T. 86, Ne 5 JKYPHAJI IPUKJIAJTHOM CHEKTPOCKOIINA CEHTSIBPb — OKTSIBPb 2019
V.86,N5 JOURNAL OF APPLIED SPECTROSCOPY SEPTEMBER — OCTOBER 2019

GENERATION OF SINGLE ATTOSECOND PULSE BY USING
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The generation of high-order harmonics and single attosecond pulses via the asymmetric polarization
gating technology has been theoretically investigated. It is shown that when the two circularly polarized la-
ser fields are asymmetric in amplitude and phase, not only can the modulations of the harmonic spectrum be
decreased, but also the efficiencies of the harmonics can be enhanced. As a result, a super-continuum with
the bandwidth of 85 eV, contributed by the single harmonic emission peak and the near-single short quan-
tum path, can be obtained. Finally, through the Fourier transformation of the selected harmonics on this
supercontinuum, a near single attosecond pulse with a full width at half maximum of 52 as can be obtained.

Keywords: single attosecond pulse, high-order harmonic generation, asymmetric polarization gating
technology.
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Teopemuuecku ucciedosana eeHepayus 2apMOHUK 6bICOKO20 NOPAOKA U OOUHOUHBIX AMMOCEKYHOHbIX
UMAYIBCO8 C NOMOWBIO MeMOoOd ACUMMEMPUYHO20 NOJAPUZAYUOHHO20 cmpobuposanus. Tlokazano, umo npu
amMnaumyoHou u ¢hazoeoli acummempuu 08yX YUPKYIAPHO NOJAPUIOBAHHBIX JIA3EPHBIX NOAEU MOMCHO He
TONILKO YMEHbUUMD MOOYIAYUU 2APMOHUYECKO20 CNEKmpd, HO U NOBbICUMb 3PDEeKMUBHOCHb 2aPMOHUK.
B pezynomame mooicem 6vimb noayuen cynepkOHmMuHyym ¢ wupuHoi noaocvl 835 2B, 00ycroenenHblil nUKoMm
UBTYYEHUsL OOUHOYHOU 2APMOHUKU U NPAKMUHECKU OOHUM KOPOMKUM K8aumosvim nymem. Ilocpedcmeom
npeobpazosarusi Pypve u3OPAHHBIX 2APMOHUK HA CYNEPKOHMUHYYME MONCHO NOLYUUMb NOYMU OOUHOUHDIL
AMMOCEKYHOUBIN UMRYILC C NOTHOU WUPUHOU HA NOJ0GUHe Makcumyma 52 ac.

Knioueevle cnoea: o0unounviii ammoceKyHOHbIL UMNYIbC, 2eHEPAYUsi 2APMOHUK 8bLCOKO20 NOPSOKd,
MEMOO ACUMMEMPUYHO20 NOTAPUZAYUOHHOLO CIPOOUPOBAHUSL.

Introduction. High-order harmonic generation (HHG) has attracted lots of attention in the past two
decades because the emitted radiation emerges as a broad spectrum with attosecond temporal structure,
which may serve as an important tool for accessing the ultrafast scales relevant to the electron dynamics in
atoms, molecules, solids and materials etc. [1-8]. Currently, the physical mechanism of HHG can be well
explained through the semiclassical three-step model (STM) [9] with the processes of ionization, accelera-
tion, and recombination. Finally, harmonics with maximum energy up to 7, + 3.17(I//4®?) can be obtained,
where Ip, I, and o are the first ionization potential, the laser intensity, and the laser frequency, respectively.
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On the basis of the STM, the HHG emits coherent bursts of light in each optical half-cycle of the laser
field, which leads to the generations of the attosecond pulse trains with two main bursts in one optical cycle.
However, the single attosecond pulses (SAPs) are much more favorable to explore the ultrafast electronic
dynamics. Thus, two techniques have been used out to obtain SAPs with the higher photon energy. Particu-
larly, (i) the first and the simplest method to obtain the SAPs is to reduce the harmonic emission path by us-
ing the shorter pulse duration. For instance, by using the single-cycle 3.3 fs pulse, Goulielmakis et al. [10]
obtained a SAP with full width at half maximum (FWHM) of 80 as. However, the production of the carrier-
envelope phase (CEP) stable few-cycle pulse is still a challenge in many laboratories; thus, the universality
of the above scheme is decreased. To overcome this weakness, many improved methods have been pro-
posed, such as the two-color or the three-color synthesized field scheme [11-14] and the frequency modula-
tion scheme by using the chirped pulse [15-17], etc. (ii) On the other hand, the HHG from the polarization
gating (PQ) field [18-20], consisting of corotating and counterrotating circularly polarized laser fields with a
different delay time, is another effective method to produce the SAPs. For instance, by using the PG tech-
nique, Sansone et al. [21] obtained a 130 as SAP. Li et al. [22] obtained the SAPs in the water window by
using the mid-infrared PG field. However, the most important drawback of the PG scheme is the low con-
version efficiency of the produced HHG. Therefore, to obtain the high-intensity SAPs, an improved PG
scheme, namely double optical gating (DOG), has been proposed. For instance, Mashiko et al. [23] experi-
mentally obtained an isolated 130 as pulse by using the phase stabilized DOG scheme. Zhao et al. [24] ex-
perimentally obtained a single 67 as pulse, which is the shortest SAP so far. Feng et al. [25] theoretically
predicted a 33 as pulse by using the inhomogeneous DOG scheme.

In this paper, an effective scheme to enhance the intensities of the SAPs has been proposed via the
asymmetric PG technology. It is found that by properly choosing the amplitude and phase of the two circu-
larly polarized pulses, not only can the single short quantum path be selected to contribute to the HHG, but
also the harmonic yield can be enhanced, showing a supercontinuum with the bandwidth of 85 eV. Finally,
by directly superposing this supercontinuum, a near-SAP with the FWHM of 52 as can be produced. Atomic
units (a.u.) are used throughout this paper unless stated otherwise.

Calculations. The HHG from H," can be investigated by solving the two-dimensional time-dependent
Schrodinger equation (2D-TDSE) [26-30]

ioy(x, y, z)/ot = [(~1/2)0%*/0x* — (1/2)3*0y* + V(x, y) + xEx(x, ) + YE\(», H]w(x, y, 2), (1

where 7(x,y) =-1.0/y(x+R/2)* + y* +0.5-1.0/[(x=R/2)>+ > +0.5 is the soft Coulomb potential for

H" ion, x and y are the electronic coordinates, and R = 2.0 a.u. is the internuclear distance of H," ion.
The synthesized PG laser field consists of the corotating and the counterrotating circularly polarized
laser fields with different delay time

E(?) = E\f(t — taclay/2)cos(w1f + @1) + Eof(t + taclay/2)cos(waf + ¢2), ()
E\(f) = E\f(t — taelay/2)sin(@1 + @1) — Exf(t + taelay/2)sin(wat + ¢2), 3)
A1) = exp[-4In(2)~/17]. 4)

Here, E;, ;, T;, and @; (i = 1, 2) are the amplitudes, frequencies, pulse duration, and the CEPs of the two cir-
cularly polarized pulses, and #4elay is the delay time between the two pulses.
The HHG spectra are given by

S(e) = ‘(1/@)[@(;)@‘“’%42 , )

oV (x,y)]ox+E (1)

whered ,(1) = —<W<x’y”) +3V (x,7)/0v + E, (1)
> y

w(x, y,t)> .

Finally, the signal of the SAP can be given by
Isap(t) = [Z[lda(r)e 4o, (6)

Results and discussion. Figure 1 shows the HHG spectra driven by the symmetric PG laser field. The
laser parameters of the corotating and counterrotating circularly polarized laser fields are chosen to be /i, =
=3.0x10" W/cm?, L2 = 800 nm, 112 = 10 fs, and @1, = 0.0%. For the case of Z4elay = 0.0 f5 (corresponding
to the linearly polarized laser field on the x axis), the typical characteristic on the HHG spectrum can be ob-
tained, that is, the intensities of the harmonics can be rapidly decreased during the first few orders; then



796 LIU H. et al.

a harmonic plateau with the stable intensity can be found; finally, a harmonic cutoff with the value of 165w
can be produced. As can be seen, although the harmonic cutoff driven by the linearly polarized combined
field (Zdetay = 0.0 fs) can be extended to the 165w, the larger modulations on the HHG spectrum are not bene-
ficial for producing the SAPs. As f4lay increases, the modulations of the harmonics can be decreased, but
they are still too large to support the SAPs. Moreover, with increase in the delay time, the efficiency of HHG
is also decreased, which is unfavorable to improve the intensities of the attosecond pulses.
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Fig. 1. The HHG spectra driven by the symmetric PG laser field. The laser parameters
of the corotating and the counterrotating circular polarization laser fields are chosen
to be 112 =3.0x10* W/cm?, A2 = 800 nm, 112 = 10 fs, and @12 = 0.0
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Fig. 2. The laser profiles of the symmetric PG laser field with #gelay = 0 (2), 1.0 (c), and 3.0 fs (e). The time-
frequency analyses of the HHG for the cases of the symmetric PG laser fields with #ge1ay = 0 (b), 1.0 (d), and
3.0 fs (f). T indicates the optical cycle of 800 nm pulse in all the following figures unless stated otherwise.

Figure 2 shows the laser profiles and the time-frequency analyses of the HHG [31] for the cases of the
above symmetric PG laser fields with #delay = 0, 1.0, and 3.0 fs, respectively. For the case of #ge1ay = 0.0 fS,
based on the STM, there are four main ionization times during the present laser driven time, marked as ;4
(Fig. 2a). Then, after the next half cycles, the accelerated electron can recombine with its parent ions around
r1-4 points. As a result, four harmonic emission peaks (HEPs) can be obtained during the harmonic emission
process, marked as P14 (Fig. 2b). As can be seen, when the harmonics are higher than the 20w, the signals
of the HHG spectrum are contributed by Pi-3. Moreover, the contributions of each HEP comes from the cou-
pling of the short and the long quantum paths, which is responsible for the larger modulations on the HHG
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spectrum. For the case of tgelay = 1.0 fs, the polarization of the combined circularly polarized laser field can
be changed (Fig. 2¢). As a result, the contribution of the long quantum path can be decreased on the HHG
spectrum in comparison with that from #ge1ay = 0.0 fs case, which leads to the decrease of the modulations on
the HHG spectrum (Fig. 2d). Moreover, the intensities of the HEPs from the rising and the falling parts of
the laser field are also decreased compared with those from #4elay = 0.0 fs case, which is responsible for the
intensity decrease of the harmonic yield. As #4elay further increases (Fig. 2e), the signal of the HHG spectrum
is only contributed by P>, which is responsible for the intensity decrease and the modulation suppression of
the HHG spectrum (Fig. 2f). Here, although the signal of the HHG spectrum is only coming from one HEP
for tgelay = 3.0 fs, the larger coupling of the two quantum paths is still not beneficial for generating the SAPs.

Figure 3 shows the HHG spectra driven by the asymmetric PG laser field. The laser parameters of the
corotating and the counterrotating circularly polarized laser fields are chosen to be /2 = 3.0x10'* W/cm?,
A2 =800 nm, 112 = 10 fs, @1 = 1.0z, and ¢2 = 0.0 (asymmetric PG technology in CEPs). For the case of
taelay = 0.0 fs (corresponding to the linearly polarized laser field on the y axis), the modulations of the har-
monics are decreased compared with those from the symmetric PG technology with #gelay = 0.0 fs. Moreover,
a smooth harmonic plateau from the 85w to the 155w can be obtained. For the case of fgelay = 1.0 f5,
although the efficiency of HHG is slightly decreased, a much smoother harmonic plateau from the 20w; to
the 145w; can be produced. As tgelay further increases (i.e., fgelay = 2.0 fs), the harmonic cutoff and the har-
monic yield are both decreased, which is not good for generating the high-intensity SAPs.
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Fig. 3. The HHG spectra driven by the asymmetric PG laser field. The laser parameters of the corotating
and the counterrotating circularly polarized laser fields are chosen to be I;2=3.0x10"* W/cm?,
A2 =800 nm, 112 =10 fs, ¢; = 1.0%, and ¢» = On (asymmetric PG technology in CEPs).

Figure 4 shows the laser profiles and the time-frequency analyses of the HHG for the cases of the
above asymmetric PG laser fields with #4e1ay = 0, 1.0, and 2.0 fs, respectively. For the case of #gelay = 0 fs, the
four HEPs can also be found during the harmonic emission process (Figs. 4a,b). However, the intensity of P3
is very weak in comparison with those of P; and P». This means the contributions of the HHG spectrum are
mainly coming from P; and P», which is the reason behind the decreased modulations on the HHG spectrum.
Moreover, when the harmonics are higher than the 85w, the contribution of the HHG spectrum is mainly
from P,, and the intensity of the short quantum path is higher than that of the long quantum path, which
leads to the smooth harmonic plateau in this region. For the case of f4etay = 1.0 fs (Figs. 4c,d), the intensities
of Pjand P, are decreased, but the intensity of P;3 is slightly enhanced. Moreover, the intensities of the long
quantum paths for these three HEPs are all reduced. As a result, when the harmonics are higher than the
20m1, although the signals of the HHG spectrum are contributed by Pi_3, the contribution of P, plays the
main role in the HHG spectrum, which is the reason behind the smoother harmonic plateau from the 20w, to
the 1450;. For the case of taelay = 2.0 fs (Figs. 4e,f), the signal of the HHG spectrum comes mainly from Ps,
and its intensity is very weak compared with that of P, in Figs. 4b,d. Therefore, the intensity of the HHG
spectrum from #4e1ay = 2.0 fs will be decreased compared with those from the smaller delay times. It should
be noted that although the signal of the HHG spectrum is only contributed by P3, the comparable coupling of
the two quantum paths are still not beneficial for generating the SAPs.
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Fig. 4. The laser profiles of the CEP asymmetric PG laser field with #gelay = 0 (a), 1.0 (c), and 2.0 fs (e).
The time-frequency analyses of the HHG for the cases of the CEP asymmetric PG laser fields
with tgelay = 0.(b), 1.0 (d), and 2.0 fs (f).
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Fig. 5. The HHG spectra for the cases of the asymmetric PG technology in laser intensity. The laser
intensities are chosen to be (a) /; = 3.0x10'* W/cm?, I, = 1.0x10'* W/cm? (marked as 7,:5> = 3:1),
(b) 11 = 1.0x10" W/em?, L = 3.0x10" W/em? (I;:b = 1:3), (c) I = 4.0x10"* W/ecm?,
L=1.0x10" W/ecm? and I = 5.0x10'* W/cm?, L, =1.0x10" W/cm? (/1:> = 4:1 and I;:1 = 5:1).

The CEPs of the two pulses are ¢; = 1.07 and @2 = 0.07.

Figures 5a,b show the HHG spectra for the cases of the asymmetric PG technology in laser intensity.
The laser intensities are chosen to be (i) 71 = 3.0x10' W/cm?, and I» = 1.0x10'* W/cm? for Fig. 5a (marked
as I1:, = 3:1) and (ii) I; = 1.0x10"" W/cm?, and L, = 3.0x10'* W/cm? for Fig. 5b (/1:1> = 1:3). The other laser
parameters are chosen to be Aj2 = 800 nm, 112 = 10 fs, ¢; = 1.0z, and ¢, = 0.0x. For comparison, the HHG
spectrum driven by the asymmetric PG laser field with /;:1» = 3:3 and #4e1ay = 1.0 fs is also shown. Clearly,
for the cases of /i:» = 3:1 (Fig. 5a), the harmonic cutoff will be decreased as #4clay increases; however, the
modulations of the harmonics can also be decreased, and the efficiency of HHG can be enhanced. Especially
for the case of 4ty = 2.0 fS, an intense and smooth harmonic plateau from the 20w, to the 80w can be ob-
tained. For the cases of /1:> = 1:3 (Fig. 5b), the efficiency of HHG is decreased, and the modulations on the
HHG spectrum are enhanced, which is not beneficial for the generation of the high-intensity SAPs. Figure 5c
shows the HHG spectra for the cases of /1:/> = 4:1 and /;:[r = 5:1 with tgelay = 2.0 fs. Clearly, as the intensity
of the co-rotating circularly polarized laser field further increases, the harmonic cutoff can be extended, but

the efficiency of HHG is slightly decreased.
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Figure 6 shows the laser profiles and the time-frequency analyses of the HHG for the cases of the
above asymmetric PG laser fields with /1:1> = 3:1, taelay = 2.0 fs and [1:/> = 1:3, fgelay = 2.0 s, respectively.
For the case of I1:[> = 3:1 and fgetay = 2.0 fs (Figs. 6a,b), when the harmonics are higher than the 20w, the
contribution of the HHG spectrum is only coming from P,. Moreover, the intensity of the short quantum
path from P, is much higher than that of the long quantum path from P,, which is the reason behind the
smaller modulations on the HHG spectrum and is favorable to produce the SAPs. Furthermore, the intensity
of P, is much higher than that from the /1:/> = 3:3 and #4e1ay = 1.0 fs case (compared with Fig. 4d,b), which
leads to the intensity enhancement of the harmonic yield. For the case of /1:> = 1:3 and tgelay = 2.0 fs (Figs.
6¢,d), the contribution of the HHG spectrum is mainly from P4 with the smaller photon energy and the lower
intensity. Moreover, the larger coupling of the two quantum paths from P4 can also be found. These are the
reasons behind the lower harmonic yield with the larger modulations on the HHG spectrum.

/0

Fig. 6. The laser profiles and the time-frequency analyses of the HHG for the cases of the above
asymmetric PG laser fields with (a) and (b) [1:2 = 3:1, fgetay = 2.0 15; () and (d) [1:/2 = 1:3, tgetay = 2.0 f5.
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Fig. 7. The laser profiles and the time-frequency analyses of the HHG for the cases of the above asymmetric
PG laser fields with [1:1> = 4:1, tgelay = 2.0 fs (a, b); L1212 = 5:1, tgetay = 2.0 s (c, d).
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Figure 7 shows the laser profiles and the time-frequency analyses of the HHG for the cases of the
above asymmetric PG laser fields with /1:/> = 4:1, taelay = 2.0 fs and [1:> = 5:1, taelay = 2.0 fS, respectively. As
can be seen, with the intensity enhancement of the co-rotating circularly polarized laser field, the HEP of P,
is extended, which is responsible for the cutoff extension on the HHG spectrum shown in Fig. 5c. Further-
more, for the case of /1:/> = 5:1 and f4elay = 2.0 fs (Figs. 7c,d), when the harmonics are higher than the 5001,
the signal of the HHG spectrum is only contributed by P». Moreover, the intensity of the short quantum path
from P, is higher than that of the long quantum path from P,, thus leading to a supercontinuum with the
smaller harmonic modulations and is much better for producing the SAPs.

As discussed before, the modulations of the harmonics, caused by the coupling of the two quantum
paths, play an important role in producing the SAPs. In this paper, we see that by using the asymmetric PG
technology, the signal of the harmonic plateau only comes from one HEP with the dominant short quantum
path contribution. As a consequence, a supercontinuum with the bandwidth of 85 eV can be obtained. Now,
by directly superposing this supercontinuum (generated from the asymmetric PG laser field with ¢ = 1.0m,
¢2=0.0m, I1:1> = 5:1 and fgetay = 2.0 £5), a near-single attosecond pulse with the FWHM of 52 as can be pro-
duced, as shown in Fig. 8a. To show the advantage for using the asymmetric PG technology to produce
the SAPs, the temporal profiles of the attosecond pulses produced from the symmetric PG technology with
@1 =@2=0.0m, [;:[> = 3:3, and #gelay = 0.0 fs are shown in Figs. 8b,c. As can be seen, by superposing the har-
monics (generated from the symmetric PG laser field) from the 65w to the 165w or from the 135w, to the
16501, due to the multi-HEPs during the harmonic emission process, the attosecond pulse trains with the
multi-peaks in one optical cycle can be obtained, which is not beneficial in practical applications.
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Fig. 8. The temporal profiles of the attosecond pulse by superposing the harmonics of the (a) asymmetric PG

laser field with 71:b=5:1 and fgelay = 2.0 fs from the 50, to the 105w; and (b, ¢) symmetric PG laser field

with [1:,=3:3 and tgelay = 0.0 fs (b) from the 65m; to the 165mw; and (c) from the 135w; to the 165w;;
(@) e1=1.0m, @2=0;(b,c) p1=02=0

Conclusion. We theoretically investigated the asymmetric PG effect on the generations of the HHG
and the SAPs. The results show that by properly changing the amplitudes and the phases of the corotating
and the counterrotating circularly polarized laser fields in asymmetry, not only can the intensities of the
harmonics be enhanced, but also the harmonic emission process can be selected and controlled. Consequent-
ly, a supercontinuum with the bandwidth of 85 eV, contributed by single HEP with the short quantum path,
can be obtained. Further, by directly superposing the harmonics from this supercontinuum, a near-SAP with
the FWHM of 52 as can be obtained.
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