Chin. Phys. B 31, 123202 (2022)

Multiple collisions in crystal high-order harmonic generation
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We theoretically investigate high-order harmonic generation (HHG) in crystals induced by linearly polarized laser
fields. We obtain the HHG spectra by solving the semiconductor Bloch equations and analyze the radiation process by
different models. Here we propose a multiple collision model, in which the electrons and holes are produced at different
times and places. It is found that the multiple collision trajectories can help us comprehensively and better explain the
results of the quantum calculation. Moreover, we find that the harmonic suppression occurs due to the overlap of multiple

collision trajectories.
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1. Introduction

The study of high-order harmonic generation (HHG)
induced by intense laser fields in atomic and molecular
systems! 8] has attracted a lot of attention over the past sev-
eral decades, and the underlying mechanisms have been well

1,2,5

understood.!>>! Since the experimental observation of non-

perturbative HHG in crystal systems,! the solid-state HHG

10141 The conversion

process has been studied extensively.!
efficiency of the solid-state HHG is expected to be higher
than that of the atomic system due to the high density of
The solid-state HHG can be used to

reconstruct the band structure of crystals in an all-optical

condensed materials.

manner, ! to produce novel light sources such as extreme

s,[1L16] and to probe the dynamics of elec-

17,18

ultraviolet pulse
trons and holes in solids.!!”-!8] To further investigate and make
use of the HHG from solids, the mechanism of the harmonic
radiation!!%11:19-26] is always the research hotspot. The HHG
is dominated by the intraband currents and interband polariza-
tions. The harmonics below the minimum band gap mainly
come from the intraband oscillations of the electrons and
holes, while the above-band-gap harmonics mainly originate
from the interband transitions. Since the energy of the har-
monics discussed in this paper is bigger than the minimum
band gap, we focus on the interband transitions.

Quantum computing methods such as semiconductor
Bloch equations (SBEs),[!3?1:23] time-dependent density-
functional theory (TDDFT),[?”-2° and the time-dependent
Schrodinger equation (TDSE)[*%31] are usually used to be the
numerical experiments to simulate the solid-state HHG pro-
cess. Since quantum calculations contain all the relevant phys-
ical processes, it is difficult to extract the intuitive picture of
the underlying mechanisms. To reveal the physical origin of
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the harmonic dynamics, the semiclassical calculation methods
are usually adopted.
For interband HHG, there are two common analysis

methods: reciprocal-space semiclassical model!>32%32-331 and

23,26,36-42

semiclassical recollision model. ! ! By analyzing the

semiclassical reciprocal-space trajectory, the essential contri-

butions to the HHG yields from the electrons with nonzero

25,34

crystal momenta are revealed,!?>**! and the multiple plateau

spectral feature of the HHG in solids is elucidated by tak-
ing into account the multiple conduction bands.[>?3233) As for

the semiclassical recollision analysis of the interband emission

[23,26,36-42]

mechanism, itis useful to predict the maximum har-

(23] and it is also helpful for exploring the effect

36-39]

monic energy,
of electron dynamics in the HHG process.|

The semiclassical recollision model!?3! is an instrumental
tool in the fundamental research of HHG in solids. It has been
generalized from the gas-phase three-step model and has pro-
vided an intuitive understanding of the interband harmonics:
the electron tunnels from the valence band (VB) to the con-
duction band (CB) with its associate hole staying in the VB,
and the electron and hole are born at the same position in real
space; the electron and hole move under the driving of the laser
field; when the spatial distance between the electron and its
associate hole becomes zero, the electron-hole pair recollides,
and the harmonic photon is emitted. Previously, the recollision
only happen between the electron and hole which are born at
the same time and the same spatial position, and they must ex-
actly meet again in real space. However, the wave packets of
the electron and hole are spatially delocalized, they can over-
lap even if their centers do not completely coincide. So, in
some research, imperfect recollisions*7-*%43] are allowed, and
the distance used to judge whether the electron and hole can
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recollide is consistent with the size of the delocalized quantum
wave packet. Moreover, we discuss the multiple collisions be-
tween the electrons and holes born at different times and the
collisions between the electrons and holes generated at differ-
ent positions in this paper, and we also show the harmonic
suppression phenomenon in our calculation.

The interference phenomena in molecular HHG have
been studied, such as the interference between the harmonics
contributed from different nuclei. The harmonic spectra ex-
hibit minima which are related to the angle between the molec-
ular axis and the laser polarization direction.!**! The quantum
interference in solid HHG has also been investigated, such as
the Michelson interferometry of the Bloch electrons!*’! and
the subcycle interference induced by two adjacent Zener tun-
neling events. 4%

In this paper, HHG from ZnO crystals induced by lin-
early polarized fields is theoretically studied by solving the
SBEs. We analyze the simulation results with the semiclas-
sical reciprocal-space model, the recollision model, and the
multiple collision model, respectively. As the reciprocal-space
semiclassical model is rough to analyze the quantum calcu-
lation results, the semiclassical recollision results agree well
with the high-order region of the quantum results, and the mul-
tiple collision results agree well with the low-order region of
the quantum results. Then, we focus on the multiple colli-
sions between the electron and hole which are born at different
times, and we find that the collision trajectories may overlap
in some energy regions and produce harmonic suppression. In
addition, we also study the collisions between the electrons
and holes which are born at different initial positions, and we
find that adopting this type of collisions can improve the agree-
ment with the quantum results.

This paper is organized as follows. In Section 2, the the-
oretical models and methods used in this work are introduced.
In Section 3, we present and discuss the simulation results. We
give our main conclusions in Section 4. Atomic units (a.u.) are
used unless stated otherwise in this paper.

2. Theoretical methods
2.1. Semiconductor Bloch equation

In this work, we solve the one-dimensional two-band
SBEs to simulate the interaction between the lasers and crys-
tals. The SBEs!!321:23] can be expressed by:

ﬁm(K’t) = ist(Kvt)n(Kat)eiiS(K‘” +C.C.7 (1)
K .

7:C(K7[):_M+iQ*(K7t)W(K,t)els(K,t)7 (2)
2

where K = k — A(r) is obtained by the crystal momen-
tum k and the vector potential A(z) of the laser field. n,,
is the population of band m and n(K,¢) is the polarization

strength between VB and CB. s, = —1, 1 stands for VB
and CB, respectively. Q(K,t) = E(t)-d(K,t) is the Rabi
frequency, where E(t) is the electric field of the laser, and
d(K,t) is the transition dipole moment. The k-dependent
E' ,/2¢3(k), where
J =X,y 2. &(k) is the band gap, and the minimum band
gap is 3.3 eV. E' |
E} ,=0.302 a.u. in our calculation for the ZnO crystal.[*"
S(K,t)=["_ e, (K+A(t"))dt is the classical action, and T»
is the dephasing time. w(K,t) = ny(K,t) —n.(K,t) is the
population difference between VB and CB. The initial values

dipole element is calculated by d;(k) =

are the Kane parameters, and we choose

of ny and n, are equal to 1 and 0, respectively. The intraband
and interband currents can be written as

. d
Jimer:d / p(KJ)d3Ka 3
r JBZ

G =Y /B oK+ AOm(K.NEK, (4)

where p(K 1) = d(K + A(1))n(K 1) e SKD) fc.c. is the in-
terband polarization. v,,(k(t)) = ViE,, is the group velocity
of electrons and holes in band m.

2.2. Reciprocal-space semiclassical model

The reciprocal-space semiclassical model in solid HHG is
similar to the three-step model in atomic and molecular HHG:
the electron—hole pairs are generated when the electrons tun-
nel from the top of the VB to the CB; the electrons and holes
are accelerated by the laser field in their respective bands; the
electrons and holes recombine in reciprocal space instanta-
neously with emissions of high-harmonic photons. However,
different from the atomic and molecular case, the wave pack-
ets of the electron and hole are totally delocalized in solid sys-
tems. The electron—hole pairs can recombine in the case of
the imperfect overlaps of the electron and hole wave pack-
ets in real space. Therefore, the reciprocal-space semiclas-
sical model does not require the distance between the elec-
trons and holes in real space to be 0, which is reasonable. The
electron—hole pair oscillates with the time-dependent crystal
momentum k(¢) = ko + A(t) in reciprocal space and the pho-
ton is emitted with energy &[k(f)] at the recombination time

t; which can be arbitrary.[25-29-32-34]

2.3. Semiclassical recollision model

The interband harmonic spectra can be expressed ana-
lytically with the Keldysh approximation!*’! in Eqs. (1) and
(2), and the main contributions of the interband harmonics
are around the saddle points.[23] Therefore, the semiclassical
recollision model is chosen to intuitively explain the physi-
cal origin of the interband harmonic dynamics. The electron
tunnels from the VB to the CB at the minimum band gap
& [k(tp) = 0] in reciprocal space and the electron and hole are
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assumed to be born at the same position in real space. Then,
the electron and hole oscillate with the time-dependent mo-
mentum k(r) = ko + A(¢) — A(y) in their respective bands in
reciprocal space and recombine when the distance between the
electron—hole pair in real space becomes 0. The high harmonic
photon, whose energy is equal to the band gap at the time of
recombination, is emitted. The distance between the electron
and hole in real space is expressed by

Ax(t)

Xe(t) = xn(t)

[ ek@)ar - [

Iy
= ["VeE())dd — [ VeE(R())d, 5)

) )

k(') dt

where 1y, is the birth time of the pair and ¢ is the observation
time, E. and E, are the energies of CB and VB, respectively. In
the semiclassical recollision model, when the electron tunnels
from the top of VB to CB in reciprocal space, the electron—
hole pair is born at the same time and born at the same posi-
tion in real space, and the electron can only recombine with its
associated hole in this model.

2.4. Multiple collision model

A Bloch electron with a certain initial crystal momentum
ko which is driven by the laser field and oscillates in the Bril-
louin zone can pass the top of the VB several times. In quan-
tum calculations, every time the electron passes through the
position k = 0 a.u., the electron has a certain probability to

tunnel to CB. Figure 1 shows that the electron with the ini-
tial crystal momentum kg = —0.0564 a.u. passes through the
top of the VB when the vector potential of the laser equals
0.0564 a.u. at t,1, #,2, and #,3. The electron has certain prob-
abilities to tunnel to CB at these times, then the electron oscil-
lates in the CB. The vector potential of the laser field can be

written as

A1) =22 f(0)sin(or), ©

where Ej is the field strength, and  is the frequency of the
laser field. The envelope f(¢) has a trapezoidal shape, and the
expression of f(¢) can be written as

— 4 = =TTy <t < =51
2T +27 0> 0,
f)=41, —5Ty <t < 5Tp, (7
1 7
——t+ =, STy<t<TTy,
T +2 0 < Mo

where Tj is the period of the driving laser field.

In Figs. 1(a)-1(c), the vector potentials of the laser field at
1, 12, and 1,3 are marked by the black square, green circle,
and magenta asterisk, respectively. The vector potentials after
the tunnel times are marked with dashed lines. Figures 1(d)—
1(f) show the trajectory sketches after the electron tunnels at
1, 12, and #,3, respectively. While the electron and hole os-
cillate in their respective bands in reciprocal space, they also
oscillate in real space.
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Fig. 1. (a)—(c) The vector potential of the platform part of a trapezoidal laser field. The vector potentials at the tunneling times #, 1, #,2, and #,3 are marked
by the black square, green circle, and magenta asterisk. The vector potentials after the relevant tunneling times are marked by the black dashed line,
green dashed line, and magenta dashed line, respectively. The trajectory sketches of the electron with the initial crystal momentum ko = —0.0564 a.u.,
which tunnels to CB in reciprocal space at #, 1, 1,2, and #,3, and oscillates in the CB until # = 0.5 o.c. (The unit o.c. is short for optical cycle) are shown

in panels (d), (e), and (f), respectively.
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To gain closer insight, the dynamics of the electrons and
holes driven by the laser field should be studied both in recip-
rocal and real spaces. Figure 2(a) exhibits the time-dependent
momentums of the electrons and holes with the same initial
momentum kg = —0.0564 a.u. but born at different times. The
black line, green line, and magenta line represent the time-
dependent crystal momentums of the electron—hole pairs born
atty 1, 12, and 1,3, respectively. The velocities of the electrons
(solid lines) and holes (dashed lines) are shown in Fig. 2(b).
Figure 2(c) plots the real-space trajectories of electrons (solid
lines) and holes (dashed lines) for three different birth times.
Here, we suppose that the electron and hole with the same ini-
tial momentum are born at the same position in real space. The
blue circles mark the recollision positions of the electrons and
holes, which are born at the same time. The red dots mark the
collision positions of the electrons and holes, which are born at
different times. Similar to the recollision case, the harmonics
emit when the collision happens. For the existence of the de-
phasing process, we assume that the collision may occur only
if the time interval between the birth times of the electron and
hole is no more than one optical cycle (o.c.). The collisions
are divided into two types in the following. The first type of
collision requires that the time interval between the generation
times of the electron and hole equals one optical cycle, such
as the collisions between the electron generated at #,1 and the
hole generated at #,3 in Fig. 2(c). The second type of collision
requires that the time interval between the generation times of
the electron and hole is less than one optical cycle, such as the
collisions between the electron generated at #,1 and the hole
generated at 7,2 in Fig. 2(c).

~ -

= e

0.5

Time (o.c.)

Fig. 2. (a) The time-dependent momentum of the electron and hole born at #,1
(black solid line), #,2 (green solid line), and #,3 (magenta solid line). (b) The
velocities of the corresponding electrons (solid lines) and holes (dashed lines)
in real space. (c) The positions of the electrons (solid lines) and holes (dashed
lines) after their creation in real space. The collision positions are marked by
red dots and blue circles. The birth times #,1, #,2, and #,3 are marked by the
vertical black dotted lines, vertical green dotted lines, and vertical magenta
dotted lines in panels (a)—(c).

Moreover, we also consider the collision between the

electron and hole, which are born at the same time but dif-
ferent positions in real space. Due to the periodic structure of

crystal materials, the primitive cells on different spatial lattice
points are equivalent. As a result, the atoms separated by inte-
ger multiples of lattice constants in real space are equivalent.
Therefore, it is reasonable for us to consider the collisions be-
tween the electrons and holes generated at positions separated
by integral multiples of the lattice constant in real space. Fig-
ure 3 plots the real-space trajectories of electrons (solid lines)
and holes (dashed lines) which are born at positions —ay (blue
lines), O (black lines), and a, (green lines). And the red dots
indicate where the collisions occur.
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Fig. 3. In real space, the position of the electrons (solid lines) and holes
(dashed lines) after their creation at positions —a, (blue lines), 0 (black
lines), and a, (green lines), respectively. The collision positions are marked
by red dots.

3. Results and discussion

In this paper, the laser polarization is parallel to the I'—
M direction of a wurtzite ZnO crystal. Figure 4(a) shows the
electric field (red dotted line) and the vector potential (blue
solid line) of the trapezoidal laser field. The central frequency
equals 0.014 a.u., and the field strength is 0.0027 a.u. The in-
terband harmonic spectrum is exhibited in Fig. 4(b), and the
results in Fig. 4(c) are obtained from reciprocal-space semi-
classical trajectory analysis. In Fig. 4(c), we consider the elec-
trons which can pass the I" point driven by the laser field with
the initial crystal momentum kg in an interval [—Ag,Ag]. In ad-
dition, the ionization time #, of the electron requires the time-
dependent crystal momentum k() = ko + A(f,) =0 a.u., and
the electron-hole pairs can recombine at arbitrary times after
their generation. The V-shaped solid black line indicates the
cutoff energy of each channel. As we can see, the spectral
range of the interband harmonics obtained by the reciprocal-
space semiclassical trajectory analysis in Fig. 4(c) agrees well
with the quantum calculation result in Fig. 4(b). Therefore, the
semiclassical reciprocal-space trajectory analysis can be used
to estimate the cutoff energy of the HHG roughly.

To gain insight into the quantum path, we analyze the
harmonic spectra by using the Gabor transform in the time—
frequency domain. 8! The Gabor transform is defined as

—(t/—t)2:|
exp | ———
[ 202 iot

folw.n) = [ty —— T @
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where the parameter o sets the balance between the frequency
and temporal domains. We set ¢ = 18 a.u. in all the calcula-
tions.
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Fig. 4. (a) The electric field (red dotted line) and vector potential (blue
solid line) of the laser field. (b) The interband harmonic spectrum simu-
lated by SBEs. (c) The energy range of the interband HHG obtained by
the reciprocal-space semiclassical model. The Y-axis represents the initial
crystal momentums of the electrons which can pass by the I" point. The
V-shaped black line shows the cutoff energy of each k channel. The vertical
black dashed line indicates the harmonic order corresponding to the mini-
mum band-gap energy of the channels. The magenta dashed lines indicate
the maximal cutoff energy and the minimal cutoff energy, respectively. The
central frequency of the driving laser field is equal to 0.014 a.u., and the field
strength is 0.0027 a.u.
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Fig. 5. The time—frequency analysis of the interband current generated by
the linearly polarized laser field shown in Fig. 4(a). The gray dots on the
top are obtained from the reciprocal-space semiclassical trajectory analysis.
Panel (b) is an enlarged part of panel (a).

Figure 5(a) shows the time—frequency analysis of the in-
terband current and the reciprocal-space trajectories which are
obtained by using the same parameters as those in Fig. 4. Fig-
ure 5(b) is an enlarged part of Fig. 5(a). The gray dotted
lines represent the reciprocal-space trajectories. At a quick
glance, the semiclassical trajectories basically cover all the
strong parts of the time—frequency analysis in Fig. 5(a). In
Fig. 5(b), one may find that the trajectories also cover the very

weak signal. For example, there are many reciprocal-space tra-
jectories covering the time—frequency analysis of the 17th har-
monic. So, when we further study the dynamics of the HHG
process, the semiclassical reciprocal-space trajectory analysis
is not sufficient, and we have to find other methods that can
better analyze the interband HHG.
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Fig. 6. (a) The blue line shows the vector potential of the laser field. Each
half cycle of the vector potential is marked alternately with black circles and
red dots. [(b), (c)] The time—frequency analysis of the interband harmonic
spectrum calculated with 75 = 2.7 fs and 7, = 5.4 fs, respectively. The rec-
ollision trajectories and collision trajectories are plotted on the top of the
time—frequency analysis. The red dashed rectangle marks the overlap po-
sition of the collision trajectories. The recollision and collision events are
numbered sequentially and coded in shape as follows: first (circles), sec-
ond (asterisks), third (five-pointed stars), fourth (squares). The recollision,
the first type of collision, and the second type of collision trajectories are
exhibited in blue, magenta, and black respectively.

To deeply study the radiation mechanism of the interband
HHG, we discuss the behaviors of the electrons and holes both
in real space and reciprocal space by employing the multiple
collision model and the semiclassical recollision model. The
recollision and the multiple collision trajectories are compared
with the quantum results in Fig. 6. The multiple collisions
are divided into two types, which we introduced earlier. In
Fig. 6(a), the vector potential of the laser field is alternately
marked by black circles and red dots every half cycle. The first
type of collisions occurs between the electrons (holes) gener-
ated in the interval marked by the black circles (red dots) and
the holes (electrons) generated in the next interval marked by
black circles (red dots). The second type of collisions hap-
pens between the electrons (holes) generated in the interval
marked by the black circles (red dots) and the holes (elec-
trons) generated in the adjacent interval marked by red dots
(black circles). The time—frequency analysis of the interband
harmonics shown in Figs. 6(b) and 6(c) are calculated with
T, =2.7fs and T, = 5.4 fs, respectively. As we all know that
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the shorter dephasing time will lead to the weaker high or-
der recollision and collision trajectories. So, we only consider
the first (circles) and second (asterisks) recollision and colli-
sion events in Fig. 6(b), while the third (five-pointed stars) and
fourth (squares) recollision and collision events are addition-
ally added in Fig. 6(c). Here, the recollision, the first type of
collision, and the second type of collision are shown in blue,
magenta, and black, respectively. In Figs. 6(b) and 6(c), it is
clear that the recollision trajectories and the first type of colli-
sion trajectories are in better agreement with the quantum cal-
culations than the reciprocal-space trajectories shown in Fig. 5
both in time domain and frequency domain.

In Figs. 6(b) and 6(c), we consider the second type of col-
lision trajectories with different dephasing time 7. There is a
harmonic suppression at the 17th harmonic, and the first (black
circles) and second (black asterisks) collision trajectories over-
lapping at around the harmonic suppression in Fig. 6(b). In
addition, the suppression of the time—frequency analysis at
around the 17th harmonic marked by the red dashed rectangle
in Fig. 6(c) is more obvious than that in Fig. 6(b), and there
are four collision trajectories overlap at around the 17th har-

- 7;2:5I.4 fsl

logio(intensity) (arb. units)
|
N

monic in Fig. 6(c). Different trajectories with different phases
overlap at the same time and energy range. The more trajecto-
ries in the overlapping region, the greater the disorder degree
of the phase. As a result, the disordered phases reduce the co-
herence of the harmonic, and make the harmonic suppression.
Therefore, the harmonic suppression seems more obvious in
Fig. 6(c) with longer dephasing time than that in Fig. 6(b).

To gain closer insight, we chose the laser pulses with
the field strengths equal to 0.0031 a.u. and 0.0035 a.u. The
corresponding harmonic spectra are shown in Figs. 7(a) and
7(c), and there are two obvious suppressions at the 19th and
21st harmonics in the two harmonic spectra, respectively. The
spectrum in black is calculated with 7> = 5.4 fs, and the spec-
trum in red is calculated with 7, = 2.7 fs. Figures 7(b) and
7(d) exhibit the second type of collision trajectories with the
two different field strengths. Comparing Figs. 7(a) and 7(c)
with Figs. 7(b) and 7(d), we can also see that the longer the de-
phasing time, the more obvious the suppressions become, and
the suppressions of the HHG yields correspond to the overlaps
of the relevant collision trajectories with different phases.

11 13 15 17 19 21 23 25 27 11 13 15 17 19 21 23 25 27
. 1.0p .
(b) (d)
g
2
) 0.5p
E
=
0 R Pt ..‘"“ ' N N N O_ N X N [} " "
11 13 1 17 19 21 23 25 27 11 13 15 1 19 21 23 25 27

Harmonic order

Harmonic order

Fig. 7. [(a), (b)] E9 =0.0031 a.u., [(c), (d)] Ep = 0.0035 a.u. [(a), (c)] The interband harmonic spectra calculated with 7, = 5.4 fs (black) and 7, = 2.7 fs
(red), respectively. [(b), (d)] The collision energy as a function of the collision time. Only the second type of collision discussed in Fig. 6 is shown. The
blue dashed lines indicate the 19th harmonic in panel (b), and the 21st harmonic in panel (d). The collision events are numbered sequentially and coded
in color and shape as follows: first (black circles), second (cyan asterisks), third (blue five-pointed stars), and fourth (magenta squares).

Figure 8 shows the phases of the collision trajectories
shown in Figs. 7(b) and 7(d) as a function of the harmonic
order. The phase of the trajectory is given by

ty 1
0= [, ViE:(k())dr - /,h ViE(k('))dr,

where #¢ is the birth time of the electron, and ! is the birth time
of the hole. It is clear that the phases of the four trajectories in

Figs. 8(a)-8(d) oscillate rapidly at around the 19th harmonic.
Comparing with Fig. 7(b) the fast oscillation of these phases
exactly corresponds to the overlap of the collision trajectories.
In addition, the phases in Figs. 8(e)-8(h) oscillate rapidly at
around the 21st harmonic, which also corresponds to the over-
lap of the trajectories in Fig. 7(d). The disordered phases lead

to the suppression of the relevant harmonics. Thus, taking into
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account the collisions between the electrons and holes born at
different times but at the same position in real space, we can
analyze the dynamics of the harmonic radiation comprehen-
sively.

We consider the collisions between the electrons and
holes which are born at the same time but at different posi-
tions in real space. The space intervals between the birth posi-
tions of the electrons and holes are —5 to 5 integral multiples
of the lattice constant. Figure 9 exhibits the time—frequency
analysis of the interband harmonic spectrum and the colli-
sion energy as a function of the collision time. The collisions
shown in Fig. 9 have also been described in Fig. 3, and the

laser field parameters are the same as those in Fig. 3. And
the first (black circles), second (magenta asterisks), and third
(blue five-pointed stars) collision events are considered. We
can observe that the collision trajectories are in overall agree-
ment with the quantum calculation results. For example, the
collision trajectories coincide well with the regions where the
intensity is high. Comparing with the recollision trajectories
in Figs. 6(b) and 6(c), these collision trajectories even perform
better at the higher-order harmonic region. This finding has
similar advantages to the extended method of imperfect recol-

lision discussed in previous research. 3!

1

. e o P oY N . . © O T
o 1st collision o o o 3 (a) o 1st collision S %o com(e)
Y o & o oo © vy o °
C?B °650 OO o o o oog 0&0 &° o ° g% > o
oF s o ©° ©° o%g¢g 4 L 8§ o S oo DOom
c? S %, oo OOOO O: ? S oooo ° Oo o © oo °%
o o 8 o 0 o o o 1)
§ 000 O&PO 08° g?: 4 g °8 % & 00 o ® oo
o o 00 o ° 0%% & o o ) 8 o
-1 ) s o O, Q 4©° g :o° ﬁ ) o o, .;o * o 282
* 2nd collision * : e (b) * 2nd collision % * % *;: (f)
* U~ * * -~ x~ * *%
¥ e T * * X
= Of * ox ™ 4 hex * %
o * * % * e * * *
* L™ k% * * * Tx
o K * ¥ * * * *
35 * * * * ** %
x * * % % * * %
@ % * * % * % * *
= — *x Ty M M Xy X.'u-)k- + M k.3 M M 5 M *aa; M
g * 3rd collision N (c) * 3rd collision *ox (g)
N - * * ~ * *
- * * * * * * * *
L * .
0 * » **i Fa * N w* X
* > * % * * *
* * * + ¥ * * * ok E K
—1 e M X " " " " M M
0 4th collision o d 0 4th collision o o h
- o (h)
o o 0 4o o o o
0 o o [u} o v
o . o
o B g i o =
o oo 8 o o
o 8 o o o o og
—1 M . o o o

9 11 13 15 17 19 21
Harmonic order

23 9 11 13 15 17 19 21 23
Harmonic order

Fig. 8. (a)-(b) Ey = 0.0031 a.u., (e)—(h) Ep=0.0035 a.u. (a)—(d) The phase of the collision trajectories which are shown in Fig. 7(b) as a function of the
harmonic order. (e)—(h) The phase of the collision trajectories which are shown in Fig. 7(c) as a function of the harmonic order. The collision events are
numbered sequentially and coded as follows: first (circles), second (asterisks), third (five-pointed stars), and fourth (squares).

25, —6
- 23\
< 21 -7
§ 19
VY -8
E 15
=135 -9
11
9% : ¢ *l_ o
~21.0 —0.5 0 0.5 1.0

Time (o.c.)

Fig. 9. Time—frequency analysis of the interband harmonic spectrum and
the collision energy as a function of the collision time. The collisions occur
between the electrons and the holes which are born at the same time but at
different positions in real space. The initial spacing between the electrons
and holes are all integer multiples of the lattice constant in [—5ay, Sax]. The
collision events are numbered sequentially and coded in color and shape as
follows: first (black circles), second (magenta asterisks), third (blue five-
pointed stars). The laser parameters are the same as those in Fig. 3.

From the above discussion, we can know that the multi-
ple collision model plays an important role in analyzing the
detailed results of quantum calculations. It is also a helpful
supplement to the recollision model.

4. Conclusion

We investigated the interband harmonic radiation process
of the crystal HHG by solving the one-dimensional SBEs in
ZnO crystal. As the semiclassical reciprocal-space model and
semiclassical recollision model cannot fully explain the quan-
tum calculation results, we have discussed the contributions of
the collisions between the electrons and holes which are born
at different times. We found that considering both the recol-
lision model and the multiple collision model is more consis-
tent with the quantum calculation results. Moreover, the deco-
herence effect caused by the overlap of the multiple collision
trajectories can make harmonic suppression. Based on the pe-
riodicity of solids, we also considered the collisions between
the electrons and holes generated at the same time and at the
positions spaced with integral multiples of the lattice constant.
In this case, the collision trajectories show better agreement
with the SBEs results than the recollision trajectories in high-
order region. The multiple collision model can be used as a
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supplement to illustrate the details not reflected in the recolli-

sion model. All in all, the multiple collision model can help

us comprehensively and better understand the interband har-

monic radiation process in crystals.
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