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Relativistic slingshot: A source for single circularly polarized attosecond x-ray pulses
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We propose a mechanism to generate a single intense circularly polarized attosecond x-ray pulse from the
interaction of a circularly polarized relativistic few-cycle laser pulse with an ultrathin foil at normal incidence.
Analytical modeling and particle-in-cell simulation demonstrate that a huge charge-separation field can be
produced when all the electrons are displaced from the target by the incident laser, resulting in a high-quality
relativistic electron mirror that propagates against the tail of the laser pulse. The latter is efficiently reflected as
well as compressed into an attosecond pulse that is also circularly polarized.
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Coherent x-ray radiation is useful for high spatiotempo-
ral resolution investigation of the structure of matter [1–3].
Many applications require light pulses of short wavelength
as well as short duration, such as attosecond x-ray pulses
(AXP). The table-top source of attosecond x-ray pulses is
mainly based on the high-order harmonic generation driven
by moderate intensity (∼1014 W/cm2) laser pulses in rare gas
[4–6]. However, the intensity of AXP from gas harmonics is
typically low because of the low efficiency and the limitation
of the intensity of the driving laser. On the other hand, intense
attosecond x-ray pulses, capable of x-ray pump x-ray probe
experiments [7–9], can be realized from the interactions of
relativistic intense laser pulses with plasma via surface high-
order harmonics generation [10–17] based on the relativistic
Doppler effect [18]. In fact, experiments have demonstrated
that the relativistic oscillating mirror [19,20] produced on an
overdense plasma surface can generate coherent flashes of
x-ray radiation with attosecond duration [12–17].

The possibility of generating circularly polarized (CP)
AXP has been of much recent interest [21–30]. Circu-
larly polarized AXP is particularly useful for investigating
chirality-sensitive light-matter interactions, such as dichroism
[31,32], magnetization dynamics [33,34], and probing chiral
molecules [35]. However, it is generally difficult to generate
circularly polarized harmonics or AXP. Even in the moderate
intensity region, researchers have not gotten the breakthrough
until recently by using two counter-rotating CP laser pulses
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interacting with gas [22–24]. It is more challenging in the rel-
ativistic regime by laser-plasma interactions. This is because
at normal incidence, circularly polarized laser light cannot
efficiently generate surface plasma oscillations so that no AXP
is produced [20]. At oblique incidence, the efficiencies of the
s and p components of a circularly polarized driving laser
for harmonics generation are different [20,29], resulting in
a low-ellipticity AXP. Although it is, in principle, possible
to produce circularly polarized AXP from oblique incidence
of a suitable elliptically polarized laser on overdense plasma
[28,29], in practice such an approach requires very precise
matching of the incident angle and the ellipticity of the driving
laser. The conversion efficiency is also low.

In this Rapid Communication we propose a method to
generate intense isolated and circularly polarized AXP by
using the interaction of relativistically intense circularly po-
larized few-cycle laser pulses with nanometer foils at normal
incidence. It is shown that one can effectively utilize the huge
longitudinal charge-separation field, produced when all the
electrons are separated from the target, to pull the electron
sheet back towards the tail of the laser pulse. The reflected
field is then compressed resulting in an attosecond pulse with
also a circular polarization.

The dynamics of a plasma surface irradiated by normally
incident laser pulses with different polarizations are well stud-
ied for the case of thick foils [19,20,36–38] (by the case of
thick foil we mean a scenario in which the incident laser
intensity is much lower than that needed to displace all the
electrons from the foil). An intuitive way to understand the
character of the surface motion is by making an analogy to a
forced oscillator. Just like a spring pulled by a harmonic force
makes oscillatory motion, so does the plasma surface under
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the action of a linearly polarized laser pulse and the restoring
force from the ions. These oscillations lead to the generation
of AXP every time when the surface moves towards the laser.
It is also now easy to imagine that if the force slowly builds up
and then slowly decays, the plasma surface under the action
of a circularly polarized laser pulse will slowly follow its
envelope. In this case, no AXP will be generated.

The situation becomes drastically different when the foil is
thin or in other words when the intensity of the circularly po-
larized laser is sufficient to completely separate the electrons
from the target. The difference stems from the character of
the restoring force. When still inside the target the electrons
feel the restoring force proportional to the separation distance
of the electron layer from the ions, just like the case of a
thick foil. But once outside the target the absolute value of the
restoring electrostatic force saturates and does not depend on
the distance anymore assuming one-dimensional (1D) geome-
try. One can make the following analogy. The linear restoring
potential for the case of a thin foil is similar to the gravity
potential on the surface of the Earth. The laser pulse pushes
the electrons, building up the potential energy of the electron
sheet proportionally to the distance, just like if one would lift
a ping-pong ball above the ground. A ball lifted above the
surface and released will reach its highest kinetic energy when
it comes exactly back to the ground. The same happens to the
electron sheet—when the laser pulse goes down, the potential
energy stored in the system transforms to the kinetic energy of
the electron sheet and it obtains the maximum gamma factor γ

when it reaches the ion background. We call this mechanism
the relativistic slingshot, by which circularly polarized AXP
will be efficiently generated.

Throughout the Rapid Communication we work in the
relativistic units where normalized time and space are given
by t = ωLt ′ and �x = (2π/λL)�x′, respectively, the normal-
ized density is n = n′/ncr with the critical density ncr =
mω2

L/4πe2, the normalized field is �E = e �E ′/mcωL, and the
normalized laser vector potential is �a = e �A/mc2. Here the
stressed quantities are given in the CGS units, ωL is the laser
frequency, λL is the laser wavelength, c is the speed of light,
and −e and m are electron charge and mass, respectively.

Let us first consider the following self-consistent one-
dimensional model of thin-foil-laser-pulse interaction. A
circularly polarized short laser pulse propagates in the posi-
tive x direction and hits the target initially located at x = 0.
It is convenient to describe the thin foil distribution func-
tion as a δ function in both momentum and configuration
spaces. The only parameter describing the foil will then
be the normalized areal density α ≡ nl = (n′/ncr )(l ′ωL/c) =
4πe2n′l ′/mωLc, where l ′ is the foil thickness. We have de-
veloped the physical model in Ref. [39] to the case of a CP
field and gotten the following set of self-consistent equations
describing the interaction of a δ-like foil with a circularly
polarized laser pulse,

dh

dξ
= Ex − ε

u2
⊥

1 + u2
⊥

, (1)

dx

dξ
= 1 + u2

⊥ − h2

2h2
,

dy

dξ
= uy

h
, (2)

FIG. 1. Results of the numerical solution of the model equations.
(a) The longitudinal coordinate x′ (black) of the electron layer, the
transverse velocity uy (blue) and uz (red), and the longitudinal veloc-
ity ux (green) as functions of time. (b) The Ey field radiated by the
moving electron layer. (c) The filtered field Ey (blue) and Ez (red)
after a bandpass (7ωL ∼ 13ωL) filter. (d) The Lissajous curve of the
filtered Ey and Ez fields.

dz

dξ
= uz

h
,

uy = ay,L − εy,

uz = az,L − εz, (3)

where h = γ − ux, γ is the relativistic gamma factor, u{x,y,z}
are the space components of the four-velocity, u2

⊥ = u2
y +

u2
z , ξ = t − x, ε = α/2 = 2πe2n′l ′/mωLc, ay,L, and az,L are

the y and z components of laser vector potential �a. Here y
and z are conveniently introduced to the 1D model for easier
integration, and it is assumed that the electron is initially at
y = 0 and z = 0. Ex = ε sgn(x) is the restoring field arising
from the separation of an electron layer from the ion layer.
The latter is assumed to be immobile.

In order to fully utilize the strong charge separation fields,
it was previously proposed to use the laser pulses with in-
tensity large enough to separate all the electrons of the foil
from the ions. Indeed, this has been proved to be useful in
accelerating ions or generating relativistic electron mirrors for
backscattering. This interaction regime happens when a0 ≈ ε

[40], where a0 is the laser strength parameter defined as the
peak amplitude of the laser vector potential �a. For the in-
teraction process proposed in this paper it is also critically
important to fully separate the electrons from the ions to
build up the electrostatic force, just like one would build up
the potential energy in a slingshot. Results of the numerical
integration of Eqs. (1)–(4) are presented in Fig. 1.

We use a circularly polarized laser pulse with a sin2 enve-
lope with a full duration of 4TL and strength parameter a0 =
20 (∼8.5 × 1020 W/cm2 for λL = 0.8 μm). The target has an
areal density parameter ε = 4π , which corresponds to a foil
with a thickness of 0.01λL and a density of 400ncr. Figure 1(a)
shows the longitudinal coordinate x′, transverse momenta uy

and uz, and longitudinal momentum ux all as functions of
time. From the behavior of the longitudinal coordinate x′ one
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can see that first the laser pressure pushes the electron layer
effectively away from the ion layer due to the fact that the
longitudinal component of the Lorentz force is larger than
the constant charge separation field Ex = ε. When the laser
pulse pressure goes down at some moment of time it reaches
the value where it is equal to the electrostatic pressure. This is
the moment the slingshot effect takes place. Indeed, the charge
separation electrostatic field is equal to 4π and it takes a time
less than 0.1TL for the electron layer to reach a relativistic
velocity whereas swinging backwards. This can be seen on
the plot of the ux of the electron layer as a function of time
(green color). During the interaction with a laser pulse the ux

is low, but near the tail of the pulse it rapidly shoots up and
reaches the value of about 20. Importantly we note, that when
the electron layer swings back, the transverse components of
the momentum are not zero. In other words, the electron layer
swings back and upshifts the tail of the laser pulse.

To demonstrate this fact more clearly, we have calculated
the radiation reflected from the electron layer using the one-
dimensional Lienard-Wiechert potential. The radiated electric
field in one-dimensional electrodynamics is given by

E{y,z}(t, xd ) = εu{y,z}(t∗)[1 + βx(t∗)]−1, (4)

where xd < x is the position of the detector and t∗ = t + xd −
x(t∗) is the retarded time. Figure 1(b) demonstrates the Ey

field radiated by the electron layer moving with the trajectory
given in Fig. 1(a). One can clearly see a single short and
intense burst with the amplitude exceeding the amplitude of
the incoming laser pulse. Figure 1(c) shows the result of the
bandpass filtering of the reflected field from 7ωL to 13ωL,
exhibiting a clear isolated attosecond pulse with a duration
of approximately 0.2TL. The blue color represents the filtered
Ey field, and the red color represents the filtered Ez field.
Figure 1(d) shows the Lissajous figure of the filtered Ey and Ez

fields, showing that the isolated attosecond pulse is polarized
close to circularly with an average ellipticity calculated using
the Stokes parameters in the range from 7ωL to 13ωL equal
to 0.8. In a word, the self-consistent model clearly predicts
the generation of intense isolated attosecond pulses with a
polarization very close to circular.

In reality the thin target consists of many electrons in-
teracting with each other, moreover, three-dimensional (3D)
effects are not taken into account in the model. To check the
predictions of the model, we have conducted series of 1D and
3D particle-in-cell (PIC) simulations using different codes.
Results of the 1D PIC simulations using the code PICWIG

[37,41] are presented in Fig. 2. The laser pulse and target
parameters are taken as the same as in the model calculations
presented in Fig. 1. Figure 2(a) demonstrates the dynamics of
the foil electron density (color-coded image) as a function of
time and space. The motion of the foil qualitatively resembles
the sawtooth motion obtained by the model, with a similar
amplitude of motion. We present a more detailed compari-
son between the 1D PIC simulations and the model in the
Supplemental Material [42]. In good agreement with the pre-
diction of the model, an isolated intense circularly polarized
attosecond pulse is obtained by bandpass filtering the reflected
light from 20ωL to 30ωL as seen in Fig. 2(b) which shows the
electric-field components Ey and Ez of the obtained attosecond
pulse. Figure 2(c) shows the normalized intensity spectrum

FIG. 2. Results of the 1D PIC simulation. (a) The spatiotempo-
ral evolution of the electron density (color image, densities above
10ncr are saturated). (b) Three-dimensional structure of the filtered
reflected field showing the circularly polarized AXP (black color).
Blue, red, and green curves show projections of the 3D curve on the
(t ′, Ey ), (t ′, Ez), and (Ey, Ez) planes respectively. (c) The spectrum
of reflected field. The inlay shows the part of the spectrum remaining
after the spectral filtering. (d) The ellipticity values for different
frequencies. Blue circles correspond to the peaks of the harmonics
whereas the black curve presents ellipticity for all frequencies.

of the reflected light with the inlay demonstrating the part of
the spectrum used for obtaining the isolated attosecond pulse.
Interestingly one can see the harmonics structure in the spec-
trum. These harmonics are not multiples of the laser frequency
ωL, but multiples of the frequency of the sawtooth oscillations
of the foil (the tail of the pulse is reflected by several sawtooth
oscillations). The spacing between the harmonics (�ωH ≈
0.55ωL) corresponds exactly to the period of sawtooth oscil-
lations (�Tsawtooth = 1/�ωH ≈ 1.8TL) as seen in Figs. 2(a)
and 2(c). This can, in principle, be used in experiments for
learning about the dynamics of a thin target irradiated by an
intense laser pulse. Finally, Fig. 2(d) presents the ellipticity
values for different frequencies. Blue circles correspond to the
peaks of the harmonics whereas the black curve presents ellip-
ticity curve for all frequencies. The average ellipticity for all
harmonic peaks in the range from 0 to 50ωL is equal to 0.82,
whereas in the range from 20ωL to 30ωL, used for obtaining
the single attosecond pulse, the average ellipticity is equal to
0.86. Hence, the isolated attosecond pulse in Fig. 2(b) has a
good level of circular polarization. We note that exact value
of the ellipticity may vary depending on the exact parameters
of the target and the laser pulse and this will be the subject to
the future detailed study.

To check our idea even further we have performed full 3D
PIC simulations using the code LAPINE [43–45]. The simula-
tion box is 5λL(x)×24λL(y)×24λL(z) corresponding to grids
5000(x)×480(y)×480(z) with 27 macroparticles per cell. The
initial temperature of the plasma is 100 eV. A detailed analy-
sis about how the initial temperature influences the slingshot
mechanism is presented in the Supplemental Material [42].
The transverse profile of the laser pulse is Gaussian with a
spot size (full width at half maximum) of 12λL. The other
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FIG. 3. Results of the 3D PIC simulation. (a) Three-dimensional
structure of the intensity of the filtered pulse after a bandpass
(10ωL ∼ 30ωL) filter. The red line represents the electric field of the
pulse along the axis. (b) The temporal shape of the intensity of the
filtered pulse showing that the duration of the single attosecond pulse
is less than 200 as. (c) The distribution of the average ellipticity of the
attosecond pulse in the (y, z) plane showing that the AXP is almost
circularly polarized.

parameters of the laser and the target are the same as the 1D
case. The result is summarized in Fig. 3. Figure 3(a) demon-
strates the 3D structure of the intensity of the attosecond
pulse by using the filtered Ey and Ez fields after a bandpass
(10ωL ∼ 30ωL) filter. It shows that an isolated pulse with a
spot size about 6λL is obtained. The duration of the short pulse
is less than 200 as, as shown in Fig. 3(b). The peak of the elec-
tric field of the generated attosecond pulse is eE0/mcωL 	 4.
One can then calculate the conversion efficiency from the
driving laser pulse to the 200 as pulse is at a level of 10−4.
The structure of the electric field of the attosecond pulse
along the axis is shown by the red curve in Fig. 3(a), which
rotates like the field of a circularly polarized laser pulse. The
distribution of the average ellipticity of the selected harmonics
(10ωL ∼ 30ωL) on the (y, z) plane is presented in Fig. 3(c).
One can see that the ellipticity is around 0.9 for the whole
pulse, which verifies that the single attosecond pulse is almost
circularly polarized. The 3D results agree with the model and
the 1D simulation results. It should be mentioned here that

the electron layer will deform due to the nonuniform force
in the 3D geometry, which introduces different delays for the
attosecond pulses from different transverse positions. In order
to increase the uniformity one can use a super-Gaussian laser
pulse.

Before concluding, we discuss the feasibility and limita-
tions of the slingshot mechanism. First, the areal density or
the thickness of the target should be small enough to ensure
that the laser intensity can separate all the electrons from the
ions. Second, for the slingshot mechanism it is preferable to
use a short (few-cycle) pulse. If the pulse is too long, the
decay of its intensity is too slow for the electron layer to
shoot back vigorously, and the effect will be significantly
less. We note that the carrier-envelope phase of the incident
short pulse does not play a role because our method relies on
the CP laser pulse [42]. Finally, the pulse contrast should be
high to avoid over preheating the target so that the possible
preplasma length should be still less than the extent of the
electron trajectories. The influence of the preplasma length,
which is relevant to the initial temperature, is described in
the Supplemental Material [42]. Fortunately, the targets and
laser systems capable of performing the proposed experiment
are readily available in the laboratory [46–51]. For example,
laser systems capable of generating circularly polarized laser
pulses with intensities around 1020 W/cm2 are available and
have already been employed in experiments [50].

In conclusion, we have proposed a simple method to gen-
erate circularly polarized AXP, which is promising for the
advanced x-ray pump x-ray probe experiments and the study
of chirality-sensitive light-matter interactions. The predictions
of the analytic theory agree qualitatively with the results of
the 1D and 3D PIC simulations. A more systematic param-
eter investigation including the study of the influence of the
plasma surface imperfections (such as roughness and corona)
would provide optimal conditions and help for the experi-
mental preparations. The first experimental evidence of the
mechanism could be the measurement of the harmonics with
the spacing depending on the laser intensity rather than the
laser wavelength.
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