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ARTICLE INFO ABSTRACT

MSC: Polarization state of high-order harmonic generation from molecules with few-cycle circularly polarized laser
00-01 field is investigated. It is found that by controlling the carrier envelope phase (CEP) of the few-cycle driving
99-00 field, the high-order harmonics with arbitrary polarization state ranging from nearly left circular polarization
Keywords: through linear polarization to nearly right circular polarization can be generated. Moreover, the degree of
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circular polarization (DCP) of the harmonics changes periodically with the CEP of the driving field. The
corresponding period depends on the molecular symmetry. Our results provide a method to control the
harmonic polarization with the CEP of few-cycle circularly polarized laser field, which will benefit the

generation of isolated attosecond pulses with tunable polarization.

1. Introduction

The rapid development of attosecond physics including the subjects
of high-order harmonic generation [1-7], strong field ionization [8—
11], target excitation [12], etc., has allowed us to probe ultrafast
dynamics in atoms and molecules with attosecond and Angstrém res-
olutions. Since the first demonstrations of circularly polarized har-
monics [13,14], the generation and polarization control of nonlinearly
polarized extreme ultraviolet and X-ray beams have been a hot topic,
due to the ability to study the structural, electronic and magnetic
properties of materials in real time. For example, ultrafast circularly
polarized pulse can be used to study ultrafast chiral-specific dynamics
in molecules and X-ray magnetic circular dichroism spectroscopy [15—
18].

In previous works, several methods have been proposed to generate
nonlinearly polarized XUV beams based on high-order harmonic gen-
eration, which results from the highly nonlinear process induced in a
gas medium by an intense femtosecond laser field [19,20]. It has been
shown that the nonlinearly polarized harmonics can be generated by
using a nonlinearly polarized driving laser [21,22]. In particular, the
molecular targets have been widely considered, because the harmonic
efficiency driven by circularly polarized fields can be significantly en-
hanced compared with atomic targets [23-25]. In [26-28], nonlinearly
polarized high-order harmonics generated from pre-aligned molecules
has also been investigated. Recently, there are several reports of the
generation of highly elliptically polarized high-order harmonics using
two-color laser field. Some of them use the orthogonal-polarization
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scheme [17]. Some of them use the bi-chromatic counter-rotating
circularly-polarized laser pulses [14,18]. More recently, the polariza-
tion property of high-order harmonics by bi-elliptical orthogonally
polarized two-color fields were systematically analyzed for atoms [29]
and for molecules [30]. Besides of the generation of nonlinearly polar-
ized high-order harmonics, researchers also devote effort to controlling
the harmonic polarization, because the polarization control can provide
additional degree of freedom for studying and controlling the ultrafast
dynamics [31]. Moreover, as a fundamental property of light, it is of
great significance to study the light-matter interaction with varying
polarization states in the EUV and X-ray spectral range. In [32-34],
the authors demonstrated that by using bichromatic circularly polarized
laser fields, one can achieve tunable polarization in high-harmonic
generation. More recently, it was reported that polarization control of
isolated high-harmonic pulses can be achieved by using non-collinear
counter-rotating few-cycle driving pulses [35]. Whereas, the harmonic
polarization control by the carrier envelope phase (CEP) of a circularly
polarized few-cycle laser pulse is seldom investigated. Because the use
of few-cycle laser pulse is beneficial for the emission of bright beams
and isolated attosecond pulses, the harmonic polarization control via
the CEP of driving field gets a distinct importance.

In this paper, we investigate the polarization property of the har-
monics driven by a few-cycle circularly polarized laser field. Consider-
ing the low efficiency of the harmonics driven by circularly polarized
laser field, the molecular target is used. Besides, the few-cycle driving
field can further improve the harmonic efficiency, due to the large gra-
dient of the electric field amplitude [36]. It is found that by controlling
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the carrier envelope phase (CEP) of the driving field, the polarization
state of the harmonics can be continuously modulated in a broad
range of the polarization state. For example, the degree of circular
polarization (DCP) of the 21st order harmonics from N, molecule
can be tuned from —0.98 through 0.0 to 0.96, i.e. from nearly left
circular polarization through linear polarization to nearly right circular
polarization. We also investigate the dependence of the harmonic DCP
on the CEP of the driving pulse for N,, CO,, CO, and He. For all the
targets considered here, the DCP of the harmonics changes periodically
with the CEP of the driving field. The corresponding period depends
on the target symmetry. Both N, and CO, molecules possess central
symmetry. Correspondingly, the harmonic DCP for the two molecules
have the same period z. The CO molecule is asymmetric molecule. The
corresponding period is 2z. The He atom possesses spherical symmetry
and the harmonic DCP is insensitive to the change of the CEP of the
driving field. Obviously, the periodicity of the harmonic DCP depends
on the target symmetry. Our results provide a method to control the
harmonic polarization with the CEP of circularly polarized few-cycle
laser field.

2. Theoretical model

In this work, the high-order harmonic generation with a circularly
polarized few-cycle laser field is simulated by numerically solving a
two-dimensional single-active-electron (SAE) time-dependent
schrodinger equation (TDSE)(atomic units are used throughout this
paper unless otherwise stated):

i%?’(r,t) = H(r,n¥(r,1). 1
The Hamiltonian reads
Hr,t) = —%Vz + V() +r- E@). 2

E(?) is the electric field and V' (r) is the model potential of the target.
For the molecular target, we employ the SAE soft-core potential in the
form of [37,38]

v =-Y Ze +(Z) - Z}”)exp(—r]?/(,?)’

- [2 2
Jj r/.+bj

The subscript j = 1,..., N labels the nuclei at fixed positions p; and
r; =r —p;. The numerator Z* +(Z - zZ) exp(—rj?/aj?) is the position-
dependent screened effective charge for the jth nucleus, where zy
denotes the effective nuclear charge of the nucleus j as seen by an
electron at infinite distance and Z;’ is the bare charge of nucleus j.
Parameter o; characterizes the decrease of the effective charge with
the increase of the distance to the nucleus. b; is the soft-core parameter.
For the simulations of CO, and N,, the values of the parameters are the
same as in [37]. As for the CO molecule, the parameters are the same
as in [38]. All these parameters are listed in Table 1.

For the atomic target, the SAE soft-core potential is in the form [39]
1

\/r2+b2’

with b the soft-core parameter. To simulate the He atom, the value of
b is chosen as 0.27 to obtain an ionization potential of 24.26 eV.

The TDSE is solved using the split-operator method [40]. By the
imaginary-time propagation, the initial state is obtained. Then starting
from this initial state, the time-dependent wavefunction is calculated
by real-time propagation. According to the Ehrenfest theorem [41], the
time-dependent dipole acceleration is calculated by

3

Vr)=- 4

A(D) = ~(P(.0IVV (1) + Q) (r,1). )

After obtaining the dipole acceleration, the harmonic spectrum is given
by the Fourier transform of the time-dependent dipole acceleration,

a, = / A (D) exp(=inwyndt,  q=x, y. (6)
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Table 1

Values of all parameters used for soft-core potentials of CO,, N,, and CO [37,38].
Molecule CO, N, co
Nucleus (0] C o N N C (0]
b(a.u.) 1.0 1.0 1.0 1.2 1.2 0.5 0.5
ojz(a.u.) 0.577 0.750 0.577 0.700 0.700 0.573 0.573
Z;) 8 6 8 7 7 4 6
z> 0.173 0.654 0.173 0.500 0.500 0.4 0.6

J

The intensity of left- and right-polarized harmonic components can be
obtained by

D, = la,|% %)

where a, = L, + ia,). The polarization state of high harmonics can
be characterized by the degree of circular polarization (DCP) [42],
D, -D_

éw_DJr+D,

; (8)

which can be obtained from the intensity measurements. The ellipticity
€ has a one-to-one correspondence with the DCP as ¢ = % The two
parameters both vary in the interval from —1 to 1 and have the same
sign.

The rotation direction of the electric field can be quantitatively
described by the helicity, which is defined as

h = sgn(e) = sgn(). (C)]
The helicity h takes the values -1 and +1, indicating the two
opposite rotation directions.

3. Result and discussion

In our simulation, we use a circularly polarized few-cycle laser field,
which propagates along the z axis. Then the x and y components of the
electric field are respectively given by

EO .o, .
E.(t) = — sin“ (=) sin(wf + @) 10)
oo
= Bo g2
E@)= 7 sin( T ) cos(wt + @) 11)

Here, Ej = 4/ @ is the field amplitude corresponding to the intensity
I,. ¢ represents the carrier envelope phase of the driving field. T is the
total pulse duration. In Fig. 1, high-order harmonic spectra generated
from N, aligned at 0 degree (a), CO, aligned at 30 degree (b) and
CO aligned at 0 degree (c) by circularly polarized few-cycle laser field
are presented by blue solid lines, respectively. The intensities of the
driving fields are 3.0 x 10" W/cm? for N, molecule, 1.0 x 10" W/cm?
for CO, and CO molecules. The wavelength and the total pulse duration
of the driving field for all the cases are 800 nm and 3 optical cycles,
respectively. For comparison, the harmonic spectra generated from N,,
CO, and CO molecules by linearly polarized laser field with the same
intensity of the circularly polarized driving fields are also presented by
red dotted lines in Fig. 1. For each molecule, the parameters of linearly
polarized laser field are the same as those of circularly polarized laser
field. As shown in Fig. 1, the harmonic intensities driven by circularly
polarized laser field are about 4-order lower, 3-order lower, and 2-order
lower than those driven by linearly polarized laser field for N,, CO, and
CO molecules, respectively. The harmonic cutoff is also lower in the
case of circularly polarized laser pulse, which is around I, +2.0U, [23,
36]. While the harmonic cutoff locates around 1, +3.17U,, [19,20] for
linearly polarized laser pulse, where I, is the ionization energy of the
target and U, is the ponderomotive energy. Although the harmonic
intensity driven by circularly polarized laser pulse is lower than that
driven by linearly polarized laser pulse, it is possible to be observed
in experiment when a few-cycle laser pulse and molecular targets are
used, as shown in Fig. 1.
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Fig. 1. Harmonic spectra generated from N, aligned at 0 degree (a), CO, aligned at 30 degree (b), and CO aligned at 0 degree (c) by circularly polarized (blue solid lines) and
linearly polarized (red dotted lines) few-cycle laser fields. For each molecule, the laser parameters of circularly polarized laser field and linearly polarized laser field are the same.
The intensities of the driving fields are 3.0 x 10" W/cm? for N, and 1.0 x 10'* W/cm? for CO, and CO molecules. The wavelength is 4 = 800 nm and the total pulse duration is 3

optical cycles for all the cases.
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Fig. 2. Pcolor plots with smoothed color of the DCP of the harmonics generated from
N, molecule aligned at 0 degree as a function of the CEP of the driving field and
the harmonic order. The color map of Figs. 1(a) and 1(b) represent the DCP of the
odd-order harmonics and the even-order harmonics, respectively. The driving field is
a circularly polarized few-cycle laser field with intensity I, = 3.0 x 10" W/cm® and
wavelength 1 =800 nm. The total pulse duration is 3 optical cycles.

We first investigate the polarization property of the high-order
harmonics generated from N, molecule with the circularly polarized
few-cycle laser field. The laser parameters are the same as those for
Fig. 1(a). In Figs. 2(a) and 2(b), pcolor plots with smoothed color of
the DCP of the harmonics are presented for the odd-order harmonics
and the even-order harmonics, respectively. The horizontal axis stands
for the CEP of the driving pulse and the vertical axis stands for the
harmonic order. The color bar represent the value of the harmonic
DCP. From these two figures, one can see that the distribution of
the harmonic DCP present three interesting features for both the odd
and even order harmonics. First, the DCP of the harmonics can vary
approximately from —1 to 1. This means that the harmonics can be
tuned from left circular polarization through linear polarization to right
circular polarization by changing the CEP of the driving field. Second,
the DCP of all the harmonics varies periodically with the CEP of the
driving field. The corresponding period is z for all the harmonics, which
is different from the 2z period of the driving field. Third, the harmonic
order where the peak value of the DCP locates linearly varies with
the CEP of the driving pulse, as shown by the black dashed lines in
Figs. 2(a) and 2(b) for the odd and even order harmonics, respectively.
The major difference is that the slope of the straight line for the odd
harmonics is larger than that for the even order harmonics.

For clarity, the DCP as a function of the CEP of driving field for
specific odd and even order harmonics are presented in Figs. 3(a) and
3(b), respectively. The green dotted, black dashed, and red dash-dotted
lines in Fig. 3(a) represent the 17th, 19th, 21st order harmonics, respec-
tively. The yellow dotted, gray dashed, and pink dash-dotted lines in
Fig. 3(b) represent the 16th, 18th, 20th order harmonics, respectively.
As shown in Fig. 3 for both odd and even order harmonics, the DCP of
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Fig. 3. The DCP of the odd (Panel a) and even (Panel b) order harmonics as a function
of the CEP of driving field, extracted from Fig. 1. The 17th, 19th, and 21st order
harmonics are presented in Fig. 2(a). The 16th, 18th, and 20th order harmonics are
presented in Fig. 2(b). The blue arrows indicate the local peaks of the DCP of the
harmonics. The blue solid lines indicate the period of the harmonic DCP.

the harmonics present a periodic behavior. The corresponding period
is = for all the harmonics. When the CEP of the driving field varies
from O to z, the DCP of the 21st order harmonics present an oscillation
behavior. The minimum value —0.98 of the DCP is achieved at the CEP
of 0.1z, which corresponds to the nearly left circular polarization. The
maximum value 0.96 of the DCP is achieved at the CEP of 0.8z, which
corresponds to the nearly right circular polarization. By controlling
the CEP of the driving field, the DCP of the 21st order harmonics
can reach the values among [-0.98,0.96]. Correspondingly, the 21st
order harmonics can be tuned among the polarization states from the
nearly left circular polarization through the linear polarization to the
nearly right circular polarization, as shown by the red dash-dotted line
in Fig. 3(a). As for the 19th order harmonics, the harmonic DCP can
be tuned among the values from —0.96 to 0.97. It means that the
polarization state of the 19th order harmonics can also be continuously
tuned between nearly left circular polarization and nearly right circular
polarization. While for the 17th order harmonics, the DCP range that
can be tuned is [-0.11,0.84], as shown by the green dotted line in
Fig. 3(a). The DCP of the even order harmonics in Fig. 3(b) can also
be tuned by changing the CEP of the driving field. The modulation
ranges of the harmonic DCP are from 0.836 to —0.924 for the 16th
order harmonics, from 0.884 to —0.924 for the 18th order harmonics,
and from 0.93 to —0.82 for the 20th order harmonics, respectively. In
Fig. 3(a) and (b), the blue arrows indicate the local peaks of the DCP of
the harmonics. The intervals between two nearby peaks of the harmonic
DCP are equal in both cases of odd-order and even-order harmonics.
For the odd order harmonics, this interval is smaller than those for the
even order harmonics, which corresponds to the third feature observed
in Fig. 2. From the above discussion, one can see that the polarization
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Fig. 4. The DCP of the 11th, 13th, 15th, and 17th order harmonics generated from
CO, molecule aligned at 0 degree (a—d), CO molecule aligned at O degree (e-h), and He
atom (i-1) as a function of the CEP of driving field. The first, second, third, and fourth
rows correspond to the 11th, 13th, 15th, and 17th order harmonics, respectively. The
intensity of the driving field is I, = 1.0 x 10'* W/cm?. Other parameters of the driving
field are the same to those used in Fig. 2.

state of the harmonics considered here can be tuned in a broad range,
by changing the CEP of the driving field.

We also investigate the dependence of the harmonic DCP on the
CEP of the driving pulse for CO, molecule, CO molecule, and He atom.
The results are presented in Fig. 4. The first, second, and third columns
of Fig. 4 correspond to the results of CO, molecule, CO molecule, and
He atom, respectively. Because the DCP of the even order harmonics
present similar features to that of the odd order harmonics, we just
consider the odd order harmonics here. They are 11th, 13th, 15th, and
17th order harmonics and are presented in the first, second, third, and
fourth rows of Fig. 4, respectively. The intensity of the driving field
is I, = 1.0 x 10" W/cm?. Other parameters of the driving field are the
same as those used in Fig. 2. For the case of CO, molecule shown in the
first column, the DCP of the 11th order harmonics can be tuned among
the values from —0.79 to 0.87. This corresponds to a broad range of
the polarization state. When the harmonic order increases, the range
that the harmonic DCP can be tuned decreases. For the 13th order
harmonics, the harmonic DCP can be tuned among the values from
—0.43 to 0.27. As for the 15th and 17th order harmonics, the range
that the harmonic DCP can be tuned is from 0.58 to 0.01 and from
—0.35 to —0.08, respectively. It is obvious that the harmonic DCP varies
periodically with the CEP of the driving field, as shown in Fig. 4(a)-4(d)
for CO, molecule. The corresponding period is z, which is the same
as that for N, molecule. In the case of CO molecule, the ranges that
the harmonic DCP can be tuned are from —0.85 to 0.87 for the 11th
order harmonics, from —0.84 to 0.81 for the 13th order harmonics,
from —0.97 to 0.35 for the 15th order harmonics. While for the 17th
order harmonics, the harmonic DCP present tiny variation when the
CEP of the driving field changes, as shown in Fig. 4(h). The period
of the harmonic DCP are 2z for all the harmonics, which is the same
to the driving field. In the case of He atom, the harmonic DCP are
the same for all the CEP of the driving field, as shown in Fig. 4(i)-
(D). The tiny deviations result from the non-isotropic spatial grid. From
the above discussion, one can see that the polarization state of the
harmonics generated from CO, and CO molecules can also be tuned
in a broad range by controlling the CEP of the circularly polarized few-
cycle driving field, while for the He atom, the harmonic polarization
state cannot be tuned by the change of the CEP of the driving field.
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To explain the periodicity observed in the harmonics generated from
N,, CO,, CO, and He, we perform an analysis of the symmetry of the
driving field and the target. In Figs. 5(a)-5(d), the electric field for the
CEP of 0.0z, 0.5z, 1.0z, and 1.5z are presented, respectively. As shown
in Fig. 5(a)-(d), changing the CEP of the driving field is equivalent to
rotating the electric field. For the CEP of 0.0z, the maximum electric
field points to the negative direction of the y axis, as indicated by the
red dashed arrow in Fig. 5(a). When the CEP of driving field is changed
to 0.5z, the electric field is clockwise rotated by 90 degrees with respect
to the case of the CEP being 0.0z. Hence, the maximum electric field
points to the negative direction of the x axis, as indicated by the red
dashed arrow in Fig. 5(b). When the CEP is changed to 1.0z, the electric
field is clockwise rotated by 180 degrees with respect to the case of CEP
being 0.0z. Similarly, the electric field with CEP ¢ = 1.5z is clockwise
rotated by 270 degrees with respect to the case of ¢ = 0.0x.

In Fig. 5(e)-(h), the involved molecular orbital of He, N,, CO,,
and CO are presented. In the case of CO, molecule, it possesses two
degenerate highest occupied molecular orbitals (HOMO). Whereas,
the harmonic emission is only contributed by the HOMO that lies
parallel to the polarization plane of the driving field. This is because
the nodal plane of the other degenerate HOMO lies parallel to the
polarization plane of the driving field. This will lead to zero dipole
moment and no harmonic emission. Hence, only the HOMO that lies
parallel to the polarization plane of driving field is involved in the case
of CO, molecule, as shown in Fig. 5(g). From Fig. 5(e)-(h), one can
see that the He atom is spherically symmetric, whereas the N, and
CO, molecules are centrosymmetric. The CO molecule possesses only
cylindrical symmetry. For the He target, the responses to the driving
field polarized along any direction are the same due to the spherical
symmetry. Hence, the harmonics is insensitive to the change of the
CEP of driving field. As for the N, and CO, molecules, the orbitals
are centrosymmetric. This means that the orbital is invariant after
rotated by 180 degrees. Hence, the responses of N, and CO, molecules
to the driving fields of which the CEP difference is z are the same.
Consequently, the period of the harmonic DCP is 1.0z in the cases of
the N, and CO, molecules. As for the CO molecule, it does not possess
central symmetry. Hence, the period of the DCP of the harmonics is
the same to the driving field, i.e. 2.0x. For the N, and CO, molecules
possessing the same orbital symmetry, the periods of the harmonic DCP
for the two molecules are correspondingly the same. For He, N,(CO,),
and CO molecules possessing different orbital symmetry, the periods of
the harmonic DCP for the three molecules are corresponding different.
Hence, the molecular orbital symmetry is imprinted in the periodicity
of the harmonic DCP as a function of the CEP of the driving field.

Based on the three-step model for high harmonic generation from
oriented molecules, the observed harmonic polarization control with
the CEP of circularly polarized few-cycle laser field for N,, CO,, and
CO molecules can be qualitatively explained. As shown in Fig. 5(a)-(d),
varying the CEP of the laser field will rotate the two-dimension pattern
of the electric field. Correspondingly, the electron trajectory as well
as the electron recombination angle with respect to the internuclear
axis of molecule are changed by varying the CEP of the laser field. It
has been shown that the harmonic polarization depends on the electron
recombination angle and the symmetry of molecular orbitals [26,27].
Therefore, the harmonic polarization is controlled by the CEP of the
circularly polarized few-cycle laser field for N,, CO,, and CO molecules.
As for He atom, it possesses spherical symmetry, as shown in Fig. 5(e).
Hence, high-order harmonic generation is independent on the electron
recombination angle. Consequently, the harmonic polarization state
cannot be tuned by the change of the CEP of the driving field.

4. Conclusion
In conclusion, we investigate the dependence of the harmonic DCP

on the CEP of circularly polarized few-cycle laser field. It is demon-
strated that by controlling the CEP of circularly polarized few-cycle
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Fig. 5. (a—d) The two-dimensional electric field of the circularly polarized few-cycle laser field with CEP 0.0z, 0.5z, 1.0z, 1.57, respectively. (e-h) The ground state wavefunction

of He, N,, CO,, and CO molecules.

driving pulse, the DCP of the harmonics generated from N,, CO,,
and CO molecules can be tuned in a broad range of the polarization
state. The DCP of the harmonics generated from N, molecule can be
tuned from —0.98 to 0.96, i.e. from nearly left circular polarization
through linear polarization to nearly right circular polarization. It is
also found that the DCP of the harmonics change periodically with
the CEP of the driving field. The corresponding period depends on
the target symmetry. If the molecular orbital symmetry is the same,
then the period of the harmonic DCP is the same, as for the cases of
N, and CO, molecules. If the molecular orbital symmetry is different,
then the period of the harmonic DCP is also different, as the periods
of the harmonic DCP for He, N, (CO,), and CO molecules are different.
Hence, the degree of the target symmetry is imprinted in the periodicity
of the harmonic DCP as a function of the CEP of the driving field.
Because the intensity of the driving field we used is relatively low,
the macroscopic propagation effect is not significant. Moreover, the
macroscopic propagation effect mainly changes the harmonic intensity
and has few influences on the harmonic polarization property. Hence,
the macroscopic propagation effect does not change our conclusions.
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