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Generation of the wavelength-tunable XUV pulse
using the two-color and three-color infrared pulses”
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We present an efficient method to generate an ultrashort wavelength-tunable XUV pulse by using the harmonic selec-
tive enhancement scheme. The results show that by properly controlling the delay times of a two-color field or a three-color
field, selective enhancement of the harmonics with photon energies between 80 eV and 315 eV can be obtained. Fur-
ther, a wavelength-tunable and bandwidth-controllable XUV radiation can be obtained by Fourier transformation of these

enhanced harmonics.
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1. Introduction

With the rapid development of laser technology, wave-
length-tunable XUV radiation with a narrow spectral band-
width has received a lot of attention due to its potential ap-
plication in three-dimensional (3D) biological imaging, nano-
lithography, and XUV interferometry, exploring atomic and
molecular structure, etc. High-order harmonic generation
(HHG) as a promising way to produce this light source has
been intensively investigated in the last two decades.!'"1>! So
far, there have been two useful methods that have been used
to produce this XUV light source from the HHG spectra, i.e.,
(1) using the filter or the grating to spectrally select the desir-

(16.17] which usually causes signifi-

able spectral components,
cant optical loss in the XUV or the soft X-ray regime; and (ii)
using the phase-matching technique to coherently build up an
intense XUV radiation near a specific frequency,!'®!° which
is usually complex and difficult to implement experimentally.
Thus, how to produce the XUV pulse by a purely optical ap-
proach is important and valuable for experimental realization.

Therefore, in this paper, we present an efficient opti-
cal method to generate a wavelength-tunable XUV pulse. It
shows that by properly controlling the delay times of the
two-color field (800 nm + 2400 nm) or the three-color field
(800 nm + 2000 nm + 2400 nm), harmonic selective enhance-
ment in the range from 80 eV to 315 eV can be obtained.
Further, by performing the Fourier transformation of these en-
hanced harmonics, the wavelength-tunable (photon energies
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between 80 eV and 315 eV) and bandwidth-controllable (sub-
500 as) XUV pulses can be directly obtained.

2. Computational aspects

The interaction of an atom with a linearly polarized in-
tense laser field can be investigated by solving the time-
dependent Schrodinger equation (TDSE)?%-241 within the
single-active electron approximation. In the dipole approxi-
mation, the TDSE is given by (atomic units are used through-
out this paper unless otherwise stated),

P 1
‘7’5:’” - —§V2+V(r)+r-E(t) o(r1), (1)

i

where
V(r) = —Zeg/r
is the Coulomb potential with Z.¢ = 1.353 to match the ion-

ization potential of 24.6 eV for the ground state of a He atom.

The synthesized laser field can be expressed as

E(t) = E1f1(t — Tdelay) cOS( @1 (f — Tgelay))

+ Exf5(t) cos(ant) + Esf3(t) cos(wst),  (2)
where @; and E; (i = 1-3) are the frequencies and amplitudes
of the 800-nm pulse, the 2400-nm pulse and the 2000-nm
pulse, respectively, Tgelay is the delay time between the 800-

nm pulse and the 2400-nm (2000-nm) pulses, and f;(¢) are the

envelope functions and

fi(t) = exp[-2In(2)% /7], 3)
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with 7; (i = 1-3) being the pulse durations of the three pulses.
The HHG spectra are obtained by Fourier transforming

the time-dependent dipole acceleration a(t) as

2

; “)

e—iwltdt
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where a(t) can be given by means of Ehrenfest’s theorem

as [22,25]
¢(m)> .

Finally, the wavelength-tunable XUV pulses can be gen-

v (r)
- or

+E(1) ®)

erated by the inverse Fourier transformation of the selective

harmonics,
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where ¢ is the enhanced harmonic order.

(6)
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3. Results and discussion

Figures 1(a)-1(c) show the HHG spectra driven by the
two-color field with the delay times being 1.0 fs, 1.25 fs, and
1.75 fs, respectively. The laser parameters are chosen to be
5 £s/800 nm, I; = 3.25 x 10" W/cm?, and 30 £s/2400 nm, I, =
1.0 x 10'* W/cm?. For comparison, the harmonic spectrum
with zero delay is also shown in Fig. 1(a) (dash red line). It
shows that with the introduction of the delays (Tgejay = 1.0 fs—
1.75 fs), harmonics in the range from 80 eV to 160 eV can
be selectively enhanced by one order of magnitude compared
with those in the plateau regions.

Figures 2(a)-2(c) show the HHG spectra driven by the
three-color time delayed field, consisting of the above two-
color field and a 30-fs/2000-nm pulse with the pulse inten-
sity I3 = 1.0 x 10'* W/cm?. Clearly, with the introduction of
this 2000-nm controlling pulse as well as the proper delays
(Tdetay = 0.75 fs—1.3 fs) of the three pulses, the selective en-
hancements of the harmonics have been remarkably extended
from 160 eV to 315 eV.
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Fig. 1. (color online) HHG spectra driven by the two-color pulse with (a) delay time Tgeay = 1.0 fs (solid black line) and Tyejay = 0.0 fs (dash red line), (b)
Tdelay = 1.25 £, and (C) Tyelay = 1.75 fs. The laser fields are 5 £s/800 nm, I; = 3.25 x 10'* W/cm? and 30 £/2400 nm, b = 1.0 x 104 W/cm?.
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Fig. 2. HHG spectra driven by the three-color pulse with delay time Tgelay = 0.75 fs (a), 1.1 fs (b), and 1.3 fs (c). The laser fields are 5 fs/800 nm,
I; = 3.25 x 10" W/em?, 30 £s/2400 nm, I, = 1.0 x 10'* W/em?, and 30 £5/2000 nm, ;3 = 1.0 x 10'* W/cm?.
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To better understand the harmonic selective enhancement
process, the time-frequency analysis results of the harmonic
spectra above (i.e., two-color with Tgelay = 0 fs, 1.25 fs, and
three-color with Tge,y = 1.1 fs) are shown in Figs. 3(b)-
3(d) and the corresponding laser profiles are displayed in
Fig. 3(a). The time-frequency analysis results are obtained by
the wavelet transformation of the dipole acceleration a(r). 2%
Clearly, for the two-color zero delay case (Fig. 3(b)), there are
three main energy peaks in the harmonic emission process,
which are denoted as P;, P>, and P;, and each of them receives
two major electron path contributions for a given frequency
of the emitted photon, namely, the long quantum path (with
earlier ionization and later recollision) and the short quantum
path (with later ionization and earlier recollision).?”?8] How-
ever, with the introduction of the delays as shown in Figs. 3(c)
and 3(d) for the special cases of the two-color Tgeray = 1.25 fs
and three-color Tgeay = 1.1 fs, the short quantum path of the
second peak P, has been modified around the emission time of
1 o.c. (o.c. means the optical cycle of the 800-nm pulse) and
created an additional quantum path in the folded region. That
is to say, the electron following these quantum paths will ob-
tain almost the same kinetic energy and therefore contributes
to the same order harmonic emission. Further, due to the con-
structive interference between these multiple quantum paths,

the harmonic selective enhancement can be observed. 2930
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Fig. 3. (color online) (a) The laser profiles of the two-color field with
Tdelay = 0.0 fs (solid black line), 1.25 fs (dash red line), and the three-
color field with Tgelay = 1.1 fs (dot blue line). (b)—(d) The corresponding
time-frequency distributions for the above three cases. Time is in units
of optical cycle (o.c.) of 800-nm pulse in all the following figures unless
otherwise stated.

Figure 4 shows the effects of pulse intensities on the har-
monic selective enhancement. Here we choose a three-color
field with Tgelay = 1.1 fs as an example because the others
are similar to them. Clearly, with the increase of the pulse
intensity /1, the energy of the enhanced harmonic is extended,
but the bandwidth becomes broader and more sub-peaks occur
as shown in Fig. 4(a). With pulse intensities I, and I3 in-
creasing as shown in Figs. 4(b) and 4(c), we see that although
the harmonic selective enhancement has been extended, the
enhanced intensity is reduced. Thus, we see that whether
the pulse intensities are too strong or too weak is unbenefi-
cial to the generation of the wavelength-tunable XUV light.
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Fig. 4. (color online) HHG spectra driven by the three-color pulse
with Tgelay = 1.1 fs, but with different values of pulse intensity (a) I} =
2.0 x 10'* W/cm? (solid black line), 4.0 x 10'* W/cm? (dash red line),
(b) I, = 5.0 x 1013 W/ecm? (solid black line), 2.0 x 10'* W/cm? (dash
red line), (c) 5 = 5.0 x 10" W/cm? (solid black line), 2.0 x 10'* W/cm?
(dash red line). The other parameters are the same as those in Fig. 2.
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From our calculations, the optimal pulse intensities for the har-
monic selective enhancement and XUV pulse generation are
I =3.25x 10" W/em? and I, = I = 1.0 x 10* W/em?, re-
spectively. In addition, the controlling pulse durations (25 fs
< Ty, T3 < 100 fs) and the wavelength (2000 nm < A;, A3 <
3000 nm) effects on the harmonics enhancements have also
been investigated, and the results are shown in Figs. 5(a) and
5(b) for the special cases of A, = 2400 nm, 7, = 48 fs and
A2 = 2000 nm, 7, = 30 fs. Here we only give two special
cases as the examples because the others are similar to them.
It is found that the harmonic enhancements are not very sen-
sitive to the controlling pulse duration and they can also be
achieved by different controlling wavelengths but with differ-

ent time delays.
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Fig. 5. (color online) HHG spectra driven by the two-color pulse with
(a) delay time Tgelay = 1.25 fs and controlling pulse durations: 7, =48 fs
(solid black line) and 7, = 30 fs (dash red line), and controlling wave-
length A, = 2400 nm, and (b) delay time Tdelay = 0.7 fs and controlling
wavelength A, = 2000 nm. The other parameters are the same as those
in Fig. 1.

Figure 6 shows the XUV pulses by using the selected en-
hanced harmonics as shown in Figs. 1 and 2. For instance,
a 320-as pulse with the photon energy 105 eV and a 450-as
pulse with photon energy 260 eV can be obtained, respec-
tively, by performing an inverse Fourier transformation of the
enhanced harmonics driven by the two-color Tgelay = 1.25 fs

case (102 eV-108 V) and three-color Tgelay = 1.1 fs case
(254 eV-263 eV). If all the enhanced harmonics shown in
Figs. 1 and 2 have been chosen to produce the XUV lights, a
series of wavelength-tunable (photon energies between 80 eV
and 315 eV) and bandwidth-controllable (sub-500 as) XUV
lights can be obtained.
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Fig. 6. (color online) Temporal profiles of the XUV pulses by perform-
ing an inverse Fourier transformation of the enhancement harmonics in
the cases of two-color pulse with Tgelay = 1.25 fs (solid black line) and
three-color pulse with Tyelay = 1.1 fs case (dash red line).

4. Conclusion

In this paper, by using the harmonic selective enhance-
ment scheme, we theoretically present an effective method of
generating a wavelength-tunable XUV pulse from the two-
color and three-color time delayed infrared pulses. It is
found that by properly controlling the delay times of the
two-color and the three-color pulses, the harmonics energies
between 80 eV and 315 eV will be selectively enhanced.
Further, by performing an inverse Fourier transformation of
these enhanced harmonics, a sub-500-as XUV light with the
wavelength-tunable between 80 eV and 315 eV can be ob-
tained. Moreover, through investigating the effects of other
parameters on the harmonic selective enhancement, we see
that this scheme is insensitive to the controlling pulse dura-
tion and pulse wavelength, which is much more beneficial to

experimental realization.
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