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Channel separation in the high-order harmonic generation by an atom in

intense infrared field and attosecond pulse
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High-order harmonic generation (HHG) by atomic sys-

tems in strong infrared (IR) low-frequency laser fields is

one of the key phenomena in attosecond physics. The

feature of this process is a plateau-like structure that occurs

in the high-order harmonic spectrum. The cutoff energy

of this structure extends to the ultraviolet range [1–3],
which allows using the HHG process for producing ultra-

short attosecond pulses [4–6]. High-energy HHG photon

generating mechanism may be explained within a three-

step rescattering model according to which the three HHG

steps include the tunnelling ionization, electron propagation

along a closed trajectory and recombination into the initial

state with emission of a high-energy photon [7]. In the

past decade, considerable interest has been attracted to the

study of the influence of ultrashort pulses with extreme

ultraviolet (XUV) carrier frequency on the HHG process

and other photoprocesses in a strong laser field [8–11]. The
XUV photon energy is sufficient for the direct ionization

of an atomic target resulting in a new HHG channel for

which the tunneling mechanism of electron detachment

from the parent ion at the first HHG stage is replaced

by the XUV-induced ionization. This HHG channel has

some advantages over the IR-induced channel. In particular,

time delay variation between IR and XUV pulses defines

the electron ionization time and further electron trajectory,

enabling the properties of emitted harmonics to be con-

trolled [12,13].

Separation of signals from the IR-induced and XUV-

induced HHG channels is an important problem in the

investigation of HHG in a two-component field that includes

IR and XUV pulses. For collinear geometry, this problem

may be solved by reducing the IR field intensity. The

probability of tunneling ionization drops exponentially with

intensity decrease, resulting in suppression of the HHG pro-

cess in the IR-induced channel. Decreasing IR field intensity

results in reduction of plateau-like structure extension in

the IR-induced and XUV-induced channels. Reduction of

the plateau cutoff energy may be partially compensated by

an increase in the IR field wavelength, which also results

in a decrease in harmonic yield in both channels [14,15].

Therefore, it is important to find alternative approaches to

the separation of contributions of the IR-induced and XUV-

induced channels in the full HHG yield. A recent study [16]

proposed a channel separation method based on using the

two-component field with mutually orthogonal component

polarization. It is shown that in the case of orthogonal

geometry, harmonics in the IR-induced and XUV-induced

channels are polarized in mutually perpendicular directions,

which enables the XUV-induced HHG contribution to be

separated by means of fixed-polarization harmonic yield

measurement. This work is devoted to the investigation

of the influence of the symmetry of the initial atomic target

state on the efficiency of the channel separation method

proposed in [16]. Atomic units are used throughout this

article if not specified otherwise.

Let us consider the interaction between an unpolarized

atom with ionization potential I p = κ2/2 and a two-

component field containing a low-frequency IR component

and high-frequency XUV component that are linearly
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polarized in mutually perpendicular directions,

F(t) =ex FIR f IR(t) cos(ωIRt)

+ey FXUV f XUV(t − τ ) cos(ωXUV(t − τ )),
(1)

where FIR/XUV, ωIR/XUV, and f IR/XUV(t) are strength, carrier

frequency, and envelope of IR or XUV pulses, respectively.

τ defines the time delay between the IR and XUV pulses.

Parameters have been chosen such as the Keldysh parame-

ter for the IR pulse is less than unity, γIR = ωIRκ/FIR < 1,

and interaction with the IR component is described quasi-

classically; for the XUV pulse γXUV = ωXUVκ/FXUV > 1,

and its influence may be described in terms of the

perturbation theory.

In the absence of laser fields, an atomic system has

not the dipole moment. However, the interaction of the

laser field (1) with an atomic system induces the time-

dependent dipole moment whose Fourier transform d(�)
fully defines the amplitude for harmonic with frequency �

and polarization vector eh, is induced in the system:

A(�) = e∗h · d(�). (2)

In a wide frequency range � corresponding to the

main high-energy plateau, the IR-induced and XUV-induced

channels give the main contribution to the full HHG yield.

Therefore, the full induced dipole moment is detremined by

the sum of two terms:

d(�) = D0 + D1, (3)

where D0 describes the IR-induced process corresponding

to the zero-order perturbation theory in the electric field

strength of the XUV pulse, and D1 describes the XUV-

induced process with the absorption of a single XUV photon

at the ionization stage. For symmetry reasons, the vectors

D0 and D1 may be composed from vectors that are in

the problem, i.e. IR and XUV pulse polarization vectors,

eIR = ex and eXUV = ey . In the zero-order perturbation

theory in the XUV pulse strength, the induced dipole

moment expression may contain an unlimited number of

vectors eIR:

D0 = a0eIR, (4)

where a0 is some t-even scalar. Harmonic polarization

in the IR-induced channel coincides with the IR field

polarization. In the first-order perturbation theory in the

XUV pulse strength, the field-induced dipole moment

should additionally contain one XUV field polarization

vector, and the total expression for vector D1 may be written

as

D1 = a1eXUV + b1(eIR · eXUV)eIR, (5)

where a1 and b1 are also t-even scalars. However, for the

field written as (1), the scalar product (eIR · eXUV) vanishes,
and the vector D1 appears to be proportional to the XUV

field polarization vector. Thus, harmonics in the XUV-

induced channel appear to be polarized at the right angle to

the harmonic polarization vector in the IR-induced channel,

and this may be used to separate the contributions of the

IR-induced and XUV-induced channels. It should be noted

that the general symmetry considerations are true for any

unpolarized atom independently of the orbital momentum

of the valence electron.

The channel separation method based on fixed-

polarization harmonic yield measurement was first proposed

in [16] for atomic systems with an outer p-electron. In

this study, we calculate the HHG spectra for two simulated

atomic systems having outer shells s and p. The neon

atom with ionization potential I p = 22.3 eV was chosen as

an atomic system with valence p-electron. The atomic po-

tential shape was calculated by solving the system of the sta-

tionary Kohn-Sham equations [17]. Simulation of an atomic

system with valence s -electron used the Coulomb potential

U(r) = −Z/r with effective charge number Z = 1.28 to

ensure the coincidence of the ionization potential of the

simulated atomic system with the neon ionization potential.

Based on solving the time-dependent Schrödinger equation,

the interaction between the given atomic systems and the

two-component pulse was investigated. The IR component

has the intensity I IR = cF2
IR/(8π) = 4 · 1014 W/cm2, carrier

frequency ωIR = 1 eV, and envelope

f IR(t) =

{

sin2(πt/TIR), t ∈ [0,TIR],

0, t /∈ [0,TIR],
(6)

where TIR = 20 fs. The extreme ultraviolet com-

ponent of the attosecond pulse has the intensity

IXUV = cF2
XUV/(8π) = 4 · 1013 W/cm2, carrier frequency

ωXUV = 30 eV, and envelope written as

f XUV(t) = exp
(

−2 ln(2) t2/T2
XUV

)

, (7)

where TXUV = 0.55 fs. Time delay between the IR and

XUV pulses is equal to τ = 8.3 fs. The fixed-polarization

high-order harmonic yield vs. the photon energy is shown in

Figure 1: panels (a) and (b) show the results for harmonics

polarized along the IR/XUV pulse polarization vector. It

can be seen that the plateau cutoff position and oscillation

shape differ for harmonics polarized along OX and OY
axes, respectively. Numerical calculations also show that the

yield of harmonics polarized along the IR field polarization

direction weakly depends on the XUV pulse parameters,

while the yield of harmonics polarized at the orthogonal

angle is proportional to the intensity IXUV. This suggests that

harmonics with the polarization vector eh = ex correspond

to the IR-induced channel, while the harmonics with the

polarization vector eh = ey correspond to the XUV-induced

HHG channel. Figure 1 shows that the initial state symmetry

has small effect on the harmonic yield in the IR-induced

channel but appears critical for the HHG process in the

XUV-induced channel. For the system with the valence s -
electron, HHG in the XUV-induced channel is suppressed

by several orders compared with the initial p-state case.

The effect of the initial state symmetry on the HHG

process in the XUV-induced channel observed in the
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Figure 1. The yield of high-order harmonics polarized along

the IR field polarization vector (a) and XUV pulse polarization

vector (b) vs. photon energy. Thick blue line: the result for Ne

atom with the valence p-electron; thin black line: the result for

the simulated system with the valence s -electron. Vertical dashed
lines denote the plateau cutoff position. The two-component pulse

parameters are listed in the text.

numerical calculations can be explained in terms of the

adiabatic approach to the description of processes in a

strong low-frequency laser field [18]. The abovementioned

approach is used to derive an expression for amplitudes of

processes in strong IR fields in a closed analytical form

and to develop the perturbation theory to address the

effect of the high-frequency XUV pulse. In terms of the

adiabatic approach, the harmonic generation amplitude is

fully determined by time moments t′j and t j , which may be

interpreted as the start and end times of electron movement

in the strong IR field at the propagation stage. To find these

times, the energy conservation law at the time of ionization

and recombination is written as

K2(t′j ; t j , t′j) = 2 (ωXUV − I p) , (8a)

K2(t jt j , t′j) = 2 (�− I p) , (8b)

where K(t; t j , t′j) is an instantaneous value (at t) of the

electron momentum in motion along the closed trajectory:

K(τ ′; t, t′) = ex K(τ ′; t, t′), (9a)

K(τ ′; t, t′) = AIR(τ ′) − 1

t − t′

∫ t

t′
AIR(τ ′′)dτ ′′, (9b)

AIR(t) = −
∫ t

FIR(τ ′)dτ ′. (9c)

The dipole moment induced by the two-component field

that defines the HHG amplitude in the XUV-induced

channel may be written as follows [16,17]:

D1 = FXUV

∑

j

(dl,q(K
′

j) · eXUV)g(t j , t′j), (10)

where K′
j ≡ K(t′j ; t j, t′j) is the electron momentum at the

ionization time, dl,q is the dipole matrix element describing

the transition from the bound state ψl,q(r) = ϕl(r) f l,q(r̂) to

the continuum state ψ
(+)
K′

j
(r) having the outgoing spherical

wave asymptotics at long distances,

dl,q(k) = 〈ϕl,q(r)|r|ψ(+)
k (r)〉. (11)

The vector g(t j , t′j) describes the electron propagation and

recombination stages and defines the polarization of the

emitted harmonics. The explicit form of the specified factor

may be found in [16,18].
If the atomic system has an optically active s -electron,

then ψl,q(r) = ϕ0(r)Y0,0(r̂), and integration by angular

variables in the matrix element (11) results in:

d0,0(k) =
1

4π

k

k
D0,1(k), (12)

where D0,1(k) is the radial matrix element:

Dl,l′ (k) = 〈Rk,l′ |r |ϕl〉, (13)

ψ
(+)
k (r) =

∑

l,m

Rk,l(r)Y ∗

l,m(k̂)Yl,m(r̂). (14)

In terms of the three-step model of the HHG, electron

should return to the parent core. For the two-component

field with the orthogonal component polarization (1),
electron motion in the continuum is defined only by the

low-frequency component, and the electron momentum

should be parallel to the IR field polarization vector. Thus,

d0,0(K
′
j) = d0,0(K

′
j)eIR, and the scalar product in (10) van-

ishes. This results in the XUV-induced HHG process being

forbidden by the dipole selection rules in the framework

of the adiabatic approximation, and HHG in this channel is

defined by small corrections to the results obtained within

the adiabatic approximation.

If the atomic system has the valence p-electron, then the

coupled state is triply degenerate in the magnetic quantum

number. During the interaction with the laser pulse written

as (1), the degeneracy is fully removed, and three isolated

sublevels are formed for which the angular part of the wave

function is written as

f 1,0(r̂) = Y10(r̂), (15a)

f 1,±1(r̂) = i
3∓1
2

Y1,1(r̂) ± Y1,−1(r̂)√
2

. (15b)
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Figure 2. The yield of high-order harmonics polarized along

the IR field polarization vector (a) and XUV pulse polarization

vector (b) vs. photon energy. Thick blue line: the result for the

state with q = +1; thin black line: the result for the state with

q = −1. Vertical dashed lines denote the plateau cutoff position.

The field parameters are the same as for Figure 1.

The main contribution to HHG in the two-component

field with orthogonal component polarization is made by

sublevels with q = ±1. Performing the integration by

angular variables for the given states, we get:

d1,+1(K
′

j) =

√

3

4π

[

D1,0(K′
j) − D1,2(K′

j)

3
ey

+ D1,2(K
′

j)
(K′

j · ey )

K′2
j

K′

j

]

,

(16a)

d1,−1(K
′

j) =

√

3

4π

[

D1,0(K′
j) − D1,2(K′

j)

3
ex

+ D1,2(K
′

j)
(K′

j · ex )

K′2
j

K′

j

]

.

(16b)

Assuming that K′
j = K′

jex , the dipole matrix element

d1,+1/d1,−1 is directed along the XUV/IR pulse polarization

vector. For the initial state with q = −1, which makes

the main contribution to HHG in the single-component IR

field, harmonic generation in the XUV-induced channel is

suppressed as in the case of the initial s -state. However,

the state with q = +1 makes the main contribution to

the generation of harmonics polarized along ey . HHG

probability in this channel is comparable with HHG proba-

bility in the IR-induced channel for the state with q = −1.

Figure 2 shows the partial yields of high-order harmonics

polarized along the IR (a) and XUV (b) pulse polarization

directions for the states with q = ±1. It is shown that the

main contribution to the formation of harmonics with the

polarization vector eh = eIR occurring as a result of the IR-

induced HHG process is made by the state with q = −1.

At the same time, the yield of harmonics with polarization

eh = eXUV produced by the XUV-induced process is mainly

defined by the contribution of the state with q = +1. It

should be noted that harmonics in the XUV-induced and

IR-induced channels have close intensities, and this may

be used to control the secondary radiation polarization for

atomic systems with the valence p-electron in the two-

component laser field with orthogonal geometry [16].

In summary, in this work we have investigated the effect

of the initial state symmetry on the HHG process by

the atomic system in the two-component pulse whose IR

and XUV components are linearly polarized in mutually

perpendicular directions. Based on the adiabatic approxi-

mation for HHG description, it has been shown that the

harmonic generation process with XUV photon absorption

at the ionization stage appears to be suppressed for the

initial s -state of the optically active electron. For the triply

degenerate initial p-state, the XUV-induced process appears

to be possible for one of three magnetic sublevels, which

allows the HHG intensity in the XUV-induced channel to

be increased considerably. It should be noted that the

effects of harmonic propagation in the medium shall be

considered to find the macroscopic HHG spectra by actual

atomic systems [19,20]. The description of the macroscopic

effects is beyond the scope of this study because they do

not result in any change in the role played by the initial state

symmetry in the HHG process.
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