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When the molecules with degenerate current-carrying orbitals are exposed to the bichromatic counterrotating
circularly polarized (BCCP) laser fields, the destructive interference between high harmonics from these
orbitals results in a strong suppression of harmonic emission with the selected helicity. As a result, there are
large intensity differences between the high harmonics with opposite helicities in a wide spectral range. This
interference effect is related to the noncylindrical symmetry of the molecular current-carrying orbitals and
therefore depends on the relative orientation between the molecule and the driving laser fields. Furthermore, our
results show that this interference can be controlled by adjusting the relative intensity ratio of the BCCP field.
Finally, we show that highly elliptically polarized attosecond pulses can be generated by using this interference
and their ellipticities can be tuned by controlling the molecular orientation.
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I. INTRODUCTION

High harmonic generation (HHG) can produce attosecond
bursts of extreme ultraviolet (EUV) and soft x-ray light with
tabletop-scale lasers [1–4]. For a long time, high harmonics
were limited to linear polarization [1,5,6], which was gen-
erally accepted as a fundamental feature of HHG due to its
recollision mechanism [7,8]. On the other hand, circularly
polarized radiation in EUV and soft x-ray spectral regions
is of importance in applications, such as studying ultrafast
chiral-specific dynamics in molecules [9,10], magnetic circu-
lar dichroism spectroscopy [11–13], the direct measurement
of Berry’s phase, and reconstruction of band structure in solids
[14,15]. Therefore, the quest for schemes enabling the gen-
eration of circularly polarized high harmonics has attracted
considerable attention.

In the past few years, several schemes were proposed
to produce high harmonics with large ellipticity and high
efficiency. Several works reported that the elliptically polar-
ized high harmonics can be obtained in prealigned molecules
driven by linearly polarized pulses [16–18]. However, the
measured ellipticity is limited in this scheme. Recent works
have demonstrated the bright circularly polarized high har-
monics can be obtained through the bichromatic counter-
rotating circularly polarized (BCCP) fields [12,13,19–25].
However, in these works, HHG suffers from polarization
degradation and eventual photon energy limits due to the
spectral overlap of oppositely polarized adjacent harmonic
orders, which is not favorable to synthesize highly ellipti-
cally polarized ultrafast pulses. In addition, the scheme of
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noncollinear counter-rotating driver pulses with the same
wavelength is also proposed [11,26,27], but HHG yields in
this scheme are hampered by a finite interaction length [28].
More recently, generation of circularly polarized EUV HHG
has been predicted in solids [29–31]. However, HHG with
highly elliptical polarization in solid targets is limited to the
bandwidth nearby resonance. In the schemes with gas targets,
only atoms and linear molecules (like N2, O2) are used as
targets. Polyatomic molecules have more complex structures,
which could provide more degrees of freedom for the control
of HHG.

If an electron state ψ has nonzero orbital angular momen-
tum Lz, this state possesses nonzero electronic current den-
sities [25,32,33] calculated by j = i

2 (ψ∇ψ∗ − ψ∗∇ψ ). Thus
this state has the stationary electronic ring current around the
axis of symmetry (z axis) and is called the current-carrying
state. Current-carrying states have recently garnered much
attention [25,32,34–39]. Atoms with p orbitals, such as Ne,
have degenerated current-carrying orbitals p± with magnetic
quantum number m = ±1, respectively. The direction of the
electronic ring current of these orbitals is determined by the
sign of the magnetic quantum number. Furthermore, due to
the spherical symmetry of atoms, the atomic ring current
is toroidal. It has been shown that these two orbitals have
distinct responses to the circularly polarized field because of
their opposite orbital angular momentum, i.e., the opposite
direction of the ring currents [34,36–38]. Molecules with
high symmetries, such as NO [32], allene, benzene [40],
and Mg-porphyrin [33], also have the degenerate current-
carrying states. Molecular current-carrying states can be used
to produce spin-polarized photoelectrons [32] and elliptically
polarized harmonics [40]. These molecular ring currents may
be no longer toroidal because these molecules may not pos-
sess the cylindrical symmetry around z axis [33]. Therefore,
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current-carrying orbitals of polyatomic molecules could pro-
vide more degree of freedom and involve richer physics than
the current-carrying orbitals of atoms.

It has been shown that the angular momentum of the
current-carrying states can be transferred to the polarization
state of the emitted photons [41]. Therefore, it is an intuitive
method to obtain circularly polarized HHG that one increases
the contributions of the selected current-carrying state, for
example, the ionic state dominated by the selected current-
carrying state [34,36]. However, there are still electrons with
the opposite currents in the ion [34], which would decrease
the intensity difference between high harmonics with opposite
helicities. In fact, high harmonics from the two degenerate
current-carrying states can be regarded as two HHG sources.
Therefore, the interference between these HHG sources can
make a contribution to the total HHG spectrum. If one can
control the relative phase of the two HHG sources, one can ex-
pect the suppression of harmonic yields with the selected he-
licity, without needing to prepare the single current-carrying
states. Degenerate current-carrying orbitals in polyatomic
molecules may offer this possibility, where more degrees of
freedom are involved.

In this work, we propose a scheme to obtain circularly
polarized HHG and highly elliptically polarized attosecond
pulses through the interference between HHG from degen-
erate highest occupied molecular orbitals (HOMOs). As a
result of the interference, the large intensity differences be-
tween high harmonics with opposite helicities are achieved.
However, for molecules with nondegenerate HOMO, their
intensity is similar. This interference effect is related to non-
cylindrical symmetry of the molecular orbitals, so the inten-
sity differences depend on the molecular orientation. Finally,
we show that three-dimensional (3D) polyatomic molecules
have more degrees of freedom for the control of HHG and
demonstrate that ellipticity-tunable attosecond pulses can be
obtained by controlling the molecular orientation.

II. THEORETICAL MODEL

HHG is investigated based on the molecular strong-field
approximation (SFA) [42–44], which enables us to study the
complex molecules with less computational consumptions.
The time-dependent dipole moment is calculated with the
integral

D(t ) = i
∫ t

0
dt ′

(
π

ε + iτ/2

)3/2

d∗[pst (t, t ′) − A(t )]

× E(t ′) · d[pst (t, t ′) − A(t ′)]e−iSst (t,t ′ ) + c.c. (1)

E(t ) is the electric field of the laser pulse. A(t ) is the corre-
sponding vector potential and ε is a small positive constant.
pst and Sst are the stationary momentum and quasiclassical
action, which are given by

pst (t
′, t ) = 1

t − t ′

∫ t

t ′
A(t ′′)dt ′′, (2)

Sst (t, t ′) =
∫ t

t ′
dt ′′

(
[pst − A(t ′′)]2

2
+ Ip

)
, (3)

where Ip is the ionization potential of the molecule. The
transition dipole moment between the ground state and the
continuum state is calculated by

d(p) = 〈e−ip·r|r|ψHOMO〉. (4)

The HOMOs of molecules are obtained by using the Hartree-
Fock method with the cc-pVTZ basis set as implemented in
the GAUSSIAN09 program [45].

The radiation field in frequency domain can be obtained by
the Fourier transform of the time-dependent dipole accelera-
tion a(t ):

Ã(�) ∝
∫

a(t )e−i�t dt, (5)

where a(t ) = D̈(t ) and � is the frequency of the high har-
monics. We also projected the radiation field on the right
and left circular polarization vector, corresponding to êR =

1√
2
(êx + iêy) and êL = 1√

2
(êx − iêy), respectively. The right

circular component ÃR(�) and left circular component ÃL(�)
are given by ÃR(�) = 1√

2
[Ãx(�) + iÃy(�)] and ÃL(�) =

1√
2
[Ãx(�) − iÃy(�)], respectively. Finally, the intensity of

right and left circular components of HHG can be calculated
by

IR(�) = |ÃR(�)|2, IL(�) = |ÃL(�)|2. (6)

III. RESULTS AND DISCUSSIONS

A. HHG from the molecule with nondegenerate HOMO

As a comparison, we first present HHG from BCl3

molecule induced by the BCCP fields. The HOMO of BCl3

is nondegenerate and has no ring currents. As shown in
Fig. 1(a), the geometry of this molecule is trigonal planar.

FIG. 1. (a) HOMO of BCl3. (b) Sketch of the orientation angle
ϕ between the molecular and the BCCP field. (c) HHG spectra
projected onto left and right circular components for ϕ = 90◦.
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Both BCl3 and its HOMO have C3 symmetry. The BCCP field
is defined by

E(t ) = Re[E1 f (t )êRe−iωt + E2 f (t )êLe−2iωt ]. (7)

The x, y components of the BCCP field (7) are given by

Ex(t ) = E1 f (t ) cos(ωt ) + E2 f (t ) cos(2ωt ),
(8)

Ey(t ) = E1 f (t ) sin(ωt ) − E2 f (t ) sin(2ωt ).

HHG should be dependent on the orientation between the
molecules and the laser pulses because of noncylindrical sym-
metry of the molecular orbitals and the BCCP field. Here we
only consider the case where the plane of BCl3 is parallel to
the polarization plane of the BCCP field [46]. We change the
relative orientation between the BCCP field and the molecule
by rotating the driving laser field. The laboratory frame is
chosen such that the pulse propagates along the z axis and
the B-Cl axis of BCl3 is fixed along the y axis [see Fig. 1(b)].
We define ϕ as the rotation angle around z axis and Eq. (8) as
the electric field of ϕ = 0. The electric field rotated by ϕ can
be obtained as[

Ex(ϕ, t )

Ey(ϕ, t )

]
=

[
cos ϕ − sin ϕ

sin ϕ cos ϕ

][
Ex(t )

Ey(t )

]
. (9)

We choose E1 = E2 = 0.0377 a.u. (corresponding to the total
intensity of 2 × 1014 W/cm2 for the BCCP field) and ω =
0.038 (corresponding to 1200 nm).

HHG spectra with the BCCP laser field of ϕ = 90◦ are
presented in Fig. 1(c). Both the BCCP field and BCl3 pos-
sess threefold rotational symmetry [47], which only permits
the emission of harmonics 3m + 1 and 3m + 2 (m ∈ N).
Furthermore, the neighboring harmonic orders 3m + 1 and
3m + 2 possess the opposite helicities [48,49]. The harmon-
ics at order 3m + 1 are right circularly polarized and the
harmonics at order 3m + 2 are left circularly polarized. As
shown in Fig. 1(c), the intensities of right circularly polarized
high harmonics (RCPHH) and left circularly polarized high
harmonics (LCPHH) are comparable because the HOMO is
not a current-carrying orbital. The small intensity differences
between high harmonics with two opposite helicities result
from the noncylindrical symmetry of BCl3.

B. HHG from the molecule with doubly degenerate
current-carrying HOMOs

Let us now consider the BH3 molecules, which have the
same C3 symmetry as BCl3. However, the Cl atoms are
replaced by the H atoms in BH3. The HOMO of BH3 molecule
is doubly degenerate. These two degenerate orbitals |Ex〉 and
|Ey〉 are present in Fig. 2(a). Note that |Ex〉 and |Ey〉 do
not have C3 symmetry. On the other hand, we can resort
to the spherical-basis representation of the two degenerate
HOMOs by |E±〉 = 1/

√
2(|Ex〉 + i|Ey〉). In this configuration,

an electron in |E+〉 orbital circulates in the same sense as
the right circularly polarized fields, while the |E−〉 orbital is
counterrotating. As shown in Fig. 2(b), the density distribution
of |E+〉 also has threefold rotation symmetry but the phase of
|E+〉 changes continuously from −π to π . Contributed by two
degenerate current-carrying orbitals, the total harmonic fields

FIG. 2. (a) Two real degenerate HOMO |Ex〉, |Ey〉 of BH3.
(b) The ring-current HOMO |E+〉 of BH3. The color indicates the
phase of |E+〉. (c) HHG spectra projected onto left and right circular
components for ϕ = 30◦.

Ã(�) from BH3 can be obtained by

Ã(�) = Ã(+)(�) + Ã(−)(�), (10)

where Ã(+)(�) and Ã(−)(�) are the harmonic fields from |E+〉
and |E−〉 orbitals, respectively. From Fig. 2(c), one can see
that HHG of BH3 has the same selection rules as that of BCl3.
On the other hand, the RCPHH and LCPHH have different
spectral shapes in the HHG spectrum of BH3. Furthermore,
one can see the distinct intensity differences between RCPHH
and LCPHH, in contrast to that of BCl3.

To evaluate the intensity differences between neighboring
harmonics and obtain the energy-resolved ellipticity distribu-

tion, we define εm = |Ã|3m+1−|Ã|3m+2

|Ã|3m+1+|Ã|3m+2
, where |Ã|3m+1 and |Ã|3m+2

are the amplitudes of harmonics 3m + 1 and 3m + 2, respec-
tively. We calculate εm for different ϕ. As shown in Fig. 3,
εm is dependent on the relative orientation angle ϕ due to the

FIG. 3. εm of HHG from BH3 as a function of ϕ and m.
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FIG. 4. Left axis: HHG intensities I (+)
R , I (−)

R , I (+)
L , and I (−)

L . Right
axis: The phase difference between RCPHH (LCPHH) 
φR(
φL)
from |E+〉 and |E−〉.

anisotropy of BH3. On the other hand, εm is large in a wide
range of ϕ.

C. Interference between HHG from degenerate
current-carrying orbitals

To understand the intensity difference between RCPHH
and LCPHH from BH3. we need to separately study HHG
from |E+〉 and |E−〉. For high harmonics with opposite he-
licities, we have expressions

Ã(+)
R (�) = A1(�)eiφ1(�), Ã(+)

L (�) = A2(�)eiφ2(�),

Ã(−)
R (�) = A3(�)eiφ3(�), Ã(−)

L (�) = A4(�)eiφ4(�). (11)

The upper right corner elements (+) and (−) in Eq. (11)
represent the orbital |E+〉 and |E−〉 and the lower right corner
elements R and L represent the helicities of high harmonics.
According to Eq. (11), the intensities of RCPHH and LCPHH
from |E+〉 orbital are given by

I (+)
R = |Ã(+)

R |2 = A1
2, I (+)

L = |Ã(+)
L |2 = A3

2. (12)

Analogously, for |E−〉 orbital, we have

I (−)
R = |Ã(−)

R |2 = A2
2, I (−)

L = |Ã(−)
L |2 = A4

2. (13)

The total intensity of RCPHH from these two orbitals can be
obtained by

IR = |Ã(+)
R + Ã(−)

R |2

= I (+)
R + I (−)

R + 2
√

I (+)
R I (−)

R cos 
φR, (14)

where 
φR = φ1 − φ3. Analogously, we get

IL = |Ã(+)
L + Ã(−)

L |2

= I (+)
L + I (−)

L + 2
√

I (+)
L I (−)

L cos 
φL, (15)

where 
φL = φ2 − φ4.
The intensity and relative phase of HHG from |E+〉 and

|E−〉 are presented in Fig. 4. One can see that 
φR (i.e., the
relative phase between the RCPHH from these two states) is
less than π/2, which leads to the constructive interference

for RCPHH. For LCPHH, the phase difference 
φL is near
π , which leads to the destructive interference. Meanwhile,
the intensities of LCPHH from |E+〉 and |E−〉 are almost
equal, which results in the strong destructive interference.
Furthermore, this destructive interference occurs in a wide
frequency range and therefore one can see the supression of
LCPHH almost across the whole plateau. To summarize, the
interference enhances the intensity of RCPHH and diminishes
the intensity of LCPHH. So the HHG spectra of BH3 display
large intensity differences between LCPHH and RCPHH in
broad bandwidth (see Fig. 3). However, there is no interfer-
ence in HHG from BCl3 because of nondegenerate HOMO.
Therefore, for BCl3, the intensities of RCPHH and LCPHH
are comparable.

In fact, the interference effect may also be found in HHG
from atoms with p orbitals [25]. However, for atoms, the
relative intensity between I (+)

L and I (−)
L is always large due to

the different recombination dipole moments and the spherical
symmetry of the orbitals [25], which reduces the effect of
the interference between LCPHH from p+ and p− orbitals
(see the Appendixes). In polyatomic molecules, the strong
destructive interference between LCPHH can be achieved
with I (+)

L ≈ I (−)
L for a certain range of orientation angles (see

Fig. 4).
Changing the intensity ratio of the BCCP field Iω/I2ω

results in the change of the electric field, which would conse-
quently modify the interference between HHG from current-
carry orbitals. When Iω/I2ω is away from 1, i.e., the intensity
ratio is too large or small, this driving laser field behaves
more like a circularly polarized laser field. To explicitly show
the transition of generated harmonics from the BCCP field to
the circularly polarized laser field, we present HHG spectra
with increasing Iω/I2ω ratios in Appendix B. As shown in
Fig. 10, the harmonic generation efficiency drops dramati-
cally with an increasing Iω/I2ω because of the decrease of
the electron recombination probability. Therefore, one should
consider the case of the intensity ratio Iω/I2ω ≈ 1. Results in
the range Iω/I2ω ∈ [1/4, 4] are presented in Fig. 5. When Iω
and I2ω are comparable, such as Iω/I2ω = 3 and Iω/I2ω = 0.5
[see Figs. 5(b) and 5(d)], εm has large positive value for a
broad spectral range. To demonstrate the strong destructive
interference for LCPHH, HHG spectrum with Iω/I2ω = 3 and
ϕ = 30◦ is presented in Fig. 6(a). HHG from |E+〉, |E−〉,
and the relative phase between high harmonics from these
two orbitals are presented in Fig. 6(b). One can see that
I (+)
L ≈ I (−)

L and 
φL ≈ π in the frequency range from 26
to 59 orders, resulting in the strong destructive interference
between LCPHH from |E+〉 and |E−〉. On the other hand,
the phase difference 
φR is less than π/2, which leads
to the constructive interference between the RCPHH from
these two current-carrying orbitals. Therefore, the intensities
of RCPHH are much higher than the intensity of LCPHH.
When the intensity of the second harmonic I2ω gets larger,
such as Iω/I2ω = 1/4 [see Fig. 5(f)], the absolute values of
εm get smaller resulting from the weak interference effect.
According to our calculation results, for Iω/I2ω = 1/4, the
intensity difference between I (+)

L and I (−)
L gets larger and the

phase difference 
φL derives from π . Both of them lead to
this weak interference effect.
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FIG. 5. εm with different intensity ratio Iω/I2ω.

D. HHG from the polar molecule with doubly degenerate
current-carrying HOMOs

Now let us consider the polar molecules with degener-
ate current-carrying orbitals, for example, CH3Cl. CH3Cl
molecule is obtained by replacing one of the H atoms in
CH4 with a Cl atom. Therefore, it also has C3 symmetry.
Meanwhile, it is a polar molecule which is convenient to
accomplish orientation [50–52] and more degrees of freedom
can be manipulated by their orientations. Similar to BH3,
CH3Cl also have two real degenerate HOMO |A1〉, |A2〉 in
the Cartesian basis. In spherical basis, its current-carrying
HOMOs are |A±〉 = (|A1〉 ± i|A2〉)/

√
2. |A1〉, |A2〉 and one

FIG. 6. (a) HHG spectra projected onto left and right circular
components for ϕ = 30◦ and Iω/I2ω = 3. (b) Left axis: HHG intensi-
ties I (+)

R , I (−)
R , I (+)

L , and I (−)
L . Right axis: The phase difference between

RCPHH (LCPHH) 
φR (
φL) from |E+〉 and |E−〉.

current-carrying orbital |A+〉 are presented in Fig. 7(a). One
can see that the orbitals localized on the methyl group are
like the HOMOs of BH3, while the orbitals localized on the
Cl atom are like p orbitals of atoms. For the orientation of
CH3Cl, θ is defined as the angle between C-Cl axis and z
axis [see Fig. 7(b)]. In addition, CH3Cl have another degree
of freedom, i.e., rotation around the C-Cl axis. So we defined
β as the rotation angle of molecules around the C-Cl axis.

HHG from CH3Cl with θ = 0◦ and β = 15◦ is present
in Fig. 7(c). One can see, similar to BH3, a strong suppres-
sion of LCPHH due to the interference effect, especially for
20th–35th. As shown in Fig. 7(d), εm is always positive for
β ∈ [0◦, 40◦] and β ∈ [100◦, 120◦]. When θ is changed, the
Hamiltonian of the system does not have C3 symmetry and
the harmonics at 3m is permitted [see Fig. 7(e)]. There is
still a ring current effect on the polarization plane of the laser
field. So the interference between HHG from the two current-
carrying orbitals still exits in the orientation of θ �= 0◦. For
example, the intensity differences still exit when θ = 30◦ [see
Fig. 7(e)], which is caused by the interference. In addition,
the polarization state of harmonics at 3m + 1 and 3m + 2
is not pure circular because of the breaking of the threefold
symmetry. We calculated the ellipticity of HHG from CH3Cl
by ε = (|ÃR| − |ÃL|)/(|ÃR| + |ÃL|) when θ = 30◦. As shown
in Fig. 7(f), harmonics in the range from 20th to 35th have
large ellipticity for all β.

Finally, we will show the elliptically polarized attosec-
ond pulses obtained by superposing the HHG from CH3Cl
molecules with different orientations. Since the C-Cl axis can
be oriented while the molecules can be free to rotate around
this axis, here we only consider one-dimensional orientation
and phase matching is neglected; HHG for all β is added co-
herently to average the rotation around the C-Cl axis [53,54].
Figure 8(a) shows the electric vector of the attosecond pulse
trains obtained by superposing 13th to 28th harmonics in the
case of θ = 0◦. Three dominant bursts in one optical cycle are
observed, which corresponds to the trefoil pattern of the driv-
ing field. We calculate the ratio of the minor axis and the major
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FIG. 7. (a) Two real degenerate HOMO (|A1〉, |A2〉) and one current-carrying orbital |A+〉 of CH3Cl. (b) Geometrical definitions: θ is
defined as the angle between C-Cl axis and z axis. β is defined as the rotation angle of molecules around C-Cl axis. (c) HHG spectra projected
onto left and right circular components when θ = 0◦ and β = 15◦. (d) εm of HHG from CH3Cl as a function of β and m. (e) HHG spectra
projected onto left and right circular components when θ = 30◦ and β = 15◦. (f) The ellipticity of HHG from CH3Cl as a function of β and m.

axis of the elliptical polarized attosecond fields to evaluate the
ellipticity of the pulses. As shown in Fig. 8(a), the ellipticity of
the generated attosecond pulse is about 0.78 and the duration
is 580 as. Note that the highly elliptically polarized attosecond
pulses also can be obtained for BH3. Figure 8(b) presents

FIG. 8. Electric vector of the attosecond pulse obtained by super-
posing high harmonics when θ = 0◦ (a) and θ = 30◦ (b). The insets
show the profiles of the attosecond pulses.

the attosecond pulse trains obtained by superposing 22th to
58th harmonics in the case of θ = 30◦. One can see that
the ellipticity of the attosecond pulse is about 0.5 and the
duration is about 480 as. Therefore, one can obtain highly
elliptically polarized attosecond pulses with the interference
between HHG from the degenerate current-carrying orbitals
and the ellipticity of the pulses can be controlled by changing
the molecular orientation.

Although we take two prototype molecules as examples
in this work, the interference is independent of specific
molecules and is a general phenomenon. The degenerate
current-carrying state widely exists in atoms [25,34,35] and
molecules with high symmetries [32,33]. Since the electrons
occupied in degenerate current-carrying orbitals have opposite
orbital angular momenta, they exhibit different responses to
the (multicolor) circularly polarized driving fields and the
radiation from them, as two light sources, interfere with each
other. When the phase difference between high harmonics
from these orbitals is near π , the destructive interference takes
place. Furthermore, this destructive interference is strong
when the intensities of high harmonics from these orbitals
are comparable, which is available when the ring currents are
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FIG. 9. (a) HHG intensities I (+)
R , I (−)

R , I (+)
L , and I (−)

L of Ne atom.
The laser parameters are the same as Fig. 4.

no longer toroidal with optimized driving fields. Therefore,
this dramatic destructive interference is found in polyatomic
molecules rather than atoms.

IV. CONCLUSIONS

In summary, we study the interference between HHG from
degenerate current-carrying orbitals of polyatomic molecules.
Using this interference, one can obtain large intensity differ-
ences between high harmonics with opposite helicities in a
broad spectral range. It is shown that the interference is de-
structive for the high harmonics with the selected helicity. The
noncylindrical symmetry of the molecular current-carrying
states plays an important role in the strong destructive interfer-
ence for a certain range of molecular orientation. Furthermore,
this interference effect can be controlled by adjusting the rela-
tive intensity ratio of the BCCP field. Finally, we demonstrate
that, for polar molecules, more degrees of freedom than atoms
are involved, which could also be used to tune the ellipticity
of high harmonics. Although our scheme requires one more
step, i.e., the orientation [50–52], than some methods with
atomic noble gas, our method is favorable for applications
when one needs highly elliptically polarized harmonics in a
broad spectral range.
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APPENDIX A: HHG FROM ATOM WITH p ORBITALS

As we know, the amplitudes of recombination dipole
moment, when the radiation has the same rotation with
the ring current of the orbitals, is larger than that in the

FIG. 10. HHG spectra with an increasing Iω/I2ω of BCCP fields
and the circularly polarized laser field.

counter-rotating case. This is a direct analog of Fano-Bethe
propensity rules [55] in atomic transitions that have been
applied in the study of Rydberg atoms in microwave circular
fields [56,57]. For atoms induced by the BCCP fields, the
intensity of HHG is proportional to the recombination matrix
element and therefore I (−)

L is much larger than I (+)
L [25,39].

This relation remains the same for all ϕ due to the spherical
symmetry of the atom. So the condition for the destructive
interference is not well fulfilled. Here we choose Ne atom as
an example. To show the weaker interference effect in atoms,
HHG spectra of single p+ and p− orbitals of the Ne atom
induced by the BCCP field are presented in Fig. 9. One can
see the large intensity differences between I (−)

L and I (+)
L .

APPENDIX B: HHG SPECTRA WITH DIFFERENT Iω/I2ω

To show how the HHG spectra change from the BCCP
fields to the circularly polarized laser field, we present HHG
spectra with an increasing Iω/I2ω and circularly polarized laser
field in Fig. 10. In previous works, efficient high harmonics
were found in the circularly polarized laser fields and it
is demonstrated that these high harmonics originate mainly
from the field-induced transitions between the bound states
[58,59]. Therefore, these harmonics are usually limited in
below-threshold ionization or the low-frequency region near
the ionization threshold. In this work, we focus on harmonics
with high photon energy where the transitions between the
bound states have no contributions and HHG is dominated by
the electron recombination process. Therefore, one cannot see
the efficient harmonics with circularly polarized laser field
even though they are symmetry allowed. HHG in the high
photon energy region can be well described by our simulations
based on SFA. Transitions between the bound states are not
taken into account in SFA, which leads to the underestimate
of the efficiency of below-threshold harmonics. However,
this does not influence the discussions about the interference
effect.
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