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Enhanced high-order harmonics and an isolated short attosecond pulse generated
by using a two-color laser and an extreme-ultraviolet attosecond pulse
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An efficient method to generate an isolated short attosecond pulse is presented theoretically. We show that,
by adding a 0.5 fs, 62.3 nm extreme ultraviolet (xuv) attosecond pulse to a synthesized two-color field at a
proper time, the harmonic intensity is effectively enhanced by 1-3 orders of magnitude compared with the
two-color case and the harmonic spectrum higher than 260th order reveals an ultrabroad xuv supercontinuum.
In addition, the short quantum path is selected to effectively contribute to the high order harmonics, and an
isolated 40 as pulse is obtained. Our calculated results also show that, by adding a 0.5 fs, 29.6 nm xuv
attosecond pulse to the synthesized two-color field at a proper time, the enhancement of the high-order
harmonics and an ultrabroad xuv supercontinuum is observed, and the selection of the long quantum path can
be achieved, then an isolated attosecond pulse as short as 39 as is generated.
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High-order harmonic generation (HHG) has been a topic
of great interest due to its potential application as a coherent
soft-x-ray source [1] and the generation of attosecond (as)
pulses [2,3]. So far the HHG is the most promising approach
to generate attosecond pulses. The HHG process can be well
understood by the three-step model [4]: ionization, oscilla-
tion, and recombination. During the recombination, a photon
with energy equal to the ionization potential plus the kinetic
energy of the recombining electron is emitted. This process
is repeated every half an optical cycle of the laser field and
generates two attosecond pulses in each optical cycle. How-
ever, for practical application, the straightforward attosecond
metrology prefers an isolated attosecond pulse [5], thus
much effort has been paid out to obtain an isolated attosec-
ond pulse. It has been shown that a few-cycle laser pulse can
produce an isolated attosecond pulse by filtering several con-
secutive harmonics in the cutoff region [6]. Due to the limi-
tation of the supercontinuum bandwidth, the minimum dura-
tion of the isolated pulse is 250 as [7]. Using a few-cycle
laser pulse with the polarization gating techniques, Sansone
et al. [8] generated a broad supercontinuum with a band-
width of 36 eV, then a single 130 as pulse was obtained after
compensating the harmonic chirp. Isolated 80-as pulse of
extreme ultraviolet light was obtained by recent experiment
[2]. Very recently, it has been proposed that two-color field
scheme can broaden the bandwidth of the supercontinuum
and obtain an isolated attosecond pulse with much shorter
pulse duration. To realize the goal, a great deal of work has
been done. Zeng et al. [9] theoretically showed that a 148-
eV-broadwidth supercontinuum could be generated by a two-
color field, then an isolated 65 as pulse was attained. Zhai et
al. [10] proved a combined two-color field scheme can
broaden the high order harmonics plateau, and obtained an
isolated 63 as pulse. However, due to the inherent character-
istic of the two-color scheme, the efficiency of the continu-
ous harmonics is low, which limits the application of gener-
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ating single attosecond pulse. Hence, how to enhance the
efficiency of the continuous harmonics has attracted a lot of
attention. Biegert er al. [11] theoretically predicted and ex-
perimentally confirmed that the enhancement of HHG is pos-
sible by combining an attosecond pulse train with an IR driv-
ing laser. It is shown that the addition of an xuv field to a
strong IR field leads to the appearance of new harmonics in
the harmonic generation spectra [12]. Zhang et al. [13] dem-
onstrated that the HHG efficiency could be efficiently en-
hanced by combined the two-color field with the coherent
superposition state and obtained an intense isolated 47 as
pulse. Moreover, control of quantum paths is another effi-
cient method to generate an isolated attosecond pulse. For
the single-atom response, the quantum path selection can be
achieved by two-color field [14] or an attosecond pulse train
[15]. Macroscopically, the short path can be realized by the
phase-matching condition [16] or spatial filtering [17].

In this paper, based on the single-active electron approxi-
mation, the HHG and attosecond pulses generation can be
investigated by solving the one-dimensional time-dependent
Schrodinger equation with the splitting operator method.
In our simulation, we choose a soft-core Coulomb poten-
tial model V(x)=—z/vx*+a and set z=2 and a=0.5 corre-
sponding to the binding energy of 54.4 eV for the ground
state of a He* ion. The electric field of the driving laser
can be expressed as E(t)=Eyfy(r)cos(wyt)+E,f(t)cos(w,t)
+Exuvfxuv(t_ Tdelay)cos[wxuv(t_ Tdelay)], here Ei and w;
(i=0,1,xuv) are the peak amplitudes and frequencies of
the fundamental, subharmonic, and xuv pulses, respective-
ly. fit)=exp[—4 In 2(%)2] denotes the Gauss envelopes
(i=0,1,xuv). 7; is the pulse duration at full width of half-
maximum (i=0,1,Xuv). 7y, is the time delay of the xuv
pulse with respect to the fundamental pulse.

We first investigate the HHG of He* ion in a two-color
field (5 fs, 800 nm and 10 fs, 1200 nm) and the combination
of the synthesized two-color field and an xuv pulse (5 fs, 800
nm, 10 fs, 1200 nm, and 0.5 fs, 62.3 nm, also called the
combined field), respectively. In our calculation, the intensi-
ties of the fundamental, subharmonic and xuv pulses are cho-
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sen to be 2X 10", 1X 10" and 3X10'® W/cm?, respec-
tively. For comparison, the harmonic spectrum of He* ion in
the fundamental field alone is also presented. As shown by
solid black curve in Fig. 1(a), the harmonic spectrum shows
a double-plateau structure, and the spectrum cutoff is only at
the 287th order harmonic, and the spectral structure above
220w, is smooth. For the two-color case, the harmonic spec-
trum also reveals a double-plateau structure similar to that of
one-color field as shown by dashed red curve in Fig. 1(a),
whereas the spectrum cutoff is significantly expanded to
453wy. In addition, the harmonic intensity in the first plateau
is enhanced effectively, and the harmonic spectrum above
310w, is smooth. Thus a broad supercontinuum spectrum is
formed in the second plateau. However, the low efficiency
and large modulation of the supercontinuum is not beneficial
for us to produce an intense isolated attosecond pulse. By
adding a 0.5 fs, 62.3 nm xuv pulse to the synthesized two-
color field at w(Tyelay=0.97, the overall harmonic spectrum
is uplifted, and almost does a plateau exist, as shown by
dotted green curve in Fig. 1(a). The harmonic intensity is
effectively enhanced by 1-3 orders of magnitude compared
with the two-color case. The spectrum cutoff is at about
453w, and is no apparent change, this is because the contri-
bution of the xuv attosecond pulse to the ponderomotive en-
ergy is negligible. Furthermore, the harmonic spectrum from
the 260w, becomes smooth but much less modulated, and the
bandwidth of the continuous harmonics is much broader than
the two-color case. Particularly, we note that the intensity of
the broad supercontinuum is greatly enhanced by 2 orders of
magnitude and is comparable with that of the low-order ir-
regular harmonics. Such a strong and broad supercontinuum
is highly likely to support the generation of an intense iso-
lated short attosecond pulse.

Figure 1(b) presents the time-frequency distribution of the
HHG [18] shown by the dotted green curve in Fig. 1(a).
From this figure, one can clearly see that there are three main
peaks marked as P;, P,, and P; with the maximal harmonic
orders of 250, 453, and 300, respectively. P, and P, have
comparable intensity, and P5 is weaker than P; and P, and
its contribution to the HHG can be ignored. Considering the
above results, the bandwidth of the supercontinuum is
greatly broadened to about 315 eV and is larger than the
value of classical calculation, this is because the effect of the
ionization probability on harmonic efficiency is considered
in quantum calculation. Particularly, for the peak P,, the in-
tensity of the short path is much higher than that of the long
path. This implies that the short path is selected effectively to
contribute to the HHG. Furthermore, the efficient enhance-
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FIG. 1. (Color online) (a) Harmonic spectra
of He* in a 5 fs, 800 nm laser field (solid black
curve), in the synthesized field of a 5 fs, 800 nm
and a 10 fs, 1200 nm laser pulses (dashed red
curve) and in the combination of the synthesized
two-color field and an xuv attosecond pulse (0.5
fs, 62.3 nm) at w)Tgey=0.97 (dotted green
curve). (b) The time-frequency distribution of the
HHG spectrum corresponding to the dotted green
curve in Fig. 1(a).

ment of the short path also implies that the yields of short-
path harmonics are rather efficient, which leads to that the
harmonic spectrum almost presents a plateau. Note, for the
peak P,, the leading edge of the xuv pulse also enhances the
yields of long-path harmonics to a certain extent, which is
similar to the result of Ref. [19]. An efficient method for
removing the long path is to reduce the duration of the xuv
pulse or to adjust the time delay of the xuv pulse with respect
to the fundamental pulse. Hereinafter, one will see the ex-
pected results.

Next, we investigate the attosecond pulse generation in
the combined field. The temporal profiles of the attosecond
pulses can be obtained by superposing several harmonics.
From Fig. 1(b), one can note the HHG is mainly emitted near
0.065 optical cycle (o.c.); this implies that a short isolated as
pulse can be generated by superposing several harmonics
which are emitted in phase. We select the harmonics from
265th to 325th order, an isolated 40 as pulse is obtained, as
shown in Fig. 2(a). From our calculation, the intensity of the
attosecond pulse is 4 orders of magnitude higher than that in
the one-color field and is 3 orders of magnitude higher than
that in the two-color field. Note, after the main pulse there is
a satellite pulse originating from the long path, but the inten-
sity ratio of the satellite pulse to the main pulse is so small
(only 0.05) that it can be ignored. In addition, we investigate
the dependence of the isolated attosecond pulse on the inten-
sity, duration and time delay of the xuv pulse. Figure 2(b)
shows that the intensity of the generated attosecond pulse is
significantly enhanced with increasing the intensity of the
xuv pulse, whereas the duration of each attosecond pulse is
40 as. Note that the rapid advancement of HHG has made it
available for an xuv pulse with a intensity of about
1X 10" W/cm? [20,21], thus a more intense isolated at-
tosecond pulse can be generated by using a stronger xuv
pulse. Figure 2(c) shows the temporal profiles of the attosec-
ond pulses for three different durations. One can see that, for
these three cases, clean isolated attosecond pulses are ob-
tained, and the intensities of the satellite pulses are about
0.02, 0.05, and 0.11 of the main pulses, respectively. The
durations of the main pulses for these three cases are, respec-
tively, 43, 40, and 40 as. According to our calculation, under
the condition of 7,,,=1 fs, we can keep the intensity ratio
of the satellite pulse to the main pulse below 20%. Figure
2(d) shows the temporal profiles of the generated attosecond
pulses for three different delays. For the cases of wy7glay
=0.77 and w(Tye1,y=0.97, isolated attosecond pulses are ob-
served, but the former is much lower than the latter in pulse
energy. It should be noted that the long quantum path is
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FIG. 2. (Color online) The temporal profiles
of the attosecond pulses in the combined field at a
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04 03 -02 01 00 01 02 03 04 05 06 04 03 -02 01 00 01

(a) Time (0.C.) (b) Time (0.C.)

3.0x10% 25x107

i =097 (b) Solid black curve: [I,=3
e e X 10" W/ecm?; dotted red curve: [I,,,=6
X 10" W/ecm? (c) Dashed red curve: 7y,

2.5x10° 4 ,
2.0x107q

2.0x1074
1.5x10°

1.5x10° 4

1.0x10° 4

Intensity (arb.units)
Intensity (arb.units)

1.0x10° 4

N 5.0x10° 4
5.0x10" 4

=0.4 fs; solid black curve: 7,,=0.5 fs; dotted
blue curve: 7,,=0.7 fs. (d) Dashed red curve:
W0 Tgelay=0.777; solid black curve: wgTyeray=0.97;
dotted blue curve: wTyepay=1.27r. Others param-
eters are the same as in Fig. 1.

01 00 01
Time (0.C.)

00 T T T f f T — T 00 T T
04 03 -02 -01 00 01 02 03 04 05 06 04 03 -02

(c) Time (0.C.) (d)

removed at w7y, =0.77. For the case of w)Tyey=1.2,
two 40 as bursts are emitted, the intensity of the prepulse is
lower than that of the postpulse, but the intensities of the two
attosecond pulses are lower than the case of @)7ge1,y=0.97.
This indicates that both the intensity and the profile of the
attosecond pulses have a certain degree of dependence on the
time delay.

In order to study the underlying physics of enhancement
of the HHG, we calculate the ionization probability in the
combined field. In our simulation, the intensity of the laser
pulse is much lower than the saturation intensity of the He*
ion. According to three-step model, the harmonic efficiency
is mainly laid on the ionization rate. In our two-color
scheme, the continuous harmonics mainly originate from the
electrons ionized in the time range from —0.57 to —0.3 o.c.,
since the ionization rate of the electrons ionized in the time
range is slower (see dotted blue curve in Fig. 3), the effi-
ciency of the continuous harmonics is lower. However, by
adding a 0.5 fs, 62.3 nm xuv pulse to the synthesized two-
color field at wy7yely=0.97, the situation is completely dif-
ferent. As shown by dashed red curve in Fig. 3, the ioniza-
tion probability increases rapidly near r=—0.45 o.c., which
indicates that the ionization rate of the electrons contributing
to the continuous harmonics is greatly increased, resulting in
the efficient enhancement of the continuous harmonics. It
should be emphasized that, after the ionization time later
than —0.47 o.c., the short path dominates over the long path.
In fact, the 62.3 nm xuv pulse can promote electronic tran-
sition from 1 s to 25 or 2 p state for a He* system. The
electrons populated in the states are easily ionized by the
driving field owing to the low binding energy. Thus the ion-
ization yields are increased significantly. As a result, the con-
version efficiency of the HHG is improved dramatically
compared with the two-color case.

In our simulation, we find that not only the short path but
also the long path can also be selected to effectively contrib-
ute to the HHG. For the case, the calculated results are pre-
sented in Fig. 4. Where we add a 0.5 fs, 29.6 nm xuv pulse to
the synthesized two-color field and choose ®(Tyejay=1.227.
Others laser parameters are the same as in Fig. 1. Figure 4(a)

02 03 04 05 06

shows the harmonic spectrum of He" ion in the combination
of the synthesized two-color field and the 0.5 fs, 29.6 nm xuv
pulse. As shown in this figure, the harmonic spectrum exhib-
its a two-plateau structure with two cutoffs, one is at the
250th harmonic, the other is at the 453rd harmonic. The har-
monics in the second plateau not only are smooth and less
modulated but also are 1-2 orders of magnitude higher than
the two-color case in harmonic intensity. Figure 4(b) shows
the corresponding time-frequency distribution. For the har-
monics above 265w, although there are two dominating
quantum paths contributing to the same harmonic, the con-
tribution of the long path is much higher than that of the
short one, i.e., the long-path harmonics is effectively se-
lected. Thus the harmonics in the second plateau are almost
emitted in phase, and then the superposition of these syn-
chronous harmonics leads to an isolated attosecond pulse.
Figures 4(c) and 4(d) check the above analyses. Figure 4(c)
illustrates the single attosecond pulse generated by superpos-
ing the harmonics from 265th to 470th order. As shown in
this figure, a single 55 as pulse with several weaker subpeaks
is obtained. When the harmonics superposed are from 265th
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FIG. 3. (Color online) The electric field (solid green curve) and
the dependence of the ionization probability on time (dashed red
curve) in the combined field at wy7gey=0.97 and (dotted blue
curve) in the two-color field. The laser parameters are the same as
in Fig. 1.
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FIG. 4. (Color online) (a) Harmonic spec-
trum. (b) The time-frequency distribution. The
temporal profiles of the attosecond pulses by su-
perposing the harmonics (c) from 265th to 470th
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order and (d) from 265th to 325th order. A 0.5 fs,
29.6 nm xuv pulse is chosen and the time delay is
at @(Tyelay=1.227, other laser parameters are the
same as in Fig. 1.
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to 325th order, an isolated 39 as pulse with a bandwidth of
about 93 eV pulse is obtained, as shown in Fig. 4(d). The
intensity of the attosecond pulse is 2 orders of magnitude
higher than the two-color case. Further, the satellite pulse
before the main pulse originates from the short path. How-
ever, the intensity of the satellite pulse only occupies 0.04 of
the main pulse, so it can be ignored.

In conclusion, we theoretically present an efficient
method to generate an isolated attosecond pulse in the com-
bination of a synthesized two-color field and an xuv attosec-
ond pulse. We also show that the HHG enhancement and the
selection of a specific quantum path can be realized by using
an xuv pulse with different central energy at a proper time.
Specifically, in our two schemes, the enhancement of the
harmonics in the supercontinuum region is much more effi-
cient. Since the xuv pulse holds the high photon energy and
the extremely short pulse duration, the production time and
property of the electron wave packet (EWP) can be operated.
As a result the ionization yields of the electrons with a spe-
cific quantum path can be increased, i.e., one of two quantum
paths is selected to effectively contribute to the HHG. It
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should be emphasized that, in our schemes, increasing the
duration of the 1200 nm laser pulse up to 64 fs or keeping
the wavelength of the subharmonic laser pulse in the region
of 1160-1240 nm, we find that the results have little change.
Currently, a 5 fs, 800 nm laser pulse is available in a good
few laboratories, and a 10 fs, 1200 nm laser pulse can be
generated by optical parametric amplifier (OPA) from an 800
nm laser pulse [22], besides, a 0.5 fs, 62.3 nm and a 0.5 fs,
29.6 nm xuv pulses can be produced by synthesizing the
high-order harmonics such as Refs. [3,6]. Therefore, the
schemes presented here appear feasible for an experimental
demonstration in the near future. The importance we think is
our schemes can overcome the limitation of the low effi-
ciency in the HHG emission and produce an ultrabroad xuv
supercontinuum, which benefits the generation of an intense
short attosecond pulse.
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