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Intense circularly polarized attosecond pulse generation from solid targets
irradiated with a two-color linearly polarized laser
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A method for the production of intense circularly polarized (CP) attosecond pulses from relativistic laser-
solid interactions is proposed, where a two-color linearly polarized (LP) laser is used. The polarization, photon
frequency, and other properties of the obtained attosecond pulse can be controlled by adjusting the ratio of
the dichromatic driving LP field in different harmonics, which is much easier and more efficient than those
previously using CP driving lasers. Both one- and two-dimensional particle-in-cell simulations show that a CP
attosecond extreme-ultraviolet pulse with an intensity of 1.4 × 1019 W/cm2 and a duration of about 120 as
is obtained by a two-color LP laser at intensities in the fundamental and second harmonics of, respectively,
1.5 × 1022 and 6.4 × 1021 W/cm2, which can be applied for the detection of the magnetic and chiral properties
of materials.
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I. INTRODUCTION

Chirality, the asymmetric property by which an object or
structure and its mirror image are not superimposable, plays
an important role in material science. Circularly polarized
(CP) radiation is an extremely powerful tool to investigate
the chirality of materials by light-matter interactions, from
photoionization in chiral molecules to magnetic properties
in solid-state materials [1–5]. In particular, due to high spa-
tial and temporal resolutions, CP radiation in the extreme
ultraviolet (XUV) or x-ray spectral range can be used as
magnetic circular dichroism spectroscopy [6,7] for detecting
absorption edges of atoms, measuring quantum phase in topo-
logical insulators, distinguishing ultrafast dynamics of spin
and orbital moments, and tracking transient ferromagnetic
processes of magnetic systems [8–12]. A CP XUV or x-ray
pulse can be obtained on large free-electron laser facilities
through adjusting the configuration of undulators and using
the metal mirror polarizer [13,14], which, however, generally
has a duration in femtosecond scale and is very costly.

High harmonic generation (HHG) from noble gases inter-
acting with linearly polarized (LP) lasers has been explored
to obtain XUV pulses, which is based on ionization, accelera-
tion, and recombination of electrons from atoms in laser fields,
i.e., the three-step model [15]. In this scheme, the efficiency
of HHG decreases exponentially when the laser ellipticity
increases; therefore, it meets intrinsic difficulties in generating
a CP XUV pulse. Generation of quasi-CP HHG have been
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proposed by using aligned molecules interacting with rotating
dichromatic CP or LP lasers with orthogonal polarizations
[16,17]. However, the photon energy and total flux of the
obtained CP HHG are rather low due to the limitation of the
ionization threshold and conversion efficiency [18,19].

In principle, intense laser-plasma interactions provide a
more promising way to achieve XUV pulse radiations with
high brightness via the relativistically oscillating mirror
(ROM) [20–24] mechanism, because there is no limitation on
the applicable drive laser intensity and thus the XUV intensity.
To obtain CP HHG, relativistic CP or elliptically polarized
(EP) lasers [25,26] are used to obliquely irradiate a plasma
surface, where the polarization of HHG is inherited from the
driving laser. However, on the one hand, an intense CP or
EP drive laser itself is extremely challenging to be available
in experiments, where a significant amount of energy is lost
when transforming lasers from LP to CP; on the other hand,
it is actually very hard to control the generation of CP HHG
with both the stable phase difference π/2 and the equivalent
radiation amplitudes in two orthogonal directions at the cycle
near the drive laser peak intensity by adjusting solely the
incidence angle, resulting in low conversion efficiency and
low brilliance of the generated CP HHG.

In this paper, we propose a scheme for generation of
relativistically intense CP attosecond XUV pulses by using
a LP laser, which can be realized with current laser facilities
[27]. In this scheme, an S-polarized two-color laser is used
to obliquely irradiate a solid target [see Fig. 1(a)], where
the laser electric field and the transverse component of the
oscillating ponderomotive force drive transverse currents in
two orthogonal directions with different harmonics and a
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FIG. 1. (a) Schematic for the principle of the proposed scheme:
generation of CP attosecond pulse from solid targets by an intense
two-color LP laser via ROM. (b) Waveform of the obtained CP
attosecond XUV pulse after spectral filtering in 1D PIC simulation,
where the 30th–46th harmonic orders are selected. The waveform of
the 3D electric field vector (black) and the two orthogonal electric
field components Ey (blue, light gray) and Ez (red, dark gray) are
displayed. The laser and target parameters in the simulation are
described in the text.

phase difference of π/2, while the longitudinal ponderomo-
tive force drives the oscillating plasma mirror. According
to the selection rules [21] of HHG in ROM, both odd and
even harmonics are generated in two orthogonal directions.
By controlling the ratio of the dichromatic driving field in
different harmonics of two-color lasers as well as its incident
angle, similar harmonic spectra in two directions can be
achieved, resulting in the production of intense CP attosecond
pulses. The principle and the condition of the scheme are
theoretically given and verified by one-dimensional (1D) and
2D particle-in-cell (PIC) simulations for a large range of
laser and target parameters. It is shown that an intense CP
attosecond XUV pulse with an intensity of 1.4 × 1019 W/cm2

and a duration of about 120 as can be generated by using a
two-color S-polarized laser at intensities in the fundamental
and second harmonics of, respectively, Iω = 1.5 × 1022 and
I2ω = 6.4 × 1021 W/cm2 [see Fig. 1(b)].

II. THEORETICAL ANALYSIS

Let us start by analyzing the harmonic generation dy-
namics in the boosted frame introduced by Bourdier [28],
which well describe the interaction of a solid target with
the obliquely incident laser. In the boosted frame, as shown
in Fig. 1(a), the target plasma have a drift velocity −c sin θ

along the Y direction, where θ is the incident angle in the
laboratory frame and c is the speed of light. The S-polarized
laser propagates along the X direction with electric field along
the Z direction. In this case, the electric field wave prop-

agation equation can be written as (∂2
x − 1/c2∂2

t )A(x, t ) =
−(1/ε0c2)J⊥(x, t ), where A is the vector potential of the
laser field as E = −∂A/∂t , and J⊥ is the transverse cur-
rent density. Hereafter, dimensionless quantities are used as
ne = ne/nc, β = v/c, ω = ω/ω0, J = J/(ne0ec), E = E/E0,
E0 = meω0c/e, B = B/B0, B0 = meω0/e, and a = eA/mc,
where nc = ω2

0ε0me/e2 is the critical density. Then, the re-
flected electric field Er

⊥ can be obtained as

Er
⊥(x, t ) = −1

2

∫ +∞

−∞
dx′dt ′ ∂J⊥(x, t, x′, t ′)

∂t ′ , (1)

where J⊥ = −eneβeδ(x − x′) + Zeniβi, indexes i and e mean
ion and electron, respectively, Z is the atomic number, and
δ(x − x′) represents density distribution of the compressed
oscillating plasma surface. From Eq. (1), we see that harmonic
radiation depends critically on the time derivative of the trans-
verse current density ∂J⊥/∂t = −en∂ (p⊥/γ )/∂t , where p⊥ is
the electron transverse momentum. In the boosted frame, the
plasma has a drift velocity of βy0 = − sin θ . Since no electric
field exists in the Y direction, we obtain that py = py0 =
γ0βy0 = sin θ/ cos θ = tan θ . Substituting these into Eq (1),
we get

Er
z (x, t ) = 1

2

∫ +∞

−∞
dx′ ne pz

(1 + βx )γ
δ(x − x′), (2)

Er
y (x, t ) = 1

2

∫ +∞

−∞
dx′ ne tan θ

(1 + βx )γ
δ(x − x′). (3)

Since harmonic radiation occurs when the transverse cur-
rent density has the maximum time derivative, i.e., passing
though the zero node, and the radiation process lasts only
on an attosecond time scale, the transverse momentum in
the Z direction during radiation can be approximated in the
first-order expansion as pz = d pz/dt |t=trad
t = ωd
t , where
ωd = d pz/dt |t=trad is defined. Then, after some derivations,
we obtain the reflected high harmonic spectra after Fourier
transformation as

Er
z (ω) = Ê r

z

2π

∫ +∞

−∞
dt ′′eit ′′ ω

ωd cos(θ )
Am

ωd

t ′′

1 + t ′′2

= Ê r
z

Am

2ωd
e− ω

ωd cos(θ ) ei π
2 , (4)

Er
y (ω) = Ê r

y

2π

∫ +∞

−∞
dt ′′eit ′′ ω

ωd cos(θ )
Am

ωd

sin(θ )

1 + t ′′2

= Ê r
y

Am

2ωd
e− ω

ωd cos(θ ) sin(θ ), (5)

where γ ≈ a, t ′′ = pz cos θ = ωdt cos θ , and Am = γ ne(1 −
βx )/2 is a slowly varying function of time for ω � ω0 and
a � 1. Ê r

z = sign(d pz/dt ) and Ê r
y = sign(d py/dt ) represent

the directions of two orthogonal reflected electric fields that
can be plus or minus.

The properties of the harmonic radiation in the reflected
direction can be analyzed from Eqs. (4) and (5). First, compar-
ing the phase terms in both equations, we see that the phases
of the harmonic radiations in the Z and Y directions have
a difference of 
φrad = π/2 or −π/2. When transforming
back to the laboratory frame with E ′

y = Ey cos θ and E ′
z =

γ0Ez + β0cBx = Ez cos θ , where Bx = 0 in the boosted frame,
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this π/2 or −π/2 phase difference for the radiations in two
directions is still kept, which is consistent with the phase
of the driving S-polarized laser [29]. Note that the origin of

φrad can be directly explained from the acting force on the
oscillating plasma surface in the laboratory frame, where the
laser electric field fz = −eEz and the transverse ponderomo-
tive force fy = −evzB sin θ drive transverse currents in two
orthogonal directions with different harmonics and a stable

φrad of π/2, while the longitudinal ponderomotive force
drives the oscillating plasma mirror.

Second, to obtain CP harmonic radiation, the radiation
fields in two orthogonal directions also need to have the
same amplitudes at the same harmonic orders. If using
one-color lasers, t ′′ in Eqs. (4) and (5) can be written as
cos(ωt ), and correspondingly the terms in the integrand
become 1/(1 + t ′′2) = �(−1)n cos(ωt )2n and t ′′/(1 + t ′′2) =
�(−1)n cos(ωt )2n+1. Then, we conclude that there always
exists a harmonic mismatch between the radiations in the
Z direction (ω, 3ω, 5ω, . . .) and the Y direction (2ω, 4ω,
6ω, . . .), obeying the harmonic selection rules [21]. Moreover,
the ratio of the radiation field amplitudes is always Ey/Ez =
sin θ . Therefore, to achieve the same radiation amplitudes in
both Y and Z directions as well as at the same harmonic
orders, we propose using a two-color laser with the field am-
plitude a = a1 cos(ω1t ) + a2 cos(ω2t + φ0), where the initial
phase φ0 is used to control the radiation cycle by changing
the wave form of the incident two-color laser field, and the
intensity ratio of two-color laser field W = Iω2/(Iω1 + Iω2) =
a2

2/(a2
1 + a2

2) can be adjusted to achieve the same radiation
amplitude in two directions. Furthermore, the efficiency of
HHG can also be enhanced by the two-color laser setup itself
[30–33]. Therefore, an intense CP attosecond pulse can be
obtained by our proposed scheme, as shown in Fig. 1(b).

III. SIMULATION RESULTS

To verify the above theory of our scheme, 1D PIC simula-
tions are carried out by using the code EPOCH [34]. The simu-
lation box has a length of 60λ (0 � x � 60λ), which is com-
posed of 240 000 cells. Each cell of the plasma is filled with
200 quasiparticles for both electrons and ions. An S-polarized
two-color laser with peak intensities of, respectively, Iω1 =
Iω = 1.5 × 1022 and Iω2 = I2ω = 6.4 × 1021 W/cm2 (W =
0.3) propagates from the left boundary at x = 0 and obliquely
irradiates a solid target at x = 50λ with an incident angle
of θ = 45◦, where λ = 800 nm is the wavelength of the
fundamental component. The laser pulse has a temporally
Gaussian profile as I (t ) = I0 exp [−4ln2(t/τp)2] in both the
fundamental (I0 = Iω) and the second harmonic (I0 = I2ω)
components, where τp = 18 fs is chosen here. The electron
density of the solid target is assumed to be ne0 = 195nc with a
preplasma of ne = ne0e−(x−50λ)/ls and ls = 0.1λ. Simulations
for the one-color laser case are also carried out for compar-
ison, where the peak intensity is chosen as I = Iω + I2ω =
2.14 × 1022 W/cm2 so that the total laser energy stays the
same. Note that for the laser pulse with a Gaussian temporal
profile, according to the basic principle of the Fourier analysis
[35], the bandwidth of the laser frequency is self-consistently
included. For τp = 18 fs, we can easily obtain that the
laser bandwidth for the fundamental and second harmonic
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FIG. 2. 1D PIC simulation results for the proposed scheme,
where the simulation parameters are shown in the text. (a) Spatiotem-
poral distribution of the electron density ne and (b) time derivations
of the current density ∂J/∂t . The inset of panel (a) shows the electron
density ne along the surface in one-color (blue, light gray) and two-
color (red, dark gray) laser cases, respectively, where arrows indicate
the location of the mirror surface. The inset of panel (b) shows ∂J/∂t
of the one-color case. (c) and (d) The obtained harmonic spectra in
the specular direction at t = 96T0 for the two- and one-color laser
cases, respectively. (e) and (f) The normalized field intensities |Ey|2
(upper panel) and |Ez|2 (lower panel) of the attosecond pulse after
selecting 30th–46th harmonic orders emitted around the peak laser
intensity for the two- and one-color laser cases, respectively.

components are respectively 
λ800 = 52.3 nm and 
λ400 =
13.1 nm.

Figure 2(a) plots electron density distributions evolving
with time t from t = 64.5T0 to 65.5T0 at the cycle of the peak
laser intensity. We see clearly that an oscillating plasma mirror
at target surface forms and high harmonic radiation occurs at
t ≈ 65.1T0 (see the black circle). The time derivatives of the
transverse current densities evolving with time in the Y and
Z directions are plotted in Fig. 2(b), which shows that they
have a phase difference of π/2, consistent with the above the-
oretical expectation [Eqs. (4) and (5)]. Furthermore, it can be
seen from Fig. 2(c) that the obtained harmonic spectra in the Y
and Z directions have almost the same magnitude at both odd
and even harmonics, while those in the one-color laser case
always mismatch with each other [see Fig. 2(d)]. On the other
hand, comparing Figs. 2(c) and 2(d), we also see the harmonic
radiation is significantly enhanced by using two-color lasers
due to the higher compressed electron density of the plasma
mirror [see inset of Fig. 2(a)] and the larger transverse current
density gradients [inset of Fig. 2(b)]. Eventually, as shown
in Figs. 2(e) and 1(b), an intense CP attosecond pulse with
an intensity of I ≈ 1.4 × 1019 W/cm2 and a duration of full
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FIG. 3. One-dimensional PIC simulation results for a wide range
of laser parameters including intensities I , incident angles θ , and
intensity ratios of the two-color field W . Panels (a) and (b) show
dependencies of, respectively, the phase difference 
φrad and the
ellipticity ε of the obtained attosecond pulse after spectral filtering
on laser intensities I as well as intensity ratios W . Panels (c) and
(d) show those dependencies on the incident angles θ as well as W .
(e) 
φrad in two orthogonal directions with harmonics 10th–20th
(blue triangles, light gray) and 30th–46th (red squares, dark gray)
depending on the initial phase φ0 of the two-color laser, where
I = 2.14 × 1022 W/cm2 and W = 0.3 are taken. (f) Wave form of the
obtained CP attosecond XUV pulse after spectral filtering with 15th–
20th harmonics, where lower intensities of I = 8.55 × 1018 W/cm2

and W = 0.3 are taken.

width at half maximum ≈120 as are obtained after selecting
the harmonic orders from 30th to 46th with the spectral
filtering, where the phase difference 
φrad between Ey and Ez

is −0.42π and the ellipticity ε ≡ | min(Ey, Ez )/ max(Ey, Ez )|
is 1.

To check the robustness, a series of 1D PIC simulations are
carried out for a large range of laser intensities I and incident
angles θ . From Figs. 3(a) and 3(b), we see that for laser ampli-
tudes varying from 1 × 1020 to 2.14 × 1022 W/cm2, through
adjusting the intensity ratio of the dichromatic driving laser
fields from W = 0.3 to 0.5, CP attosecond pulses with phase
differences within −0.4π to −0.5π and ellipticities ε larger
than 0.9 are always obtained. Also from Figs. 3(c) and 3(d),
we conclude that in the range of incidence angle of 45◦-60◦
and intensity ratio W of 0.2–0.5, the phase difference is stable
within −0.45π to −0.5π and the ellipticity ε is stable within
0.9 to 1. Figure 3(e) plots the phase difference of the obtained
CP attosecond pulses in two directions varying with various
initial phases φ0 of the laser in the 2ω component, where
two harmonic order ranges of 10th–20th and 30th–46th are
selected. We see that a relatively stable phase difference of
about π/2 or −π/2 can be obtained, within our expectation.

FIG. 4. Two-dimensional PIC simulation results. (a) Spatial dis-
tribution of the electric fields Ez and Ex of the obtained attosecond
pulses after spectral filtering (selecting 30th–46th harmonic orders)
and wave form of the 3D electric field vector (red) along the Y
axis. (b) and (c) The corresponding high harmonic spectra in two
directions. (d) Current densities of the oscillating plasma surface.

Meanwhile it also indicates that the chirality of the attosecond
pulse can be rotated by the initial phase. This can be attributed
to the change of the radiation dynamics for two-color lasers in
which harmonic radiation is generated in half a laser cycle. To
show that our scheme also works at lower intensities, the sim-
ulation at the drive laser intensity of I = 8.55 × 1018 W/cm2

is also carried out, and the results are shown in Fig. 3(f).
The obtained attosecond pulse has a duration of about 200
as, a phase difference of 0.55π , and an ellipticity of 0.95.
Note that, considering the condition for the driving forces
in both orthogonal directions to be comparable as well as
the condition for ROM occurrence, the intensity of the in-
cident laser should exceed the relativistic limit. Experimen-
tally, mixing and controllability of relativistic two-color fields
can be achieved in terawatt (TW) and petawatt (PW) laser
systems. For the weakly relativistic TW laser system, there
are no severe coaxial difficulties for the combination of two
components as in the experimental setup shown in Ref. [31].
However, for the highly relativistic PW laser system, the
second harmonic component should be generated before the
compressing like the setup in Ref. [36]. Furthermore, the time
delay should be compensated and the B-integral issue needs
to be avoided.

To further take the multidimensional effects into account,
2D PIC simulations are also carried out, where a two-color S-
polarized laser with transversely Gaussian spatial distribution
of radius r = 3λ is used. It is worth noting that 2D simulations
for HHG are computationally expensive and the resolution is
limited. To save the computational resources, five times lower
resolutions in space (800 cells/λ) and time than 1D are used.
The simulation box size is 12λ × 25λ along the X and Y axes,
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composed of 9600 × 20 000 cells. Each plasma cell is filled
with only 32 quasiparticles. Other parameters are the same
as those in the above 1D simulations. The simulation results
are shown in Fig. 4. It can be clearly seen that an intense
CP attosecond XUV pulse [red curves in Fig. 4(a)] at an
intensity of 1.2 × 1019 W/cm2 [4(a)], a duration of about 150
as, and a photon frequency within 30ω ∼ 46ω [Figs. 4(b) and
4(c)] is also generated in two dimensions. Figures 4(b)–4(d)
prove that the radiation spectra and the transverse current
densities match well in two directions with a phase differ-
ence of π/2, resulting in the production of CP attosecond
XUV pulses.

IV. CONCLUSION

In summary, a method for the production of intense CP
attosecond XUV pulses from solid targets irradiated with a
relativistic two-color LP laser has been reported. The polar-
ization, photon frequency, and brilliance of the generated CP

attosecond pulse can be controlled by adjusting the ratio of
the dichromatic driving LP field in different harmonics, the
incidence angle, and the initial phase, which is inherently
different from previously using a CP driving laser. Such an
intense CP attosecond XUV pulse has a great application
prospect to characterize the chiral, magnetic properties of
materials.
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