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Abstract: In this paper, the half-cycle harmonic genera-
tion process has been controlled by using the asymmetric
inhomogeneous chirped pulse combined with the ultravi-
olet (UV) pulse. It is found that by properly optimizing the
chirps and chirp delays of the fundamental two-color
pulse, the optimal negative and positive half-cycle laser
profiles for the harmonic cutoff extension can be obtained.
Further, with the introduction of the negative and positive
inhomogeneous effect, respectively, the harmonic cutoff
from the negative and positive half-cycle laser profiles can
be further improved. Next, with the assistance of the UV
pulse, the harmonic intensity can be enhanced due to the
UV resonance ionization. Moreover, the single and double
UV photon resonance ionizations are much better for
generating the higher harmonic intensity. As a result, the
stronger and broader harmonic plateaus with the larger
harmonic cutoff can be obtained, which can support the
generation of the high-intensity ultrashort attosecond
pulses with the pulse durations of sub-45 as.

Keywords: half-cycle harmonic emission process; high-
order harmonic generation; inhomogeneous laser field;
multicolor combined field; single attosecond pulse.

1 Introduction

Fascinating developments of the ultrafast optics have stim-
ulated the generation of attosecond pulses in the extreme
ultraviolet (XUV) and even in the soft X-ray regimes. These
lights provide the possibility to probe and study the ultrafast
processes with the unprecedented resolutions [1–3]. Due to
the unique harmonic spectral plateau structure, the high-

order harmonic generation (HHG) spectrum is the only
effective method to realize the single attosecond pulses
(SAPs) [4–6]. Generally, the HHG spectrum can be obtained
when the intense laser fields interact with atoms, molecules
and solids [7–10]. Although, the attosecond pulses can be
produced from the above three kinds of HHG spectra, the
most successful and effective method to produce the SAPs is
still the HHG from atoms.

Specifically, the HHG from atoms (especially for the
noble gases) has been well explained by Corkum [11] with
the model of ‘ionization-acceleration-recombination’ in
each half-cycle laser profile, which is called the three-step
model. In the 1st step of ionization process, the electron is
tunnel-ionized from the Coulomb potential. In the 2nd step
of acceleration process, the electron can gain the kinetic
energy in the following half-cycle laser profile. In the 3rd
step of recombination process, the electron recombines
with its parent atom and releases photon with the photon
energy equaling to the sum of the ionization potential of
atom and the obtained kinetic energy of the electron.
Finally, by superposing some harmonics on the spectral
continuum, the SAPs can be obtained.

Based on the three-step model, the harmonic intensity
is mainly dependent on the ionization process and the
harmonic cutoff is sensitive to the acceleration process [11].
Thus, controlling the half-cycle harmonic emission process
is very important to obtain the intense and broad spectral
continuum. For instance, in the case of controlling the
ionization process, by properly (1) using the high Rydberg
initial state [12, 13], (2) using the superposition of the initial
state [14, 15] or (3) adding the ultraviolet (UV) pulse [16, 17],
the ionization probability of the atomic system can be
increased, which will lead to the intensity enhancement of
the harmonic yield. Furthermore, in the other in-
vestigations, by using the charge resonance enhanced
ionization scheme, the harmonic intensities of H2

+ and its
isotope molecules can also be enhanced [18–20]. In the
case of controlling the acceleration process, by using (1) the
multicolor laser beams [21–25], (2) the frequency chirping
technology [26–29], (3) the polarization gating technology
[30–32] and (4) the inhomogeneous laser field [33–37], the
broad harmonic plateau with the larger harmonic cutoff
can be produced.
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As can be seen, to produce the stronger and broader
harmonic spectral plateau with the larger harmonic cutoff,
both controlling the ionization and acceleration processes
are requirement. However, in most of the former in-
vestigations, the controlling ionization and acceleration
processes are separated. Thus, either the broader harmonic
spectral plateau with the lower harmonic intensity can be
obtained, or the stronger harmonic intensity with the nar-
row harmonic plateau and the smaller harmonic cutoff can
be generated. Thus, in this paper, we propose an effective
method to control the half-cycle harmonic emission pro-
cess. Under this scheme, the ionization and acceleration
processes can be controlled simultaneously. The control-
ling process can be separated into three parts. In the first
process, with the introduction of the chirp and chirp delay
of the two-color pulse (TCP), the optimal harmonic exten-
sion from the negative and positive half-cycle laser profiles
can be obtained. In the second process, by properly adding
the asymmetric inhomogeneous effect, the harmonic cut-
offs from the negative and positive half-cycle laser profiles
can be further extended. In the third process, with the
assistance of the UV resonance ionization, the harmonic
intensity can be remarkably improved with the introduc-
tion of a proper UV pulse. As a result, the stronger and
broader harmonic plateau with the larger harmonic cutoff
can be found, which can lead to the generation of the
intense SAPs shorter than 45 as.

2 Methods

The time-dependent Schrödinger equation of He atomwith the single-
electron approximation is given by [38–45],

i
∂ψ(x, t)

∂t
� [ − 1

2
d2

dx2
+ V(x) + xE(t)]ψ(x, t), (1)

where, V(x) � − 1������
0.484+x2√ is the Coulomb potential of He atom. Here,

when the above potential model is used, the energies of the ground
state and the first excited state of He atom are 24.56 and 4.68 eV,
respectively, which are closed to the experimental date of 24.6 and
4.8 eV. E(t) is the laser field, which will be specifically described in
discussion part.

The HHG spectrum S(ω) is given by,
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where, a(t) � 〈ψ(x, t)∣∣∣∣ − ∂V(x)
∂x + E(t)∣∣∣∣ψ(x, t)〉.

The time profile of HHG is given by [46],
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The time profile of SAP is given by,
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The detail numerical method and process can be found in [38].

3 Results and discussion

3.1 Control of the acceleration process for
the harmonic cutoff extension

The two-color fundamental pulse used in this paper is
20 fs–1600 nm and 10 fs–800 nm pulses with laser in-
tensities being 0.5 × 1014 W/cm2. The TCP can be expressed
as,

ETCP(t) �E1exp[ − 4ln(2)t2/τ21]cos(ω1t + c1(t − tdelay−c1)2)
+ E2exp[ − 4ln(2)t2/τ22]
cos(ω2t + c2(t − tdelay−c2)2).

(5)

Here, E1,2, ω1,2, τ1,2, c1,2 and tdelay−c1,2 are the laser
amplitudes, the laser frequencies, the pulse durations, the
chirp parameters and the chirp delays of the TCP.

Figures 1(a) and 1(b) show the chirp effects on the
harmonic cutoff extension. The chirp delays are zero.
Firstly, for the case of c1, it is found that
when −8 × 10−4 < c1 < −6 × 10−4, the harmonic cutoff is
increases; while, as c1 further moves to the positive value,
the harmonic cutoff is decreased (see Figure 1(a)). Thus,
c1 = −6 is good for extending the harmonic cutoff. Here, it
should be noted that the values of the chirps are very small
(i.e. 10−4). Thus, for convenience, the following order of
magnitudes are omitted (i.e. c1 = −6×10−4 is defined as
c1 = −6). Moreover, it should be illustrated that the units of
the chirp parameters c1,2 are rad/s2. However, for conve-
nience, the units of the chirp parameters are also omitted in
the following discussion. Next, we see the effect of c2 on the
harmonic cutoff extension. Here, c1 is chosen to be −6. It
shows that when c2 = −8 or c2 = −7, the largest harmonic
cutoff can be found; while, as c2 moves to positive value,
the harmonic cutoff is decreased first, and then it is
increased again (see Figure 1(b)). However, the harmonic
cutoffs are all smaller than that from c2 = −7. Thus, c1 = −6
and c2 = −7 are the proper chirp combination for the har-
monic cutoff extension. To better see the harmonic char-
acteristics, in Figure 1(c), we present the HHG spectra of the
chirp-free pulse (c1 = c2 = 0) and chirped pulse (c1 = −6,
c2 = −7). Clearly, with the introduction of the chirp modu-
lation, the harmonic cutoff can be remarkably extended;
however, the harmonic intensity is decreased compared
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with that from the chirp-free pulse. So, the harmonic
enhancement is necessary and it will be discussed in the
following part.

Figure 2 shows the laser profiles and the timeprofiles of
HHG for the cases of the chirp-free pulse (c1 = c2 = 0) and the
above chirped pulse (c1 = −6, c2 = −7). Here, the units of the
harmonic intensity used in the following color figures are
“arb.units” and they are on a log scale. On the basis of the
three-step model, the HHG occurs in each half-cycle laser
profile. For the present two-color chirp-free pulse, there are
many half-cycle laser profiles and the profile structure is
much more complicated compared with the normal single-
color laser field. However, due to the lower intensity on the
rising and falling parts of the laser field, we only discuss
the laser profiles in the middle amplitude regions. Clearly,
there are four half-cycle laser profiles, marked as A1∼4, as
shown in Figure 2(a). Based on the three-step model, these
four half-cycle laser profiles will lead to four harmonic
emission peaks (HEPs), marked as P1∼4, as shown in
Figure 2(b). Moreover, we see that the intensity of P4 is
much higher than those of P1∼3 due to the sufficient ioni-
zation on the falling part of the laser field. With the intro-
duction of the chirp modulation, the waveform of A4 is
broadened in comparison with the chirp-free pulse case.
Thus, the electron will receive more energy when it accel-
erates in this waveform, which can lead to the extension of
P4, as shown in Figure 2(c). This is also the reason behind
the chirp effect on the harmonic cutoff extension. Through
analyzing the laser profile and the time-profile of HHG, we
see that for the case of the chirp-free pulse, the harmonic
spectral region is coming from the multi-HEPs (see
Figure 2(b)), thus, the higher harmonic intensity can be
obtained. For the case of the chirped pulse, when the
harmonics are lower than 100th order, the spectral region

is coming frommanyHEPs (see Figure 2(c)), thus leading to
the comparable harmonic intensity of this spectral region
compared with the chirp-free pulse case. While, when the
harmonics are higher than 100th order, the higher har-
monic spectral plateau is only coming from P4, which leads
to the lower harmonic intensity in the higher spectral re-
gion and is responsible for the decrease of the harmonic
intensity as the harmonic cutoff extension. Moreover, the
higher harmonic spectral region, contributed by the single
P4, is caused by the negative half-cycle laser profile of A4.
For convenience, we define the laser profile with c1 = −6,
c2 = −7 and tdelay−c1 = tdelay−c2 = 0 as the negative half-cycle
profile in the following discussion.

We see that with the introduction of the chirps, the
optimal harmonic extension from the negative half-cycle
laser profile can be obtained. However, the HHG can be
produced not only from the negative laser profile but also
from the positive laser profile. Thus, in the next step, we try
to find the optimal positive half-cycle laser profile for the
harmonic extension. We know that there are many
methods can change the laser profile. However, we want to
obtain the laser profile based on the present two-color
chirped pulse. So, we fix the chirp parameters of the TCP
and only modulate the chirp delays to find the positive
laser profile. Through our calculations, the chirp delays of
the TCP should chosen to be tdelay−c1 = −0.6T and tde-
lay−c2 = −0.3T. Here, T is the optical cycle of 1600 nm pulse.
As can be seen in Figure 3(a), by properly choosing the
chirp delays of the TCP, a broader positive half laser
waveform from t = 0 to t = 1.5T can be found, marked as A5.
Thus, when the electron is ionized around t = 0, it will be
accelerated in this positive half laser waveform, which can
obtain the extra energy due to the longer accelerated time.
As a result, the larger emitted photon energy can be found

Figure 1: The chirp parameter effects on theharmonic cutoff (a) c1 and (b) c2. (c) The harmonic spectra of c1 = c2 =0 and c1 =−6, c2 =−7. The two-
color pulse is 20 fs–1600 nm and 10 fs–800 nm with laser intensities being 0.5 × 1014 W/cm2. The chirp delays are zero.
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from the HEP of P5, as shown in Figure 3(b). This modu-
lation can also lead to the extension of the harmonic cutoff,
as shown in Figure 3(c). Moreover, the larger photon har-
monic plateau region (i.e. the harmonic order is higher
than 100th order) is only coming from P5, and it is caused
by the positive half laser waveform of A5. Here, in the
following discussion, we define the laser profile of c1 = −6,
c2 = −7, tdelay−c1 = −0.6T and tdelay−c2 = −0.3T as the positive
half-cycle profile.

For now, we get the optimal harmonic extension cases
for the negative and positive half-cycle laser profiles. In the
next step, we try to further extend the harmonic cutoff. As
discussed before, there are many methods can extend the
harmonic cutoff. For instance, either by increasing the laser
intensity, or adding the controlling pulse, the harmonic
cutoff can be extended. However, if the above two methods
are chosen, although the harmonic cutoff can be extended,
the harmonic structure will also be changed. Here, we only
want to extend the HEP of P4 and P5 for the negative and
positive laser profiles, respectively. Currently, the asym-
metric inhomogeneous laser field is a proper method to

achieve this goal [33–37]. This is because that the laser in-
tensity of the inhomogeneous field can be increased as the
spatial extension. And the higher laser intensity can be
found along the negative and positive electron motion di-
rection for the cases of the negative and positive inhomo-
geneous fields, respectively. As a result, the electron will
obtain more energy along its accelerated direction, which
results in the extension of HEP [37]. Here, the inhomoge-
neous field is defined as E(x, t) = (1 + βx)E(t), where β is the
inhomogeneous parameter with β < 0 and β > 0meaning the
negative and positive inhomogeneous fields, respectively.
In the present paper, we choose β = ±0.001 as the inhomo-
geneous parameters. Here, we briefly introduce the experi-
mental setup of the inhomogeneous field. The geometry of
the metallic nanostructure is chosen to be the bow-tie-
shaped nanostructure [33]. The antenna is formed by two
identical triangular gold pads separated by an air gap g, as

Figure 2: (a) The laser profiles of chirp-free (c1 = c2 = 0) and chirped
pulse (c1 = −6, c2 = −7). The time-profiles of high-order harmonic
generation (HHG) for the cases of (b) of c1 = c2 = 0 and (c) c1 = −6,
c2 =−7. Here, the laser profile of c1 =−6, c2 =−7, tdelay-c1 = tdelay-c2 = 0
is called the negative half-cycle profile in the following discussion.

Figure 3: (a) The laser profile of chirped pulse with c1 = −6, c2 = −7,
tdelay−c1 = −0.6T and tdelay−c2 = −0.3T. (b) The time profile of high-
order harmonic generation (HHG) driven by the above chirped pulse.
(c) The HHG spectrum driven by the above chirped pulse. Here, the
laser profile of c1 = −6, c2 = −7, tdelay−c1 = −0.6T and tdelay−c2 = −0.3T
is called the positive half-cycle profile in the following discussion.
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shown in Figure 4. The apices at corners were rounded
(10 nm radius of curvature) to account for limitation of
current fabrication techniques and avoid nonphysical fields
enhancement due to tip-effect. The out of plane thickness is
set to 25 nm [47]. Here, we take the field enhancement along
the main axis passing through the apices and the electron
motion of the He atom is adjusted as to coincide with this
axis and centroid coordinates with the gap center. The
present inhomogeneous parameters of β = ±0.001 nearly
correspond to an inhomogeneous region of g = 50 nm.

For the case of the negative inhomogeneous field
(c1 = −6, c2 = −7, tdelay-c1,2 = 0 and β = −0.001), we see that
the laser intensity along the negative x direction is higher
than that along the positive x direction, as shown in
Figure 5(a). Based on the above illustrations, when the
electron is ionized around t = 0, it will obtain more energy
when it accelerates along the negative x direction from t =0
to t = 2T, where is in the A4 region. Thus, the larger emitted
photon energy can be found from P4, as shown in
Figure 5(b), which can lead to the harmonic cutoff exten-
sion. For the case of the positive inhomogeneous field
(c1 = −6, c2 = −7, tdelay−c1 = −0.6T, tdelay−c2 = −0.3T and
β = 0.001), the higher laser enhancement along the positive
x direction can be found, as shown in Figure 5(c). That is to
say, when the electron is ionized around t = 0, the extra
energy will be obtained during its accelerated process
along the positive x direction from t = 0 to t = 1.5T, where is
in theA5 region. Therefore, the extension of P5 can be found
and it is responsible for the harmonic cutoff extension, as
shown in Figure 5(d). Of course, as the inhomogeneous
parameter increases, the larger harmonic cutoff can be
obtained, as shown in Figure 6. However, for the conve-
nience of discussion and calculation, we still choose

β = ±0.001 as the proper inhomogeneous parameters in the
following discussion.

3.2 Control of the ionization process for the
harmonic intensity enhancement

As discussed before, the cost of the harmonic extension is
the reduction of the harmonic intensity. Thus, in this part,
we try to control the ionization process to enhance the
harmonic intensity. In the introduction part, we discuss
somemethods to improve the harmonic intensity of atomic
HHG. In there, the basis point is to increase the ionization
probability. However, preparing the high Rydberg state or
the superposition state are a little bit difficult in the
experiment. Thus, using the UV resonance ionization
seems an effective method to improve the harmonic in-
tensity. Here, the chosen gas is He atom, thus, the wave-
length of the UV pulses are chosen to be λUV = 61.5, 123,
184.5 and 246 nm, which meet the single-photon, double-
photon, three-photon and four-photon resonance transi-
tion energy between the ground state and the first excited
state of He atom [48]. The pulse duration and the laser
intensity of theUVpulse are 1.5 fs and0.5× 1014W/cm2. The
time delay of the UV pulse is defined as tdelay-UV.

For the case of the negative half-cycle laser profile, the
time delay of the UV pulse is chosen to be tdelay−UV = 0. As
can be seen, with the introduction of the UV pulse, the
harmonic intensity of the combined field can be improved
by 3∼4 orders of magnitude compared with the TCP, as
shown in Figure 7(a). Moreover, the single-photon and
double-photon UV resonance ionizations (with λUV = 61.5
and 123 nm) are much better for producing the higher in-
tensity harmonic spectra. For the case of the positive half-
cycle laser profile, the time delay of the UV pulse is chosen
to be tdelay-UV = −0.6T. Clearly, as the UV pulse introduced,
the harmonic intensity of the combined field can also be
enhanced by 3∼4 orders of magnitude in comparison with
the TCP, as shown in Figure 7(b). Of course, the higher
harmonic intensity from the single-photon and double-
photon UV resonance ionizations can also be found.

Figure 8 shows the laser profiles and the ionization
probabilities for the cases of the three-color combined
fields. For the cases of the negative and positive half-cycle
laser profiles, the main body of the UV pulses cover t = 0
and t = −0.6T regions, respectively (see Figure 8(a) and
8(c)). Thus, when He atom interacts with the laser field, the
electron will first absorb the UV photon and jump to the
excited state. Then, the electron can be ionized from the
excited state. Thus, the ionization probability of the com-
bined pulse can be remarkably increased due to the UV

Figure 4: Schematic illustration of an inhomogeneous field and
harmonic emission using a nanostructure of bow-tie elements.
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resonance enhanced ionization [48], as shown in
Figure 8(b) and 8(d). As we know that the harmonic in-
tensity is dependent on the ionization probability. Thus,
the higher ionization probability leads to the stronger
harmonic intensity. Moreover, we see that the ionization
probabilities from the single-photon and double-photon
UV resonance ionizations are larger than those from the
three-photon and four-photon UV resonance ionizations,
which means the single-photon and double-photon UV
resonance ionizations play the much more important role
in the UV resonance ionization and the harmonic yield
enhancement.

Through the combination control of the ionization and
acceleration processes shown in Section 3.1 and Section

3.2, the broader and stronger harmonic spectral plateaus
with the larger harmonic cutoff can be obtained, as shown
in Figure 7(a) and 7(b) for the cases of the optimal negative

Figure 5: The time-space profile of (a) the
negative half-cycle profile and (c) the posi-
tive half-cycle profile. The inhomogeneous
parameters are chosen to beβ=−0.001 and
β = 0.001, respectively. The time profiles of
high-order harmonic generation (HHG) for
the cases of (b) the negative half-cycle
profile and (d) the positive half-cycle pro-
file.

Figure 6: The inhomogeneous parameter effect on the harmonic
cutoff extension.

Figure 7: The high-order harmonic generation (HHG) spectra of the
two-color pulse (TCP) and TCP + ultraviolet (UV) pulse (a) the nega-
tive half-cycle profile case and (b) the positive half-cycle profile
case. The pulse duration and laser intensity of UVpulse are 1.5 fs and
0.5 × 1014 W/cm2. The wavelength of the UV pulses are chosen to be
λUV = 61.5 nm, 123 nm, 184.5 nm and 246 nm. The time delays of the
UV pulses are chosen to be tdelay−UV = 0 and tdelay−UV = −0.6T for the
above two cases, respectively.
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and positive half-cycle laser profiles. Moreover, through
analyzing the time-profiles of HHG from the combined
fields (the UV pulse is chosen to be 61.5 nm) shown in
Figure 9(a) and 9(c), we see that when the harmonic
spectral regions are (i) from 200th order to 600th order for
the negative half-cycle laser profile case or (ii) from 300th
order to 500th order for the positive half-cycle laser profile
case, only the single HEP is found to contribute to the
harmonic spectral plateau, which is beneficial to produce
the SAPs. Therefore, by superposing the harmonics (i) from
200th order to 600th order (for the negative half-cycle laser

profile case) or (ii) from 300th order to 500th order (for the
positive half-cycle laser profile case) with the harmonic
width of 100 orders, a series of SAPs shorter than 45 as can
be obtained, as shown in Figure 9(b) and 9(d), respectively.
It should be noted that for most of the cases, when the 100
order harmonics are superposed, the single 38 as pulse can
be obtained, as shown in Figure 9(b) and 9(d). However, for
the case of the negative half-cycle profile, when the su-
perposed harmonic region is from 400th order o 500th
order, a 45 as pulse consisting of a main pulse and a sec-
ondary pulse can be obtained [see Figure 9(b)]. Here, if we

Figure 8: The laser profiles of two-color pulse
(TCP), ultraviolet (UV) pulse and TCP + UV
pulse for the cases of (a) the negative half-
cycle profile and (c) the positive half-cycle
profile. The ionization probabilities of He
driven by the TCP + UV combined pulse
(b) the negative half-cycle profile case and
(d) the positive half-cycle profile case. Here,
the UV pulse is only chosen to be 61.5 nm.

Figure 9: The time profiles of high-order
harmonic generation (HHG) driven by the
two-color pulse (TCP) + ultraviolet (UV)
combined pulse (a) the negative half-cycle
profile case and (c) the positive half-cycle
profile case. The temporal profiles of the
SAPs obtained from (b) the negative half-
cycle combined laser profile case and
(d) the positive half-cycle combined laser
profile case. Here, the UV pulse is still
chosen to be 61.5 nm.
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measure the pulse duration of the main pulse, it is still the
38 as pulse. Thus, we think the secondary pulse is coming
from the phase mismatch of some harmonics.

4 Conclusion

In conclusion, an effectivemethod to simultaneously control
the ionization and acceleration processes of HHG has been
proposed. The controlling scheme includes three steps. In the
first step, with the introduction of the chirps and chirp delays
of the TCP, the optimal harmonic extension from thenegative
and positive half-cycle laser profiles can be obtained. In the
second step, by properly adding the asymmetric inhomoge-
neous effect, the harmonic cutoffs from the negative and
positive half-cycle laser profiles can be further extended. In
the third step, by proper adding the UV pulse, the harmonic
intensity can be improved by 3∼4 orders of magnitude due to
the UV resonance ionization. Moreover, the single-photon
and double-photon UV resonance ionizations play the much
more important role in the UV resonance ionization and
harmonic yield enhancement. Finally, the stronger atto-
second pulses shorter than 45 as can be obtained.
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