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In studying interactions between intense laser fields and atoms or molecules, the role of electron correlation effects on
the dynamical response is an important and pressing issue to address. Utilizing Bohmian mechanics (BM), we have theoret-
ically explored the two-electron correlation characteristics while generating high-order harmonics in xenon atoms subjected
to intense laser fields. We initially employed Bohmian trajectories to reproduce the dynamics of the electrons and subse-
quently utilized time-frequency analysis spectra to ascertain the emission time windows for high-order harmonics. Within
these time windows, we classified the nuclear region Bohmian trajectories and observed that intense high-order harmonics
are solely generated when paired Bohmian particles (BPs) concurrently appear in the nuclear region and reside there for a
duration within a re-collision time window. Furthermore, our analysis of characteristic trajectories producing high-order
harmonics led us to propose a two-electron re-collision model to elucidate this phenomenon. The study demonstrates that
intense high-order harmonics are only generated when both electrons are in the ground state within the re-collision time
window. This work discusses the implications of correlation effects between two electrons and offers valuable insights for
studying correlation in multi-electron high-order harmonic generation.

Keywords: Bohmian mechanics, high-order harmonics generation, two-electron atom

PACS: 32.80.Rm, 42.50.Hz

1. Introduction

With the rapid development of laser technology, laser
power has now reached the order of peta-Watts, and the inten-
sity of the laser electric field can be compared to the atomic
Coulomb field. Many physical phenomena in strong fields
cannot be explained by perturbation theory, including high-
order harmonic generation (HHG)," above-threshold ioniza-
tion (ATT),!>3! and non-sequential double ionization.*! High-
order harmonics are essential for obtaining XUV light and soft
x-ray coherent radiation sources,’! and generating attosecond
pulses.®-# High-intensity, ultrashort attosecond pulses aid in
detecting and manipulating ultrafast processes at the atomic
scale, offering a crucial means to understand electronic behav-
ior profoundly.

The theory of high-order harmonic generation primar-
ily encompasses numerical solutions to the time-dependent
Schrodinger equation (TDSE),[*~!] the semi-classical “three-
step model” approach,!'>!3] and the strong field approxima-
tion (SFA) method.['¥ Among these, the TDSE method is
the most accurate; however, for two-electron problems, pre-
cise computations in higher dimensions still present chal-
lenges. Nonetheless, a one-dimensional (1D) model can still
yield results consistent with experiments for linearly polar-
ized laser.!'>] Several authors have discussed the high-order
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harmonic generation process involving double electron ef-
fects based on the TDSE method.!!%2% These works suggest
that multi-electron effects may produce high-order harmon-
ics. However, based on a probabilistic interpretation, orthodox
quantum mechanics cannot track the trajectories of two elec-
trons, making it difficult to ascertain which potential trajec-
tories dominate in generating high-order harmonics. Further-
more, it fails to depict the correlated dynamical processes be-
tween the two electrons while producing high-order harmon-
ics. Nevertheless, we can employ BM to trace the trajectories
of two electrons and discuss the correlated properties they ex-
hibit during the generation of high-order harmonics.

The BM theory, introduced by Louis de Broglie and fur-
ther developed by David Bohm, presents an alternative inter-
pretation of quantum mechanics. It suggests that electrons
possess specific positions and momentum, making it possible
to trace their paths. In this theory, particle movement is guided
by the wave function and influenced by a quantum potential,
exhibiting non-locality in line with traditional quantum the-
ory. This theory not only reproduces the results of mainstream
quantum mechanics flawlessly but also facilitates the straight-
forward extraction of dynamical information about particles
from quantum phenomena.

The BM theory has been widely applied in studying high-
power laser interactions with single-electron systems, includ-
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ing ionization, 217201 excitation,?”! and high-order harmonic
generation processes.!?83! This framework has been em-
ployed in dual-electron systems to investigate the dynamics
of ionization processes. 32331 However, its application to the
study of inter-electronic correlation effects in high-order har-
monic generation has yet to be widespread and warrants fur-
ther in-depth exploration. Consequently, this work addresses
the issue of electronic correlation in generating high-order har-

monics involving two electrons.

2. Theoretical methods

For a two-electron system, under the length gauge and
dipole approximation, the time-dependent Schrodinger equa-
tion (TDSE) in 1D xenon atoms is given by Eq. (1) (unless
otherwise specified, atomic units are used throughout this pa-
per):

i(9 ( t) 1o? 19° + Vu( )+ Vi( )
=—Y(xy,x =|—z=5 =5 +Valx1,x X1,X
atw 1,42, 2ax% zax% 1,42 I\ X1,A2
+(x1+xz)E(t)} Y (x1,x2,1). (1)
In this context,
2 2
Va(x1,0) =Var + Vo = —

VR +426 (/334426
represents the Coulomb potential energy between the two elec-
trons and the nucleus, while

1
(x1 —x2)2+6.5

Vi(x1,x2) =

represents the Coulomb potential energy between the two elec-
trons.

(t—0.35T)?
1-2

x cos[@(t —0.35T) + ¢]

E(t) = Epexp | —2log2

is a laser electric field, the parameters are as follows: Ey =
0.13 a.u. (atomic unit), 7 = 110.23 a.u., 7 = 31.49 a.u.,
¢ =0.57, and ® = 0.057 a.u. We calculate the ground-state
wave function using the imaginary time evolution method. For
the numerical solution of Eq. (1), we employ the split-operator
technique, which allows us to obtain the wave function at any
given time. From the wave function, we can compute the av-
erage acceleration of the electron. Taking the first electron as
an example:

(a1(t)) —E(t)|y(x1,x2,1)). (2)

By performing a Fourier transform on the dipole acceleration,

= (y(x1,x2,1)| = VVar (x1)

we can obtain the emission power spectrum of the high-order
harmonics generated by the first electron:

11 2

P(Q) = HE/t;Fexp(—in)<al(t)>c1t G

According to BM theory,??) we can rewrite the time-

dependent two-electron wave function
W(x1,x2,1) = R(x1,x2,1) exp[iS(x1,x2,1)], 4)

where R and S are real numbers. Substituting Eq. (4) into
Eq. (1), and extracting imaginary and real parts on both sides

of the equation, we can obtain the following equations:

2 2
IR (x1,32,1) | o O [‘MRz(xl,x2,t) ~0,(5)

ot ile)C,’ 8x,~
7(95(X1,X2,t)

ot
21 [9S(x1,x2,1)]?
22{)3;62)} + Q(x1,x2,1)

+Va(x1,%2) + (x1 +x2) E(2). (6)

Equation (4) is the quantum Hamilton—Jacobian equation,
where the subscript i denotes the i-th electron. The expression
of quantum potential is

2
1‘”)61’)‘2’)/13(,51’,62,”. )

x17x27
i=1 2

According to BM, the velocity of the i-th electron can also
be expressed by the wave-function

. (8

x1=x1 (1) x2=x2(1)

1 0
vi(t) = Im [Waxi‘l’(xl,mﬁ}

Therefore, we can get the position of the i-th electron at

0) + /0 ()t ©)

First, the imaginary time evolution method is used to cal-

any time

culate the probability density function of the ground state of
The ini-
tial spatial positions of N pairs of Bohmian particles (BPs) are

the xenon atom at an initial instant |y (x;,x2,0)|%.

then given at random by sampling |Wo(x1,x2,0)|* using the
acceptance—rejection sampling method and used to denote the
possible initial positions of two electrons, i.e., x’f (r=0) and
xé(t =0) (k=1,2,3,..., N denotes the k-th BP). The second-
order symmetric difference method is then used to calculate
the time evolution of the wave function y(x;,xp,7) of a 1D
xenon atom in a laser field. The wave-function’s initial state
follows the spatial exchange symmetry. The multi-body BM
is used to determine the velocities and trajectories of paired

particles:
dxk(r)
) = =L
. 81//(31,)62@} , (10)
V(x1,x2,1) X1 xy=xf (1) xp=x5 (1)
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Ao - 220

- [V’(xlfxbt) awglszxzjt)} xl:xll‘(t),,q:xé(t)’ o
40 = 4o+ [ hiar,
x(1) = £50)+ .tvlﬁ(t/)dt/. (12)

3. Results and discussion
3.1. Xenon atomic potential model

Initially, we employed 200 Bohmian trajectories to delin-
eate the dynamical process of the first electron. As depicted
in Fig. 1(b), under the specific conditions of the laser elec-
tric field illustrated, it was observed that the single-electron
wave packet, as presented in Eq. (13) and computed us-
ing TDSE, aligns closely with the temporal evolution images
of the Bohmian trajectories. This congruence suggests that
Bohmian trajectories can accurately represent the motion of
electron wave packets.

+oo

[y, = Y (xy,x2,8) W(xy,x2,1)dxa. (13)

J —oo

3.000x10—*
5.980x10-4
0.001192
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0.07475

0 40 80 120 160 200
‘ ‘ ‘ ‘ ‘ o =7 10.08
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0 40 80 120 160 200
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Fig. 1. Time-evolution of the first electron in a laser field with a central
frequency of 0.057 a.u. and a duration of 2 optical cycles. (a) Time-
evolution of the wave packet obtained from numerical solutions to the
TDSE; (b) time-evolution of 200 Bohmian trajectories (gray solid lines)
in the presence of the laser electric field (red solid line).

We present the high-order harmonic spectrum and time—
frequency analysis of the first electron, as shown in Fig. 2.
Through analysis, we find that the cutoff frequency of high-
order harmonics is located near 2 = 1.1 a.u. (dashed line),
and the occurrence time of high-order harmonics is between
95 a.u.—123 a.u. Next, we will use the Bohmian trajectory to
analyze the trajectory characteristics of two electrons within
this time window.

We randomly selected 200 pairs of BPs and roughly di-
vided their trajectories into three sets: The first, as shown
in Figs. 3(a) and 3(d) are characterized by the paired trajec-
tories being very close to the nucleus and the two particles

being close to each other. More notably, the two particles
exhibited high-frequency oscillations after approaching each
other. This behavior suggests that such trajectories generate
intense high-order harmonics.3?! The second set, as depicted
in Figs. 3(b) and 3(e) are characterized by the absence of high-
frequency oscillations within the time window, indicating a
minimal likelihood of generating intense high-order harmon-
ics. Figure 3(b) is because the re-collision particle (black solid
line) has returned to the nuclear region after the time win-
dow and did not interact with the nuclear region particles (red
dashed line) within that time window. In Fig. 3(e), both par-
ticles are far from the nuclear region at the start of the time
window. The third set, illustrated in Figs. 3(c) and 3(f), fea-
tures unique trajectories. In Fig. 3(c), one particle remains in
the nuclear region while the other leaves near the beginning of
the time window. Figure 3(f) illustrates a scenario where one
particle undergoes ionization followed by re-collision (repre-
sented by the black solid line). However, when this particle
is in proximity to its paired particle (indicated by the red dot-
ted line), either the distance between them is large (greater
than 5 a.u.), or the duration of their closeness is short (less
than one-quarter of the time window). Although some high-
frequency oscillations are observed for BPs near the nucleus
in Figs. 3(c) and 3(f), these oscillations have small amplitudes,
unstable frequencies, and chaotic phases, which could lead to
a diminished amplitude in the synthesized vibration, making it
difficult to generate intense high-order harmonics.

—1 — T
(a) — First electron high-order
—2r harmonics in two electronsT

logio(Power) (arb. units)

2.0 1.000x10—4
1.8 1.316Xx10~4
1.6 1.731x10~4
1.4 2.278X10~4
512 2.997x10~4
& 1.0 3.943%x10~4
S o8 5.188x104
0.6 6.827x10-4
0.4 8.982x10~4
0.2 0.001182

0 T T T T 0.001555
50 100 150 200

Time (a.u.)

Fig. 2. (a) High-order harmonic spectrum of the first electron calculated
using TDSE, (b) time—frequency analysis spectrum of the first electron.
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Fig. 3. Tllustration of several scenarios of paired trajectories within the time window (a gray area): (a) and (d) both BPs remain close to the

nucleus, exhibiting pronounced high-frequency vibrations with stable

frequency and phase; (b) and (e) one or both BPs are distant from the

nucleus, resulting in fragile vibrational behavior; (c) and (f) one trajectory stays in the nuclear region while the other leaves before the time
window, or the two particles are far apart and have a short interaction time, leading to weak vibrations with unstable frequency and phase.
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. (d) First electron high-order
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0 0.4 0.8 1.2 1.6 2.0
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Fig. 4. Trajectories of 80 pairs of BPs generating high-order harmonics: (a) 80 trajectories from the first electron; (c) 80 trajectories from the
second electron; (b) dipole acceleration comparison of the first electron, where TDSE (black solid line), 200 BPs (red dotted line), 80 BPs (blue
dash-dotted line); (d) high-order harmonic comparison of the first electron, where TDSE (black solid line), 200 BPs (red dotted line), 80 BPs

(blue dash-dotted line).

To quantitatively describe the emission of high-order har-
monics by BPs in the three trajectory types mentioned above,
we classified and statistically analyzed these 200 pairs of BPs
based on the characteristics of the three sets of trajectories.

For the first set of statistical methods and results, inspired
by the trajectories in Figs. 3(a) and 3(d), the statistical method
is as follows: when a pair of BPs stay together for more than

one-quarter of the window time, and both the distance between

the two BPs and their distances from the nucleus are less than
5 a.u., their trajectories are shown in Figs. 4(a) and 4(b). The
black solid line trajectory in Fig. 4(a) originates from the first
electron, and the red solid line trajectory in Fig. 4(b) originates
from the second electron. From the trajectories, we can ob-
serve that the particles exhibit re-collision behavior and signif-
icant high-frequency oscillation behavior within the time win-

dow, with relatively stable frequencies and phases, suggesting

123201-4
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that these trajectories are highly likely to generate high-order
harmonics. The statistical results show that there are 80 such
pairs of trajectories. We calculated the average dipole accel-
eration and high-order harmonics for the 80 BPs from the first
electron, as indicated by the blue dotted lines in Figs. 4(b)
and 4(d), respectively. We found that the high-order harmon-
ics generated by these 80 trajectories are consistent with those
represented by 200 BPs from the first electron and the results
from TDSE calculations, indicating that almost all high-order
harmonics from the first electron come from these 80 trajecto-
ries.

In studying the second set of statistical methods and re-
sults, we were inspired by the characteristics of the trajec-
tories in Figs. 3(b) and 3(e) to design the following statis-
tical methods: Firstly, we conducted statistics on particles
that undergo re-collision, particularly those whose re-collision
time is greater than or equal to the end of the time window
(t = 123 a.u.). Secondly, we also tallied the trajectories where
particles were already far from the core region at the beginning
of the time window (¢ = 95 a.u.). Figure 5(a) displays the tra-
jectories from the first electron, while figure 5(c) shows those
from the second electron. There are a total of 53 pairs of such
trajectories. Due to the absence of re-collision events within
the time window(as shown in Figs. 5(a) and 5(c)), the BPs in
the nuclear region exhibit no high-frequency oscillations (as
shown in Fig. 5(a)). Consequently, no high-order harmonic
generation occurs (as shown in Fig. 5(d)).

In the third set of statistical methods and results, we ana-
lyzed the trajectories shown in Figs. 3(c) and 3(f). The char-

100
Time (a.u.)

100
Time (a.u.)

acteristics of these trajectories are as follows. In Fig. 3(c), one
particle of the pair leaves the core region under the influence
of the external field while the other remains; in Fig. 3(f), one
particle of the pair returns to the core region after ionization
in the external field and recombines with the other particle.
Although re-collision occurs within the time window, the two
particles cannot simultaneously satisfy the conditions of be-
ing sufficiently close (less than 5 a.u.) and coexisting for a
sufficiently long period (more than 1/4 of the window time).
From this, we counted a total of 67 such trajectory pairs. We
are observing the trajectories in Figs. 6(a) and 6(c), it can be
seen that although the particles within the core region exhibit
oscillatory behavior, the amplitude of oscillation for each par-
ticle is small, the frequencies are unstable, and the phases are
inconsistent, which leads to irregular vibrations of the parti-
cles, making it difficult to produce high-order harmonics. We
calculated the average dipole acceleration and harmonic spec-
trum for these 67 BPs originating from the first electron, with
the results shown in Figs. 6(c) and 6(d). The findings indicate
that no strong high-order harmonics were generated.

From the statistical analysis above, we have discovered
that the generation of high-order harmonics requires the fol-
lowing conditions: both particles must be present within the
time window; the pair of BPs must be located in the core re-
gion simultaneously (less than 5 a.u. from the atomic nucleus);
and these two particles must be very close to each other (less
than 5 a.u. apart), with this state lasting for a sufficiently long
duration (more than 1/4 of the time window).

L (b) First electron average dipole 1
acceleration in two electrons
—— TDSE
-------- 200 BPs E
----- 53 BPs in panel (a) ]

10 80 120 160 200

Time (a.u.)

—2 T T T T T T T T T
(d) First electron high-order
harmonics in two electrons
_3 B —— TDSE i

-------- 200 BPs
4 === 53 BPs in panel (a)

logio(Power) (arb. units)

—4
—5t
—6
0 0.4 0.8 1.2 1.6 2.0
2 (a.u.)

Fig. 5. The trajectories of 53 pairs of BPs that do not produce high-order harmonics: (a) 53 trajectories from the first electron; (c) 53 trajectories
from the second electron; (b) dipole acceleration comparison of the first electron, where TDSE (black solid line), 200 BPs (red dotted line),
53 BPs (blue dash-dotted line); (d) high-order harmonic comparison of the first electron, where TDSE (black solid line), 200 BPs (red dotted

line), 53 BPs (blue dash-dotted line).

123201-5



Chin. Phys. B 33, 123201 (2024)
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0.06r . ZOOBE];DPS' 1 1
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_0'040 40 80 120 160 200

Time (a.u.)

First electron high-order
4 harmonics in two electrons
2 —— TDSE
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_5 -
—65 0.8 1.2
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Fig. 6. The trajectories of 67 pairs of BPs that do not produce high-order harmonics: (a) 67 trajectories from the first electron; (c) 67 trajectories
from the second electron; (b) dipole acceleration comparison for the first electron, where TDSE (black solid line), 200 BPs (red dotted line),
67 BPs (blue dash-dotted line); (d) high-order harmonic comparison for the first electron, where TDSE (black solid line), 200 BPs (red dotted

line), 67 BPs (blue dash-dotted line).

3.2. Two-electron re-collision model

Next, we will explore why, in the first set, the trajectories
of 80 BPs almost entirely generated high-order harmonics for
the first electron. Through statistical analysis, we have discov-
ered that the production of high-order harmonics requires both
particles to be simultaneously located in the core region for an
extended period. The wave function describing both particles
together in the core region is the ground state wave function
Voround (X1,%2,7) of the two-electron system. Hence, we hy-
pothesize that generating high-order harmonics invariably in-
volves the two-electron ground state wave function. Further-
more, from Fig. 3(d), we have observed that the re-collision
phenomenon occurs between two particles: one particle ion-
izes under the influence of the electric field. Then, it collides
with another Bohmian particle in the core region. Based on
this, we also assume that the production of high-order har-
monics inevitably involves the re-collision state wave function
Wre—coll (X1,X2,1) of the two particles. We denote by

Yre—coll (xl 7x27t) = @continuous (xl) X (Pground (xZ)

+ ¢ground (xl ) X Peontinuous ()Cz) , (14)

where the ground state wavefunction @grouna(x) of one
electron is obtained by numerically solving the single-
electron schrodinger equation. We define the wavefunction
Dcontinuous (X) for the other electron in a continuum state as fol-
lows:

Peontinuous (X) = exp[—4log2 x (x+ 100)2//\02}

x exp(ipx). (15)

The re-collision state satisfies exchange symmetry. The
single-electron wave packet in the continuum state moves to-
wards the core region with momentum p. It collides with the
wave packet of the other electron in the ground state, thereby
simulating the re-collision process.

From Figs. 3(a) and 3(d), it can be observed that the initial
state for generating high-order harmonics should be a superpo-
sition of the two-electron ground state Weround (X1,X2,7) and the
re-collision state We_con (X1,%2,7).

lI/i(xl 7x27t) = (i Yeround (xl y X2, t) +G [¢continuous (xl )
X ¢ground (XZ) + ¢ground (xl )

X (Pcontinuous (X2 )] . (16)

In the parameters mentioned above C; = 0.4, C; = 0.3, A9 =
40 a.u., and p = 1 a.u. Since the orthodox quantum theory
cannot provide the trajectory of two-electron re-collision, we
use the BM theory to analyze the re-collision processes.

the
ground states Weround(X1,X2,7) and the re-collision state
The dotted lines
represent the trajectories from ground state Wground (x1,x2,1),

Trajectories were selected from two-electron

Wie—coll (X1,X2,1), as shown in Fig. 7(a).
while the solid lines denote those from re-collision state

Yre—coll (xl 5 X2, t) .
represents the second one. As illustrated, when these particles

Black denotes the first electron, and red

appear together in the core region, they exhibit vibrational
patterns characterized by large amplitudes, high frequencies,
and stable phase differences. For this purpose, we calculated
the harmonic spectrum of the first electron using Eq. (10),
as shown in Fig. 7(b). We observed that, under these condi-
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tions, pronounced high-order harmonics were indeed gener-
ated, with the frequency centre located near @ = 0.933 a.u.
The intensity of high-order harmonics reaches its maximum,
and their energy should correspond to the sum of the elec-
tron’s kinetic energy and the single ionization energy. In our
xenon atom model, the single ionization energy is determined
to be the difference between the two-electron ground state en-
ergy (—1.23 a.u.) and the single-electron ground state energy
(—0.78 a.u.), which is 0.45 a.u. Considering the electron’s ki-
netic energy of 0.5 a.u., the maximum energy of the harmonics
should therefore be 0.45 a.u.4-0.5 a.u. =0.95 a.u. This result
is very close to the maximum harmonic value of 0.933 a.u.
displayed in Fig. 7(b). The findings indicate that the super-
position of the two-electron ground and re-collision states can
produce high-order harmonics.

20 T T T 5 T
15+¢ (a) ]
10} ]
— 10+ —— First BP trajectory in re—con (z1,22)
—— Second BP trajectory in re—con (Z1,22)
—15¢ First BP trajectory in ¥gound (#1,22)
20 Sefcond BP (“rajectory il:. Pground (x‘l,anz)
a 60 80 100 120 140
Time (a.u.)
0 —————
2 —1t (b) ]
=1 L 4
= —2
£ 73 ]
= —4
%\ —5
z —6
e 7
= sl ]
o0
& —of ]
~10 L L L L L L L L L
0 0.4 0.8 1.2 1.6 2.0

2 (a.u.)

Fig. 7. (a) Bohmian trajectories for C; = 0.4; the black solid line (red)
indicates the Bohmian trajectory of the first (second) electron in state
Wre—coll (X1,%2,1), while the black dashed line (red) shows the Bohmian
trajectory of the first (second) electron in state Werouna(X1,%2,7).
(b) Harmonic spectrum of the first electron calculated by TDSE.

We continue our force analysis on the particle pairs in
state Wre—con(¥1,X2,1), as displayed in Fig. 7(a), wherein the
black and red solid lines show the trajectories of these parti-
cles. Specifically, the force analysis of the black BP is pre-
sented in Fig. 8(a), while that of the red BP is shown in
Fig. 8(b). The following is the formula for calculating the
force exerted on a particle.

The resultant force acting on each BP:

avk()

R=——-=.
R dr

Coulomb force from nucleus acting on the k-th BP of the

i-th electron:
d 2
Faucleus Coulomb = — g Y
i (x;)>+4.26
5=k (1)
Coulomb force from the k-th BP of the j-th electron act-
ing on the k-th BP of the i-th electron:

d 1

Fe—ec Coulomb = — 25— | ——0— .
e—e Coulom ox; (Xi—xj)2+6'5 =k (£) =k (1)

J

Quantum force acting on each BP:

FQ = FR — Fhucleus Coulomb — Fe—e Coulomb-

Upon careful examination of Figs. 8(a) and 8(b), it can
be discerned that during the recollision process of the particle
pair, the two particles are predominantly subjected to quantum
forces (QF). While Coulomb repulsion and nuclear attraction
exist, they are negligible compared to the QF. The QF, char-
acterized by its high intensity and frequency, effectively binds
the particle pair near the nuclear region, thereby facilitating the
generation of high-order harmonics, which exhibit significant
strength and frequency characteristics.

2.0 T T T T T T T T
—— Coulomb force from the second BP (a)
1.5F Coulomb force from the nucleus 4
Quantum force
1.0 |~ Resultant force . g
3
\ci 0.5 YA .
g 0 TR TR |
505 Loy :
—1.0r | b
—1.5¢ b
—2.0 ! ! ! ! ! ! ! !
50 60 70 80 90 100 110 120 130 140
Time (a.u.)
2.0 T T T T T T T T 1
1.5¢
. Lor
g I
s 0 Ll
s o
§ LT h)
b i HE i
LT_'O —0.5
—1.0F—— Coulomb; forde from the first BP b
------ Coulombi forde frobm the nucleus
— 1.5 Quantum force 1
---- Resultant force

72'%0 60 70 80 90 100 110 120 130 140
Time (a.u.)

Fig. 8. (a) Resultant force acting on the first BP (short dash-dotted ma-
genta curve) and its component forces, i.e., Coulomb force from the
second BP (solid black curve), Coulomb force from the nucleus (short
dashed red curve), and quantum force (short dotted blue curve). (b) Re-
sultant force acting on the second BP (short dash-dotted magenta curve)
and its component forces, i.e., Coulomb force from the first BP (solid
black curve), Coulomb force from the nucleus (short dashed red curve),
and quantum force (short dotted blue curve).

In the absence of a two-electron ground state, can high-
order harmonics still be generated? To investigate this ques-
tion, we set C; =0 in Eq. (16), thereby reducing the probabil-
ity of the ground state to zero. Subsequently, we recalculated
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the Bohmian trajectories and harmonic spectra, as shown in
Figs. 9(a) and 9(b), respectively. Here, both trajectories orig-
inate from re-collision state We_con(X1,%2,¢), one from state
Qcontinuous (X) and the other from state Pgrouna(x). However, in
this scenario, the two-electron ground state l//gmund(xl,xz,t)
is absent, with only the re-collision state We_con(x1,X2,7)
present. The trajectories in Fig. 9(a) show that although col-
lisions near the core region occur between the particle pairs,
their brief dwell time in this area prevents the generation of
high-frequency oscillations. Further examination of the har-
monic spectrum under this condition, depicted in Fig. 9(b), re-
veals that high-order harmonics are not generated. Therefore,
we conclude that high-order harmonics cannot be generated
in the presence of only the re-collision state Wye—con(x1,X2,7)
without the ground state Weround (X1,X2,1).

g
=
= —5r — First BP trajectory in
1ol Yre—coll (T1,72) ]
— Second BP trajectory in
—15} Yre—conl (T1,22) 4
_9 L L L L
0 60 80 100 120 140
Time (a.u.)
0 T T T T T T
z —1r (b) 1
£ 2r ]
s 78r 1
E —4
~ =5
o)
% —6
o =7
El ]
£ ol -
—10 L ey

0.8 1.2 1.6 2.0

2 (a.u.)
Fig. 9. (a) Bohmian trajectories for C; = 0; the black solid line (red)
indicates the Bohmian trajectory of the first (second) electron in state
Wre—coll (X1,%2,1), while the black dashed line (red) shows the Bohmian
trajectory of the first (second) electron in state Werouna(X1,%2,7).
(b) Harmonic spectrum of the first electron calculated by TDSE.

(e}
e
=~

We compared the second set (Figs. 5(a) and 5(c)) and the
third set (Figs. 6(a) and 6(c)) of trajectories. The common
characteristic of these two trajectories is that, within the ob-
served time window, both electrons did not simultaneously ap-
pear in the core region for a sustained period. In other words,
the absence of a two-electron ground state during the time win-
dow means high-order harmonics could not be generated.

4. Conclusion

We employed the BM approach to numerically solve the
time-dependent Schrodinger equation, using xenon atomic po-

tential as the physical model, to investigate the correlated char-
acteristics of high-order harmonic generation by two active
electrons: (i) We demonstrated that 200 pairs of BPs could
accurately reproduce the dynamics of electrons in an intense
laser field.
trum and time-frequency analysis of a single electron to de-

(i) We utilized the high-order harmonic spec-

termine the emission time window for high-order harmonics.
(ii1) Within this time window, we analyzed the motion behav-
ior of paired trajectories. We reached a significant conclusion:
intense high-order harmonics are only generated when the par-
ticle pair must exhibit re-collision behavior; both BPs are si-
multaneously present in the core region for a duration exceed-
ing approximately one-quarter of the time window.

Using the trajectories mentioned above, we developed
a re-collision model to elucidate the reasons behind the har-
monic generation. We discovered that intense high-order har-
monics are only generated when the two-electron ground state
exists during re-collision. This model explains why two BPs
must be present in the core region to maintain a sufficiently
long coexistence and generate intense high-order harmonics.
This paper reveals the simultaneous correlated characteristics
of two-electron high-order harmonic emission when both elec-
trons must be in the core region, providing a significant ref-
erence value for studying the mechanisms of multi-electron
high-order harmonic emission.
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