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Abstract. We theoretically investigated high-order harmonic generation and isolated
attosecond pulse generation from a model of helium atom by two methods: numeri-
cally solve time dependent Schrödinger equation (TDSE) by splitting-operator method
and Lewenstein’s strong field approximation theory. A left circularly polarized pulse
(800 nm) is combined to a right circular polarized pulse (1200 nm) with a timedelay of
4 fs. A supercontinuum spectrum plateau with a broad bandwidth of 215 eV (from 230
to 445 eV) is obtained for the case of I0=7×1014W/cm2. By superposing a bandwidth
of 70 eV in the plateau region, an linear polarized isolated attosecond pulse with the
duration of about 56 as can be obtained. Moreover, we illustrate the quantum path
control in terms of the time-frequency analysis by Morlet wavelet transform method.

PACS: 32.80.Rm,42.65.Ky
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1 Introduction

Isolated attosecond pulse (IAP) generation has been a hot topic due to its potential ap-
plication in ultrafast science [1–3]. Recently, IAPs are mainly generated by superpos-
ing high-order harmonic spectra which obtained from intense laser field interacting with
atoms or molecules [4, 5]. The spectrum of high-order harmonic generation (HHG) has
a general structure: the intensity decreases rapidly in low order region, and then comes
a plateau area, a cutoff with the maximum energy Ip+3.17Up appears at the end, where
Ip is the ionization potential and Up = E2/4ω2 denotes the ponderomotive energy.The
feature can’t be explained by perturbation theory but can be well explained by the semi-
classical three-step model [6]. First, the electron is ionized by tunneling the potential
barrier, this is a quantum process. Second, the ionized electron which is regard as free
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classical electron propagates in the laser field. Finally, as the intense laser field reverse,
the electron may go back to the nuclei and emits an energetic photon. In addition, the iso-
lated attosecond pulse would be more useful in pump-probe ultrafast physical process.
So control the quantum path that contributing to HHG process is an essential issue.

Different schemes have been proposed to control the quantum path and obtain IAPs,
such as few-cycle scheme [4, 7], two-color scheme [8–10], three-color scheme, polariza-
tion gating (PG) scheme [11] and so on. The PG scheme can be obtained by combing two
counterrotating circularly polarized laser pulses with a proper delay, the frequencies of
the two pulses are the same. In addition, an IAP with the duration of 67 as was obtained
by the double optical gating (DOG) in experiment [12]. The DOG scheme can be obtained
by adding another pulse to a PG scheme, this means that the frequency of the two cir-
cularly polarized laser pulse is equal . In our previous work [13], we investigated the
IAP generation by two circularly polarized pulses with different frequencies, and found
that the quantum paths can be controlled. In this paper, we theoretically study the IAP
by combining a left circularly polarized pulse with a right circular polarized pulse, and
the frequencies are different for the two pulses. To ensure our calculation, we investi-
gate the HHG with two methods: splitting-operator (SO) method [14] and strong field
approximation (SFA) model [15].

2 Theoretical methods

The laser-matter interaction can be described by Schrödinger equation. Our calculation is
based on the single-active electron approximation, and the time dependent Schrödinger
equation (TDSE) can be written as (in atomic units)

i
∂

∂t
Ψ(~r,t)=

[

−1

2
∇2+U(~r,t)

]

Ψ(~r,t), (1)

where, U(~r,t)=V(~r)+~r·~E(t) is the total potential of the Coulomb potential and the laser-
matter interaction potential. In this paper, we investigate the HHG by two-color circular
polarized laser pulses in two methods.

A. Numerically solve TDSE by SO method

Because the laser pulse is circular polarized, and it has two dimensions. We numeri-
cally solve two-dimensional TDSE:

i
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∂t
Ψ(x,y,t)=

[

p2
x+p2

y

2
+U(x,y,t)

]

Ψ(x,y,t), (2)

where, (p2
x,p2

y) is the electronic momentum, U(x,y,t)=V(x,y)+xEx(t)+yEy(t) is the total
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potential, and V(x,y)=− b√
x2+y2+a

is the “soft-core” Coulomb potential. The TDSE has

the formal solution:

Ψ(x,y,t0+∆t)= e
−i

(

p2
x+p2

y
2 +U

)

∆t
Ψ(x,y,t0), (3)

The part of kinetic energy and the part of potential energy could be splitted, and the
solution can be written by second-order splitting-operator fast Fourier transform algo-
rithm,

Ψ(x,y,t0+∆t)= e
−i

(

p2
x+p2

y
4

)

∆t
e−iU∆te

−i

(

p2
x+p2

y
4

)

∆t
Ψ(x,y,t0)+O(∆t)3, (4)

In the calculation, from an initial wave function Ψ(x,y,t0), four-steps are needed to
obtain the next moment wave function Ψ(x,y,t0+∆t).First, use the fast Fourier transform
(FFT) to change the wave function to momentum space, the part of kinetic energy can be
multiplied directly. Second, use the inverse fast Fourier transform (IFFT) to change the
wave function back to coordinate space, the part of potential energy can be multiplied
directly. The third step is the same as the first step, and the last step is that use IFFT
to change the wave function back to coordinate space, and we obtain the wave func-
tion Ψ(x,y,t0+∆t). Use the above mentioned four-steps repeatedly until the end of laser
pulse, we can get the time-dependent wave function Ψ(x,y,t). The initial wave function
is the ground state which is calculated by the imaginary time-propagation method.

We can obtain the time-dependent dipole acceleration by the Ehrenfest theorem as
follows,

~a(t)=
〈

Ψ(x,y,t)
∣

∣

∣
−~∇V(x,y,t)−~E(t)

∣

∣

∣
Ψ(x,y,t)

〉

= ax(t)~ex+ay(t)~ey,
(5)

The HHG power spectrum is propotional to the modulus squared of the Fourier trans-
formation of~a(t),

S(ω)∼
∣
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∣
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exp(−iωt)
[

ax(t)~ex+ay(t)~ey

]

dt

∣

∣

∣

∣

2

, (6)

The temporal profile of an IAP can be obtained by superposing several harmonics, in
the x and y compones:

Ix,y(t)=
∣

∣

∣∑ax,yeiqωt
∣

∣

∣

2
, (7)
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B. The Lewenstein’s SFA model

To calculate the HHG spectrum, Lewenstein proposed SFA model: i) the contribution
to the HHG mainly come from the ground state, ii) the depletion of the ground state can
be neglected, iii) in the continuum, the electron can be treated as a free particle. Base on
the above approximation, the instantaneous dipole moment of an atom can be described
as,

~r=i
∫ ∞

0
dτ

(

π

ε+iπ/2

)
3
2

d∗
[

~ps(t,τ)− ~A(t)
]

e−iS(~p,t,τ)

×~E(t−τ)·~d
[

~ps(t,τ)− ~A(t−τ)
]

+c.c.

(8)

where ~A(t) is the vector potential, ε is a small number, ~ps(t,τ) =
∫ t

t−τ dt′′ ~A(t′′)/τ is the
canonical momentum of the electron corresponding to a stationary phase. S(~p,t,t′) is the

quasiclassiical action of the electron. ~d[~ps− ~A(t)] is the field-free dipole transition matrix
element between the ground state and the continuum state.

In our calculation, the evolution of the laser pulse is in xy plane, the dipole moment
is calculated y the integral as follows,
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where,
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and α=2Ip, ps,x(y)(t,τ)=
∫ t

t−τ dt′′Ax(y)(t
′′)/τ.The time-dependent dipole acceleration~a(t)=

ẍ(t)~ex+ ÿ(t)~ey, the HHG spectrum and the temporal profile of attosecond pulse can be
obtained by Eq. (6) and Eq.(7).

In this paper, we theoretically investigate the high-order harmonic generation (HHG)
in a two-color circular polarized laser pulses. The combination of the pulse with a time-
dependent ellipticity is generated by the superposition of a left and a right circular polar-
ized Gaussian pulse. The electric fields propagating in the z direction are

~El(t)=E0 f (t−Td/2)[cos(ω1t)x̂+sin(ω1t)ŷ]

~Er(t)=E0 f (t+Td/2)[cos(ω2t+ϕ)x̂+sin(ω2t+ϕ)ŷ]
(14)

where E0 is the peak field amplitude, f (t)=e−2ln2t2/τ2
is the envelope of the laser field,τ=

5 f s is the pulse duration and Td =4 f s is the time delay between two pulses. ω1 =0.057,
ω2=0.038 are the frequencies of the two pluses that corresponding to the wavelength of
800 nm and 1200 nm, the x̂ and ŷ are unit vectors in the x and y directions, respectively.
The electric field of the combined pulse is ~E(t)=~El(t)+~Er(t).

3 Results and discussion

First, we set the intensity I0 = 3×1014W/cm2 and change the carrier envelope phase to
investigate the HHG. The HHG spectra are show in Fig. 1 for the case of ϕ = 0 and
ϕ=0.5π, Fig. 1(a) and Fig. 1(b) are obtained with SFA model and SO method respectively.
The structures of the HHG are similar from the two methods. The intensity of the HHG
spectrum decreases quickly at the low energy area, and then comes a plateau structure
for the two cases. Modulations are all around in plateau area for the case of ϕ= 0, and
the cut of is about 195 eV. For the case of ϕ= 0.5π, a smooth structure is obtained near
the cut off area, and the cut off of the HHG extend to 205 eV, but the intensity is lower
than the case of ϕ= 0. One of the difference with our previous work [13] is that the cut
off extend for the case of ϕ=0.5π, but the result shown in Ref. [13] (Fig. 2) is for the case
of the wavelength equal 800 nm for the two circular pulses. The modulations may come
from the quantum interference and this is disadvantageous to generation IAP.

We calculate the time-frequency analysis by Morlet wavelet transform method to fur-
ther investigate the emission time of the HHG. For the case of ϕ=0, Fig. 2(a) shows three
peaks contributing to the HHG, and the peak B1 contains both long and short quantum
path, the intensity of long quantum is weaker than the short one. The energy of peak A1

and peak C1 is low, which is contributing to the low order of HHG. Fig. 2(b) shows for the
case of ϕ=0.5π, the peak C2 is too weak to be ignored, the energy of peak A2 is increase
but the intensity is also weaker than the peak B2, the long quantum path is suppressed.
The contribution for the plateau area of HHG is mainly come from the short quantum
path. This can explain the modulations is less in Fig. 1 for the case of ϕ=0.5π.
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Figure 1: (Color online)The HHG spectra for the case of ϕ=0 and ϕ=0.5π. (a) by the SFA model, (b) by SO
method.
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Figure 2: (Color online) The time-frequency analysis for the cases: (a) ϕ=0, (b) ϕ=0.5π. The parameters are
the same as shown in Fig. 1.

To better control the quantum path and eliminate the interference from the quantum
paths, we increase the intensity of the laser pulses, the results form SFA model is shown
in Fig. 3. From the figure, the cut off are 325 eV, 445 eV and 615 eV for the cases of I0 =
5×1014W/cm2, I0=7×1014W/cm2 and I0=1×1015W/cm2, respectively. The stronger laser
pulse may give greater ponderomotive energy, so the cut off increases with increasing the
intensity of the laser pulse. The plateaus of the HHG with broad bandwidth of about 135
eV(from 190 to 325 eV) and 215 eV (from 230 to 445 eV) are smooth near the cut off area
for the case of I0=5×1014W/cm2 and I0=7×1014W/cm2, which indicates the interference
from the quantum path is weak and is good for IAP generation. Although the plateau is
broadest for the case of I0 = 1×1015W/cm2, the modulations are all around the plateau
area. The HHG spectra obtaining from SO method are similar but not show here for
short. We calculate the time frequency analysis to reveal the quantum paths, Fig. 3 (b)
shows the case of I0=7×1014W/cm2. There are two peaks marked A3 and B3 contribute
to the HHG, and both the peaks have only short quantum path, the long quantum path
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Figure 3: (Color online)(a) The HHG spectra for the cases of I0 = 5×1014W/cm2, I0 = 7×1014W/cm2 and
I0 = 1×1015W/cm2. (b) The time frequency for the case of I0 = 7×1014W/cm2, The phase is ϕ= 0.5π and
other parameters are the same as shown in Fig. 1.
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Figure 4: (Color online)(a) IAP obtained by superposing a band width of 70 eV for the case of I0 = 7×
1014W/cm2, the region of 230-300 eV, 300-370 eV and 370-440 eV are shown in black solid line, red dashed
line and green dotted line respectively. (b) Electric field of IAP in the 3D frame, the parameters are the same
as red dashed line shown in Fig. 4(a).

are eliminated. This illustrates that the plateau of HHG spectrum near the cut off area
only has one short quantum path. We may use this region to obtain IAP pulse.

At last, we investigate the IAP generation by superposing several orders of the har-
monics. The temporal envelopes are obtained by summing up the intensities of the x and
the y components and normalized. For the case of I0 = 7×1014W/cm2, we calculate the
IAP generation by superposing a width of 70 eV in plateau region near the cut off. As
shown in Fig. 4 (a), isolated attosecond pulses with the duration of 56 as, 58 as and 91 as
by superposing the harmonics in the range of 230-300 eV, 300-370 eV and 370-440 eV, re-
spectively. The emission time is about 4.9-5.2 o.c., which is corresponding to the emission
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time of quantum path B3. For the case of I0=5×1014W/cm2, IAP with duration of about
60as can also be obtained in plateau region, the results are not show here for short. In
addition, we calculated the electric fields of the IAP pulse in the three-dimensional (3D)
frame axes to reveal the feature of the polarization. Take the case of dashed line in Fig.
4 (a) as an example, Fig. 4 (b) shows the 3D attosecond pulse. A linear polarization IAP
pulse is obtained, which implies the phases of attosecond pulse in x direction and in the y
direction are synchronous. Linear attosecond is more useful in experiment than the non-
polarized pulse. In a word, we obtain linear polarization IAPs directly by superposing a
band width of 70 eV in the plateau region.

4 Conclusions

In summary, we theoretically investigated HHG from helium atom by two methods. The
scheme is used by two-color circular polarized pulses, which is combined a left circularly
polarized pulse with wavelength of 800 nm to a right circular polarized pulse with wave-
length of 1200 nm. A supercontinuum spectrum plateau from 230 to 445 eV is obtained
for the case of I0 = 7×1014W/cm2. An linear polarized IAP with duration of about 56
as can be generated by superposing a bandwidth of 70 eV in the plateau region. More-
over, we illustrate the quantum path control in terms of the time-frequency analysis of
high-order harmonic generation.
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