin layer, inducing a charge separation
field. Protons are accelerated by this field and comove with
the electron layer; thus, all electrons and protons are driven
forward as a whole. The energy conversion efficiency is
very high, and relativistic proton bunches could be ob-
tained if the foil is ultrathin [8]. On the other hand, the
laser pulse experiences abundant feedback after interacting
with foils. High-order harmonics are generated by a laser
interacting with a solid surface [9,10]. Laser energy can be
trapped and accumulated to very high levels between two
closely placed ultrathin foils when two oppositely directed
ultraintense laser pulses impinge on them [11]. Another
application is to use an ultrathin foil as a relativistic mirror
for generating high-intensity ultrabright x- and gamma-ray
radiation by relativistic Doppler shifting of the light [12].
Recently, a method of generating a quasi-single-cycle rela-
tivistic pulse by a laser-foil interaction is also proposed
[13].

We report another application here by particle-in-cell
simulation. When a circularly polarized (CP) laser pulse,
the driving pulse (DR pulse), interacts with an overdense
foil, the whole electron and proton layers are accelerated
by light pressure and move at an ultrahigh velocity. With
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another counterpropagating CP pulse, named the scattered
pulse (SC pulse), impinges on this high-speed double layer,
the SC pulse would be reflected and hence its frequency is
strongly Doppler shifted. Because the amount of the fre-
quency shift is determined by the layer velocity, which
varies with time, the SC pulse is highly chirped. Its chirped
component can be regulated through controlling the layer
velocity versus time by shaping the DR pulse. When group
velocity dispersion is compensated roughly, such as insert-
ing materials in the beam, the chirped pulses are com-
pressed to nearly single-cycled relativistic pulses of short
wavelength.

This method has its advantages. First, the intensity of the
chirped pulse is extremely high, because only a laser-
plasma interaction is involved. Second, by controlling the
chirped component, the spectrum is more broadened than
traditional optical approaches. After compression, the
pulse intensity increases even more. Last, the wavelength
of the reflected pulse is much shortened through reflecting.

We first show the results of one-dimensional particle-in-
cell simulations by the code VORPAL [14]. A CP pulse, with
wavelength Ap = 1 um and peak amplitude ay, = 50, ir-
radiates on a thin foil as the driving pulse. Here a =
eE;/m,wqc is the normalized dimensionless amplitude,
where e and m, are the electronic charge and mass, re-
spectively, E; is the laser electric field, w, is the laser
frequency, and ¢ is the speed of light in vacuum. The
driving pulse has a plateau shape, with a laser field rising
from zero to ag = 50 in 57, (T is the laser period ) and
then remaining constant. Meanwhile, a counterpropagating
CP pulse, with peak amplitude a,, = 5 and FWHM (full
width at half maximum) duration 7, = 307, impinges on
the foil from the other side as the scattered pulse. The foil
density is ny = 100n,, and its thickness is d = 0.2,
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where n. = m,w3/4me? is the critical density. The simu-
lation box is 100X, in the x direction (propagating direc-
tion), and the foil is initially located between x = 48 and
48.2Ay. The simulation mesh size is Ay/250.

Figure 1 shows the simulation results. Figure 1(a) dis-
plays the laser field distribution after interacting. We see
that the whole foil is accelerated by the DR pulse in the
light-pressure acceleration (phase-stable acceleration)
scheme. The SC pulse, propagating in the opposite direc-
tion, interacts with the foil subsequently and then is totally
reflected. Its frequency is Doppler shifted, which is deter-
mined by the foil velocity. The temporal frequency of the
reflected laser field increases with the double-layer veloc-
ity. As a result, a positively chirped pulse is generated, as
seen clearly in Fig. 1(b). The reflected field of the DR pulse
is also chirped, of course, negatively. After being reflected
from the fast-moving layer, the duration of the SC pulse is
compressed by a factor of 5. We compare their spectrums
in Fig. 1(c). The central frequency is shifted by a factor of
about 5 due to pulse compression, which is consistent with
the duration decreasing. An important feature is that the
FWHM of the spectrum is enormously broadened, reach-
ing 2.6w,. This effect is mainly caused by the pulse being
chirped. Figure 1(c) also shows phase information. It is
seen that the difference between the phase including full
dispersion and the one with second-order dispersion can be
neglected, indicating that second-order dispersion is domi-
nant and the chirp is almost linear. After full dispersion
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FIG. 1 (color online). Simulation results when the interaction
is completed with the driving pulse of ay; = 50, the scattered
pulse of a,, =5, 7, = 30T, and the foil of ny = 100n,, d =
0.2Xy. (a) Laser field and electron density n, distributions.
(b) Transversal laser field E, of the reflected chirped pulse.
(c) Spectrum and corresponding phase of the scattered pulse:
phase including full dispersion (magenta dashed line) and phase
with only second-order dispersion (blue dotted line). The cyan
solid line shows the spectrum of the scattered pulse before being
reflected. (d) Transversal laser field £, and laser intensity profile
after compression.

compensation, a nearly single-cycled laser pulse with du-
ration of 0.247, (0.8 fs) is obtained, as seen in Fig. 1(d).

One notices that the laser wavelength is much shortened,
to about one-fifth of the original pulse (0.2 wm). In addi-
tion, its cycle number is also enormously decreased. The
peak dimensionless amplitude of the scattered pulse is
increased from ay, = 5(normalized by the initial funda-
mental frequency) to ay = 55 (normalized by the central
frequency of the compressed pulse itself) after compres-
sion, reaching a strong relativistic region, while it remains
unchanged if only the Doppler shift is considered. In a
word, we have gained a relativistic single-cycled pulse
with short wavelength, which has not been realized with
any method but is believed to be very useful in many
applications. It should be mentioned that if only second-
order dispersion is compensated, the pulse duration also
reaches 0.367),, very close to the case of full dispersion
compression since the generated pulse is quasilinearly
chirped.

We analyze in detail in the following. Considering a
laser pulse reflected from a flying mirror, the Doppler
effect gives

ol) _1HPO_ k) (1)
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where w(r) is the temporal frequency of the reflected laser
field and B is the layer velocity normalized by light speed
c. Here f is defined as the ratio between the frequencies of
the reflected and incident pulses. As the layer velocity
increases, the reflected pulse gets chirped with time ac-
companying the frequency increasing. That is to say, the
character of the reflected pulse is totally determined by the
layer motion. In Fig. 2, we show the layer velocity versus
time and the corresponding frequency increment calcu-
lated from Eq. (1). It is clearly seen that the layer velocity
evolves in such a way that an optimistic linear frequency
increment is induced on the reflected pulse. Since most
pulse compression techniques require a linearly chirped
pulse, this character should be very useful and convenient
for experiments.

In our simulation, the SC pulse impinges on the flying
layer at about t = 507, and leaves at t = 907),. During this
period, the whole foil is accelerated by the DR pulse to a
velocity of 0.77, as seen in Fig. 2(a), which offers a fre-
quency region of about w, ~ 8w according to Fig. 2(b).
The peak laser field interacts with the layer at about ¢ =
70T, corresponding to a central frequency of Sw,. These
results are in perfect coincidence with Fig. 1(c). The results
in Fig. 2(b) provide approaches of controlling the spectrum
of the reflected pulse by choosing the interacting window.
One could change the impinging time and/or pulse dura-
tion to control the low- and/or high-frequency bounds.

The whole proposal shows high controllability.
According to Eq. (1), we suggest that the frequency char-
acter of the chirped pulse can be well defined by control-
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ling the layer velocity. In the light-pressure acceleration
scheme, the layer motion is described as [5]

1 1-8
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Here m; is the ion mass and y = (I — 82)~'/2 is the
relativistic factor of the layer. As electrons and ions are
accelerated as a whole, the longitudinal momentum of
electrons is ignored. So B can be expressed as a function
of w from Eq. (1), and we insert it into Eq. (2) and, thus,
gain the form of the required laser electric field
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From Egs. (3) and (4) it is convenient to choose the
appropriate laser field while requiring a certain
frequency-varying pulse. For example, if one needs a
linearly chirped pulse, f then has the form of 1 + &z, and
the calculated laser electric field should be

ekt

k 1/4
EL(I) = \/27Tm,-n0dc\/;(26kt/2_l) . (5)

Equation (5) shows the accurate laser field form for gen-
erating an exactly linearly chirped pulse, while in the
above simulation we set the laser field in a plateau form;
hence, the generated pulse is only roughly linearly chirped,
as seen in Fig. 2(b).

To generate a well linearly chirped pulse, several major
requirements should be satisfied. First, the layer motion
should not be affected by the SC pulse during interaction.
This requires that the light pressure of the SC pulse Py, ~
a2, (1 + B)/(1 — B) shall be ignored compared to that of
the DR pulse Py, ~ aj(1 — B)/(1 + B). Hence it gives the
following relationship:
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FIG. 2. (a) Velocity of the flying layer versus time. (b) The

induced frequency shift increment factor f versus time. The
velocity is obtained from simulation, and the factor f is calcu-
lated according to Eq. (1).

In the above simulation, B, = 0.77 and we have a . <
6.5, which is well fulfilled.

Another important condition concerns the two pulses
interacting with each other in the confined electron layer.
It was first studied by Shen et al. in Ref. [15], where high
harmonics are generated if the two CP pulses have the
same polarization direction. To avoid this harmonic gen-
eration, we demonstrated that the foil thickness should be
larger than a critical value D (which will be presented
elsewhere)
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Under the above parameters, D is calculated to be about
0.18 wm; thus, we choose d = 0.2 um. One can also
avoid this effect by altering the polarization direction
[15]. Besides, by considering Doppler shifting the foil
density should be high enough to keep opaque for the SC
pulse; hence, it gives ng > f ... In the above simulation
Smax ~ 10, and the chosen parameter ny = 100n,. fulfills
the requirement adequately.

As mentioned, this method involves only a laser-plasma
interaction, thus presenting no limit for laser intensity.
Another laser-plasma approach to compress the laser pulse
is the pure-Doppler-shifting method, by which the laser
wavelength is decreased after being reflected from a flying
layer while its cycle number remains the same. This
method seems much simpler because no chirped pulse
compression techniques are required. However, our pro-
posal shows several advantages. In the first place, for the
pure-Doppler-shifting method the dimensionless laser field
amplitude, which denotes the relativistic factor, remains
unchanged after being reflected, while in our proposal it is
greatly increased after compressed by optical approaches.
Second, the spectrum of a generated pulse with the pure-
Doppler-shifting method is monochromatic, while in our
case we consider furthermore that the frequency increment
is induced by designing the DR pulse; therefore, the spec-
trum of the chirped pulse is highly broadened and no
longer monochromatic. The required layer velocity to ob-
tain a short pulse is much smaller. As a comparison, to
compress a 30-fs (normally used) laser pulse to about 1 fs,
the pure-Doppler-shifting method requires a moving layer
with proton energy of about 3 GeV, while using this
relativistic chirped pulse compression, as Bp.x = 0.77,
one needs proton energy of only about 500 MeV.

Two-dimensional (2D) simulation is performed to verify
the practical efficiency. The simulation is run in a box of
7070 X 70X, with cells of 3500 X 700. The amplitude of
the DR pulse rises to ag = 60 in 27, and remains constant
temporally. The SC pulse is with peak amplitude a,, = 5
and duration 7, = 107,. Both pulses are transversely
super-Gaussian: a = a(t) exp(—y*/w3)[sin(wyt)é, +
cos(wgt)e,], where wy, =151, for the DR pulse and
16A, for the SC pulse. The foil density is ny = 40n,., and
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FIG. 3 (color online). (a) Distribution of transversal laser field
E,. (b) Transversal laser field E, and laser intensity after
compression.

hence we choose its thickness as d = 0.6\ according to
Eq. (6). The foil is located at 341(—34.6A,,.

Because of multidimensional effects, such as hole bor-
ing and Rayleigh-Taylor-like or Weibel-like instabilities
[16—-19], the foil accelerated in the radiation-pressure ac-
celeration scheme might be deformed and, therefore, harm-
ful for reflecting lasers. To depress these effects, a super-
Gaussian laser pulse is employed in the simulation. One
could also taper the foil to compensate the deformation
[20]. Furthermore, we vary some of the parameters com-
pared with 1D simulation, increasing the peak amplitude of
the DR pulse to ay = 60 and reducing the foil density to
no = 40n.. As the target hole-boring velocity scales as
ay/ n(l)/ 2 [17] and Rayleigh-Taylor instability develops
much slower when the hole-boring velocity is larger, we
choose the present parameters to offer a much larger
velocity than that of 1D simulation. Figure 3(a) shows
the laser field distribution after interacting. It is shown
that a chirped pulse is well generated. After compensating
second-order dispersion, a near single-cycle laser pulse is
obtained, as seen in Fig. 3(b). Its duration is about 0.4487,
and the wavelength is shortened to 0.32 um. It shows that
this mechanism works very well in multidimensional
geometry.

In conclusion, by combining Doppler shifting and a
dispersion compensation technique, we have proposed a
method to generate a relativistic single-cycled pulse with
short wavelength by a laser-foil interaction. A driving
pulse accelerates a foil to form a fast-moving layer and a
counterpropagating SC pulse impinges on it. After being
reflected from the layer, the SC pulse is Doppler shifted
and strongly chirped. By applying dispersion compensa-

tion on the chirped pulse, it can be compressed to a nearly
single-cycled relativistic pulse. This method has no inten-
sity limit as it employs a laser-plasma interaction. The
dimensionless amplitude of the generated pulse is greatly
increased, and the wavelength is much shortened.
Furthermore, the frequency characteristic can be deter-
mined by designing an appropriate DR laser form, which
is very convenient for application. We also examined the
conditions that should be fulfilled to make this method
efficient. Two-dimensional simulations were performed
to check the validity, and they showed that the proposal
also works very well.
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