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Abstract

We theoretically investigate high-order harmonic generation (HHG) from a coherent super-
position state of hydrogen atom in a circularly polarized (CP) laser field. The results show
that, driven by the CP field, HHG from the coherent superposition state is enhanced by 4
to 5 orders of magnitude compared to that from the ground state. The enhanced intensity is
comparable to that of the ground state in a linearly polarized laser field. Based on the clas-
sical and quantum analyses, we demonstrate that HHG in the CP laser field mainly arises
from the recombination of electrons ionized at non-zero initial positions. The enhance-
ment of HHG from the coherent superposition state is due to the higher ionization rate and
also the larger probability density of electrons located far from the nucleus of the involved
excited state. The obtained harmonic spectra support the generation of intense isolated
attosecond pulses (IAPs) with the ellipticity as high as 0.93. Moreover, we show that the
generation of IAPs with large ellipticity is robust against the variation of the carrier enve-
lope phase (CEP) of the laser field. Our results provide a new route toward generating near-
CP IAPs, which will be beneficial for ultrafast detection of chiral-sensitive light-matter
interactions.

Keywords Near-circularly polarized isolated attosecond pulse - High-order harmonic
generation - Circularly polarized laser field - Carrier envelope phase

1 Introduction

High-order harmonic generation (HHG) in atoms or molecules driven by femtosecond
lasers is an extremely nonlinear optical process that up-converts the intense infrared laser
field into the extreme ultraviolet (EUV) and soft x-ray radiation (Popmintchev et al. 2012;
Teichmann et al. 2016; Li et al. 2018). The emitted harmonics nowadays have been the
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main source to generate isolated attosecond pulses (IAPs) (Krausz and Ivanov 2009; Li
et al. 2017a; Gaumnitz et al. 2017). IAPs offer unprecedented spatial and temporal reso-
lutions in observing and controlling the ultrafast electronic dynamics inside atoms (Zhou
et al. 2012; Liu et al. 2019a, b; Ma et al. 2019; Goulielmakis et al. 2010; Wang et al. 2019;
Tan et al. 2018, 2019; Luo et al. 2019; Li et al. 2019a), molecules (Yuan et al. 2018; He
et al. 2019; Itatani et al. 2004; Wang et al. 2018; He et al. 2018a; Qin et al. 2019; Baker
et al. 2006; Lan et al. 2017; He et al. 2018b, c), solids (Ghimire et al. 2011; Li et al. 2019c¢;
Vampa et al. 2015; Liu et al. 2018; Schultze et al. 2014; Gui et al. 2018; Li et al. 2019b),
and nanostructures (Kim et al. 2008; Chen et al. 2018; kriiger et al. 2018). Many methods
have been proposed to generate IAPs, such as by using a few-cycle laser pulse, the polari-
zation gating technique, the two-color or multi-color fields, the chirped laser pulse and the
spatially inhomogeneous field (Kienberger et al. 2004; Sansone et al. 2006; Pfeifer et al.
2006; Feng and Chu 2011; Feng 2015; Feng et al. 2018; Ciappina et al. 2017). However,
these previous studies are mainly focused on the generation of linearly polarized (LP) atto-
second pulses. Beyond that, the attosecond pulse can also carry the spin angular momen-
tum, which will provide an additional degree of freedom and offer many different applica-
tions in probing ultrafast electron dynamics. For instance, circularly (or largely elliptically)
polarized attosecond pulses have been found of important uses ranging from chiral recog-
nition and magnetic circular dichroism to time-resolved magnetization dynamics and spin
currents (Bowering et al. 2001; Ferré et al. 2014; Lopez-Flores et al. 2012; Barth and Manz
2007). For these important applications, the generation of (near-) circularly polarized (CP)
attosecond pulses has been a topic of growing interest in the past few years.

To generate a CP attosecond pulse, one may consider directly using a CP driving field
to interact with atoms or molecules. However, previous studies based on the analysis of
the symmetry property indicate that in a perfect CP field, i.e., a monochromatic CP field,
HHG from a spherical symmetric system is forbidden (Alon et al. 1998). To produce CP
IAPs, some other approaches have been recently proposed (Xie et al. 2008; Yuan and Ban-
drauk 2013; Mauger et al. 2014; MiloSevi¢ 2015; Kfir et al. 2015; MediSauskas et al. 2015;
Fan et al. 2015; Dorney et al. 2017; Ellis et al. 2018; Herndndez-Garcfa et al. 2016; Hick-
stein et al. 2015; Huang et al. 2018; Li et al. 2017b). It has been demonstrated that pure
CP harmonics can be generated by using a CP fundamental driving pulse in combination
with its counterrotating second harmonic (MiloSevi¢ 2015; Kfir et al. 2015; MediSauskas
et al. 2015; Fan et al. 2015; Dorney et al. 2017). However, in this regard, the two adjacent
harmonics exhibit opposite helicities, which will reduce the ellipticity of the synthesized
IAPs (Medisauskas et al. 2015). Alternatively, by crossing two CP counterrotating pulses
in a noncollinear geometry, pure CP harmonics with opposite helicities can be effectively
separated in space, and then IAPs with pure circular polarization can be produced in the
few-cycle regime (Hernandez-Garcia et al. 2016; Hickstein et al. 2015; Huang et al. 2018).
However, in the noncollinear geometry, the small interaction volume at the cross point
is not beneficial for the generation of IAPs with high intensity (Herndndez-Garcia et al.
2016). Therefore, other methods to generate (near-) CP IAPs are still desired.

Recently, HHG from the coherent superposition of the ground state and an excited state
of an atom (an excited atom) has attracted much attention (Hu and Collins 2004; Zhai et al.
2011; Wang et al. 2014; Zhai et al. 2010; Chen et al. 2012; Bleda et al. 2013). Compared
to the ground state of the atom, the excited states have much smaller binding energy, thus
HHG from excited atoms possesses much higher intensity (Hu and Collins 2004; Zhai et al.
2011). Moreover, electrons in the excited states are far from the nucleus with a large elec-
tron orbital radius. After ionization, the electrons can be accelerated directly toward the
parent ion under the drive of the laser field. Such a peculiar dynamics has modulated the
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HHG process and leads to some unusual phenomena, for instance, the cutoff extension in a
few-cycle laser field (Zhai et al. 2011; Wang et al. 2014).

In this paper, we investigate HHG from a coherent superposition state of hydrogen atom
in a CP driving field. The harmonic yield is demonstrated to be about 4 to 5 orders of
magnitude higher than that from the atom in ground state (we call it ground-state atom
below) in the CP field, becoming comparable to that from the ground-state atom in a LP
laser field. By performing the classical and quantum simulations, we find that HHG in the
CP laser field mainly arises from the recombination of electrons ionized at non-zero initial
positions. The HHG enhancement is due to the higher ionization rate and also the larger
probability density of electrons located far from the nucleus of the excited state. The gener-
ated harmonics can be used to produce IAPs with the ellipticity up to 0.93. Furthermore,
we also discuss the influence of the carrier envelope phase (CEP) on the IAP generation. It
is shown that IAPs with large ellipticity can still be generated as the CEP varies.

2 Theoretical model

In our simulations, we investigate HHG from a coherent superposition state of hydrogen
atom in a CP laser field by solving the time-dependent Schrodinger equation in three spa-
tial dimension (3D-TDSE), which reads (atomic units are used throughout unless otherwise
stated),

oy (r, 1)

j =H(r,Hy(r,1). 1
i— (r, Dy (r, 1) ()
The Hamilton H(r, ?) is given by
1
H(r,t) = _Evz + Vatom(®) + Vi (0. )
here r = (x,y,z) denotes the coordinate of the electron. V,,, (r) = —li is the coulomb

r|
potential of hydrogen atom. V,,,,.(f) = —E(#)r is the potential due to the laser-electron
interaction. The electric vector of the CP field E(7) is in the xy plane, which can be written
as

E(r) = Eof (0)[sin(wyt + ¢g)e, + cos(wyt + (;bo)ey], (3)

where E, and ¢, are the amplitude and CEP of the CP laser pulse, respectively. oy is fre-
quency of the laser pulse, which is given by w, = ZT—” with 7|, the optical cycle of the driving
0

laser pulse. f(t) = sin?( ”7’) is the laser envelope. 7' = 107, is the duration of the laser pulse.
In our simulations, the initial state is given by a superposition of the ground state |1s)
and an excited state |4p), i.e.,

w(r,t=0)= %(HS)@’I(s + |4p)). )

here 6 is the relative phase between the two states (Chen et al. 2012). We find the calcu-
lated results are insensitive to the variation of §. For simplicity, § has been set to be zero
throughout this paper. The initial wave functions of the 1s and 4p states are calculated by
means of the imaginary time propagation method. In experiments, such a superposition
state can be obtained by exciting the ground state using a long laser pulse (Zhai et al. 2010),
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where the peak frequency of the laser pulse is chosen to be the energy spacing between the
excited and ground states, and the intensity of the laser pulse is adjusted according to the
amplitude of the excited state. Besides, using multi-photon resonant excitation or electro-
magnetically induced transparency (Avetissian and Mkrtchian 2002; Avetissian et al. 2006;
Djotyan et al. 2004), the superposition state can also be obtained. We use the split-operator
method to solve Eq. (1) (Feit et al. 1982; Zhang et al. 2019). The integration grids are
confined in the extents of [x| < 150 a.u., |y| < 150 a.u. and |z] < 100 a.u. with the spatial
spacing of 0.4 a.u. The time step is 0.2 a.u. In order to avoid the reflections from the spatial
boundaries, at e]ach time step the electron wave function is multiplied by a mask function
of the form coss. Once the electron wave function y(r, ) is obtained, the time-dependent
dipole acceleration along the x and y directions can be calculated with the Ehrenfest’s theo-
rem (Burnett et al. 1992)

ax(t) = _<Il/(r7 t)I[H(r’ t)’ [H(r’ t),x]]|l//(l‘, t))a

a,(t) = —(y (e, 01 [H(e, 0, [HCr, 0,] |1y (x, ). ©)

The harmonic spectrum is given by the Fourier transform of the time-dependent dipole

acceleration, i.e.,
17
- a (e ' dr
’T /0 (1)

1 T
—iw,t
T /0 ay(t)e dt
with w, = 2%, n=1,2, .., N,

max (Noay 18 the time point). The attosecond pulse is obtained
by superposing several orders of harmonics in the plateau,
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here g corresponds to the harmonic order.

3 Results and discussion

In our simulations, a 1300-nm CP laser field with the intensity of 2.0 x 10'* W/cm? is
chosen as the driving field. Figure 1a shows the electric field. Here, the CEP is set to be
¢, = 0. Figure 1b shows the x, y components of the harmonic spectrum generated from
the excited hydrogen atom in this CP laser field (the red solid and green dotted lines).
For comparison, the results from the ground-state atom in the CP (the red dash-dotted
and green dashed lines) and LP (the yellow solid line) laser fields are also presented.
Here, it should be explained that in our simulations, we use a pulsed CP field, which is
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Fig. 1 (Color online) a The 3D plot of the CP field (blue line). The x, y components of the electric field are
shown as the red and green lines, respectively. b The x, y components of the generated harmonic spectrum
from the excited hydrogen atom (the red solid and green dotted lines) in the CP laser field. For comparison,
the results from the ground-state atom (the red dash-dotted and green dashed lines), the pure excited state
(the black solid and blue dash-dotted lines) in the CP laser field and the ground-state atom in the LP laser
field (the yellow solid line) are also presented. In our simulations, the electric amplitude and other param-
eters of the LP laser field are the same as that of the CP laser field

not a perfect (monochromatic) CP field. The time-dependent laser envelope will break
the dynamical symmetry of the laser field (Barreau et al. 2018; Jiménez-Gal4n et al.
2017). Therefore, even though we use a spherical symmetric 1s state in the simulation,
we can still find harmonic emission but with low efficiency in this pulsed CP field [as
shown in Fig. 1b]. Note that similar results have also been observed in HHG from atoms
in a bichromatic CP field, of which the three-fold dynamical symmetry can also be bro-
ken by the time-dependent laser envelope, thus leading to the weak emission of 3n-th
harmonics (Barreau et al. 2018; Jiménez-Galan et al. 2017). From Fig. 1b, one can see
that the general features of harmonic spectra (both x, y components) from the excited
atom are similar to those from the ground-state atom. But the intensity of HHG from the
excited atom is about 4 to 5 orders of magnitude higher than that from the ground-state
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atom in the CP field, which is comparable to that from the ground-state atom in the LP
field.

HHG from the excited hydrogen atom, i.e., the coherent superposition state 1s+4p, may
originate from the following four aspects: (I) recombination of electrons ionized from 1s
state into the 1s state, i.e., the pure 1s contribution; (II) recombination of electrons ionized
from 4p state into the 4p state, i.e., the pure 4p contribution; (III) recombination of elec-
trons ionized from 1s state into the 4p state; (IV) recombination of electrons ionized from
4p state into the 1s state. As shown in Fig. 1b, HHG from the pure 1s state is much weaker
than that from the superposition state, which therefore is not the main contribution to the
harmonic emission from the excited atom. We have also calculated HHG from the pure 4p
state (the black solid and blue dash-dotted lines). Under the laser conditions in our work,
the 4p state is fully ionized within the first optical cycle of the driving field. HHG from the
pure 4p state mainly occurs within the first laser cycle where the intensity of the laser pulse
is very low. As a consequence, the ionized electrons gain very small kinetic energies in the
acceleration process and only contribute to the generation of the first few order harmonics
(below the 8th harmonic), which will not influence the harmonic emission in the plateau.
Furthermore, due to the quick depletion of the 4p state and the smaller ionization rate of
the 1s state, the recombination of electrons ionized from 1s state into the 4p state contrib-
utes little to the HHG. Note that the electron transition from 4p to 1s states may also occur
during the HHG process. However, due to the fixed energy difference between the 1s and
4p states, the electron transition between these two states only contributes to the emission
of a specific harmonic, i.e., the 13rd harmonic, whose photon energy just corresponds to
the energy difference of these two states. From the above, we can then conclude that HHG
in the plateau from the excited hydrogen atom mainly arises from the recombination of the
electrons, removed from the 4p state, into the 1s state.

For a deep insight of HHG into the excited hydrogen atom in the CP laser field, we
next study the classical electron trajectories with the method introduced in Ref. Zhai et al.
(2011), Wang et al. (2014), Zhai et al. (2010), Chen et al. (2012), where the electron is
assumed to be ionized at the beginning of the laser field from a non-zero initial position
with a zero initial velocity due to the fact that electrons in the excited state are usually
far from the core and weakly bound. In Fig. 2a, we present the trajectory of the electron
ionized initially from the original point [see the solid line]. One can see that the electron
driven by the CP field moves circularly around the parent ion (at the original point, marked
by the black dot) with the radius changing with the amplitude of the laser field. During
the motion, the electron passes through the y axis (i.e., x =0) at ¢ = %VTO (N is a positive
integer) [see the dash-dotted line in Fig. 2b which shows the x component of the electron
trajectory], and passes through the x axis (i.e., y =0) att = (% + i)TO [see the solid line in
Fig. 2b which shows the y component of the electron trajectory]. Therefore, there is no a
moment that the electron can be forced back to the parent ion. This means that the electron
ionized from the original point will not contribute to the harmonic emission.

However, for the excited atom, the electrons in the excited state spread over a wide
space region. The electron ionized far from the parent ion is likely to return to the parent
ion at some specific moments if the electron displacement can equal to its initial excursion
with respect to the original point. We have calculated the classical trajectories for electrons
ionized from the y axis. The results show that for electrons ionized at a proper position
on the positive-y axis, it can be driven back to the parent ion at t = (N + %)TO, where N
is determined by the initial position of the electron. While for electrons ionized from the
negative-y axis, the recollision will occur at # = NT,. As an example, we have presented the
results of y = 60 a.u. (dotted line) and y = —63 a.u. (dashed line) in Fig. 2a, b. In these two
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Fig.2 (Color online) a Classical trajectories of the electrons ionized initially from the y axis in the CP laser
field. The solid, dotted, and dashed lines correspond to initial positions at the original point, y = 60 a.u.
and y = —63 a.u., respectively. The blue double-headed arrow marks the recolliding directions of the elec-
trons. b The x and y components of the classical trajectories in a. Note that for electrons ionized from the y
axis, the x components of these classical trajectories are the same (dash-dotted line). ¢ The time—frequency
analysis of the x component of the harmonic spectrum from the excited hydrogen atom. For comparison, the
classical electron kinetic energies are also presented as a function of the recombination time. Squares and
dots correspond to the results from the positive- and negative-y axes, respectively. s’ and ’1” mark the short
and long quantum paths, respectively. d Same to ¢, but for the ground-state atom. e-h Same to a—d, but for
the electrons ionized initially from the x axis. Squares and dots in g and h correspond to the classical elec-
tron kinetic energies from the positive- and negative-x axes, respectively

cases, the x components of the electron trajectories are the same to that from the original
point [the dash-dotted line in Fig. 2b]. The electron ionized at y = 60 a.u. recollides with
the parent ion at 4.5 T;, and 5.5 T, i.e., where the electron displacements along both the x
and y directions are O [see the dotted and dash-dotted lines in Fig. 2b]. While for y = —63
a.u., the electron returns at 5 T [see the dashed and dash-dotted lines in Fig. 2b]. All these
returning electrons will come back to the parent ion with a horizontal velocity (along the x
axis, marked by the double-headed arrow), which will therefore contribute to the harmonic
emission along the x direction. To check this point, we have performed the time-frequency
analysis of the x component of the harmonic spectrum from the excited atom in Fig. 2c.
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For comparison, the classical electron kinetic energies as a function of the recombination
time are also presented (squares and dots). It’s obvious that the classical results agree well
with the quantum analysis. In particular, the harmonics with specific photon energies will
emit every half optical cycle. For two adjacent half optical cycles, the harmonic emission
just corresponds to the recombination of electrons ionized from the positive- and negative-
y axes, respectively.

Similar results have also been found for electrons initially located on the x axis. The
electrons on the positive- (or negative-) x axis are demonstrated to return at t = (N + §)T0
(ort=(N+ i)TO). This has been verified by the results of x = 53 a.u. (the dotted line) and
x = —73 a.u. (the dashed line) shown in Fig. 2e, f, where the electrons are shown to return
att = 4.757, and t = 5.25T,,, respectively. In these cases, the electrons return to the parent
ion with a vertical velocity (along the y axis, marked by the double-headed arrow), thus
leading to the harmonic emission along the y direction. As shown in Fig. 2g, the classical
results show good agreement with the time frequency analysis of the y component of HHG
from the excited atom.

Based on the above analyses, we can conclude that HHG from the excited atom is
mainly contributed by the electrons ionized far from the nucleus. More importantly, we
note that our above classical analyses are also applicable for HHG from the ground-state
atom. The classical simulations also agree well with the quantum analysis of HHG from
the ground-state atom [see Fig. 2d, h]. Such an agreement indicates that HHG from the
ground-state atom in the CP field can also be attributed to the recombination of the elec-
trons ionized at non-zero initial positions, which is similar to that from the excited atom.
As discussed above, the electrons driven by the CP field move circularly around the parent
ion. The electric field force provides the centripetal force of the circular motion. The period
of the circular motion is equal to that of the revolution of the electric field vector, i.e., one
laser cycle. Then the equation of the electron motion can be described by E = w,v, where
, is the laser frequency (i.e., the angular frequency of the circular motion), v is the veloc-
ity of the electron. The kinetic energy of the electron is given by E;, = %vz = % The max-
B2
2m(2)

imum kinetic energy that the electron gained in the laser field is E,,,,, = = 2U,, where

P

energy of the emitted photon, i.e., the harmonic cutoff in the CP laser field, is 2U, + 1,
where I, is the ionization potential of the ground state of the hydrogen atom. Driven by the
CP laser field, the classical electron trajectories are the same for the excited and ground-
state atoms, the harmonic cutoffs in these two cases are the same, which is about the 80th
harmonic, agreeing well with the results in Fig. 1b. It should be stressed that in our simula-
tions, no matter which excited state is used, the classical electron trajectories and the maxi-
mum kinetic energies that the electrons gained in the laser field are the same. Therefore,
the harmonic cutoffs for all excited states are the same.

The enhancement of HHG from the excited hydrogen atom in the CP laser field mainly
originates from two factors. On the one hand, the excited state possesses much higher ioni-
zation rate than the ground state due to the smaller ionization potential. As a consequence,
HHG from the excited atom is obviously enhanced as seen in Fig. 1b. On the other hand,
the excited state has a much larger probability density for electrons located far from the
nucleus, which is also responsible for the enhancement of HHG from the excited atom. To
verify this point, in Fig. 3, we show the radial density distribution of the ground (1s, the
solid line) and excited (4p, the dashed line) states. One can see that the electron probability
density of the ground-state atom (1s state) is mainly distributed in the range from O to 6

E% . . . . .
U, = ﬁ is the pondermotive energy. According to the conversion of energy, the maximum
0
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a.u. However, the electrons driven by the CP laser field move circularly around the parent
ion, the ionized electrons in this range can barely return to the parent ion. For electrons that
can contribute to the harmonic emission but locate far from the nucleus, the corresponding
probability density is very small. Therefore, the recombination probability of the electrons
in the ground state is low, which leads to the inefficient HHG from the ground-state atom
in the CP laser field. By contrast, the excited state (4p state) has much larger probability
density for electrons located far from the nucleus (see the dashed line in Fig. 3), even in
the range from 45 to 80 a.u. where the electron probability density of the 4p state is already
very small. Such a larger electron probability density will also induce the enhancement of
HHG from the excited atom. Furthermore, it should be noted that the electron probability
density of the 4p state in the range from 6 to 45 a.u. is much larger than that in the range
from 45 to 80 a.u. The electrons ionized in the range from 6 to 45 a.u. mainly contribute
to the generation of 15th—54th harmonics, while those from 45 to 80 a.u. correspond to
54th—80th harmonics. Due to the larger electron probability density in the range from 6 to
45 a.u., the 15th—54th harmonics therefore show much higher intensity than the 54th—80th
harmonics [as shown in Fig. 1b]. It is worth mentioning that in principle, any excited state
with larger electron density distribution can be used to generate intense harmonics in the
CP laser field. Nevertheless, according to the classical analyses, under the specific laser
conditions, only electrons at the specific position can be forced back to the parent ion and
contribute to HHG. For excited states with different values of the principal quantum num-
ber, the electron probability density at the given position should be different, which there-
fore could influence the efficiency of the generated harmonics and make a difference in the
spectrum structure.

In the following, we demonstrate the generation of near-CP attosecond pulse with HHG
from the excited hydrogen atom. As shown in Fig. 2c, g, driven by the CP field, there are
only one couple of quantum paths (the short and long one marked by ’s’ and ’I’, respec-
tively) contributing to the harmonic generation. Due to the serious spreading of the elec-
tron wavepacket in the continuum (Corkum 1993; Lewenstein et al. 1994), HHG from the
long quantum path is much weaker than that from the short one. Then, by superposing sev-
eral harmonics in the plateau, we can get an IAP. Figure 4 shows the 3D plot of the electric
field of the attosecond pulse obtained by superposing the harmonics from 49th to 54th. The
X, y components of the attosecond pulse are also plotted. One can see that, one pure atto-
second pulse is generated for both the x and y components. The pulse duration of the IAP is
about 850 as, which is very close to the Fourier-transform-limited pulse duration (720 as).
The slight difference is due to the small positive chirp of the short quantum path, which
has broadened the duration of the superposed IAP. Moreover, the electric vector of the
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Fig.4 (Color online) The 3D plot of the electric field of the IAP generated by superposing 49th to 54th
harmonics

generated attosecond pulse rotates in the xy plane, the ellipticity of this IAP is estimated
to be 0.82, which is very close to 1 (a pure CP pulse). Besides, we have also investigated
the CEP dependence of the generated IAP in the CP laser field. The results are presented
in Fig. 5a—d. Here, the CEP ¢, is chosen to be — 0.1 #, — 0.2 n, — 0.3 7, and — 0.4 7, and
the attosecond pulses are generated by superposing the harmonics from 50th to 55th, 51st
to 57th, 53rd to 58th, and 54th to 59th, respectively. It is obvious that IAPs with large ellip-
ticity are generated for all the CEP values. In particular, when the laser CEP is -0.2 7, the
ellipticity of the generated IAP can reach 0.93, which is a near-CP pulse. It is worth noting
that in our simulations, the generation of IAPs in the CP field with large ellipticity is robust
with the selection of the excited state. We also investigate the CEP-dependent harmonic
spectrum (not shown here), from which we conclude that the harmonic intensities are com-
parable for different CEPs. The variation of the CEP just makes a slight difference in the
detailed structures of the harmonic spectra.

4 Conclusion

In conclusion, we theoretically investigate HHG in a CP laser field with an excited
hydrogen atom whose initial state is prepared as a superposition of the ground state |1s)
and a excited state |[4p). It is shown that the intensity of HHG from the excited atom is
4 to 5 orders of magnitude higher than that from the ground-state atom in the CP laser
field and is comparable to that from the ground-state atom in the LP laser field. Our
classical and quantum analyses indicate that HHG in the CP laser field mainly originates
from the recombination of electrons ionized at non-zero initial positions. The HHG
enhancement is due to the higher ionization rate and also the larger probability density
of electrons located far from the nucleus of the excited state. The enhanced harmonic
spectrum supports the generation of TAP with the ellipticity up to 0.93. Moreover, we
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Fig.5 (Color online) Same to Fig. 4, but for the cases of CEP of a — 0.1z, b —0.27, ¢ — 0.3z and d — 0.4x,
respectively

show that the generation of IAP with large ellipticity is robust against the variation of
the CEP of the laser field. This work presents a new access to the generation of near-CP
IAP, which will be beneficial for attosecond metrology.
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