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High-order harmonic generation of the cyclo[18]carbon (C;g) molecule under few-cycle circularly polarized laser
pulse is studied by time-dependent density functional theory. Compared with the harmonic emission of the ring molecule
CgHg having similar ionization potential, the Cig molecule has higher efficiency and cutoff energy than CgHg with the
same laser field parameters. Further researches indicate that the harmonic efficiency and cutoff energy of the C;g molecule
increase gradually with the increase of the laser intensity of the driving laser or decrease of the wavelength, both are larger
than those of the C¢Hg molecule. Through the analysis of the time-dependent evolution of the electronic wave packets, it is
also found that the higher efficiency of harmonic generation can be attributed to the larger spatial scale of the Cg molecule,
which leads to a greater chance for the ionized electrons from one atom to recombine with others of the parent molecule.
Selecting the suitable driving laser pulse, it is demonstrated that high-order harmonic generation in the Cg molecule has a
wide range of applications in producing circularly polarized isolated attosecond pulse.

Keywords: time-dependent density functional theory, high-order harmonic generation, circularly polarized

attosecond pulse
PACS: 32.80.Rm, 42.50.Hz, 42.65.Ky

1. Introduction

The interaction of atoms, molecules, or crystals with in-
tense laser pulse can induce a variety of strong-field physical
phenomena, such as tunneling ionization,!!! above-threshold
ionization,?! non-sequential double ionization,**! and high-
order harmonic generation (HHG).5=") Among them, HHG
tends to be an important resource for the production of at-
tosecond pulses!!? because of its ability of amplifying the fre-
quency of the incident laser by hundreds of times. With the in-
depth developments of harmonic research, it has been found
that elliptically or circularly polarized HHG and ultrashort
pulses can be generate by controlling the polarization of har-
monic emission, which have important applications in x-ray
magnetic circular dichroism,!'!l ultrafast spin dynamics,!?!
chirality recognition,[!3! etc. Therefore, the research on cir-
cularly polarized HHG and ultrashort pulses has become one
of the hotspots in the field of strong-field physics.

The HHG mechanism can usually be described with the
“three-step” model theory.!'* Firstly, valence electrons are
tunnel ionized by the incident laser field, then the ionized elec-
trons are accelerated by the laser electric field, and finally,
some of these ionized electrons have opportunities to recom-
bine with the parent ion and return to the ground state after
they release the kinetic energy by emitting HHG. With this
mechanism, more strong and high-frequency harmonic emis-
sion of atomic gas has been generated by linearly polarized
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laser pulse (LPLP). However, for atomic gas driven by circu-
larly polarized laser pulse (CPLP), the probability of recom-
bination between the ionized electrons and the nucleus is very
small since the main movement area of the ionized electrons
is far away from the nuclear, then it is not easy to observe
the circularly polarized harmonic emission. In order to solve
this problem, a scheme to generate circularly polarized HHG
effectively and directly is designed, a circularly polarized fun-
damental field with frequency ® and its counterrotating sec-
ond harmonic 2 are used to irradiate atomic or molecular
gas targets simultaneously to generate the circularly polarized
harmonics.!"> The atomic gas driven by the counter-rotating
bicircular field can emit left-handed and right-handed harmon-
ics alternately, and the intensity of the circularly polarized har-
monics is close to that of linearly polarized harmonics.[!¢-1°]
But the helicities of different harmonic orders generated in a
spectrum range are different, and the spectral width is not wide
enough to synthetic ultrashort pulse, which cannot meet the
requirement of ultrafast measurements. Some methods have
been attempted to obtain the harmonic spectra with wide range
and single helicity. In 2006, a series of circularly polarized
harmonics were obtained at the end of the harmonic plateau
using the combination of the circularly polarized laser field
and the electrostatic field.!*’! From 2012 to 2013, the circu-
larly polarized isolated attosecond pulses (IAP) were obtained
by combining the circularly polarized laser field and linearly
polarized laser field, or combining the elliptically polarized
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laser field and terahertz laser field.[?!22] Two years later, the
circularly polarized IAPs were synthesized using the circu-
larly polarized supercontinuum spectrum obtained with the
spatially inhomogeneous field method, %! the elliptically po-
larized IAP was generated by adjusting the time delay between
the two circularly polarized laser fields.[**! In 2017, some
studies focusing on the efficiency were carried out, the circu-
larly polarized attosecond pulses were obtained efficiently by
adjusting the relative frequency ratio of the bichromatic circu-
larly polarized driving laser field,>>) the emission efficiency
of left-handed or right-handed harmonics was selectively im-
proved by adjusting the relative intensity ratio of the bichro-
matic circularly polarized driving laser field.! In 2018, the
scheme to produce high ellipticity IAP with tri-circularly fields
was proposed in the study of optical chirality.”””! In 2019,
nearly circular attosecond pulse trains were obtained with a
proper ellipticity & for w-3® driving laser field, which con-
sists of a circularly polarized field with its coplanar counter-
rotating elliptical harmonic pulse.?®! In 2020, the counter-
rotating bicircular field containing a time delay and having an
appropriate orbital angular momentum was selected as a driv-
ing laser field, the attosecond pulse train was generated.>’!
Based on the accuracy controls of the driving laser field, the
methods mentioned above have made considerable progresses
to meet the increasing demands, however, the higher require-
ments of performing actual operations in experiments are still
unsatisfied.

As the gas target is not an atom but a molecule or a solid,
the harmonics irradiated by the interaction with the CPLP ex-
hibit abundant characteristics due to the high electron density
and multicenter structure.3%33 The efficiency of harmonic
emission produced by a circularly polarized laser field in-
teracting with small linear molecules is higher than that of
atoms with the same ionization potential and the same laser
field,>*331 aligned small molecules can produce low-order
harmonic in a circularly polarized laser field.’*7] A large
amount of theoretical and experimental results have been ob-
tained in the past decades.?**!1 As an important molecule tar-
get, the harmonic emission of CgHg molecule in a circularly
polarized laser field has been studied. With the weak laser in-
tensity, there is only one plateau in the harmonic spectrum, the
allowed harmonic orders are 6k+ 1 (k = 1,2,...) due to the
re-collision mechanism. While with the higher laser intensity,
there are multiple plateaus in the harmonic spectrum because
of the transitions from bound state to bound state. 4> Using
the interaction of ring molecule C¢Hg with CPLP, the 108 as
circularly polarized IAP has been obtained theoretically. ]
The fact that C¢Hg molecule can emit HHG in a circularly po-
larized laser field is inspiring, but its harmonic energy is really
low and intensity is weak.

The cyclo[18]carbon (Cig), a synthesized alkynes con-

taining 18 sp-hybridized carbon atoms, was prepared and di-
rectly observed by Kaiser ef al. in 2019.1%6] As a potential
molecule target, cyclo[18]carbon has been theoretically inves-
tigated, because of its unique ring structure and dual 18-center
7 delocalization feature. Compared with the C¢Hg molecule,
the C1g molecule has unusual characteristics and properties,
the ability of having strong harmonic emission in circularly
polarized laser field makes it possible to be a powerful can-
didate used to generate the high-intensity isolated attosecond
pulse. Therefore, it is necessary to apply a reliable theoretical
method to accomplish a thorough research on the harmonic
emission of the C;g molecule.

In this work, the time-dependent density functional the-
ory (TDDFT)!*"! is employed to study the HHG of the Cig
molecule with larger spatial scale in circularly polarized laser
field. The harmonic spectra obtained from the interaction of
Cig molecule with CPLP are analyzed and compared with
those of C¢Hg molecule, the effects of the intensity and wave-
length of the incident circularly polarized driving laser field
on the harmonic emission are discussed. And the scheme to
obtain two attosecond pulses with opposite polarizations is ex-
plained in detail, which is hoped to be useful to generate the
isolated attosecond pulse efficiently and reliably.

2. Theory and models

The TDDFT method is widely used to study the HHG
of molecules driven by intense laser fields,*¥!1 the HHG
of the CgHg molecule®? and more complex solid-state

(40531 calculated by TDDFT are also in good agree-

systems
ment with the experimental measurements.

For a many-body system evolving from a given initial
state, a one-to-one mapping between the time-dependent ex-
ternal potential and the time-dependent single-electron den-
sity is established with Runge—Gross theorem.[*”] In the length
gauge and dipole approximation, the electrons of molecu-
lar systems driven by circularly polarized laser pulse follow
the equations of time-dependent Kohn—Sham (KS) orbitals

y;(7,t), which is given (atomic units are used hereinafter) by

d 1
igl//,'(r,t): —§V2+VKs[p](r,t) yi(r,t), i=1,...,N,
ey

where i is the orbital index, N is the number of Kohn—Sham or-
bitals, p(7,?) is the time-dependent electron density, p(7,7) =

2
250 [wir.0)]
The Kohn-Sham potential Vks[p](r,?), a function of
p(r,t), is defined as

Vks[p](r,1) = Vielp](r,1) + Vulp](r,1)
+Vne(7°) + Vlaser(rat)7 2
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where the first term Vic[p](r,t) is the exchange—correlation
potential describing the nonperturbative many-body effect,
which is represented with general gradient approximation
(GGA) in the Perdew—Burke—Ernzerhof (PBE) form.[>* The
second term Vy[p|(r,t) is the Hartree potential, the third
term Vype(7) is the electron—ion interactions described with
norm-conserving Troullier-Martins pseudopotentials’®>! in
the parametrization of Kleinman—Bylander,>®! and the last
term Viuser(7,7) is the external potential caused by the inter-
action between the external laser field and the molecule, it is
given as Vigeer(7, ) =7 E(t), where E(¢) is the circularly po-

larized laser field,
_ B

V2
and the envelope of the laser field is a Gaussian envelope,
Flo) = e%m(%){

The time-dependent Kohn—Sham orbital wavefunctions

E(t) S(t)cos (mpt) é;+ %f(t) sin(mpt) é;,  (3)

are propagating on a real-space grid with real-time. The time
propagating method can be characterized by the time-reversal
symmetry. Here we use the approximated enforced time-
reversal symmetry (AETRS), 7! the time step is 0.00192 fs.

In order to avoid the unphysical effects caused by the re-
flection of the electron wave packet from the boundary, we
multiply a complex absorption potential (CAP)[38]

0, 0 <r < rmax,
Vabsorb(r): iT]Sil’lz |:(”_ rmax)7r

“)

oL :|armax<r<rmax+L7

where L = 10 a.u. and n = —0.8 a.u. are the width and height
of the absorbing potential, respectively.

The corresponding harmonic spectrum can be obtained
from the time-dependent dipole acceleration a(t) as!>°!

2

H(w) = ‘/a(t)eiwtdt , )

where a(t) = — [p(r,t)VHgsd?>r, Hgs = —(1/2)V? +
Vks[p](r,t). The components of the a(#) in x and z directions
are defined as

ay(t) = = [@rp(r.)V (Valp)(r.0)+Vae(r)+Vac P (1)}
—N-E,(t), p=x,z, (6)

where x and z represent the laser polarization directions.
Through the Fourier transformation of a, (1), we can get

&p(a)):./ap(t)efi“”dt, p=xz. %

Then the harmonic ellipticity %%l is obtained as

_fa]-|a|
@] +la|’

®)

where @+ = (1/v/2) (a, +ia.).

Choosing the harmonic coherent superposition in a cer-
tain energy range, the attosecond pulse can be syntheticed, its
intensity is given as follows:

~ _igqwyt
/aqe
q

where ¢ is the harmonic order.

2

1) = ©)

3. Results and discussion

The ground state of the system is prepared with the static
density functional theory (DFT), the KS orbitals y;(r,7) are
solved numerically using the Octopus code.[®'-%3] The sim-
ulation box selected in the present work is designed with
|re| <70 au., |ry| <30 au., and |r;| <70 a.u., the spacing
step is 0.4 a.u. For the Ci3 and CgHg molecules, their cen-
ters are at the coordinate origin, all the nucleus are fixed, and
the molecule is located on the x—z plane, which is coplanar
with the polarization direction of the circularly polarized laser
field. The structure (the knotted model) of C;g used in this
work is shown in Fig. 1, and the C—C bond length is alter-
nating between 1.22 A and 1.34 A, the bond angle is always
160°. For the C¢Hg molecule, the C—C bond length is 1.399 A,
and the C—H bond length is 1.486 A. The molecular maximum
nuclear distances (diameter) of the C;g and CgHg molecules
are 7.380 A and 4.962 A, respectively. The calculated highest
occupied molecular orbital (HOMO) energies of the Cig and
CgHg molecules are 7.589 eV and 9.656 eV, respectively.

o
C (o
. -
C/ \c
c E
[o r &
C\ [o
c c
c c
\c c/,

Fig. 1. The structure of cyclo[18]carbon (Cg).[%4]

The harmonic spectra of C;g molecule driven by CPLP
and LPLP are plotted in Fig. 2, the harmonic spectra of CgHg
molecule driven by CPLP and LPLP are also plotted to draw
comparisons. The wavelength of the CPLP is 400 nm, the
peak intensity is I = 1.12 x 10'* W/cm?, and the full width
at half maximum (FWHM) is 7 = 7.92 fs. The parameters of
LPLP are the same as those of CPLP. The black solid line and
red dashed line in Fig. 2 represent the harmonic spectra of C;g
and C¢Hg molecules in CPLP, respectively, and the blue dot-
ted line and green dotted dashed line represent the harmonic
spectra of Cg and CgHg molecules in LPLP, respectively.
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0 ——Cy5, CPLP
— - - - -C4Hgy, CPLP
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Energy (eV)

Fig. 2. Harmonic spectra obtained from the interaction of C;g and C¢Hg
molecules with CPLP. [ = 1.12 x 10'* W /cm?, 2 = 400 nm, 7 = 7.92 fs.

For C;g and CgHg molecules, the intensities of harmonic
spectra generated in different polarized laser fields approach
to each other closely. All the intensities of harmonic spectra
have obvious tendencies of cutoff, and the cutoff energy of har-
monic spectrum driven by CPLP is smaller than that by LPLP.
As shown in Fig. 2, both molecules have strong harmonic
emission in CPLP, the harmonic efficiency of the C;g molecule
is higher than that of the C¢Hg molecule, only several harmon-
ics with higher efficiency appear in C¢Hg molecule, which
locate at about 20 eV. In addition, the cutoff energy of the
Cs molecule is larger than that of the C¢Hg molecule, and its
range of harmonic spectra is more wider. According to the se-
lection rules of harmonic emission for a molecule driven by
CPLP, the harmonic emission of Cg molecule should follows
the 9m+1 (m =0,1,...) selection rule due to its Co symme-
try. But the harmonic emission of the C;g molecule does not
follow the selection rule as analyzed in C¢Hg molecule in our
previous article.!*! Also shown in Fig. 2, there is no promi-
nent peak in the integer order of the harmonic spectrum of C;g
molecule, only some small peaks appear in the vicinity, it may
indicate that there is symmetry breaking caused by the com-
plexity of the C;g molecular structure.

To ascertain the reasons of this phenomenon, the time-
dependent evolution of the ionized electron wave packet for
Cig molecule driven by CPLP is studied, the results are
shown in Fig. 3, the corresponding evolution process of C¢Hg
molecule is also shown in the same figure. The red frames
represent the main ranges of electron density distribution for
the ground state of the molecules. It can be seen from
Figs. 3(a) and 3(e), the electron density distribution range of
Cis molecule is circular, which is clearly bigger than that of
CsHg molecule. Figures 3(b)-3(d) and 3(f)-3(h) are the time-
dependent evolutions of the ionized electron wave packet of
Cis molecule and C¢Hg molecule, respectively. In order to
monitor the evolutionary behavior clearly, the initial state has
been subtracted from the wave packet.

1.0

0.040
0.0016
6.3X107°
2.5x1079

1.0x1077

1.0x107*
2.5X107°
6.3x1079
1.6x107¢
4.0x1077

1.0x1077

1.0x107*
(g) CeHg t=5.016 fs
2.5X107°

6.3x1076
N 1.6x107¢
4.0x1077

1.0x1077

1.0x107*
2.5X107°
6.3x10°6
1.6x107¢
4.0x1077

1.0x1077

40 —20 0 20

—40 —20 0 20 40

z (a.u.) z (a.u.)

Fig. 3. Instantaneous electron density distribution in CPLP. The Cjg
molecule: (a)t =0, (b) r =4.752 fs, (¢c) t = 5.016 fs, (d) t = 5.280 fs. The
CgHg molecule: (e) t =0, (f) t =4.752 fs, (g) t = 5.016 fs, (h) r = 5.280 fs.

Actually, the wave packet of ionized electrons driven by
CPLP appears counterclockwise rotation. However, there is
an obvious difference between the C;g molecule and CgHg
molecule. For the former, the ionized electrons have oppor-
tunity to recombine with other atoms of the parent ion due
to the large number of ionized electrons, then the intensity of
high harmonics generated by CPLP is close to that by LPLP.
For the latter, the ionized electrons driven by laser pulse move
around the ion, the electron density of the initial state covers
a wider range due to its large space size. Moreover, the char-
acters of great number of atoms and the ring structure make
the probability of recombination between the ionized electrons
and other atoms tend to increase as they are driven by the laser
electric field, which provide more chances for the recombi-
nation ion to fullfile the transitions leading to the higher har-
monic intensity.

In order to study the HHG of the C;g molecule driven by
CPLP profoundly, the effects of intensity and wavelength of
CPLP on harmonic emission are investigated systematically.
First, the harmonic spectra of C;g molecule is obtained by
changing the intensity of the incident laser pulse. Based on
the same laser pulse, the results obtained with different laser
intensities are compared with those of C¢Hg molecule, all of
them are shown in Fig. 4. It is found that there is little dif-
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ference between the efficiencies of the two molecules at weak
intensity. With the increasing of the laser intensity, the nar-
rower difference between the harmonic emission efficiencies
tends to enlarge, and C;3 molecule is more efficient at higher
laser intensity. It is also found the cutoff energies of both
molecules have the same rules of variation along the increase
of the laser intensity. Compared the cases of different laser in-
tensities with fixed wavelength, it can be inferred that it is eas-
ier for C;g molecule to have higher efficiencies of harmonic
emission driven by CPLP due to its larger ring structure.

5
(a) 0.63x10™ W /cm?, 400 nm

logo[H(w)] (arb. units)

Energy (eV)

W~

[(b) 1.73x10"* W/cm?, 400 nm

logo[H(w)] (arb. units)

Energy (eV)

(c) 2.52x10'* W/cm?, 400 nm

logo[H(w)] (arb. units)

Energy (eV)

Fig. 4. The HHG spectra of Cg and CgHg molecules driven by CPLP with
different laser intensities: (a) 0.63 x 10 W/cm?, (b) 1.75 x 10 W/cm?,
and (c) 2.52 x 10 W /cm?.

Then we change the wavelength of the incident CPLP to
investigate the effect on harmonic emission. With the fixed
intensity 7 = 1.12 x 1014 W/cm2, the wavelengths are se-
lected at 800 nm, 400 nm, and 200 nm, respectively. The har-

monic spectra are shown in Figs. 5(a)-5(c). As can be seen
from Fig. 5, the harmonic cutoff energies of C;g molecule and
CgHg molecule gradually become larger as the wavelength de-
creases, but the cutoff energy of C g molecule is always larger
than that of C¢Hg molecule. For 800 nm driving laser pulses,
the harmonic emission efficiency of the C;g molecule is about
2 orders of magnitude higher than that of the C¢Hg molecule.
For 400 nm and 200 nm driving laser pulses, the efficiency of
several harmonic orders of the C¢Hg molecule is higher than
those of the C;g molecule in the low energy region (< 30 eV),
as for the high energy region (> 30 eV), the harmonic effi-
ciency of the Cig molecule is higher than that of the CgHg
molecule, it may imply that the higher harmonic emission ef-
ficiency of C;g molecule in high energy region is caused by its
larger space size.

5

(a) 1.12x10" W/cm?, 800 nm

log,o[H(w)] (arb. units)

Energy (eV)

(b) 1.12x10' W/cm?, 400 nm

£ 0
g
3
S
E
& 5
3
)
S —10
&0
2 Ny,
15 . I . I . I .
0 20 40 60 80
Energy (eV)
5

(c) 1.12x10™ W/cm?, 200 nm

logo[H(w)] (arb. units)

40 80 120
Energy (eV)

Fig. 5. The harmonic spectra of Cig and C¢gHg molecules driven by CPLP
with different wavelengths: (a) 800 nm, (b) 400 nm, and (c) 200 nm.
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Fig. 6. The optimized harmonic spectrum with laser intensity / = 2.48 x
104 w/ em?, A =200 nm, 7 = 1.32 fs. (b) Temporal profiles of attosecond
pulse, I, (blue) and I, (red) are field components, the unit is arbitrary. (c) The
near-circularly polarized isolated attosecond pulse synthesized by harmonics
(in part B) of C;g molecule in CPLP.

According to the sufficient analysis made above, it is
found that C;3 molecule driven by CPLP has strong harmonic
emission at 200 nm. In this work, we adjust some parame-
ters of the driving laser, such as the intensity and full width at
half maximum to obtain wide harmonic plateau to synthesize
IAP. The harmonic spectrum optimized with proper parame-
ters of A = 200 nm, / = 2.48 x 10'* W/cm?, 7 = 1.32 fs is
shown in Fig. 6(a), the black solid line represents the intensi-
ties of harmonics from C;g molecule, the blue dotted line rep-
resents the ellipticities of the total harmonics calculated. It can

be seen from the figure that there are two plateaus distributed
supercontinuously in the harmonic. According to the values
of ellipticity, the first plateau area is divided into two parts,
the lower harmonic orders with ellipticity closing to —1 are in
part A (the first shaded part in Fig. 6(a)), and most higher har-
monic orders with ellipticity closing to 41 are in part B (the
second shaded part in Fig. 6(a)), both parts have the obvious
characteristics, namely, they are close to circular polarization
approximately. After filtering out the harmonics ranged from
52.7 eV to 65.1 eV, the single attosecond pulse is synthesized
and shown in Fig. 6(b), in which the blue part is the intensity
I, and the red parts are field components I, the full width at
half maximum of this pulse is 250 as. The time evolution of
the attosecond pulse is shown in Fig. 6(c), in which the synthe-
sized pulse exhibits a good circular polarization character, it is
confirmed that the HHG generated from C;g molecule driven
by CPLP provides a reliable way of producing IAP.

4. Conclusion

In summary, we use TDDFT to simulate the harmonic
emission of the ring molecule Cig in a CPLP, the results are
compared with the harmonic emission of C¢Hg molecule in
the same laser field. The comparisons show that it is more
favorable for the ionized electrons of C;g molecule to recom-
bine with ions to produce intense harmonic emission under the
driving of laser field, because the spatial scale of ring structure
of Cig molecule is larger. The effects of CPLP on the har-
monic emission of Cig molecule are discussed, with increase
of the laser intensity or decrease of the wavelength, the ion-
ized electrons are distributed around the molecule more evenly
and tightly, both the probabilities of re-collision and transition
increase, which lead to an increase of harmonic emission ef-
ficiency and energy cutoff. With the high intensity harmonics
generated, the circularly polarized isolated attosecond pulses
of opposite polarizations are obtained simultaneously after fil-
tering. It is indicated that two attosecond pulses with oppo-
site polarizations can be obtained simultaneously with the ap-
proach adopted in this work, and more important applications
of harmonics generated are expected.
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