CHrinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Amplitude and rotation of the ellipticity of harmonics from a linearly polarized laser

field

Ping Li(Z%1), Na Gao(/=14F), Rui-Xian Yu(Ef i '5%), Jun Wang(F4R), Su-Yu Li(ZEF5F%),Fu-Ming Guo(55#& ), and
Yu-Jun Yang(# £ %)

Citation:Chin. Phys. B, 2022, 31 (10): 103303. DOI: 10.1088/1674-1056/ac8ce8

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Enhancement of isolated attosecond pulse generation by using long gas medium

Yueying Liang(F3HEL), Xinkui He(P4#72E), Kun Zhao(iX E2), Hao Teng(#kits), and Zhiyi Wei(31E X)
Chin. Phys. B, 2022, 31 (4): 043302.  DOI: 10.1088/1674-1056/ac29a8

Decoding the electron dynamics in high-order harmonic generation from asymmetric

molecular ions in elliptically polarized laser fields

Cai-Ping Zhang(5K ¥.3) and Xiang-Yang Miao( 14 [7] FH)
Chin. Phys. B, 2022, 31 (4): 043301.  DOI: 10.1088/1674-1056/ac29b0

Review on non-dipole effects in ionization and harmonic generation of atoms and

molecules

Mu-Xue Wang(TF %), Si-Ge Chen([% E#%), Hao Liang( %), Liang-You Peng(i#% K %)
Chin. Phys. B, 2020, 29 (1): 013302.  DOI: 10.1088/1674-1056/ab5c10

Influence of the initial electronic state on minima of high-order harmonic spectrum

radiated from hydrogen molecular ion

Hui-Fang Cui(££ £>75), Xiang-Yang Miao( 11 7] FH)
Chin. Phys. B, 2017, 26 (10): 103302. DOI: 10.1088/1674-1056/26/10/103302

Frequency dependence of quantum path interference in non-collinear high-order

harmonic generation

Shi-Yang Zhong(#11~¢PH), Xin-Kui He(%1#72E), Hao Teng(Ji&i), Peng Ye(M3%), Li-Feng Wang(7E L), Peng He(fi
%), Zhi-Yi Wei(Z& )
Chin. Phys. B, 2016, 25 (2): 023301,  DOI: 10.1088/1674-1056/25/2/023301


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac8ce8
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac8ce8
https://doi.org/10.1088/1674-1056/ac8ce8
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac29a8
https://doi.org/10.1088/1674-1056/ac29a8
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac29b0
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac29b0
https://doi.org/10.1088/1674-1056/ac29b0
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab5c10
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab5c10
https://doi.org/10.1088/1674-1056/ab5c10
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/26/10/103302
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/26/10/103302
https://doi.org/10.1088/1674-1056/26/10/103302
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/25/2/023301
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/25/2/023301
https://doi.org/10.1088/1674-1056/25/2/023301

Chin. Phys. B 31, 103303 (2022)

SPECIAL TOPIC — Celebrating the 70th Anniversary of the Physics of Jilin University

Amplitude and rotation of the ellipticity of harmonics
from a linearly polarized laser field

Ping Li(Z=#)12, Na Gao(# )2, Rui-Xian Yu(EHi 512, Jun Wang(E£)"2, Su-Yu Li(ZE755)12,
Fu-Ming Guo(Z84&#)!27, and Yu-Jun Yang(# £ %)%+

Unstitute of Atomic and Molecular Physics, Jilin University, Changchun 130012, China
2Jilin Provincial Key Laboratory of Applied Atomic and Molecular Spectroscopy (Jilin University), Changchun 130012, China

(Received 6 July 2022; revised manuscript received 16 August 2022; accepted manuscript online 26 August 2022)

We simulate the dynamic response of H; in a linearly polarized laser field by numerically solving the time-dependent
Schrodinger equation. The elliptically polarized high-order harmonics generated by H2+ irradiated by the linearly polarized
laser field are systematically investigated. The result shows that the amplitude and rotation of the ellipticity of harmonics
are affected by the alignment angle and internuclear distance of the molecule. Analyzing the change in forces acted on the
ionized electrons and the trajectories of the electrons, the phenomena are found to be due to the change in the direction
of the total Coulomb forces from the two nuclei felt by the recollided ionized electrons in the direction perpendicular to
the laser polarization direction. Based on the influence law, we can select the harmonics with a specific frequency band
under different alignment angles and then synthesize the isolated attosecond pulses with different rotations, which can be
continuously converted from right-handed circular polarization, linear polarization, and left-handed circular polarization by
changing the alignment angle. This study provides a new possible approach to the real-time detection of molecular states
by using attosecond pulses and obtaining more optimized harmonics with molecular properties.

Keywords: high-order harmonic, ellipticity, rotation, attosecond pulses

PACS: 33.20.Xx, 42.65.Ky

1. Introduction

The interaction of high-intensity laser pulses with atoms
or molecules leads to a series of nonlinear phenomena,!!=3!
such as multiphoton ionization (MPI),*! nonsequen-

[6.71 above-threshold ionization, 3111

tial double ionization,
Coulomb explosions,!'>!3] and high-order harmonic gener-
ation (HHG).['*281 HHG is an effective means to obtain
desktop shortwave coherent radiation source, and its spectral
range has expanded from infrared to extreme ultraviolet band
and across the soft x-ray (1 nm-30 nm) band. Moreover,
it can be used to generate attosecond pulses and detect the
electronic structure of atoms and molecules.>*=3?! Attosec-
ond pulse chains and single attosecond pulses generated from
HHG.33%1 provide a tool for the real-time measurement of
ultrafast electronic processes in atoms, molecules, and semi-
conductor nanostructures.

Using a linearly polarized laser field, the ionized electrons
of atoms primarily move in a one-dimensional straight line,
and harmonic polarization is linear as a result of the recollision
of the ionized electron with the parent ion along the polarized
direction of the driving laser pulse. Additionally, the polariza-
tion direction of the high-order harmonics is the same as that
of the incident laser polarization.3®) Recently, strong circu-
larly polarized harmonic radiation has been observed experi-
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mentally by using counter-rotating two-color circularly polar-
ized laser pulses interacting with atoms and molecules, 70!
which can be attributed to the fact that the ionized electrons
in this field can return to the parent ion at different angles.
Compared with linearly polarized harmonics, circularly po-
larized harmonics have one more adjustable degree of free-
dom and potential application in chiral molecules and circu-
lar dichroism measurement of magnetic materials.[*!~*3! Since
then, considerable research has been conducted on the gen-
eration of circularly polarized high-order harmonics by other
combined light pulses, such as circularly polarized HHG by
using intense few-cycle elliptically polarized laser pulses and
a terahertz field*#! and by combining a fundamental frequency
field and an orthogonal second harmonic field.!*!

Recently, studies have shown that the HHG by molecules
in a linearly polarized laser field is sensitive to molecular ori-
entation; when the direction of the molecule changes regarding
the field, the interference contributions from different atoms
in the molecule lead to the suppression of harmonic in a spe-
cific frequency band.!*®! Lein ez al. have calculated the effect
of molecular alignment angles on the harmonics of H; irra-
diated by a linearly polarized laser field in two and three di-
mensions. A minimum value caused by an interference effect
can be found in all spectra, which moves to a higher harmonic
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order with the increase of the alignment angle.!*’! The har-
monics generated do not possess linear polarization charac-
teristics, and their intensities are parallel to the laser polariza-
tion direction and perpendicular to the laser polarization direc-
tion are comparable. Consequently, circularly polarized har-
monics could be generated. Compared with a counter-rotating
two-color circularly polarized laser pulse and combined laser
pulses, a linearly polarized laser is more convenient. Kim et
al."8) found that H, and H2+ irradiated by a linearly polarized
laser field would simultaneously generate harmonics along the
laser polarization direction and perpendicular to the laser po-
larization direction. Telnov et al. studied the of MPI and HHG
on the alignment angle of HEL, whose internuclear distance is
2.0.1%1 Zhou et al. performed precise polarization measure-
ments of the HHG of aligned molecules. They found that
harmonics emission can also be strongly and elliptically po-
larized by N, driven by a linearly polarized laser field."% Le
et al. investigated the polarization of high harmonics from the
aligned Nj, CO», and O», and the results show that its polar-
ization state depends on the molecular species.>!) Guo et al.
found that molecular arrangement can be determined by the
harmonic polarization state for the aligned N, molecule irra-
diated by a linearly polarized laser.!3?! Jiang et al. investigated
the HHG from the aligned CO, molecule driven by a linearly
polarized laser and found that the molecular polarization can
be determined by the harmonic polarization state.!>3! Son et
al. studied elliptically polarized high-order harmonics from
aligned molecules irradiated by a linearly polarized driving
field, and the physical mechanism of elliptically polarized har-
monics is the amplitude and phase of harmonics.>* However,
the generation of elliptically polarized high-order harmonics,
modulation of polarization characteristics, and basic principles
of molecules driven by linearly polarized lasers must be stud-
ied. Thus, we have conducted the following research work.

In this study, we investigated the polarization character-
istics of HHG from aligned H; (the symmetric 1 ¢ g orbital)
in a linearly polarized laser pulse by numerically solving the
time-dependent Schrédinger equation (TDSE). We found that
the harmonics from H; irradiated by a linearly polarized laser
field change their ellipticities regularly by increasing the align-
ment angle. As the molecular alignment angle changes from
—90° to 90° , the positive and negative changes in the ellip-
ticity of each order harmonic in the platform region are as fol-
lows: 0 — negative — 0 — positive — 0 — negative — 0 —
positive — 0. The maximum value of the ellipticity can be
close to 1, which is because of the change in the Coulomb
force of the ionized electron in the direction perpendicular to
the laser polarization. We discussed the change in electronic
trajectory caused by the change in the direction of force felt by
the ionized electron. Given the change in force direction, se-

lecting a specific alignment angle can produce a nearly circu-
lar polarization of harmonics, and the ellipticity of harmonics
can also be changed by changing the internuclear distance of
the molecule. In this study, we collected harmonics in partic-
ular bands and synthesized a single attosecond pulse, whose
ellipticity changes regularly with the alignment angle. Unless
otherwise specified, atomic units are used throughout this pa-
per.

2. Theoretical model and numerical method

In simulating the HHG of the H;r molecule in a linearly
polarized laser field, we numerically solve the 2D TDSE

e A
IEW('XJ)J):H(x7y7t)llj(xay7t)‘ (1)
The Hamiltonian equation is presented as follows:
2, .2
A Pyt py
H()C,yﬂ‘): - ) - +V(xay)+xEx([)+yEy(t)' 2)
The soft-core Coulomb potential can be expressed as follows:
0
V()C,y) = - 2 >
\/(x— Bcos0) + (y—5sing)" +A
Q

- ’ (3)
V (£ cos0)” + (v + £5in0)” +4

where R is the internuclear distance, A is the soft-core parame-

ter, and Q is the effective nuclear charge. In the case of R = 2,
A = 0.52, the ionization energy is —1.1 (29.93 eV), which is
the same as that of H;’ . The angle between the molecular axis
and x axis is 8. Here we hypothesize that the polarization di-
rection of the linearly polarized laser pulse is along the x axis.
The molecular axis lies in the x—y plane. The laser pulse can
be expressed as follows:

Ex(t> = EOf(t) Sil’l(COl), 4

where f(¢) is the laser pulse envelope, the shape of the enve-
lope is sin, and Eq and @ are the peak amplitude and angular
frequency of the laser pulse, respectively.

We obtained the initial wave function by using the vir-

(531 Then, Eq. (1) was numerically

tual time evolution method.
solved by using the splitting-operator method combined with
the fast Fourier transformation. The time and space steps are
set to Ax = Ay = 0.1 and Ar = 0.026, respectively, and the spa-
tial integration grid size is 409.6. The wave function was mul-
tiplied by a cos!/8 mask function at each time step to avoid
unphysical reflection of the wave packet from the boundary.
By using the time-dependent wave function, the dipole accel-

erations in the x and y directions are written as follows:

d2
alt) = S (WOl 0)
= (W) |- 252 B0 i)
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d2
ay(t) = @W/(x,y,tﬂy\ly(x,y,t))
= (v |- 252 0 i) ©

The harmonic spectra are calculated by using the Fourier trans-
formation of the above mentioned equation:

1 in » 2
P (@) = m/t ax(t)e”""dt| (7
n 0
1 n —iwr ?
Pay(a)) = m/t ay(t)e ! dt (8)
n 0
The ellipticity of the HHG is calculated as follows:
e=(lar|=la-])/(lat|+la-]), ©

where at = (1/+/2)(ax £ iay), a, and a, are the x and y com-
ponents of the dipole acceleration in the frequency domain. A
harmonic spectrum can be projected into two counter-rotating
components, which are right circularly polarized harmonics
obtained as D = |a.|* with & > 0 and left circularly polar-
ized harmonics obtained as D_ = |a_|* with & < 0.1

3. Results and discussion

Figure 1 shows the high-order harmonics generated by
the oriented Hzr and irradiated by a linearly polarized laser
pulse. The wavelength of the laser pulse is 780 nm (corre-
sponding frequency of @ = 0.058), and the peak amplitude
of the laser field Ey is 0.11, corresponding to the intensity of
I =4.2x 10" W/cm?. The pulse duration is two optical cy-
cles, and the polarization direction is along the x axis. The
molecular axis lies in the x—y plane, and the angle regarding
the x axis is 6. Additionally, figure 1(a) shows the relation-
ship between this angle and the driving laser pulse. When
the alignment angle 6 = 30°, the generated harmonic spec-
tra are the harmonic component polarized parallel to the laser
polarization direction (x axis direction) (solid red line) and per-
pendicular to the laser polarization direction (y axis direction,
dotted blue line, Fig. 1(b)). Based on this alignment angle,
harmonics occurs in the direction perpendicular to the laser
polarization direction. At a specific frequency range (such as
the range of 22nd to 37th), its intensity exceeds the harmonic
component in the direction parallel to the laser polarization
direction. Figures 1(c) and 1(d) show the change in the in-
tensity of the harmonic in parallel polarization and perpendic-
ular polarization states with the alignment angle, and the an-
gle increases from —90° to 90°. As shown in Fig. 1(c), the
spectrum of the harmonics in the parallel laser polarization
direction exhibits a “minimum value” structure as the angle
changes. This result is consistent with the conclusion drawn
by a previous work, which studies the minimum value of the

harmonic spectrum of diatomic molecules driven by the lin-
early polarized laser field at different alignment angles. 7]
Here, we also show the position of the harmonic spectrum
minimum (solid red line) calculated by the two-center interfer-
ence effect formula Rcos 6 = (n— 1/2)A, which is consistent
with that calculated by quantum simulation. The harmonics
in the direction perpendicular to the laser polarization direc-
tion change with the angle completely different. Additionally,
no harmonic emission is observed when the angle is —90°,
0°, and 90°, and the harmonic intensity is the highest when
the angle is approximately +45°. Moreover, no “minimum
value” characteristic that depends on the alignment angle is
found. Therefore, the intensity of harmonics in the perpendic-
ular polarization state reaches or even exceeds that in the par-
allel polarization case near the frequency band where harmon-
ics in the parallel polarization show a minimum value. If the
phase difference between two harmonic components is close
to +7 /2, then high-order harmonics can be produced close to
circular polarization. Furthermore, we analyze the influence
of molecular alignment angle on the amplitude and rotation of
harmonic ellipticity.

Figure 2(a) shows the ellipticity of the HHG of H2+ at
different alignment angles irradiated by a linearly polarized
laser field. As the molecular alignment angle changes from
—90° to 90°, the positive and negative changes in the ellip-
ticity of each order harmonic in the platform region are as
follows: 0 — negative — 0 — positive — 0 — negative —
0 — positive — 0. The maximum value of the ellipticity can
be close to 1. The negative and positive values of the elliptic-
ity correspond to the left-handed and right-handed polarized
harmonic field in the time domain, respectively, and ellip-
ticity equal to 1, less than 1, and equal to O corresponds to
the circularly, elliptically, and linearly polarized field, respec-
tively. Moreover, the position where the harmonic appears to
alternate left and right rotation (corresponding to the negative
and positive alternating change of ellipticity) is the alignment
angle corresponding to the “minimum value” of the harmonic
and 0° alignment angle. The intensities of the harmonics in the
two polarization directions are unchanged, and the phase dif-
ference undergoes 7 jumps. When the electron returns to the
nuclear region, the direction of the Coulomb force changes:
the force in the x direction remains unchanged, whereas the di-
rection of the force on the y axis is the opposite. Consequently,
the time-dependent dipole acceleration in the x direction is
almost unchanged, whereas that in the y direction changes
negatively and positively. Furthermore, the inverse sign of the
time-dependent dipole acceleration in the y direction in the
time domain brings about that the time-dependent dipole ac-
celeration undergoes a phase difference of 7 in the frequency
domain, and finally the rotation reverses. Figure 2(b) shows
the ellipticity change of four different order harmonics ranging
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generated of H;’ driven by linearly polarized laser field when angle is 30° the solid red and dotted blue lines denote the HHG which is polarized along the

x axis and y axis. (c), (d) Variation of HHG of H;r at R =2 in the x and y directions at each order with the alignment angle, respectively, the solid red line

shows the “minimum value” structure of harmonic spectrum by the two-center interference.

—1.0 —0.5 0 0.5 1.0 1.5, )
| n |
(c)
70 1.0
S (a)
i 60
3 - Ol J
i ~— o~
5 50 ‘ % 0
8 40 . = \—uuuT
2 A o5, |
g —s=— Phasex L /
s 20 = —1.0 ¢— Phasey e I
T - - +Phase difference
10 15 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
—-90 —30 30 90 —-90 —30 30 90
Angle (°) Angle (°)
1.0 —10.5
(b) —s—23th (d) =HHGx
——29th 5 —11.0 +HHGy
0.5 =& f"w
2 B -115
2 §o)
i s NN S
= £ —12.0
—0.5 E
—12.5
I AN
—1.0 —13.0
—90 730 90
Angle (°) Angle (°)
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23th, 29th, 35th and 41th harmonics as the alignment angle changes from —90° to 90°, (c) phase and (d) intensity of the corresponding 35th harmonic at

different alignment angles.
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from a lower frequency to a higher frequency in the HHG
platform region to observe the change in ellipticity with the
molecular alignment angle. Notably, the amplitude of the el-
lipticity of the harmonic is equal, and the rotation direction is
opposite when the molecular alignment angle is equal in value
but opposite in rotation direction. For example, the elliptic-
ity of the 35th harmonic is 0.91 when the alignment angle is
—30°, which corresponds to the right-handed elliptic polariza-
tion in the time domain. When the alignment angle changes to
+30°, the harmonic changes to a left-handed elliptic polariza-
tion with an ellipticity of —0.91. Therefore, as the oriented H2+
is exposed to a linearly polarized laser field, the harmonic ra-
diation field in the platform region will change with the molec-
ular alignment angle and successive transition to right-handed,
linear, and left-handed polarization.

The polarization characteristics of the harmonic are de-
termined by the intensity ratio and phase difference of the two
orthogonal components: When the intensity is the same and
the phase difference is odd times of /2, the corresponding
harmonic is circular polarization, but when the intensity dif-
ference between the components in the two directions is high
or the phase difference is integer times of 7, the correspond-
ing harmonic is linear polarization. We take the 35th harmonic
as an example to understand the polarization characteristics of
H2+ harmonics. Figures 2(c) and 2(d) present the change in the
phase and intensity of the 35th harmonic field with the molec-
ular alignment angle, respectively. The black squares and red
circles denote the polarization component of harmonics in the
x and y axes, and the blue triangles denote the phase differ-
ence between the x and y components of the harmonics. The
maximum values of the ellipticity of the 35th harmonics ap-
pear at the alignment angle of £30°; the harmonic intensity
is basically equal in the two directions, and the phase differ-
ence of 0.77, which is close to /2. Thus, the amplitude of
harmonic ellipticity is high at this angle. However, the phase
difference is not exactly equal to /2. Therefore, it is only
close to circular polarization. Moreover, the phase differences
at the alignment angles of +30° and —30° are close to —7/2
and 7r/2, respectively, and the harmonics are left-handed and
right-handed elliptical polarization in the time domain. For
the alignment angle near —90°, 0°, and 90°, the harmonics in
the x direction are much stronger than those in the y direction;
therefore, the total harmonic is linear polarization.

As the molecular alignment angle changes from negative
to positive values (e.g., from —30° to +30°), the phase dif-
ference between parallelly and perpendicularly polarized har-
monics changes from positive to negative, which leads to the
rotation reversal of harmonics. In the next part, we will an-
alyze the electric dipole acceleration (Eq. (5)) of the ionized
electron that generates harmonics. The time evolution function
is driven by the average value of the pulsed electric field E(7).

Its Fourier transformation only contributes to the 1st harmonic
and not to the higher order harmonics. Therefore, we must
only consider the dipole moment changes caused by the mean
value of —dV (x,y)/dx, —dV(x,y)/dy, which correspond to
the harmonics whose polarization is in the x and y directions,
respectively. Figure 3(a) shows the images of —dV (x,y)/dx,
—dV(x,y)/dy, when the molecular alignment angle is +30°.
The laser pulse that we used is linearly polarized along the
x axis, which is driven by this pulsed electric field; thus, the
path of the electron returning to the nuclear region is primar-
ily concentrated near the straight line of the x axis, in which
the electron recollides, passing through the dual-nuclear re-
gion. As shown in Fig. 3(a), when the electronic wave packet
passed through the nuclear region (near the origin of coordi-
nates) from positive to negative direction along the x axis, the
time-dependent dipole acceleration in the x direction primarily
changes in the order of a relatively large negative value — a
small positive value — a small negative value — a relatively
large positive value, whether the alignment angle is +30° or
—30°. By contrast, the time-dependent dipole acceleration in
the y direction changes initially from negative and then to pos-
itive when the alignment angle is —30° and from positive to
negative when the alignment angle is +30°. Based on the
Coulomb force of the two nuclei during electron motion, the
change in time-dependent dipole acceleration is entirely de-
termined by the force felt by the electron passing through the
nuclear region along the x axis (Fig. 3(b)). When the elec-
tron passes through the nuclear region along the x axis, the
force in the x direction changes in the following order when the
alignment angle is £30°: a relatively large negative value — a
small positive value — a small negative value — a relatively
large positive value. In the right region of the right atom, the
electron is attracted to the left by two nuclei, and the force is
relatively large; when the electron is between two nuclei and
closer to the right one, the electron is attracted by two nuclei
(one at the left side and the other at the right side) where the
nuclear force at the right side is larger. These nuclear forces
counteract each other, making the force relatively small; when
the electron is between two nuclei and closer to the left one,
the electron is attracted by two nuclei (one on the left side
and the other on the right side) where the nuclear force at the
left side is larger. These forces counteract each other, making
the force relatively small; when the electron finally moves to
the left region of the left nucleus, it is attracted by two nu-
clei to the right where the force is relatively large. The force
in the y direction changes initially from negative and then to
positive at an alignment angle of —30° and from positive to
negative at an alignment angle of +30°. In comprehensively
understanding this process, we show the schematic diagram
of the motion process and force of electrons passing through
the nuclear region at two alignment angles, where red arrows
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show the direction of the force acted on the electron at each
position (Figs. 3(c) and 3(d)). Therefore, when the molecu-
lar alignment angle changes from negative to positive as the
electron passes through the two nuclei along the x axis, the
force in the x direction remains unchanged, making the time-
dependent dipole acceleration in the x direction stable. How-
ever, the force in the y direction shows opposite results, which
makes the time-dependent dipole acceleration in y direction
positive and negative reverse. The harmonic ellipticity can

(a) 6 6
3 —0.8450
0 —0.5070
-3
~ —0.1690
o 1690
0.5070

0.8450

la—1)/ (las|+la-1),

where as = (1/v/2)(ax + iay), ay, and ay are the x and y com-

be calculated using Eq. (9) € = (|ay|—

ponents of dipole acceleration in the frequency domain, re-
spectively. The inverse sign of the dipole acceleration in the
y direction in the time domain causes the inverse sign in the
frequency domain ay (i.e., the phase difference 7 in the fre-
quency domain) and then the exchange of the value of a_ and
a_, the harmonic elliptic rate positive and negative inversion
conversion, and finally the harmonic rotation conversion.

F, (a.u.)
(b) ( 0°) 0.8 (30°)

,J%‘* N

—10 —5 \/f’io —10 —5 \/("10
—0.4 z (a.u.) —0.4 z (a.u.)
—0.8 —0.8
F, (a.u.) F, (a.u.)
0.8} (—30°) 0.8} (30°)

(d)

Fig. 3. (a) The —dV(x,y)/dx and —dV (x,y)/dy when the alignment angle is —30° and 30°, (b) force acted on the electron in the the x and y direction as it
passes through the nuclear along the x axis at the alignment angle of —30° and 30°, (c) schematic diagram of electron trajectory at the alignment angle of
—30°, (d) schematic diagram of electron trajectory at the alignment angle of 30°.

One of the great challenges in the study of circular or el-
liptically polarized high-order harmonics is how to use them
to achieve coherent pulses with isolated attosecond duration
in the circular or elliptic polarization states. Here, attosec-
ond pulses with different rotations are synthesized by using
the high-order harmonics with different ellipticities generated
by changing the molecular alignment angles (Fig. 4). Fig-
ures 4(al)—4(a5) show the time evolution of the attosecond
electric field when the molecular alignment angle gradually
changes from —30° to +30°, and the corresponding Li Saru
graphs correspond to Figs. 4(b1)—4(b5), where black arrows
show the rotation direction of the electric field vector over
time. In obtaining the isolated attosecond pulse, the phase
of the driving field is set as 0.257, and the attosecond pulse
is synthesized from the harmonics from 27th to 50th in the
frequency band. The isolated attosecond pulses have a dura-
tion of approximately 190 as, whose polarization state changes

from right-handed near-circular to right-handed elliptic, then
to linear and left-handed elliptic, and eventually to left-handed
near-circular when the molecular alignment angle gradually
changes. Therefore, attosecond pulses of different polariza-
tion states and rotation directions can be synthesized by rotat-
ing the alignment angle of the molecular axis.

Finally, the harmonic generated by H;r driven is by the
linearly polarized short pulse, the maximum position of the
ellipticity appears on the side of the harmonic spectrum mini-
mum in the direction parallel to laser polarization, and its fre-
quency is slightly higher than that at the minimum. Therefore,
the frequency corresponding to the maximum value of the el-
lipticity will move toward higher energy as the alignment an-
gle increases. Additionally, it also varies with the distance
between molecular nuclei because the minimum position of
the harmonic spectrum of diatomic molecules depends signif-

icantly on the internuclear distance under the two-center in-
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terference model. Figure 5 shows the distribution of the el-
lipticity of harmonics from H2+ at different orders at align-
ment angles of —90° to 90° when the internuclear distances
are R=1.8, R =2, and R = 2.2. The larger region of the el-
lipticity moves to the lower order direction as the internuclear
distance increases. On the contrary, the larger region of the el-
lipticity moves toward higher order as it becomes smaller. This
scheme provides an opportunity for us to synthesize more opti-
mized attosecond pulses under the combined action of molec-
ular alignment angle and internuclear distance or achieve real-
time detection of molecular alignment angle and internuclear

distance states by using the polarization states of HHG. In
this study, the harmonics are generated from the alignment
molecules. Certain harmonics will exhibit polarization char-
acteristics under a certain alignment angle, and the mecha-
nism of its generation is explained. For realistic molecular
alignment distribution, molecules are distributed randomly at
various alignment angles; thus, directly observing harmonics
is difficult because of the relatively low efficiency of polarized
harmonics. Therefore, initially introducing an alignment pulse
and then adding a driving pulse are necessary to generate the
polarized high-order harmonics.

(al) (a2) (a3) (a4) (a5)
~ 5 (=30°) -~ (=15°) -~ (0°) -~ (15°) ~ 5 (30°)
3 3 3 5 3
< s 0 s 5 s 95 5
L oo Lo Lo Lo Lo
= S S g S
= <5 <=5 =5 =
&g 5 o S o —5
& o 180 5 5 180 5 180 5 180 ¢ > 0 180
% 120 % 120 12 0 12 120
o, 5o 60 @4\,3 2o _5 60 Ka»“'\ ‘(. _5 60 &“3 "y, 5 60 (ia-“'\ (., 5o 60 @.\,)
«, “, TAne ) gane %y ) e @, v, e 2y, y 30
5 B 5
(b1) (b2) (b3) (b4) (b5)
= 25 3 75 2
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=
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Fig. 4. [(al)—(a5)] Isolated attosecond pulses generated by superimposed 27th—50th harmonics generated by Hz+ at the alignment angles of —30°, —15°, 0°,
15°, 30° under linearly polarized pulses, [(b1)—(b5)] rotation corresponding to the isolated attosecond pulse generated.
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Fig. 5. Under linearly polarized laser field, the carrier wavelength of laser field is 780 nm and the laser field peak amplitude is 0.11, the ellipticity distribution
of HHG of different orders of H;’ atR=1.8,R=2,R=2.2at —90° to 90° alignment angle.

4. Conclusion

We theoretically simulate the HHG process of Hj irradi-
ated by ultra-short linearly polarized laser pulses by numeri-
cally solving the TDSE. The aligned H;r can produce highly
elliptic polarized harmonics in this light field. Furthermore,
the harmonic polarization state varies with molecular align-
ment angle and internuclear distance, which can change con-
tinuously between left-handed circular polarization, linear po-
larization, and right-handed circular polarization. Moreover,
the change results from the change in the direction of the total

Coulomb force of the two nuclei felt by the recollided elec-

trons that emit harmonics, which is perpendicular to the direc-
tion of the laser polarization. These harmonics can be used
to generate isolated attosecond pulses with different polariza-
tion states. This law also provides an opportunity to detect the
molecular state in realtime by using the polarization state of

the molecular high-order harmonics or attosecond pulses.
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