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A chirped isolated attosecond pulse (IAP) will be usually produced if several chirped supercontinuum high-
order harmonics are coherently superposed. Thus, to generate a broad bandwidth quasi-chirp-free IAP or even
short isolated subattosecond pulse, one needs to reduce the attosecond chirp (attochirp) of high-order harmonic
pulses. In this paper, we theoretically demonstrate the possibility of generating the quasi-chirp-free IAP from
neon atom driven by the optimized four-color laser field, which is synthesized by two fundamental near-infrared
lasers and their second-harmonic fields. By increasing the colors in synthesized field from two or three to four,
the attochirp of broadband high-order harmonics over 100 eV is significantly reduced, and the generated IAP is
shortened from more than 50 attosecond (as) to 37 as, approaching the Fourier-transform-limited pulse duration
of 36 as. The classical analysis reveals that this mainly stems from the simultaneous return of electrons ionized at
different times to the parent ion, as has been shown from other investigations regarding the necessity of producing
attochirp-free high harmonics with multicolor laser fields. Most importantly, such short quasi-chirp-free isolated
IAP survives after the macroscopic propagation effects are carried out, under proper gas pressure and laser beam
waist. This work provides an efficient method for experiments to generate the quasi-chirp-free IAPs by using the

synthesized and optimized four-color laser field.

DOI: 10.1103/PhysRevA.108.023101

I. INTRODUCTION

Isolated attosecond pulse (IAP) provides a robust tool for
studying ultrafast processes of electrons inside atoms and
molecules [1-6], such as real-time probing ultrafast dynamics
of electrons in inner-shell levels of atoms, tunneling ioniza-
tion of electrons in a laser field, and the attosecond transient
absorption and Fano resonance. Since high-order harmonics
from atoms and molecules in intense laser fields has a very
wide spectral width covering from extreme ultraviolet (XUV)
to soft x rays [7], it has become the most popular way to obtain
attosecond pulses experimentally [8,9]. The process of high-
order harmonic generation (HHG) can be well understood in
terms of the three-step model [10,11], namely the electron first
tunnels through the barrier formed by the Coulomb potential
and the laser field, then it oscillates quasi-freely driven by the
laser field and acquires additional kinetic energy, finally it can
recombine with the parent ion and emit a high-energy photon.

So far, a variety of gating techniques have been proposed
and employed for the IAP generation, such as the ampli-
tude gating [12], ionization gating [13], polarization gating
[14], double-optical gating [15,16], and attosecond lighthouse
[17,18]. For example, Goulielmarkis et al. [12] reported an
80 as IAP obtained by the amplitude gating technique using
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carrier-envelope phase (CEP) stabilized few-cycle laser field.
Then, Li et al. [14] produced a 53 as IAP with the polariza-
tion gating technique. In the same year, Gaumnitz et al. [19]
reported a 43 as pulse with a bandwidth of about 100 eV and
photon energy up to 180 eV with CEP stabilized midinfrared
(MIR) laser.

In recent years, MIR lasers have been widely used to obtain
high-order harmonics in the keV x-ray region. For example,
Popmintchev et al. [7] generated the bright harmonic spectra
with 1.6 keV band width from high-pressure noble gases by
a MIR femtosecond laser, which facilitates the generation of
the Fourier-transform-limited pulse close to 2 as. However,
theoretical and experimental studies have confirmed that the
relation between the conversion efficiency of HHG and the
driving pulse wavelength is A~G~% [20,21]. Therefore, the
cost of employing a MIR laser for extending the continuous
harmonic spectrum is the loss of emission efficiency. Fortu-
nately, an advanced technique of laser field coherent synthesis
has been developed to obtain a laser pulse with the arbitrary
waveform [22-29]. It is found that multicolor linearly po-
larized laser fields with the same polarization direction can
significantly enhance the harmonic yield and extend the cutoff
energy [30,31]. More importantly, the optimized multicolor
lasers have also been used to produce IAPs [32-34]. As an
important progress, in our recent work [35], we have demon-
strated that the CEP for optimized multicolor fields does not
influence the width and intensity of IAPs.

According to the semiclassical three-step model [10,11],
the ionized electrons with different kinetic energies may come

©2023 American Physical Society
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back to the parent core at different times, which leads to the
so-called attochirp [36]. Therefore, the duration of attosecond
pulses generated by gating techniques is usually longer than
that of the Fourier-transform-limited pulse. To shorten the at-
tosecond pulse, one can employ external phase corrections to
compensate the harmonic chirp, including employing the neg-
ative group delay dispersion materials [36—38], using chirped
multilayer x-ray mirrors [39]. On the other hand, from the
single-atom level, one can engineer harmonic phases during
their generation process with multicolor laser fields [40-42],
which is inspired by the well-known knowledge that the tem-
poral prole of attosecond burst is the shortest when the phase
difference between two consecutive harmonics is constant.
Theoretically, Kohler et al. [41] showed that the full compen-
sation of attosecond chirp can be achieved by shaping the laser
pulse with at least eight-color laser fields. However, it is very
challenging to synthesize an eight-color laser in experiments.
Very recently, Yu et al. [42] generated 251-as quasi-chirp-free
isolated attosecond pulses with orthogonal two-color fields.
One important conclusion from Refs. [41,42] is that electrons
in the laser field, which start into the continuum at different
times should revisit the ionic core at the same time. Pro-
ducing shorter chirp-free isolated attosecond pulses is still
urgently needed. In this paper, we propose an efficient method
for generating the quasi-chirp-free high-order harmonics and
IAPs by using a four-color laser pulse. We emphasize that
the present optimized four-color laser is much easier to real-
ize in experiments by synthesizing two fundamental infrared
lasers and their second harmonic fields. A quasi-chirp-free
IAP with pulse duration down to 37 as is obtained both in
the single-atom response and macroscopic level. The present
method would shed more lights on the generation of chirp-
free ultrashort IAPs or even isolated subattosecond pulses in
experiments.

The paper is organized as follows. In Sec. II, we will
give a brief introduction to our theoretical methods on how
to synthesize and optimize the multicolor laser field, and
how to calculate the single and macroscopic HHG, namely,
the strong-field approximation model, and solving the three-
dimensional propagation equations, respectively. In Sec. III,
we will investigate the influence of the number of components
in a synthesized driving field on the emission of single-atom
high-order harmonics and corresponding attosecond pulses,
and conclude that the quasi-chirp-free short IAP can be ob-
tained by using an optimized four-color laser pulse. We then
study the effect of propagation on the attochirp of high-order
harmonic pulses. The conclusion will be given in Sec. IV.

II. THEORETICAL METHODS

A. Optimization of laser waveform

The form of the driven laser field with multicolor coherent
synthesis can be written as

E@t) =Y Ef(t —ta)cos[mi(t —ta) +¢il, (1)

i=1

where E; is the electric field amplitude, f(r) = e 22%/7 jg

the Gaussian pulse envelope, 7 is the pulse duration [full width
at half-maximum (FWHM)], w; is laser angular frequency, ¢;

is CEP, and t,; is relative time delay. In the optimization pro-
cess, we take #;; = 0 and ¢; = 0. If a two-color field (n = 2)
is employed, wavelengths of the laser are taken to be A; =
800 nm and A, = 1300 nm, respectively. We mention that
these two fundamental near-infrared lasers are available in
many ultrafast laboratories. In the case of a three- or four-color
fields (n = 3 or 4), we propose to add two second-harmonic
fields (i.e., A3 = 650 nm, A4 = 400 nm) of those two fun-
damental lasers, given that second harmonics can be easily
obtained by using nonlinear optical crystals in experiments.
In this paper, we fix the FWHM of each color in the synthe-
sized four-color laser field as 16 fs. The other parameters (E;,
7;) are obtained by optimizing the fitness function with the
genetic algorithm (GA). The search space of t; is limited in
[—3 fs, 3 fs]. Since the GA is a very efficient optimization
algorithm for searching unknown multiple parameters, it has
been widely used in the study of strong field phenomena
[43—45]. It starts with a population of randomly generated
individuals, then better individuals selected from the current
generation by evaluating value of the fitness function of each
individual are used in the next generation. In our optimization,
we choose the number of iteration and population size as 3000
and 10, respectively. The fitness function in the optimizations
is defined as

- @
 Lx AT

where I; is the pulse intensity of the desired IAP generated
from the single-atom response, I, is the other attosecond pulse
intensity, and At is the width of the target attosecond pulse.

B. Strong-field approximation theory

We theoretically investigate high-order harmonic emission
from neon atoms driven by a multicolor laser field based
on the strong field approximation (SFA) theory [46,47]. The
time-dependent induced dipole moment has the following
form:

oo - 3/2 )
D(t):z/; dT(m) d™[pu(t, T) +A)]

x a*(t)e S CDd[py (t, T) + At — )]
xE({t —1t)alt —1)+cc., 3)

where A(t) is the vector potential of laser pulse, a(?) =
exp[—% fioo w(t)dt] is the ground-state amplitude of
atoms, the ionization rate w(t) can be calculated by
the Ammosov-Delone-Krainov (ADK) model [48,49], and

d(p) = 2221, t 5 is the field-free dipole transition

D
p2+]21p)
matrix element for transitions from the ground state to the
continuum state characterized by a momentum p, I, is the
ionization potential. py and S, are the stationary momentum

and quasiclassical action given by
1 t
pst(t, 'L') = —? / dl”A([”)7 (4)
-t

S.w(t,r)=f dt”{%[px,+A(t”)]2+I}, 5)
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where I, =21.6eV is the ionization potential of neon
atom. The high-order harmonic spectra can be obtained by
S(w) & w*|D(w)|* with D(w) is the Fourier transform of the
time-dependent induced dipole moment D(¢). By superim-
posing harmonics in a certain energy range, the single-atom
attosecond pulse is obtained,

2

I(t) = > age ™|, ©6)
q
where a, = [ D(1)e™"*'dt.

C. Propagation equations

In view of the macroscopic level, high-order harmonics
are emitted from a large number of neon atoms. At the same
time, the nature of the laser beam is affected by the plasma
formed from the ionized gas. Therefore, the propagation of
laser pulses and high-order harmonics in a gas medium have to
be considered after the quasi-chirp-free high-order harmonics
and IAP are obtained from the single-atom response. If the
laser electric field distribution in the interaction region is
E;(r, z, 1), its evolution in the atomic gas medium is given by
the three-dimensional (3D) Maxwell’s wave equation [50-54]

1 8%Ei(r, z, 1)

V2E((r,z,t) — =
1(r,z, 1) R
0Jas (1, 2, 1) W}
= 2D L B (2B, ()

where z is the direction of laser propagation, and Jy(?) =
% is the absorption term due to the ionization of
the medium [50,55], with the ionization rate w(¢) and free
electron density n,(¢) calculated by the ADK theory [48,49].

The effective refractive index of the gas medium is

2
WAz 1)

20} ©

Mett (r; 2, 1) = 1o(r, 2, 1) +md (r, 2, 1) —
Here, the first term ny = 1 4+ §; — iB; includes the refraction
effect §; and the absorption effect 8; of neutral atoms, the
second term is the Kerr effect, which depends on the in-
tensity of the laser I(r, z,t), and the third term takes into
account the contribution of free electrons, the plasma fre-
quency w,(r,z,t) = [€*n.(r, z,)/(com)]"/?, with m, and e
representing the mass and charge of electron, respectively, and
n.(r, z, t) is the density of free electrons.

The equation for the evolution in the plasma of high-order
harmonic field Ej(r, z, t) emitted from atoms located at any
position is given by [54]

1 3%E(r,z, 1) 02P(r, z,1)

V2Ej(r,z, 1) — a2 a2 Mg
where P(r, z,t) is the polarization depending on the applied
fundamental field E;(r, z, t), which is separated into linear and
nonlinear components, and the linear susceptibility x"(w)
includes both linear dispersion and absorption effects of the
harmonics [56]. The nonlinear polarization term Py (r, z,t)
can be expressed as

Pnl(V,Z»t)z[no_”e(r’z»t)]D(’”»Zat)’ (10)

€))

where no is the density of the initial neutral atom, and
D(r, z,t) is the single-atom-induced dipole moment, which
can be obtained by Eq. (3). Equations (7) and (9) are solved
by the Crank-Nicolson method [53]. Once the harmonic
field at the exit face (near field) of the medium is avail-
able, the harmonics propagating in free space in the far
field can be obtained from near-field harmonics by a Hankel
transformation [57,58]

E\r7, o krr
o = - 00, ()

zr— 27 zr—7
g (2 2

X exp —zk(r +rf) rdr, (11
2(Zf—Z/)

where Jj is the zero-order Bessel function, z; and z are the
far-field and near-field positions from the laser focus, 7 is the
transverse coordinate in the far field, and the wave vector k is
given by k = w/c.

D. Macroscopic attosecond pulse generation and
time-frequency analysis of propagated high-order harmonics

Macroscopic attosecond pulses in the far field can be
obtained by superimposing harmonics in a specific space
and energy range, thus the intensity of a far-field attosecond
pulse is

w2 . 2
/ E}{(ﬁf,a))el“”dw. (12)

ro
Ifar(l‘)z / 271'rfdrf
0

Here, ry is the radius of the circular filter, which is perpendic-
ular to the direction of harmonic propagation.

To analyze the time-emission characteristics of harmon-
ics, we perform the time-frequency analysis in terms of the
wavelet transform of the harmonic field [59,60]:

At, w) = fEh(z’)w,,w(t’)dt’ (13)

with the wavelet kernel w, ,(t') = /oW [w(t' —t)]. The
Morlet wavelet is chosen as [59]

W(x) = (1//T)e*e /2. (14)

Here 7 is a constant. We choose t = 15 to perform the wavelet
transform in this paper.

III. RESULTS AND DISCUSSION

A. Comparison of HHG and attosecond pulses generated from
neon atoms driven by optimized multicolor laser fields

In order to explore the influence of the driving field synthe-
sized with different number of components on the emission
of high-order harmonics and the corresponding attosecond
pulses from neon atoms, we first optimize the waveform for
the two-color near-infrared fields combination (800 nm and
1300 nm) with total laser intensity of 7.0 x 10'* W/cm? by
GA, as depicted with the solid red line shown in Fig. 1(a).
The corresponding laser parameters are given in the second
column of Table I. It can be seen from the Fig. 1(a) that
a subperiodic pulse is obtained by coherently synthesizing
two 16 fs infrared lasers. The HHG spectrum generated from
neon atoms in the optimized two-color laser field is given by
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FIG. 1. (a) Waveforms of optimized two- (red solid line) and
three-color (blue dashed line) laser fields. (b) HHG spectra obtained
from optimized two- (red solid line) and three-color (blue solid
line) laser fields, respectively. (c) and (d) The temporal profile of
attosecond pulses synthesized from 100th—150th and 100th—155th
harmonics for two- and three-color fields, respectively. (e) and (f)
Time-frequency analysis of the normalized harmonic spectra gener-
ated by optimized two- and three-color field. o.c. is the optical cycle
of 800 nm laser pulse.

the solid red line in Fig. 1(b). It can be seen that the super-
continuum spectrum covering from 100th-260th harmonics
is obtained. Figure 1(c) shows the temporal profile of the
attosecond pulse by superposing the 100th—150th harmonics.
As can be seen, two attosecond pulses with different inten-
sities are obtained, where the width of the stronger pulse
is about 54 as. The time-frequency distribution is presented
to further understand the emission characteristics of these

TABLE I. Optimized laser parameters for two-, three-, and four-
color fields with total peak intensity of 7.0/,. We mention that the
optimized electric field amplitudes can be easily converted to the cor-
responding laser intensities in unit of /, = 10'* W/cm?. The FWHM
duration of each laser is 16 fs. The optimized values are in italics.
The numbers in regular font are fixed parameters in the optimization.

Parameter Two-color Three-color Four-color
A1(nm) 800.0 800.0 800.0
Ar(nm) 1300.0 1300.0 1300.0
A3(nm) 650.0 400.0
A4(nm) 650.0
I, (ly) 3.482 1.848 0.434
L) 3.518 2.715 0.922
L) 2.437 3.851
L,(Ily) 1.793
[dl(fs) 0.0 0.0 0.0

s (fs) 0.224 0.105 2.892
ts3(fs) —2.174 0.583
ta4(fs) —0.224

attosecond pulses, which is shown in Fig. 1(e). Clearly, the
stronger attosecond pulse is emitted from short trajectories
with a positive attochirp, while the weaker one is from long
trajectories with a negative attochirp. It has been shown that
the pulse contributed from long trajectories will be signif-
icantly suppressed and only the isolated attosecond pulse
emitted from short trajectories will be retained when the
harmonics undergo macroscopic evolution by putting the gas
target after the laser focus [61,62]. In order to shorten the
width of the attosecond pulses generated by the optimized
two-color near-infrared laser field, we propose to add a second
harmonic field of 1300 nm (i.e., 650 nm) to a two-color near-
infrared laser. The optimized waveform of three-color laser
field is given by the blue dashed line in Fig. 1(a), and the cor-
responding laser parameters are listed in the third column of
Table I. Compared with the optimized two-color near-infrared
laser field, the electric field waveform of the optimized three-
color field does not change significantly, especially in the
main emission region of attosecond pulses (i.e., near ¢ = 0).
The HHG spectrum from Ne atoms driven by an optimized
three-color laser field is shown in the blue line in Fig. 1(b).
It can be seen that the harmonic cutoff energy is extended
from the 260th to the 290th harmonic and the supercontinuum
spectrum in the harmonic plateau region is smoother when
the second harmonic field of the 1300 nm pulse is added,
which will be more favorable for generating IAPs. The short-
est attosecond pulse obtained by superimposing 100-155th
harmonics is shown in Fig. 1(d). We can see that the IAP
with the duration of 50 as is created. Figure 1(f) present the
corresponding time-frequency analysis of the HHG spectrum.
Compared with Fig. 1(e), the harmonic contributions from
long electron trajectories are dramatically suppressed. This
is beneficial for the generation of the IAPs. However, the
harmonic chirp is not greatly reduced.

Can we reduce the inherent attochirp in harmonic emis-
sion for shortening the attosecond pulse? We further add the
second harmonic field of 800 nm laser to form the so-called
four-color synthetic field. The parameters of the optimized
four-color laser field are given in the fourth column of Ta-
ble I, and the synthesized subperiodic waveform is shown in
Fig. 2(a). The harmonic spectrum generated by the optimized
four-color field is given in the red line of Fig. 2(b). It can be
seen that the harmonic spectrum has a good supercontinuity
in the range of 80th—170th harmonics, and a single pulse
of quasi-chirp-free 37 as is obtained by superimposing the
100th—165th harmonics in the plateau region [see Fig. 2(c)].
Note that the corresponding Fourier-transform-limited pulse
width is about 36 as. Compared with the optimized three-
color field, it can be found that the width of the attosecond
pulse obtained by the optimized four-color synthesis field is
significantly shortened. To understand the reason for obtain-
ing the quasi-chirp-free IAP, we perform the time-frequency
analysis for the harmonic spectrum driven by the four-color
synthetic field as shown in Fig. 2(e). It can be found that
the harmonic spectrum of neon atomic emission driven by
the optimized four-color field has very distinctive features:
First, the contribution of long electron trajectories to the
harmonics is completely suppressed. Second, the chirp-free
emission is almost achieved in the 100th—165th harmonic
range, which means the harmonics with different energies are
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FIG. 2. (a) Laser waveform of optimized four-color laser field.
(b) Harmonic spectra obtained using the SFA (red solid line) and
TDSE (blue solid line) methods. (c) and (d) The IAPs with the SFA
and TDSE methods obtained by synthesizing high harmonics in the
same energy region of 100th—165th. (e) Time-frequency image for
the harmonic spectrum calculated with the SFA method. (f) Same as
(e), but with the TDSE model.

emitted almost at the same time. To verify the results calcu-
lated by the SFA model, we calculated HHG spectra and IAPs
with the time-dependent Schrédinger equation (TDSE) [63] in
Figs. 2(b) and 2(d). As can be seen in Fig. 2(b), the HHG spec-
trum calculated with the SFA model (red solid line) agrees
very well with the TDSE results (blue solid line). The IAP
obtained by superimposing the same energy range harmonics
from the TDSE is shown in Fig. 2(d). The IAP with the same
pulse duration is obtained and the temporal profile is very
similar with that obtained by the SFA. To get a deep insight,
we further perform the time-frequency analysis for the HHG
spectra from the TDSE, as shown in Fig. 2(f). Comparing with
Fig. 2(e), it can be seen that the time-frequency characteristics
calculated with the SFA model agree well with that based on
the TDSE simulation.

To understand the generation of the quasi-chirp-free high-
order harmonics and IAPs, we conduct classical analysis
as in Refs. [41,42] by solving the classical Newton’s equa-
tion X(¢) = —E(¢). The relationship between the ionization
time and the recombination time of electrons and the electron
energy in the optimized four-color field are shown in Fig. 3(a).
It can be seen that there are multiple electron paths with differ-
ent ionization instants (marked as i; — i7) for a given energy
when the kinetic energy of the electron is greater than 155 eV
(corresponding to the 100th harmonic), and the electron re-
combination times for these different paths are almost the
same. Next, we take four trajectories (i, i3, is, i7) for example
to exhibit intuitively how these quasi-chirp-free harmonics are
generated. These trajectories are originated from the electrons
with different ionized instants returning to the parent ion at the
same time near 0.55 o.c., as shown in Fig. 3(b). Furthermore,
we also calculate the kinetic energy of the ionized electron as

Ionization
Recombination

25 2L A v—
—-
-

40
0
160
5 L (b)
S 80+t
o I
.2
£ 0
é I
-80
= 200
[}
b (¢
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FIG. 3. (a) Classical analysis of electron dynamics in optimized
four-color field, i, — i; are the seven ionization events with energies
greater than the 80th harmonic. (b) The four classical electron trajec-
tories for the 120th harmonic. (c) Variation of the kinetic energy of
the electrons of the four trajectories with the time.

a function of the time shown in Fig. 3(c). It can be observed
that the kinetic energy of the returning electron at the instant
0.55 o.c. are almost the same for the above four trajectories,
which all contribute to the same order harmonic (i.e., 120th
harmonic). These conclusions are consistent with those re-
ported in Refs. [41,42]. Although there is a certain chirp for
high-order harmonics larger than 100th, the chirp rate is very
small, which is in good agreement with quantum calculations.

B. Effect of gas pressure on macroscopic
high-order harmonics and IAPs

In Sec. IIT A, we comparatively study the influence of driv-
ing fields synthesized with different wavelength components
on the emission of high-order harmonics and corresponding
attosecond pulses from the neon atom at the single-atom level.
More importantly, the quasi-chirp-free high-order harmonics
driven by the optimized four-color field can be obtained. In
experiments, the laser field has a spatial distribution, thou-
sands of atoms in the gas jet feel different laser intensities,
and thus the high-order harmonics emitted in space is affected
by the macroscopic propagation effect. In order to see whether
the quasi-chirp-free high-order harmonics and IAPs can still
be generated after macroscopic propagation or not, we solve
the 3D Maxwell’s wave equations of the optimized four-
color laser and high-order harmonic field, respectively. In the
present simulations, we use a gas jet with 1 mm width located
2 mm after the laser focal spot and the far-field harmonic
signal collector is placed 500 mm behind the focal spot.

It is known that the waveform of a fundamental driving
laser is affected by dispersion, Kerr nonlinear effects, and
plasma defocusing during propagation. Therefore, one can
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FIG. 4. (a) Total harmonic yields generated by optimized four-
color field at different gas pressures. (b) Harmonic yield integrated
within 0.15 mm using an aperture at different gas pressures. The
macroscopic conditions are: jet width of 1 mm and beam waist of
75 um. The center of the gas jet is located 2 mm after the laser focal
spot.

expect the gas pressure has a significant influence on the
macroscopic HHG. We first investigate the effect of gas pres-
sure under a tighter beam waist of 75 wum on the macroscopic
harmonics and IAPs generated from neon atoms by the op-
timized four-color field. We choose the gas pressures of 25,
75, and 125 Torr, and simulate the macroscopic HHG spectra,

as shown in Fig. 4. As can be seen in Fig. 4(a), the total
harmonic spectrum of 80th—170th keep the good supercon-
tinuum structures under different gas pressures. Figure 4(b)
shows the harmonic spectra collected by a circular filter with
a 0.15 mm aperture in the far field for different gas pressures.
It is good that the harmonic spectrum in the far field still has
a very good supercontinuum in the range of 95th—170th at
different gas pressures. Furthermore, it can be found that a
significant peak-valley structure appears in the plateau region
as gas pressure increases.

To clarify the peak-valley structures in the harmonic
plateau region under the higher gas pressures and how it
affects the IAPs, the radial distribution of harmonic emission,
IAPs, and the time-frequency analysis of on-axis harmonics
in the far field for different gas pressures are given in Fig. 5.
As can be seen in Figs. 5(a)-5(c), the harmonics are mainly
distributed near the propagation axis for three gas pressures
(radial distance less than ~2 mm, corresponding to the
harmonic divergence angle less than 4 mrad). These coherent
supercontinuum harmonics with low divergence angle is
more conducive to the collection of harmonics and the
synthesis of short IAPs. Comparing Figs. 5(a)-5(c), it can be
found that the divergence of the harmonic radial distribution
slightly increases and the radiation of harmonics around
110th and 130th on the axis is attenuated as gas pressure
increases. The increase of harmonic divergence is due to
the poor phase matching of harmonic radiation under high
pressure. The peak-valley structures in the plateau can be
attributed to the destructive interference of different quantum
orbitals initiating at different ionization instants, which can
be confirmed by comparing Figs. 5(g)-5(i). To confirm
whether the quasi-chirp-free IAPs can still be generated in
the macroscopic level or not, we superimpose the 95th—165th
harmonics to obtain the IAPs with durations of 56 as, 50 as,
and 37 as at 25 Torr, 75 Torr, and 125 Torr, respectively
[see Figs. 5(d)-5(f)]. It can be seen that the duration of

(a) 25 Torr = 08 (d) 25 Torr 170 25 Torr =
s £ 06 ) 150 Z
Q 2 04 | ~56as 130 g
g 027 110 g
O T 1 T T
o~ 0 02040608 1 -3-2-1 0 1 2 3
= 1.8 3 170
= 5 () 75 Torr| 9 75 Torr =
~ Z 8 | © 150 g
g £ 512 |50 as 2 g
N2 E 3 g 130 i}
= s 2 0.6 1 = E
g Z LL £ 110 2
fé’ 0 T T T T T
90 110 130 150 170 = 0 02040608 1
i -10 170
125 Torr = 0.6 4 () 125 Torr| =
Z 150 z
_30§3 g: n 37 as 130 i
g ' 110 g
=50 0 T T T T

90

110 130 150 170
Harmonic order

0 02040608 1
Time (o0.c.)

2 3

-3-2-1 0 1
Time (o.c.)

FIG. 5. The spatial distribution of far-field harmonic emission for optimizing the four-color field at different gas pressures: (a) 25 Torr,
(b) 75 Torr, and (c) 125 Torr. IAPs synthesized from the 95th-165th harmonics in Fig. 4(b): (d) 25 Torr, (e) 75 Torr, and (f) 125 Torr. Time-
frequency analysis for on-axis high-order harmonics in the far field: (g) 25 Torr, (h) 75 Torr, and (i) 125 Torr.
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FIG. 6. The spatial distribution of far-field harmonic emission for optimizing the four-color field at the width of three laser beam waist:
(a) 100 pum, (b) 125 wm, and (c) 150 um. Gas pressure and jet position are 100 Torr, 4 mm behind the focal spot, 5 Torr, 2 mm behind the
focal spot, and 5 Torr, at the focal spot in (a), (b), and (c), respectively. The IAPs synthesized from 100th—165th, 85th—165th, and 100th—165th
harmonics integrated within 0.15 mm using an aperture for three width: (d) 100 um, (e) 125 um, and (f) 150 um. Time-frequency analysis of
on-axis high-order harmonics in the far-field for three different widths: (g) 100 wm, (h) 125 um, and (i) 150 pm.

IAPs gradually decreases with the increasing of gas pressure.
To interpret the reduction of the duration of IAPs with gas
pressure, we present the time-frequency analysis of on-axis
harmonic in the far field at three different gas pressures in
Figs. 5(g)-5(i). One can see that the short orbit radiation has
a small positive chirp at 25 Torr [see Fig. 5(g)]. As the gas
pressure increases, the chirp rate of the short orbit can be
reduced and almost chirp-free emission can be achieved in the
100th—170th harmonic range at the proper gas pressure of 125
Torr [see Fig. 5(1)]. The chirp reduction for high gas pressure
is due to the self-phase modulation of the fundamental pulse
and the chirp compensation of the attosecond harmonic
pulse by the dispersion properties of the harmonic generation
medium itself [38,64]. Therefore, we can conclude that the
quasi-chirp-free high-order harmonics and IAPs from neon
atoms driven by an optimized four-color field can still be
maintained after propagation at a proper gas pressure.
Finally, we consider the effect of laser beam waist on the
macroscopic HHG and IAPs. We choose three widths of 100
wm, 125 um, and 150 um and then search the proper jet posi-
tion and gas pressure to produce the shortest IAP, respectively.
The optimal jet positions and gas pressures are 4 mm behind
the focal spot and 100 Torr for 100 um, 2 mm behind the
focal spot and 5 Torr for 125 um, and at the focal spot and
5 Torr for 150 um, respectively. The radial distribution of
harmonic emissions in the far field for three different widths
are shown in Figs. 6(a)-6(c). For these three beam widths,
we can see that the 90th—170th harmonics have supercon-
tinuum characteristics. In addition, the harmonic divergence
gradually becomes smaller as the laser beam waist increases,
which is due to the harmonic divergence angle 6 o A/wy,
where X is the wavelength of the optimized four-color laser
field, wy is the laser beam waist. The IAPs synthesized from
100th—165th, 85th—165th, and 100th—165th harmonics inte-

grated within 0.15 mm aperture for three different widths are
shown in Figs. 6(d)-6(f). For both 100 um and 125 um beam
waists, it can be seen that the duration of the shortest IAP gen-
erated at optimal parameters is 41 as. For 150 um, the duration
of the shortest IAP is 46 as. One can see that the chirp rate
of harmonics from short orbit slightly increases as beam waist
increases. Figures 5 and 6 indicate that ultrashort macroscopic
IAPs can be generated by optimizing the four-color field at
suitable gas pressure and jet position for tightly and loosely
focused laser beams. Moreover, we also notice that the chirp
rates of high-order harmonics [see Figs. 6(g)-6(i)] and IAPs
[see Figs. 6(d)-6(f)] by loosely focused lasers are larger than
that of the tightly focused one [see Figs. 5(f) and 5(i)]. This
means that the chirped IAPs are generated for these loosely
focused laser cases.

IV. CONCLUSION

In summary, we propose an efficient method for generat-
ing the broadband (over 100 eV) quasi-chirp-free high-order
harmonics and short IAPs from neon atoms by using the
optimized four-color laser field synthesized by two fundamen-
tal near-infrared lasers and their second-harmonic fields. In
accordance with previous findings from a proof-of-principle
study [41] and an investigation with two-color laser pulse
[42], our classical simulations and the time-frequency anal-
ysis show that the reason for generating the quasi-chirp-free
high-order harmonics and IAPs for the optimized four-color
field case is that the electron ionized at different instants can
simultaneously recombine to the parent ion with the same
kinetic energy. Furthermore, we also study the propagation
effects on the attochirp of high-order harmonic pulses, and
find that the quasi-chirp-free isolated IAP can still be obtained
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at a proper gas pressure using tightly focused laser beam,
while the chirped IAPs are produced in loosely focused lasers.

Even though the optimized laser in this paper is syn-
thesized with four-color lasers, the two fundamental near-
infrared and infrared lasers and their second-harmonic fields
can be easily obtained by using nonlinear optical crystals,
optical parametric amplier (OPA), and waveform synthesiz-
ing technique. For example, parametric waveform synthesizer
given in [27] can generate two spectral channels, i.e.,
650-1000 nm range and 1200-2200 nm range, respectively,

pumped by a Ti:Sapphire laser, which covers our two fun-
damental wavelengths. We hope our method can shed more
light on the generation of chirp-free IAPs or even isolated
subattosecond pulses in experiments.
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