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Abstract: We have investigated the polarization of attosecond light 
pulses generated from relativistic few-cycle laser pulse interaction with 
the surface of overdense plasmas using particle-in-cell simulation. Under 
suitable conditions, a desired polarization state of the generated attosecond 
pulse can be achieved by controlling the polarization of the incident laser. 
In particular, an elliptically polarized laser pulse of suitable ellipticity can 
generate an almost circularly polarized attosecond pulse without 
compromising the harmonic generation efficiency. The process is thus 
applicable as a new tabletop circularly-polarized XUV radiation source for 
probing attosecond phenomena with high temporal resolution.

© 2016 Optical Society of America

OCIS codes: (320.7110) Ultrafast nonlinear optics; (190.4160) Multiharmonic generation;
(260.5430) Polarization; (350.5400) Plasmas.

References and links
1. S.-Y. Xu, M. Neupane, C. Liu, D. Zhang, A. Richardella, L. A. Wray, N. Alidoust, M. Leandersson, T. Balasubra-

manian, J. Sánchez-Barriga, O. Rader, G. Landolt, B. Slomski, J. H. Dil, J. Osterwalder, T.-R. Chang, H.-T. Jeng,
H. Lin, A. Bansil, N. Samarth, and M. Z. Hasan, “Hedgehog spin texture and berrys phase tuning in a magnetic
topological insulator,” Nature Phys. 8, 616–622 (2012).
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1. Introduction

Circularly polarized light in the extreme ultra violet (XUV) and soft x-ray regions has proven to
be very useful for applications including the direct measurement of quantum phases in graphene
and topological insulators [1, 2], the XUV magnetic circular dichroism spectroscopy [3, 4], as
well as the reconstruction of band structure and modal phases in solids [5]. Currently, such
radiation is mainly available at large scale synchrotron sources and the time resolution is much
larger than the sub-laser cycle time scale, limiting its wide availability and time resolving power.
Although novel XUV optics can be used to convert XUV polarization [6], it is often subject to
limited bandwidth and low transmission efficiency. It has great significance to realize a table-
top circularly polarized attosecond XUV source directly by using the laser.

Polarization-dependent two-color high-harmonic generation (HHG) has been considered
more than two decades ago [7], and very recently production of bright circularly polarized
XUV light by HHG in noble gases has been realized experimentally [8, 9]. In fact, the field
has become a focus of research in the nonlinear optics of HHG. Compared to HHG from noble
gases, HHG from plasma surfaces [10–28] does not subject to the limitation of maximum ap-
plied laser intensity and can thus use the state-of-the-art terawatt and petawatt laser technology,
which will improve attosecond pulse energy, making it potentially useful to pump-probe ex-
periments [29]. There is a strong motivation to seek circularly polarized attosecond XUV light
source by HHG from plasma surfaces.

Many authors have considered harmonic intensity and polarization state [17,20–28] for HHG
from plasma surfaces; however, the ellipticity of harmonics was rarely discussed. Attosecond
pulse with circular polarization requires two orthogonally polarized harmonic components cor-
related with each other. This correlation expresses in terms of the same spectral intensity and
half π spectral phase difference independent of frequency in its spectral range. The situation
for HHG from plasma surfaces is similar to HHG from noble gases; a circularly polarized laser
pulse is generally not suitable to generate circularly polarized laser harmonics. Under normal
incidence geometry, it is not efficient in driving the motion of electron population at plasma
surfaces which is required to Doppler upshift the laser fundamental frequency [17–19]. Under
oblique incidence, although a circularly polarized incident laser has equal energy in its p− and
s−polarized components, the harmonic yields from these two polarization components are not
the same. In order to efficiently generate a circularly polarized attosecond light pulse, it seems
that oblique incidence is preferred; and it is required to fine tune the polarization state of an
elliptically polarized laser pulse in relative intensity and phase between its two orthogonally
polarized components.

In this paper we investigate the polarization of attosecond light pulses generated from rel-
ativistic few-cycle laser pulse interaction with the surface of overdense plasmas. Firstly, the
carrier-envelope phase ϕCEP of the laser is tuned to within the range 0.7π . ϕCEP . 1.8π and
plasma scale length L to within 0.3λL . L . 0.7λL for generating intense isolated attosecond
pulse with p−polarization [30]. The polarization of the incident laser pulse is then fine tuned
to a regime where both the spectral intensity and spectral phase relations between the two or-
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thogonally polarized harmonic components satisfy the requirements for a circularly polarized
attosecond light pulse. The main goal of this work is to proposing a new way to generate at-
tosecond pulse with circular polarization or at least with elliptical polarization and a high degree
of ellipticity. The laser parameters used in this paper, including among others the 5 fs FWHM
pulse duration, are approximately realized using LWS-20 laser system [31].

2. Attosecond pulse properties in a typical interaction scenario
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Fig. 1. (a) Laser pulse obliquely incident onto a plane plasma target. Incident p−
and s−polarized electric field (E i

p and E i
s) are in y and z directions; reflected p− and

s−polarized electric field (Er
p and Er

s ) are in x and z directions. (b) Reflected p−polarized
electric field Er

p(x,y). Areas filled with red color and with grid pattern correspond to con-
stant density and exponential density layers. (c) Incident electric field components E i

p and
E i

s. (d) Reflected electric field components Er
p and Er

s . (e) Filtered electric field components
and the total magnitude [(Er

p,atto)
2 +(Er

s,atto)
2]1/2, black dashed line. (f) SPDs for the two

field components of the strongest burst and the phase difference between them, green solid
line. In (c) to (f), blue and red solid curves are respectively for the p− and s−polarized
light. Magenta dashed line in (d) is a one-cycle long unit Chebyshev window used to se-
lect the strongest burst; its real amplitude is 1. The white rectangle in (b) as well as the
two black dashed lines in (c) and (d) mark the cycle for the strongest attosecond pulse
emission. Laser and plasma parameters are EL = 10, θ = 20◦, ϕCEP = 1.17π , w0 = 1.6λL,
τL = 1.875TL and L = 0.43λL.

As in Fig. 1(a), we consider a laser pulse incident obliquely onto a plane plasma layer
at incidence angle α = 45◦. The plasma layer has initially only one dimensional den-
sity distribution along its surface normal. The simulation is performed using the 2D PIC
code LAPINE [32]. The incident laser pulse propagates along x-axis and has Gaussian
spatial and temporal profiles with the normalized electric field at focus given by Ei(t) =
EL exp(−y2/w2

0)exp [−2ln2(t/τL)
2]{ŷcos(2πt+ϕCEP)cosθ + ẑcos(2πt+ϕCEP+π/2)sinθ}.

EL is the peak laser field normalized by mcωL/e; w0 is the 1/e waist size normalized to laser
wavelength λL; m, ωL and e, the electron rest mass, laser fundamental frequency and electron
charge respectively. τL is the intensity full-width-half-maximum (FWHM) laser pulse duration
normalized to laser period TL. Throughout this paper we assume EL = 10, which corresponds to
a laser intensity of 2×1020 W/cm2 for a laser central wavelength λL of 800 nm; τL = 1.875TL,
which corresponds to a FWHM duration of 5 fs. The density profile of the interacting plasma
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has an exponential interface layer in the front with scale length of L. It rises from 0.2nc up to
a maximum of 90nc and then it is followed by a 1λL thick constant density distribution, where
ne and ni are electron and ion fluid densities normalized by critical density nc at ωL. The simu-
lation is performed for moving ions with charge number Z = 10 and ion to electron mass ratio
mi/m = 50000. The resolution used is ∆x = ∆y = 2.5×10−3λL and ∆t = 1.6×10−3TL.

The incident laser pulse is focused at the critical density inside the plasma layer. Its waist size
is w0 = 1.6λL, corresponding to a FWHM diameter of 1.5 µm, making the interaction near to
the λ 3 regime [33]. However, as shown in Fig. 1(b), the reflected beam is still well-collimated
around the specular reflection direction. This probably because we used a much higher target
density compared to that in [33]. The incident laser pulse is recorded at x = y = 0, as shown in
Fig. 1(b). It is elliptically polarized with ellipticity of σ = tanθ = 0.36 (θ = 20◦). The reflected
field is recorded at y = 6.4λL and at an x coordinate where the reflected light energy fluence is
at the maximum, as is shown in Fig. 1(d). Both components of the reflected electric field are
strongly modulated. They are naturally attosecond spikes even without filtering. These spikes
occur at the same time in the p and s components; each pair constitutes the components of a
single burst. After filtering with a spectral band containing the 10th to 30th laser harmonics
(H10-H30), the strongest burst results in a single isolated attosecond pulse and all other weaker
ones result in side pulses having negligible intensity. Field components of the filtered attosec-
ond pulse Er

p,atto and Er
s,atto as well as its field magnitude [(Er

p,atto)
2 +(Er

s,atto)
2]1/2 are shown in

Fig. 1(e). Their corresponding spectral power densities (SPDs) as well as their spectral phase
difference ∆φ are shown in Fig. 1(f). Note that, to emphasize our interested physics, we have
gated the reflected field from the emission cycle with a one-cycle long Chebyshev window be-
fore the Fourier analysis. This is to smooth the curves in Fig. 1(f) by precluding the interference
due to the weak side pulses. Field magnitude curve in Fig. 1(e) (black dashed curve) is almost
smooth with very shallow modulations. The SPD curves of the two polarization components
in Fig. 1(f) are similar in shape and more or less overlapped. The spectral phase difference
between them is flat with a value of around π/2. All these features are in agreement with a
high degree of ellipticity for the attosecond pulse σatto = 0.79, which is obtained by evaluat-
ing the Stokes parameters [34]. The flat and π/2 spectral phase difference is understandable
by checking the structures of the selected cycle from the reflected electric field in Fig. 1(d). A
unipolar peak for p polarization implies phase locked “cosine” waves; while a bipolar peak for
s polarization implies phase locked “sine” waves. These two categories of waves have phase
difference of π/2 between each other.

3. Attosecond pulse polarization control

To illustrate the idea of attosecond pulse polarization control, we have performed a systematic
study through simulation using the 1D PIC code LPIC++ [17]. In 1D simulation, the effect of
finite focal spot size is not simulated. We consider two cases: 1) Incident laser pulse is linearly
polarized with the normalized electric filed given by Ei(t) = EL exp [−2ln2(t/τL)

2]cos(2πt +
ϕCEP)(êp cosθ + ês sinθ). 2) Incident laser pulse is elliptically polarized with the normalized
electric field given by Ei(t) = EL exp [−2ln2(t/τL)

2][êp cos(2πt +ϕCEP)cosθ + ês cos(2πt +
ϕCEP+π/2)sinθ ]. For these two cases, the polarization of the laser pulse is varied continuously
through the parameter θ , while all other parameters are kept the same as in the 2D simulation
of the previous section. In an actual experiment where the optical pulse output from the laser
system is linearly polarized, a half-wave plate is inserted for the first case, while an additional
quarter-wave plate is inserted after this half-wave plate for the second case. The variation of the
parameter θ is realized by rotation of the half wave plate in each case.

The left and right columns of Fig. 2 show polarization control through linearly and ellip-
tically polarized laser pulses respectively. Every energy efficiency in the figure is defined as
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Fig. 2. Polarization control with linearly polarized laser (left column) and with ellipti-
cally polarized laser (right column). θ dependence of (a) and (d) the efficiency of the
p−polarized, s−polarized as well as the overall reflected light from the whole spectral
range (blue, red and black solid). The energy proportion of the p− and s−polarized light in
the incident laser pulse (blue and red dashed). (b) and (e) the p−polarized, s−polarized as
well as the overall energy efficiency of the selected attosecond pulse from harmonics H10-
H50 (blue, red and black solid). (c) and (f) the ellipticity of the selected attosecond pulse
synthesized from H10-H50 (black solid) and of the incident laser pulse (black dashed).
The scan resolution for θ is 1◦. Laser and plasma parameters are EL = 10, ϕCEP = 1.17π ,
τL = 1.875TL and L = 0.43λL.

the ratio of the corresponding energy to the energy of the incident laser pulse. When θ = 0,
laser pulse is purely p−polarized. The energy efficiency for the reflected light from the whole
spectral range is only 55%, with the rest energy mainly absorbed by plasma electrons. The se-
lected (strongest) attosecond pulse from the 10th to 50th laser harmonics (H10-H50) is linearly
polarized (σatto = 0) and its energy efficiency is as high as 10%. As in Fig. 2(a) and 2(d), when
laser pulse polarization is rotated off from the p polarization direction, the energy efficiency
decreases for p−polarized, increases for s−polarized as well as the overall reflected light. The
energy efficiency for p−polarized reflected light is always smaller than the corresponding en-
ergy proportion in the incident laser pulse, showing a net absorption of p−polarized light by
plasma electrons. While the energy efficiency for s−polarized reflected light is always larger
than the corresponding energy proportion in the incident laser pulse, showing a net emission
of s−polarized light from plasma electrons. In other words, the reflected s polarization compo-
nent is using energy from the p polarization component in the incident laser pulse [35]. This
explains that, for a range of |θ | in Fig. 2(b) and 2(e), the attosecond pulse energy efficiency from
s−polarized harmonics is comparable or even higher than that from p−polarized harmonics;
although the s polarization component has lower energy than the p polarization component in
the incident laser pulse. For linearly polarized laser pulse, as in Fig. 2(b), the overall energy ef-
ficiency for the selected attosecond pulse in the |θ |> 45◦ regime is orders of magnitude lower
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Fig. 3. Temporal (left column) and spectral (right column) features of the selected attosec-
ond pulse. (a), (c) and (e) p−polarized Er

p,atto (blue solid), s−polarized Er
s,atto (red solid)

electric field, and the electric field magnitude [(Er
p,atto)

2 +(Er
s,atto)

2]1/2 (black dashed) of
the selected attosecond pulse. (b), (d) and (f) Blue and red solid, the p− and s−polarized
SPDs. Green solid curve, spectral phase difference between the two polarization compo-
nents. (a) and (b) θ = 5◦. (c) and (d) θ = 5◦ (σ = 0.09). (e) and (f) θ = 20◦ (σ = 0.36).
Incident laser pulse for (a) and (b) is linearly polarized. Incident laser pulses for (c) and
(d), (e) and (f) are elliptically polarized. Other laser and plasma parameters are the same as
in Fig. 2.

than that for θ = 0 case and thus not of interest. There exists an optimum |θ | ≈ 10◦ where the
attosecond pulse overall energy efficiency is at maximum. Although the incident laser pulse
is linearly polarized, the generated attosecond pulse generally shows a certain degree of el-
lipticity. However, it still approaches linear polarization for small |θ |s, as in Fig. 2(c). For
elliptically polarized laser, as in Fig. 2(e), there exists a |θ | range (|θ |. 25◦) where the overall
energy efficiency for the selected attosecond pulse almost does not change. In this regime, as
|θ | (|σ |= | tanθ |) increases, the generated attosecond pulse changes from linear polarization to
almost circular polarization |σatto| ≈ 0.95 at |θ | ≈ 20◦ (|σ | ≈ 0.36). It is important to mention
that the selected attosecond pulse has overall energy efficiency comparable to the regime where
the incident laser pulse is purely p−polarized (θ = 0).

To show the effect of laser polarization on the temporal and spectral features of the generated
attosecond pulse, we choose one instance θ = 5◦ using linearly polarized laser pulse as shown
in Fig. 3(a) and 3(b); and two instances θ = 5◦ and θ = 20◦ using elliptically polarized laser
pulse as shown in Fig. 3(c) and 3(d), Fig. 3(e) and 3(f). When laser pulse is linearly polarized
with small θ = 5◦, the two electric field components of the generated attosecond pulse are
different in amplitudes and nearly π out of phase (in antiphase) as shown in Fig. 3(a). Their
SPD curves are quite different in shape. Their spectral phase difference ∆φ is almost flat with
value around π as shown in Fig. 3(b). In other words, the generated attosecond pulse approaches
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linear polarization. These features are in agreement with a small ellipticity value σatto ≈ 0.14
through evaluating the Stokes parameters. When laser pulse is elliptically polarized with small
θ = 5◦ (σ = 0.09), the two electric field components of the generated attosecond pulse are
very different in amplitudes and near π/2 out of phase as shown in Fig. 3(c). Their SPD curves
are also quite different in shape with spectral phase difference ∆φ slightly larger than π/2 as
shown in Fig. 3(d). The generated attosecond pulse is elliptically polarized with an ellipticity of
σatto ≈ 0.32. When laser pulse is elliptically polarized with θ = 20◦ (σ = 0.36), the two electric
field components of the generated attosecond pulse are almost the same in amplitudes and
around π/2 out of phase as shown in Fig. 3(e). Their SPD curves are almost the same in shape in
the whole spectral range. The spectral phase difference between the two components ∆φ is very
flat and close to π/2 as shown in Fig. 3(f). The generated attosecond pulse is almost circularly
polarized with ellipticity as high as σatto ≈ 0.95. Note that ∆φ ≈ π in Fig. 3(b), while ∆φ ≈ π/2
in Fig. 3(d) and 3(f); this phase difference is very probably determined by that of the incident
laser pulse. We also checked other instances. When the incident laser pulse is linearly polarized,
we are not able to match both the spectral intensity and the spectral phase difference ∆φ to
that required for a circularly polarized attosecond light pulse. When the incident laser pulse is
elliptically polarized, however, for all instances where 20◦ < |θ |< 45◦, both the spectral shapes
and the spectral phase difference ∆φ approximately satisfy these two requirements. These are
in agreement with the high ellipticity values |σatto| in the range shown in Fig. 2(f). But, for
larger |θ |s, the degree of ellipticity drops and the attosecond pulse energy efficiency is not as
high as the |θ | ≈ 20◦ regime.

For the above interaction conditions, it is possible to generate a circularly polarized attosec-
ond light pulse simply by adjusting the parameter θ of the elliptically polarized incident laser
pulse. We have also tried different spectral ranges other than H10-H50, and have got results
from which we could draw the same conclusion. However, at other interaction conditions, ad-
justment of θ might not be enough. For example, when laser and plasma parameters are located
in the range 0.2π . ϕCEP . 1.3π and 0.13λL . L . 0.26λL [30], it was not possible to generate
an attosecond pulse with ellipticity |σatto| higher than 0.7. In this case, adjustment of an addi-
tional “knob” is possible. This “knob” is the phase difference between the p and s polarization
components of the incident laser pulse which was previously set to be π/2 using a quarter-wave
plate. Tuning of this phase difference is possible using the phase change difference between the
p− and s−polarized light from reflective surface at different incidence angles [34]. For the
mentioned case, we have succeeded to increase the ellipticity of the generated attosecond pulse
to higher values through this method after the tuning using θ .

4. Discussions and conclusions

To conclude, the polarization properties of attosecond light pulses generated from the surface
of overdense plasmas are investigated. Based on the results, we propose that, if the laser and
plasma parameters are controlled [30], through the manipulation of the incident laser pulse po-
larization, an intense circularly polarized attosecond light pulse from plasma surfaces can be
generated which benefits many interesting applications. This attosecond pulse has energy con-
version efficiency comparable to its purely p−polarized correspondent. A 2D PIC simulation is
performed to show the feasibility of the control scheme when the incident laser pulse is tightly
focused.
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