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Abstract

The generation of an attosecond pulse in nitrogen molecules using spatially inhomogeneous laser
fields is investigated by numerically solving the time-dependent Schrodinger equation. It is
found that an isolated attosecond pulse with elliptical polarization can be generated using
linearly polarized laser fields. By changing polarization direction with respect to the molecular
axis, the ellipticity of the attosecond pulse can be easily controlled. At some specific angles, the
intensities of the two mutually vertical harmonic components, parallel and perpendicular to the
driving laser polarization direction, are comparable. Additionally, the relative phase between the
two components is about 77/2. As a result, it supports the generation of the isolated near-
circularly polarized attosecond pulse with a duration of 155 as.

Keywords: high harmonic generation, spatially inhomogeneous laser fields, isolated near-

circularly polarized attosecond pulse

(Some figures may appear in colour only in the online journal)

1. Introduction

High-order harmonic generation (HHG) is a highly nonlinear
phenomenon in strong field light-matter interactions. In the
past two decades, HHG has been intensively investigated for
its potential applications in experimentally generating a
coherent attosecond pulse [1, 2] in the extreme ultraviolet
(XUV) and soft x-ray regions [3]. The availability of isolated
attosecond pulses has successfully opened new research areas
for probing ultrafast processes of physics, chemistry and
biology with unprecedented temporal and spatial resolutions
[4-11]. For example, it has been shown that an attosecond
XUV pulse can be used to study inner-shell electron
dynamics in atoms and molecules [12, 13].

The mechanism of the HHG can be well described by the
classical three-step model (CTSM) [14]: ionization, accel-
eration, and recombination. The CTSM not only provides a

0953-4075/16,/015602+-11$33.00

clear physical picture of HHG, but also suggests that the HHG
process can be controlled by modulating different steps to
generate intense isolated attosecond pulses. Many different
schemes have been proposed for this purpose, including using
a few-cycle laser pulse [15-17], the polarization gating
technique [2, 18-21], two-color (or multi-color) control
schemes [17, 22-26] and, more recently, using plasma-
enhanced inhomogeneous laser fields [27-33].

Most previous considerations have concentrated on the
generation of linearly polarized attosecond pulses [6, 24]. In
the applications, the elliptical polarization characteristic of an
isolated attosecond pulse, which provides an additional
degree of freedom, is also very important. For example,
Mairesse et al [34] demonstrated that elliptically polarized
harmonics can be applied in the harmonics spectroscopy of
oriented N, to track multichannel dynamics during strong-
field ionization. The developments of circularly polarized

© 2016 IOP Publishing Ltd  Printed in the UK
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attosecond pulses thus make it possible to create spinning
circular electron wave packets, leading to large time-depen-
dent internal magnetic fields in matter on the attosecond time
scale [35]. Optically induced ultrafast magnetization reversal
has now been reported, by circularly polarized pulses in
material science [36], thus emphasizing new and further
applications of such pulses.

Recently, some methods have been also proposed for
single circularly polarized attosecond pulse generation. Near-
circularly polarized high harmonics and attosecond pulses
have been theoretically investigated by using ring-current
states with angular momentum of up to |m| = 6 [37]. The
bichromatic circularly polarized laser fields with opposite
rotation polarization directions can also be used for the cir-
cularly polarized HHG [38, 39]. Yuan et al have shown that
circularly polarized high-order harmonics can be generated by
the combination of an elliptically polarized laser and strong
static fields in molecular ions [35, 40] or the few-cycle
elliptically polarized laser pulse and terahertz fields from
molecular media [41]. But these methods have limitations in
that the recombination probability drops significantly as the
driving laser ellipticity increases. So the efficiency of HHG is
much lower than that with a linearly polarized laser field [42].
In contrast, using a linearly polarized laser field has been
experimentally and theoretically recognized as a promising
route to increase efficiency [43—46]. However, the time
duration of the attosecond pulse is made relatively long by
implementing all these methods above, and therefore shorter
circularly polarized pulses are highly desired.

In this paper, we propose an effective method to generate
short near-circularly polarized isolated attosecond pulses with
high efficiency in nitrogen molecules using a linearly polar-
ized inhomogeneous laser field in the vicinity of metallic
nanostructures. We have found that the intensities of the two
mutually vertical polarized harmonic components are com-
parable and the relative phase is 7/2 at specific alignment
angles, thus the high-order harmonics generated exhibit large
ellipticity as high as 0.97. Besides, a broadband super-
continuum appears in the harmonic spectrum, which is due to
the spatial inhomogeneity of the plasma-enhanced laser field
[47-49]. The amplitudes of the electrons in the continuum
present an excessive excursion [50] in the inhomogeneous
field such that the the cutoff of the harmonic is significantly
extended. The broad bandwidth together with the large
ellipticity of the supercontinuum makes it possible to effi-
ciently generate intense isolated near circularly polarized
attosecond pulses with a duration of 155 as.

2. Theoretical model

Numerically computing the high-order harmonic spectrum
generated from the interaction between a linearly polarized
spatially inhomogeneous laser field and N, molecules is
based on the two-dimensional time-dependent Schrodinger
equation, which can be written as (atomic units (a.u.) are used

throughout this paper) [51]

ov(7,
i% = H(7, 1)U(F, 1), (1)
H (7, t) is the Hamilton given by

H(?, t) = 7%V2 + V(?) — xE (x, 1), 2)

in which x is the polarization direction of the laser pulse. To
correctly reproduce the HOMO of N, molecules, we use a
soft core potential [52], which has the form
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The position-dependent effective charge is
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o =1, 2 labels the nuclei at fixed positions g, and

7o =T — p, where ¥ = (x, y) denotes the electron position
in the two-dimensional x-y plane. The soft Coulomb potential
parameter a,, is chosen to be 1.2, and Z3° = 0.500 denotes
the effective nuclear charge of the nucleus « as seen by an
electron at infinite distance. Similarly, Z(? = 7 is the bare
charge of nucleus a. The value of o, = 0.700 represents the
degree of attenuation of the effective charge of the nucleus
with distance and is introduced to account for distance-
dependent electron-electron screening effects.

The spatially inhomogeneous field can be represented in
the following form [53]

E(x,t) = Eo(1 + kx)f (t)cos(wt + @), (5)

where x determines the spatial inhomogeneity strength of the
plasmonic electric field and its unit is in the reciprocal length.
We choose 1600 nm as the driving laser wavelength. w and ¢
represent respectively the angular frequency and the carrier
envelope phase (CEP) of the driving field. Ey = 0.0925 a.u. is
the amplitude of the electric field, corresponding to the peak
intensity of 3 x 10'* W.cm 2. It is worth emphasizing that
this intensity is not the initial input laser intensity but the
plasmonic enhanced intensity in the hot spot. A sin-squared
envelope sin? (7%) is used to characterize the pulse profiles f(t)
in which we set T = 37T, and T|, denotes the optical cycle of
the driving laser pulse. And the full width at half maximum
(FWHM) of the driving pulse is about 6 fs.

We use the split-operator method to solve equation (1)
[51]. To avoid spurious reflections from the spatial bound-
aries, the electron wave function W (7, ¢) is multiplied by a
‘mask function’ g(#) with the following form [54]

g(1) = g, (g, (1) (6)

at each time step, in which

|x|<R—Ly 7
in'/S(552) IxI2R- L @

g (1) = {
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and

gl IYI<R,~L,

8,(1) = {Sin, S(RZ%M) okt (8)

For all results reported here, we set the ‘absorber’ domain of

the two directions L,=20 au. and L,=20 au,

R, = R, = 100 a.u. In our calculation, we set the range of

the ‘mask function’ from —100 au. to 100 a.u. in the

Cartesian coordinates. The space step is 0.1 a.u.. The time

step is Ar = 0.05 a.u.. The time-dependent dipole accelera-
tion can be calculated by means of the Ehrenfest theorem

A1) = = <YOI[HQ®), [H@®), q]]| Y()>, g = x, y.
€))

Then, the harmonic spectrum is obtained by Fourier
transforming the dipole acceleration

a,(w) = f Ay (Dexp(—iqut)dr,

? (11)

(10)

D, = |aq(w)

and the attosecond pulse generated from high-order harmo-

nics can be obtained by inverse Fourier transformation of the
harmonic

2

I, = ‘ f aq(w)exp(iqwt)dt‘ (12)

The amplitude ratio and the phase difference between the two
|4 |
aqx |
and 6 = arg[aé"] — arg[aqx] respectively. a; a; are the two
perpendicular components of a,w, and the ellipticity is finally

obtained by the following formula [55]:

orthogonal harmonic components are calculated by R =

13)

1 + R* — /1 + 2R? cos(26) + R*
1+ R + /1 + 2R? cos(26) + R*

When R=0 or 6 =0 or m, the ellipticity ¢ = 0 and the
harmonic is linearly polarized, otherwise it will be elliptically
or circularly polarized. In this work, our purpose is to obtain
an attosecond pulse with the maximum ellipticity.

3. Results and discussions

Firstly, a sketch of our coordinate systems is presented in
figure 1, where (x’, y°, z°) is the molecule frame and (x, y, z) is
the laboratory frame. In the bottom right hand corner of
figure 1, the incident laser linearly polarizes along the x-axis
and its propagation direction is along the z-axis. The angle
between the laser polarization direction and molecular axis is
denoted as (3. Without the use of chirped pulse amplification
(CPA), the output power of a moderate femtosecond oscillator
will locate in the range 10" —102 W - cm 2 [48], which can
not support the HHG. The metallic nanostructure (e.g., the
gold bow-tie shaped nanostructures [56]), by exploiting sur-
face plasmon resonances [57], offers an efficient way to
enhance the incident laser field to reach the intensity level for

X

Figure 1. Schematic diagram of the initial state of N,. (x, y, z) is the
laboratory coordinate system, and (x’, y’, z’) is the molecular
coordinate system. The polarization direction of the incident laser
electric field is along the x-axis and the input laser propagates along
the z-axis; it is enhanced after passing through the gold bow-tie
nanostructure then interacts with N, molecules radiating the
harmonics. (3 is the angle between the x-axis and the x’-axis.

the HHG. When a gas of target molecules is injected into the
small gap between the tips of the gold bow-tie shaped
nanostructure, the incident laser which is enhanced after
passing through the gap interacts with the symmetry mole-
cules and the HHG is efficiently generated between the ver-
tices of the nanostructure [50].

Before investigating the properties of generated high
harmonics, we would like to make a few comments about
high harmonic generation in inhomogeneous laser fields.
Plasma-enhanced inhomogeneous laser fields can dramati-
cally manipulate electron dynamics during the HHG process.
Such inhomogeneous spatial distributions, as well as the
observation of plasmonic HHG, were experimentally
achieved in 2008 by exploiting the local fields enhancement
induced by resonant plasmons within a metallic nanostructure
consisting of bow-tie-shaped gold elements [29]. However, it
has been under intense scrutiny recently. Sivis ef al [58]
conducted very similar experiments to those presented in [29].
In their experiments, all prominent features are attributed to
atomic line emission (ALE) of neutral and ionized argon, and
any signature of HHG has not been observed. This is a
striking result. Later, Kim et al responsed to the scrutiny and
stated that the two distinct phenomena, ALE and HHG, are
not mutually exclusive but coexistent when gaseous atoms are
illuminated by strong-field laser pulses. In their reply [59],
Kim et al explained that the durability problem of the
nanostructures may be the main reason for there having been
no experimental demonstration of HHG from bow-ties in
other groups. Furthermore, they concluded that bow-tie-
shaped nanostructures might not be ideal for efficient HHG
but tapered nanocones are a good alternative. The topic is still
attractive and worth studying, since it enables one to elucidate
some interesting physics. Many theoretical studies have
already proved the feasibility of nanostructure-enhanced
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Figure 2. The harmonic ellipticity for different harmonic orders and
alignment angles of N, molecule.

HHG. Moreover, nanostructure-enhanced HHG has found
many new application features [60, 61].

3.1. Near-circularly polarized attosecond laser pulse
generation

In the following, to describe the polarization properties of the
emitted harmonic spectra and generated attosecond pulses
using the linearly polarized spatial inhomogeneous laser field,
the ellipticity of the harmonics as a function of harmonic
order and alignment angle is calculated according to
equation (13). In this section, we chose « = 0.005 and
CEP = 0 to demonstrate the generation of the isolated near-
circularly polarized attosecond laser pulse and plot the ellip-
ticity spectrum in figure 2 for different harmonic orders and
alignment angles. We change the alignment angle from 0° to
90° with a step of 5°. By comparing these results, we can find
an appropriate angle to satisfy the best conditions for gen-
erating a near-circularly polarized attosecond pulse. Under the
100th harmonic order, due to the modulation of the harmonics
(see figure 3(a)), the broadband supercontinuum cannot be
generated, which indicates that the near-circularly polarized
isolated attosecond pulse cannot be obtained in this region.
Between the 100th and 400th harmonic orders, although the
supercontinuum is generated (which can also be seen in
figure 3(a)), the synthesized attosecond pulses are not all
circularly polarized. As shown in figure 2, in the region of the
100th—400th harmonic orders, there are three main ellipticity
peaks contributing to the near-circularly polarized pulse
generation, marked by p, q, r. p is located at the alignment
angle of 30° from the 140th to the 170th harmonic orders. The
ellipticity is as large as 0.97, which supports the near-circu-
larly polarized attosecond pulse generation. The other two
peaks, q and r, whose ellipticity is a little smaller than peak p,
can also support an isolated near-circularly polarized attose-
cond pulse generation. So in the following discussion, we
take the peak p as an example to discuss the generation of the

0
) la,*
c -2 5[
> la |
o y
s ]
2
‘@ -6 b
c
2
C 4
- ‘ ‘ ‘ @),
0 100 200 300 400 500
Harmonic order
1 .
E .
© 05F |
(2]
(0]
s
o O 1
=
©
o “05F q
14 H
-1 L ! 1
200 300 500
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Figure 3. (a) The harmonic spectra along the x (blue curve) and y
(red curve) directions in spatially inhomogeneous laser fields and (b)
the relative phase of the two orthogonal harmonic components.
Details of the laser parameters can be found in the main text.

near-circularly polarized attosecond pulse corresponding to
peak p.

Figure 3(a) shows the harmonic spectra along the x- and
y- axes for the alignment angles of 30°. An important feature
of the harmonic spectrum presented in figure 3(a) is the
nonvanishing y component, which is perpendicular to the
polarization direction of the driving laser field. It is shown
that, under the 100th harmonic order in the first plateau of
both x and y components, the harmonic spectrum has a strong
modulation [6] due to the interference of the different
recombination paths [2, 14]. Besides, for both the two com-
ponents, the modulation disappears and the ultra-broadband
supercontinuum is produced at the plateau from the 100th to
about the 400th harmonic orders. It is worth mentioning that
the broadband supercontinuum generation in figure 3(a) is
attributed to the control of the quantum path by the spatial
inhomogeneous driving field [47-50, 62] and the long
wavelength driving laser. The synthesis of few-cycle pulses
and spatially inhomogeneous electric fields has been proved
to be capable of spatiotemporally manipulating the electron
dynamics for broadband supercontinuum generation [63].
Due to the field inhomogeneity, the electrons that are released
around the maximum of the driving field are further reac-
celerated in the continuum and gain extra energy—compared
with that in the homogeneous field—before recolliding with
their parent ions [63]. This extra kinetic energy leads to a
cutoff extension and also to a nice supercontinuum in the
extended spectral region. It is well known that a broadband
continuum can be generated if one of the electron trajectories
(long or short path) that contributes to the harmonic genera-
tion is favored [2, 16]. We will show below that one of
electron paths can be successfully selected due to the inho-
mogeneity of the driving laser field, which support the gen-
eration of isolated attosecond pulses with a duration of a few
hundred attoseconds.
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Figure 4. Time-frequency distribution of the HHG spectra along (a)
the x-axis and (b) the y-axis corresponding to figure 2(a). The color
scale is the same in this figure.

Comparing the two harmonic components, two char-
acteristics are obvious from figure 3(a): one is that the
supercontinuous spectra along the x- and y- axes have the
same cutoff position and bandwidth. The other is that the
intensities of the supercontinuous spectra along the x- and y-
axes are comparable. Figure 3(b) shows the relative phase of
the two components. From the 100th to the 400th harmonic
orders, one can see that the relative phase of the two com-
ponents is approximately a linear function of the harmonic
orders. In the region of the 140th to 170th harmonic orders,
the average value of the relative phase is g These two fea-
tures, i.e., the comparable intensity and near % phase differ-
ence of the two harmonic components between the 140th and
170th, are inconsistent with the calculated ellipticity of the
harmonics, which suggest that this part of harmonics can
support a very short attosecond laser pulse with near-circular
polarization.

To obtain a clear physical interpretation of the ultra-
broadband supercontinuum, we perform a time-frequency
analysis of the harmonic spectra [64]. Figures 4(a) and (b)
present the time-frequency distributions of the harmonic
spectra along the x- and y- axes for the alignment angle of
30°, corresponding to the harmonic spectrum of figure 3(a).
The time-frequency distributions show that the two harmonic
components emit at around 1.5 optical cycles, which indicates
that the harmonic radiation of the two components are syn-
chronous in the time domain and can support the synthesis of
a circularly polarized laser pulse. The figure also reveals
another feature; that there is only one harmonic radiation peak
which appears around 1.5 optical cycles, which is different
from the time-frequency distribution of harmonic spectra
generated from the traditional spatial independence laser field.
This feature can be attributed to the effect of the field inho-
mogeniety as well as the broken inversion symmetry [50].
The released electron experiences a quite different Lorentz
force due to the spatial inhomogeneity of the electric field.
Before the recombination with the parent ion, it acquires a
larger kinetic energy [63], then very energetic photons can be

emitted. Only one emission is synthesised by the 100th to
400th harmonic orders, which is consistent with the super-
continuous spectra in figure 3(a).

Next, we investigate the temporal characteristics of the
circularly-polarized attosecond pulse generation. The tem-
poral envelopes of the attosecond pulses of the two compo-
nents are presented in figure 5. The attosecond pulses are
synthesized from the 140th to 170th harmonic orders with the
inhomogeneous driving field. The temporal profile of the
attosecond pulse can be obtained by performing the inverse
Fourier transformation in the selected spectrum region. In
both components, we can intuitively see that the intensities of
the two components are comparable. This figure clearly
shows that only one pulse is generated due to the inhomo-
geneous laser field adopted, which is consistent with
figures 4(a) and (b). The isolated pulse duration is approxi-
mately 155 as. The single attosecond pulses of the two
components both occur at around 1.5 optical cycles,
corresponding to the description in figure 4, which is con-
ductive to the near-circularly polarized attosecond pulse
generation.

In what follows, we further investigate the polarization
feature of the generated near-circularly polarized isolated
attosecond pulse. Figure 6(a) presents a 3D plot of the electric
field of the generated isolated attosecond pulse for the
alignment angle of 30° from the 140th to 170th harmonic
orders. The projection of the electric field onto the time-E,
plane and the time-E, plane are also presented. As shown in
this figure, we can see that there is one pure attosecond pulse
both for the x and y components and their electric fields are
also comparable, corresponding to figures 3 and 5. The
electric vector of the synthesized attosecond pulse rotates in
the polarization plane, which indicates that the attosecond
pulse is near-circularly polarized. Moreover, it can be judged
for the emission time of the isolated attosecond pulses
corresponding to figure 4. In order to clearly show the gen-
eration of a circularly polarized isolated attosecond pulse, the
projection of the electric field onto the E,-E, plane is pre-
sented in figure 6(b). We calculate that the ratio between the
largest and smallest field components of the ellipse in
figure 6(b) is 1.06, which characterizes that the attosecond
pulse obtained is near-circularly polarized. Besides region p
shown in figure 2, the other supercontinuum regions with
high ellipticity can also support an isolated near-circularly
polarized attosecond laser pulse generation. The electric field
of the generated isolated attosecond pulse for the region r at
alignment 35° from the 350th to the 380th harmonic orders is
also plotted in figures 6(c)—(d). The pulse duration is also 155
as, the same as for region p. So with the appropriate para-
meters, x, CEP and wavelength, the isolated near-circularly
polarized attosecond laser pulse with the same width pulse
duration can be generated in the low-order range and high-
order range simultaneously. Such a pulse may open additional
avenues for applications in probing ultrafast electron
dynamics.
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Figure 7. The harmonic ellipticity for different harmonic orders and alignment angles of N, molecule in the cases of (a) k = 0, (b)
k= 0.001, (c) k = 0.002, (d) k = 0.003, (e) k = 0.004, (f) kK = 0.005.

3.2. Role of the spatial inhomogeneity and the origin of the
ellipticity

To make clear the role of the inhomogeneous field in the
single near-circularly polarized attosecond laser pulse gen-
eration in our scheme, we calculated the ellipticity spectrum
of the harmonics for different inhomogeneities, «. For dif-
ferent ~ =0, 0.001, 0.002, 0.003, 0.004, 0.005 with
CEP = 0, the results are exhibited in figure 7. In figure 7(a),
when the driving laser field is spatially homogeneous
(k = 0), at the relative high ellipticity region marked as p
located at the alignment angle of 30° from the 140th to the
170th harmonic order, there is a strong modulation so that no
short single near-circularly polarized pulse can be generated.
In figures 7(b)—(f), one can see that, with « increased, the
cutoff is extended and the supercontinuum becomes broader.
Consequently, the spectra in region p become supercontivum
and regions q and r arise in the supercontinuum. All the
results indicate that the field inhomogeneity plays a critical
role in generating a single near-circularly polarized laser pulse
both in the low-order range and the high-order range, due to
its control of the quantum path of the electrons [28]. On the
one hand, the inhomogeneous field is conductive to the
generation of the broadband supercontinuum which ensures
the generation of a short single near-circularly polarized
isolated attosecond pulse. On the other hand, it extends the
cutoff so that the single short near-circularly polarized iso-
lated attosecond pulse can be generated in the extremely high
frequency region. According to the analysis above, the spatial
inhomogeneity influences the width of the supercontinuum
and the cutoff position. However, the distribution of the
harmonic ellipticity does not change, which indicates that the
spatial inhomogeneity is not the origin of the ellipticity.

It is found in figure 7 that the distribution of the ellipticity
map does not change with x. This is also true for CEP

(figure 8) and wavelength, as discussed below. All these
results show that the harmonic ellipticity is not affected much
by the laser parameters. They only influence the super-
continuum width and cutoff position. In fact, the ratio of the
intensity and relative phase of the two harmonic components
are determined by the feature of the recombination dipole of
the rescattering wavepacket and the nonspherical molecular
orbital [43], which is also shown in [43—46]. This means the
ellipticity has a close relationship with the structure and
alignment of the molecular orbital, and can be explained after
calculating the recombination dipole moment. This point can
also be confirmed by examining other molecules. We have
stimulated this process by taking CO, as the target molecule.
The parameters are the same as in section 3.1. Comparing the
obtained ellipticity spectrum with that of the N, molecules of
figure 2, the cutoff position and the width of the super-
continuum are almost the same. However, the ellipticity
spectrum has a different structure. There are two ellipticity
peaks which are located 60° from the 95th to the 105th har-
monic order and 5° from the 320th to the 350th harmonic
order, respectively. So, the result from the CO, also con-
firmed that the ellipticity has a close relationship with the
structure and alignment of the molecule orbital. In addition,
the result also shows that there is nothing special about N,
molecules in the generation of the single near-circularly
polarized attosecond laser pulse. Other molecules, i.e. CO,,
can also achieve our goal using our scheme.

3.3. Discussion on the laser parameters

For the short wavelengths of laser fields with durations of a
few femtoseconds, the CEP of the laser field plays an
important role in HHG. To check the stability of the scheme
against CEP variation, we plotted the harmonic ellipticity in
figure 8 for different harmonic orders and alignment angles in
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Figure 8. The harmonic ellipticity for different harmonic orders and alignment angles of N, molecule in the cases of (a) CEP = 0, (b)
CEP = 0.1m, (c) CEP = 0.27, (d) CEP = 0.37, (e) CEP = 0.4, (f) CEP = 0.57.

the cases of CEP = 0, 0.17, 0.27, 0.37, 0.4, 0.57. One can
see that the distribution of the harmonic ellipticity does not
change with CEP. However, the modulation in the harmonic
spectra becomes more obvious and the bandwidth of the
supercontinuum becomes narrower as the CEP increases. This
can be associated with the interference of different recombi-
nation paths. The harmonic spectra in regions p, q, r of
figures 8(a)—(c) are supercontinua. However, in figures 8(d)—
(), the region p has intense modulation, which means that an
isolated pulse could not be generated in region p. But the
regions q and r are still supercontinua. These results indicate
that the generation of the isolated near-circularly polarized
attosecond laser pulse for high harmonic orders (regions q, r)
requires a CEP stability of less than that for low harmonic
orders (region p), which is attributed to the role of the spatial
inhomogeneous laser field [28]. So the optimized CEP is 0. If
one wants to obtain the single near-circularly polarized laser
pulse in the low-order range, the CEP can vary within 0-0.2 7.
And if one wants to generate the pulse in the high-order range,
the CEP can actually vary within a large range.

In the above calculation, we used the driving laser field
of 1600 nm/6fs, which promises single near-circularly
polarized laser pulse generation in both regions p and r.
According to the CTSM, the use of long driving wavelength
has been recognized as a promising route to cutoff extension
and laser pulse generation at high harmonic orders because of
Uy, x IN* where U, is the ponderomotive energy of the
electron in a laser field with intensity / and wavelength A. In
some experiments, it has been shown that a (sub)-two-cycle
mid-IR laser pulse can be generated [65, 66]. But the gen-
eration of a near one-cycle mid-IR laser pulse demands very
harsh experimental conditions. So we also stimulated the
process by shortening the driving laser wavelength. We use

800 nm/3fs, which is produced easily in the experiment. It is
found that the ellipticity distribution is the same as in figure 2
when we set the x-axis as the photon energy and an isolated
near-circularly polarized laser pulse can also be generated in
the region q. The region q in low-frequency harmonic orders
does not change while the regions q and r in high-frequency
orders disappear, as the cutoff is shortened by using the short
wavelength of the laser field. This indicates that a few-cycle
laser pulse at long wavelength is in favor of producing a high-
frequency near-circularly polarized attosecond laser pulse.
But if one only wants to obtain the low-frequency near-cir-
cularly polarized laser pulse, the requirement for the driving
laser wavelength is absolutely relaxed. A short laser wave-
length such as 800 nm can be used.

3.4. Alignment distribution

Next, considering the effect of imperfect alignment, we cal-
culated the high-order harmonic spectrum generated from
nonadiabatically aligned molecules. Here, an 800 nm, 100 fs
alignment pulse with an intensity of 8.0 x 10> W cm™? is
used. The rotational temperature is set to be 20 K. The HHG
from alignment molecules is obtained by the coherent sum of
the weighted p(0, T)a,(w), where p(f, 7) is the alignment
distribution and @ is the angle between the molecular axis and
the polarization of the probe pulse. More calculation details
are shown in reference [67]. We plotted the ellipticity spec-
trum in figure 9(a) after considering alignment distribution.
The y-axis is the alignment angle between the alignment laser
field and the pump laser field which is used to generate the
harmonics. From this figure, we can see that there are two
ellipticity peaks located in the supercontinuum. We marked
them as region p at alignment angle 35° from the 160th to the
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Figure 9. (a) The harmonic ellipticity for different harmonic orders and alignment angles of N, molecule after considering the alignment
effect; (b) the 3D temporal evolution of the electric fields at alignment angle 35° from the 160th to the 190th harmonic order.

190th harmonic order and region q at alignment angle 35°
from the 310th to the 340th harmonic order. The ellipticity
peak q is 0.9, as high as p, which means that the near-cir-
cularly polarized attosecond laser pulse can be generated both
in region p and q. Figure 9(b) shows the 3D plot of the
electric field of the isolated attosecond pulse generated
in region p. The pulse duration is 155 as. Comparing this
figure with figure 2, the structure of the ellipticity spectrum
does not change much except that the position for near-
circularly polarized laser pulse generation is shifted about
5° upwards.

4. Conclusion

In summary, we have proposed a method for producing near-
circularly polarized attosecond pulses in N, molecules using a
linearly polarized driving laser field, which is enhanced by the
metallic nanostructure. By changing the alignment angle
between the spatially inhomogeneous driving laser linear
polarization direction and the N, molecular axis, we have
obtained multiple results regarding the ellipticity of the har-
monics. We then get a largely elliptically polarized super-
continuum from the N, molecule at 30° alignment angle
between the 140th to the 170th harmonic orders, which can
support the isolated attosecond pulse generation with large
ellipticity. The broadband supercontinuum generated is
mainly attributed to the spatially inhomogeneous laser field.
The intensities of the two components which polarize parallel
and perpendicular to the driving laser polarization direction in
the plane perpendicular to the propagation of the incident
laser is comparable and the relative phase of the two com-
ponents is about % Therefore, the harmonics with these

characteristics are in favor of the near-circularly polarized
attosecond pulse generation with a duration of 155 as. We
also calculate the ellipticity quantitatively, which provides
guidance regarding the experimental generation of near-cir-
cularly polarized attosecond pulses.
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