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SPECIAL TOPIC — Strong-field atomic and molecular physics

Role of Bloch oscillation in high-order harmonic generation
from periodic structure”
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The high-order harmonic generation from a model solid structure driven by an intense laser pulse is investigated using
the semiconductor Bloch equations (SBEs). The main features of harmonic spectrum from SBEs agree well with the result
of the time-dependent Schrodinger equation (TDSE), and the cut-off energy can be precisely estimated by the recollision
model. With increasing the field strength, the harmonic spectrum shows an extra plateau. Based on the temporal population
of electron and the time—frequency analysis, the harmonics in the extra plateau are generated by the Bloch oscillation. Due
to the ultrafast time response of the Bloch electron, the generated harmonics provide a potential source of shorter isolated

attosecond pulse.

Keywords: high-order harmonic generation, attosecond pulse, semiconductor Bloch equations, time-

dependent Schrodinger equation
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1. Introduction

High-order harmonic generation (HHG) is a non-linear

U4 are illumi-

process when atoms, molecules, or plasmas
nated by an intense laser pulse. HHG is a prerequisite of at-
tosecond pulse[s] due to the coherent nature, which can also
be used to investigate the ultrafast electronic dynamics in mat-
ters. HHG paves the way to new ultrafast imaging methods,
such as molecular tomography and spectroscopy.'®” Recently,
due to the specific properties of the electrons in semiconduc-
tor materials, more investigations have been focused on the
rich high harmonics from solids. In present experiments, var-
ious crystals are exposed to the strong laser field, including
Zn0,3-101 GaSe, 1121 §i0,,[13:14] MO, [15] MoS,,"%! and
even solid Ar, Kr.l'”l Different forms of semiconductor ma-

16,18,19

terials ranging from bulk to monolayer! I and quantum

wires 21 are used to improve the efficiency of the harmonics
from solids. By increasing the damage threshold and using the
few-cycle intense field, HHG from solids is becoming another
important source of extreme ultraviolet (EUV) emission. 14211
It provides an efficient method to probe the crystal structure in

22,23 (151 and to investigate

momentum space!?>?3! and real space,
the electron dynamics.[3%11:13.16.17.24] At present, the mecha-
nism of HHG from solids has aroused concern and extensively
study, but there is still controversy.[?25-30]

By analogy with HHG of atoms,3!-*?l Vampa et al. pro-
pose a three-step model!®! to explain the mechanism of HHG

from solids. Within the mean-field approximation, HHG from

DOI: 10.1088/1674-1056/ab47f7

solids can be understood in the single-electron picture. The
tunnel ionization in atoms from bound state to continuum
state is replaced by ionization from the highest valence band
(VB) to conduction band (CB) in solids.
tion induced electron—hole pairs are accelerated respectively

Then the ioniza-

within CB and VB with nonlinear responses under the laser
field, which are governed by the dispersion relations. Due
to the polarization builded up between the CB and VB, the
electron recombines into the hole state previously created in
the VB, and high harmonics are emitted with cut-off energy
equal to the band gap at the corresponding instantaneous crys-
tal momentum. 334/ The harmonic cut-off energy induced
by the interband polarization is found as a linear function of
the driven laser field strength.[33! Nevertheless, the recollision
model induced cut-off energy is restricted to the maximum
band gap between VB and CB.

In addition, Ghimire ef al. propose a two-step model, 13!
which only takes the single-band motion of electron into ac-
count. Except for the transition to the higher CB through in-

36.37] the electron can also be driven

terband Zener tunneling, !
to the boundary of the Brillouion zone (BZ), and then due to
Bragg scattering, the electron performs periodic ballistic mo-
tion in momentum space accompanied by a real-space oscil-
lation of the electron position, which is known as the intra-
band mechanism and called the Bloch oscillation (BO).[3%-38]
Under a time-dependent electric field E(r), the BO period

is Tg = 2n/wg(t) and the instantaneous Bloch frequency is
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hao (1) = eagE (t),13**% where qy is the lattice constant. The
electron momentum of intraband motion follows the accelera-
tion law k(r) = ko +eA(t), where ky is the initial momentum,
and A(z) is the vector potential,[41:4?]

Under an intense laser field, the translational invariance of
a periodic structure is destroyed. The electron wave function
becomes localized. The energy spectrum is discrete, which is
called the Wannier—Stark ladder (WSL).[*3-*] The eigenener-
gies are separated by the Bloch frequency wg. The real-space
WSL is an equivalent picture of BO in momentum space,
and they were firstly observed in the experiment on GaAs—
GaAlAs superlattices [ in 1988. However, because of the
Zener tunneling,3%37! the lattice vibration induced scattering
of electrons, and doping scattering, 47481 still there is no ex-
plicit measurement of BO in traditional solid structure. As the
development of the femtosecond physics techniques, the BO
can happen several times within one laser cycle, which is faster
than the scattering. It is possible to detect the BO in semicon-
ductor, and also the BO induced coherent radiation becomes a
very promising source of the isolated attosecond pulse.

In fact, it is not sufficient to take only the recollision-
electron (interband) or the BO-electron (intraband) emission
into account, due to the strong coupling between the in-
terband polarization and intraband current. In this work,
we calculate the harmonic spectrum from a one-dimensional
solid structure®”! using the semiconductor Bloch equations
(SBEs)7l which describe the coupled interband and intra-
band dynamics in a two-band model. While we use a few-
cycle laser, the harmonic spectrum shows an obvious plateau,
whose cut-off is limited by the maximum bandgap between
the VB and CB, and the band structure information can also
be reflected in the harmonic spectrum. The energy feature
of the spectrum can be precisely estimated by the recollision-
electron dynamics in real space.

When we increase the laser field, an extra plateau appears
in the harmonic spectrum, whose cut-off is linearly dependent
on the field strength.!*°! The cut-off energy equals Nwg, mul-
tiple integers of the Bloch frequency, and N is determined
by the high frequency component of the band dispersion. [®]
Based on the temporal population of electron and the time-
frequency analysis, the second plateau is mainly contributed
by BO-electron. The classical analysis based on ladder state
in real space provides an explicit calculation of the cut-off en-
ergy in the extra harmonic plateau. The ultrafast dynamics
of recollision-electron and BO-electron have been compared.
The BO-electron dynamics can be controlled by the few cycle
laser field shaping to synthesis an isolated attosecond pulse.

This paper is organized as follows. In Section 2, details
of numerical method are presented. In Section 3, results of the
emission are analyzed and discussed. The important results
are summarized in Section 4. Atomic units i =my—=e =1 are

used unless stated otherwise.

2. Method
2.1. Semiconductor Bloch equations

The band structure can be obtained by solving the fol-
lowing Schrodinger equation within single electron approxi-
mation:

2

[;w(r)] 0k = kot M
subjected to the periodic boundary condition ¢,§(r +L)=
(]),iL (r), where m is the mass of the electron and L corresponds
to the macroscopic large size of the crystal. The periodic po-
tential is given by v(r) and v(r + ag) = v(r) with ag being the
lattice constant. According to the Bloch theorem, the Bloch
function takes the form of

0 (1) = e*Tujg(r), )
with uﬁ being a periodic function such that
ul(r+ao) = ul(r). 3)

The eigenenergies 8,% determines the dispersion relation be-
tween the electron energy and the crystal momentum k within
the A" band. Subjected to an external time-varying laser field
E(t), the time evolution of the crystal momentum is governed
by
L k)= —E@). @
dr
A set of coupled differential equations which govern the
coupled dynamics of electrons and holes under the optical po-
larization between different bands are called the semiconduc-
tor Bloch equations (SBEs).
SBEs starting from a many-body approach within the two-

It is general to formulate the
band approximation. The Coulomb interaction among the
photoexcited carriers in the regime of extremely nonlinear op-
tics is very weak, and it is typically of order of the exciton
binding energy. Therefore in this work the Coulomb interac-
tion can be ignored. Both the optical interband polarization py

e(h)

and the occupation n,;  of electron (hole) can be calculated by

solving the following SBEs:

.. 0 h
1h5pk = (s,i—i—e,};—sz) - (1—n‘,2—n2)dkE(t)

+ieE(t) - Vipr, (5)
9 e
A
o'k
where S,i(h) is the electron (hole) energy in the CB (VB). di
is the dipole matrix element, which is related to the optical

—20m[dRE(t)p}] +eE(t) - Vient™ (©6)

interband transition, while the term related to Vg represents
the intraband excition. The energies and the dipole matrix el-
ements are obtained from the Schrodinger equation in Eq. (1).
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T5 is the dephasing time of the polarization, which is taken as
half of the driving laser optical period."!
The macroscopic current J and the polarization P induced

by the the motion of electron (hole) within the bands are

P(t) =Y [dipi(t) +c.cl, @)
k

J(t) =Y evinp(r). @®)
Ak

Here vﬁ = Vksfcl is the group velocity in A" band, which is
proportional to the derivative of the dispersion with respect to
k. The high harmonic spectrum from the semiconductor struc-
ture can thus be obtained by

I(0) o |0*P(0) +iol (o), ©)

where the interband and the intraband emissions are given by
Lo = |0*P(®)|? and Iy = |0J ()|?, respectively.

2.2. Classical analysis

Besides the calculations in the momentum space, it is use-
ful to investigate the interaction of solids with strong laser field
in real space using classical analysis. In crystalline solids, an
electron with momentum k tunnels vertically from the VB to
CB around the peak of the laser field, and forms an electron—
hole pair. The electron (hole) is subsequently accelerated in
the corresponding CB (VB) and a classical trajectory is ob-
tained according to the Newton equation. Based on Eq. (4),
the momentum of the electron at time ¢ after tunneling into the
CB at time ¢’ is determined by

k(t)=A(r)— A(l), (10)

where A(r) is the vector potential of the laser field. The trajec-
tories of the electron and the hole along their respective bands
are determined by

x*= [ Ve[k(t)]dr, (11)
M= [ Vellk(r)]dr. (12)

After tunneling, when the electron and the hole meet again at
time #, in real space, the recombination gives rise to the emis-
sion of high harmonics. The resulted harmonic photon energy
is thus given by

ho = elk(r)] = e°[k(1)] — €"[k()]. (13)

3. Results and discussion

We present the highest VB and the lowest CB involved
in SBEs in Fig. 1(a), which are obtained by solving the single
electron Schrodinger equation with a periodic model potential

V(x) = —0.37[1 +cos(27mx/ag)], where ap = 8 a.u. is the lat-
tice constant. The corresponding minimum bandgap energy is
0.15 a.u., and the maximum bandgap energy is 0.51 a.u. We
assume that the VB is initially fully occupied by electrons,
while the CB is vacant. The laser pulse has a Gaussian profile
with the full width at half maximum (FWHM) of 17, where T
is the optical period, the laser strength maximum is 0.003 a.u.,
and the laser wavelength is 3200 nm. In Fig. 1(b), the har-
monic spectrum obtained from the two-band SBEs agrees well
with the spectrum from the full-band TDSE. However, under a
stronger laser field, the results are not fit quite well with each
other. In TDSE, we take all the bands involved. When driven
to the boundary of the Brillouin zone, the electron can tunnel
to a higher CB, and contribute to the harmonic emission. On
the contrary, we ignore the contribution of higher CB in the
two-band model, and focus on the Bloch oscillation electron.
However, through proper selection of laser frequency and light
intensity as well as specific solid materials, the contribution of
high conduction band can be relatively suppressed in the ex-
periment. So we use the SBEs with less involved bands to
mimic the electron dynamics. The harmonic spectrum shows
an obvious enhanced peak at the 10™ order. The correspond-
ing energy labeled by vertical dashed lines exactly equals the
minimum bandgap energy. The plateau ends at the 31% order
harmonic, which can be broadened linearly by increasing the
laser field strength.

Photon energy/a.u.

0.4 —0.1 0 0.1 0.2 0.3 04 0.5 0.6
- A T
s 0.2 //, VB ]
§ o " ---CB |
=02
_0% 1 1 1 1 i 1 1 1
10°T(b) :
@ 10-2k SBEs
ﬁé I - -- TDSE
= 10-1t |
: |
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£ 105k i
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% 10-8 | oy n /
7 —8L . (AT VAT RN
E 10-10} i b | ' J
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Fig. 1. (a) The highest VB and the lowest CB obtained from
Schrodinger equation using the model potential. (b) High harmonic
spectra obtained from SBEs (green line) including 2 bands, and TDSE
(dashed blue line) including 18 bands. The laser field strength maxi-
mum is 0.003 a.u., and the wavelength equals 3200 nm. The vertical
dashed lines denote the harmonic energy range corresponding to the
minimum bandgap.

The dependence of the harmonic cut-off energies on the
electric field strengths is shown with black circles in Fig. 2(b).

The increase of cut-off energy ends at 36" order, where the
harmonic energy equals the maximum bandgap.
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In order to investigate the relationship among the laser
field strength, the cut-off energy, and the band structure, we
use the recollision model proposed by Vampal®3! to investigate
the electron dynamics in real space. In classical calculation,
only one electron—hole pair is taken into account, the energies
of electron and hole are obtained following the dispersion re-
lationship with the laser strength maximum Ey = 0.003 a.u.
After created, based on Eqs. (11) and (12), the classical trajec-
—-05T

and #, = 0 are represented by black lines and red lines respec-

tories of electron and hole ionized at different time 1 =

tively in Fig. 2(a). It shows that the electron and the hole are
accelerated in the opposite directions in the real space. Af-
ter drifting away for several lattices, the electron and the hole
will recollision at #., which is indicated by the crossing of the
black solid line and black dashed line, and emit a harmonic
photon with energy being the difference between the VB and
CB at k(t;). The pair of electron and hole born at # = 0 shown
with red lines cannot recollide with each other after drifted
away, so they have no contribution to the recollision induced
harmonics. The harmonic energies of the electron—hole pairs
obtained from Eq. (13) are shown as functions of the creating
time (green circles) and recombination time (blue diamonds)
in the inset of Fig. 2(a). The cut-off energy of the classical
results evaluated from the recollision model agrees well with
the harmonic cut-off energy obtained from SBEs in Fig. 1(b).

w
[
T
—~
=
~

i ’
> 7
o0 30 E
g e
o 25f o/ g
& .
s B “© 6-03EBs
& 201 . - T
= V=4 @ Bl recollision model
O 2 i
15g”
0.001 0.002 0.003 0.004 0.005 0.006

Field strength/a.u.

Fig. 2. (a) The classical trajectories of electrons (solid lines) and holes
(dashed lines) created at t; = —0.5T (black lines) and #, = 0 (red lines).
The inset shows the electron energies corresponding to the ionization
time (the green circles) and the recollision time (the blue diamonds) ob-
tained from the classical analysis. (b) The harmonic cut-off linear laws
of the first plateau, which are obtained from the SBEs calculation (black
circles) and the recollision model (red squares).

Changing the field strength, we obtain the cut-off ener-
gies from the recollision model, which are shown with the red
squares in Fig. 2(b). From Ey = 0.001 a.u. to £y = 0.0035 a.u.,

the cut-off position reflects the dispersion relationship, which
is nearly linear in the half of the parabolic-shape BZ. When
the field strength increases beyond 0.0035 a.u., the cut-off en-
ergy reaches a maximum and remains a constant. They are
consistent with the results from the SBEs in black circles in
Fig. 2(b). Under a lower laser strength, the harmonics are gen-
erated from the recollision model, and the cut-off energy is
restricted to the maximum bandgap of the two-band structure.
This is different with the ionized electron in atomic system,
whose maximum emission energy is unlimited.

An extra plateau will appear if the field strength contin-
ues to increase. Due to the short pulse duration of the few-
cycle laser field we use, the material damage threshold can be
shifted to higher intensity. According to Ref. [8], the high-
est vacuum laser field strength in their experiment is about
0.012 a.u. We calculate the harmonic spectra of Ey =0.01 a.u.,
0.011 a.u., 0.012 a.u., as shown in Fig. 3. The Hanning win-

27341 s used to filter the current signal and re-

dow function!
move the non-physical background emission. It makes the ex-
tra plateau prominent, whose intensity is three orders lower
than that of the first plateau. Dramatically, we find that these
harmonic peaks are equally separated by the Bloch frequency.

In order to investigate the electron dynamics involved in
the extra plateau, we show the temporal population of elec-
tron wave packet in the CB in Fig. 4(a). Initially, the elec-
tron wave packet is excited to the CB and leaves a hole in the
VB with a high probability around k = 0. Then the electron
propagates along the quasi-momentum k in CB until it reaches
the boundary of the BZ, and the Bragg scattering occurs. The
electron wave packet shows up at the other direction of the BZ.
We zoom in the region between two dashed lines in Fig. 4(a)
from —0.37 to 0.37, as shown in Fig. 4(b). The electron wave
packet around the time —0.27, 0.2T, —0.1T, and 0.05T can
be driven out of the edge and appear again in the other side
of the BZ. Due to the time-dependent electric field strength,
the Bloch frequency @g(¢) is changing with time. It is im-
portant to find out the relation between @g (¢) and the radiated
harmonic energy.

10 — Ey=0.01 a..
2 q\, -~ Ey=0.011 a.u. ]
5 100 me Ey=0.012 a.u. ;
g WM
3 Al -
~ 10—
"? MYVT ‘l\ ‘I‘\ \"n» 1
a s ,w,‘,
g 10 b,
=] n
= 1 ,\‘\“,
\ I
10-12 b g
0 60 120 180 240 300

Harmonic order

Fig. 3. The high harmonic spectra with the field strength maximum
Ep = 0.01 a.u. (black solid line), 0.011 a.u. (red dash line), 0.012 a.u.
(dash dot line). The harmonics from 170" order to 220™ order are high-
lighted by the blue dashed box.
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Fig. 4. (a) The temporal population of electron in CB in momentum
space from —1.57 to 1.5T, when Ep = 0.012 a.u. The zone in black
dashed box is amplified in (b). (c), (d) The time—frequency analysis of
harmonics from 50" order to 250™ order with Eg = 0.012 a.u. in Fig. 3.

We make the time—frequency analysis of the extra plateau
of harmonic spectrum in Fig. 3 using wavelet window
functions.?3>!1 The time—frequency analysis result is exhib-
ited in Figs. 4(c) and 4(d) corresponding to the low-frequency
harmonics from 50" order to 150" order and the high-
frequency harmonics from 150" order to 250" order. It shows
that the harmonics from 50" order to 150™ order in the extra
plateau are mainly radiated at —0.27 and 0.27. The higher-
frequency harmonics with lower intensity from 150" order to
250™ order are emitted around —0.17 and 0.057 as shown
with the dashed magenta lines. Compared with Fig. 4(b), the
emission time of the harmonics in the extra plateau is the mo-
ment that the Bragg scattering occurs. This means that the
high-frequency harmonics are contributed by the BO-electron.
The higher wg(¢), the higher harmonic energy radiated.

In connection with high harmonics released from
molecule,®?) the electron dynamics from periodic structures
can be studied in real space!*’! based on the WSL state, which
is an alternative description of BO in real space. For HHG
from diatomic molecules, the electron localized in one of the
potential wells can recombine not only with the original well,
but also with the other one and release different harmonic en-
ergies. One possible trajectory is that electrons migrate be-
tween the laser field dressed potential wells, which contributes

to harmonics with the energy difference between the two laser
dressed wells EgR, and R is the internuclear distance.

Analogously, for the carriers in the periodic potential sub-
jected to an intense electric field, WSL states are formed[#!
and the resulting eigenspectrum is discrete and equidistant,
scaling linearly with the electric field strength. The energy
difference between the neighboring states is Egag. The strong
field dressed localized electronic wavefunction has a long tail
of the exponential decay spreading through several crystal
sites. The electron can experience a long-distance transmis-
sion, which can be observed in the classical trajectories ob-
tained from the classical analysis. When the electron furthest
recombines to the N™ crystal site in the classical trajectories,
the radiated cut-off energy of harmonic is NE(¢)ag. The cut-
off energies estimated from classical analysis are represented
with red squares in Fig. 5, which agree well with the simu-
lation results from SBEs with black circles. Based on these
analyses, the higher-order harmonic emission is closely re-
lated to the BO-electron, whose cut-off energy is proportional
to the maximum number of the crystal sites that the electron
migrates, and the instantaneous laser field strength.

4.0fF T T T

G-© SBEs
=& classical analysis

linear fitting

3.5

3.0

2.5% .
=

20% | | | ]

1 1
0.007 0.008 0.009 0.01 0.011 0.012
Field strength/a.u.

Harmonic order of cut-off

Fig. 5. The cut-off energy of the second plateau, which is linearly rising
along with the increase of the field strength from 0.007 a.u. t0 0.012 a.u.

Due to the BO-electron ultrafast dynamics in the extra
harmonic plateau, the high harmonics generated from BO-
electron could be the potential source of the isolated attosec-
ond pulse. We show the attoseond pulses generated by 30
orders in the first harmonic plateau and the extra plateau in
Fig. 6. The 754 as pulse generated from 10" order to 40"
order harmonics showed in Fig. 6(a). Figure 6(b) shows the
attoseond pulse with much shorter pulse width 251 as, which
is generated by the harmonics from 120" order to 150" order.
The lower-order harmonics in the first plateau, which is in-
duced by the recollision model, emit twice per laser cycle like
the atomic system. In contrast, the extra-plateau harmonics in
higher order can emit several times within one cycle around
the peak of the laser field. It shows that the sub-cycle BO
electron emits the isolated attosecond pulse with much shorter
pulse width than the recollision electron. The emission time
of the attosecond pulse is the time when the Bragg scattering
occurs. The BO electron emits the harmonics around the peak
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of the single-cycle driven field. So we can use laser field shap-
ing technology to control the sub-cycle dynamics of the BO
electron and get a more effective attosecond pulse emission.

1.0
0.8
0.6
0.4
0.2

0
1.0
0.8
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0.2
0

Normalized intensity

— 1st plateau (10th—40th)

| A

AN,

0.6
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251 as

1

—1.0

—-0.5

0

0.5

1.0

t/T

Fig. 6. The attosecond pulse synthesis (a) from 10™ order to 40™ order
harmonics of the first plateau, and (b) from 120" order to 150™ order
harmonics of the second plateau.

t)T
—0.5 0 0.5

Field strength/a.u.

k/a.u.

Intensity/arb. units
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Fig. 7. (a) The 3200 nm laser field with black line, the 3200 nm +
1000 nm laser field with red thick line. The temporal population of
electron in CB (b) under the 1-color laser field, and (c) under the 2-
color laser field. The attosecond pulse synthesized from 100%™ order to
200™ order harmonics in the 1-color laser field (d), and 2-color laser
field (e).

We add a 1000 nm laser field with the FWHM of 1.875T,
and the field strength maximum is 0.006 a.u. The 2-color laser
field is shown in Fig. 7(a) with the red thick line, and the field
strength of the few-cycle laser around ¢ = O is obviously in-
creased. The electron wave packet can be accelerated from
one side of the BZ to the other with a higher frequency and
a shorter time. In Fig. 7(b), two consecutive Bragg scatter-
ings occur around ¢t = —0.17 and t = 0.057 under the 1-color
laser field, which are marked by the dashed vertical lines. The
instantaneous Bloch period is 0.157. However, in Fig. 7(c),
the combined 2-color laser field makes the BO happen in a
shorter duration 0.117, from ¢t = —0.087 to t = 0.037T, which
are denoted by the dot vertical lines. So we can compress
the harmonics in a wider frequency range from 100" order to
200" order in the extra plateau of the 2-color driven field to

obtain a much shorter isolated attoseond pulse than that in the
1-color field. In Fig. 7(d), a 440 as pulse is obtained under the
1-color field, and the attosecond pulses are even not isolated.
The emission time is the instants when the Bragg scattering
occurs in Fig. 7(b). However, an 110 as isolated attoseond
pulse is obtained from the 2-color laser field in Fig. 7(e). The
two emission time of attosecond pulse is also the instants when
the Bragg scatterings occur, which are indicated by the dashed
lines in Fig. 7(c). This suggests that the generation of the in-
tense isolated attosecond XUV pulse from the BO harmonics
can be controlled by a multi-color laser field, like the atomic

system.

4. Conclusion

We investigate the harmonic spectra from two-band SBEs
and full-band TDSE, which agree well with each other. In the
two-band model, the harmonic cut-off energy is limited by the
bandgap between the two bands, and scales linearly with the
field strength. The cut-off energy can be exactly estimated
by the recollision model, which shows that the first plateau
of the harmonics is produced by the recollision between the
electron—hole pair. Increasing the field strength, we obtain
an extra harmonic plateau, which shows the linear cut-off law
with the field strength. When we compare the temporal elec-
tron population in momentum space with the time—frequency
analysis, it shows that the time of higher-order harmonic emis-
sion is the moment when the Bragg scattering occurs. The har-
monics in the extra plateau are induced by the BO-electron.
We use an alternative description of BO, the WSL, to describe
the mechanism of electron in real space. The trajectories of
electrons in real space obtained from the classical analysis
show that the electron can transit in the crystal sites of the
WSL. The estimated cut-off energies from the representation
in real space match well with the numerical results. The spec-
tral width of the high-order harmonics is determined by the
quiver distance of the electron in real space, which is related
to the high frequency component of the dispersion. Then we
take advantage of the ultrafast response of the BO-harmonics
in the higher orders to obtain a 110 as isolated attosecond pulse
in a 2-color laser field. BO-electron wave packet induced har-
monic emission is a potential source of the shorter attosecond
pulse generation.

In this model, the electrons are restricted within two
bands, and the electrons undergo the Bloch oscillation instead
of transiting to higher bands. We can realize the process in
a realistic material, whose bandgap between the lowest and
the second lowest conduction band is much higher than the
bandgap between the first conduction band and the highest va-
lence band.
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