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Spectral splitting in high-order harmonic generation
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Using superintense 46-fs Ti:sapphire laser pulses, high-order harmonic generation in argon gaseous medium
is experimentally studied. When the driving laser intensity is pushed well above the ionization threshold
(saturation intensityof the medium applied, the double-peak spectral splitting of high harmonics has been
clearly observed. This splitting is mainly due to the propagation effects in the rapidly ionizing medium, which
is verified by means of one-dimensional calculations. The numerical simulations agree well with the experi-
mental results.

PACS numbeps): 42.65.Ky, 42.65.Re, 32.80.Rm

[. INTRODUCTION help of a birefringent quartz plate, the splitting in the har-

monic spectra which was mainly attributed to the atomic

Many nonperturbative phenomena appear when an atofphysics process was also observed by Altucci and co-

is irradiated by an ultrashort superintense laser field, amongyorkers[8]. _ _ _

which high-order harmonic generati¢gHHG) is one of the In the present paper we report on an experiment in which
most important subjectgl]. In the past decade, HHG has we clearly observed the double-peak spectral structures in
been extensively studied both theoretically and experimenhigh harmonics generated in an argon gaseous medium when

tally, and much progress has been made. On one hand, HHBIshing the driving intensity well above the saturation inten-

is a promising tunable source for coherent XUV and soft xsity of argon atoms. This spectral splitting is mainly due to

rays[2]. On the other hand, HHG paves the way to the proihe propagation effects of high harmonics in the ionizing

duction of subfemtosecond pulsggd. X rays in the “water ~medium, which is verified by means of one-dimensional cal-

window” has been observed by means of HHG in a heliumculations. This paper is organized as follows. Section Il gives
gaseous medium using 5-fs laser pulféls a brief description of the experimental setup and procedure.

In general, the laser pulses with the intensity ofWe present the experimental results and discussion in Sec.
10*-10" W/cn? can efficiently excite HHG in a noble gas- Ill. A brief summary is given in Sec. IV.
eous medium, provided the gas density is high enough. Dur-
@ng.the. process of HHG, a_well—kn.own effect is the inhere.nt Il EXPERIMENTAL SETUP
ionization of the used medium, which reduces the conversion
efficiency as a consequence of the neutral atom population The laser facility used in our experiments, which is based
depletion. When the intensity of the driving laser pulses ison the chirped pulse amplification technique and operated at
much higher than the saturation intensity of the medium ap10 Hz, can produce pulses of 250-mJ maximum energy,
plied, the ionization causes a rapid increase in electrod6-fs minimum full width at half maximuntFWHM), with a
(plasma density on the optical axis and hence a decrease dd7-nm FWHM spectrum centered at 790 nm. The argon gas
the refractive index in time and space, resulting in the specis supplied by a solenoid-valve gas jet with a 0.5-mm-diam
tral blueshifting and broadening of the fundamental field anchozzle located inside a vacuum chamber. The gas density
its harmonics, as well as the self-defocusing of the drivingunder the nozzle end can be varied by adjusting the backing
laser pulses. The propagation of the driving laser field and itpressure. The linearly polarized 50-mm-diam laser beam is
harmonics in ionizing gaseous medium plays a fundamentdbcused by a 50-cm-focal-length lens into the vacuum cham-
role in HHG and laser-plasma interaction. ber. The gas target is placed 3 mm after the focus, where the
The propagation dynamics of the fundamental laser fielbeam diameter is approximately 200m, measured with a
in ionizing a helium gaseous medium were studied and theharge-coupled-devic€CCD) camera. The vertical distance
spectral splitting was observed by Chesstaal. [5]. The  between the focus and the nozzle exit is about 2 mm. The gas
similar splitting of intense femtosecond fundamental pulsepressure in the target chamber remains lower than
in a dispersive bulk medium was observi@. An experi- 104 Torr when experiments are being conducted.
mental observation of the spectral splitting in high harmonics The harmonic signals are dispersed by a grazing incidence
was reported by the Michigan grod@]. By allowing har- monochromator X-Minutemen 310¢ with a 1-m-radius
monic emission twice during the one laser pulse with theAu-coated grating of 300 grooves/mm. The blazing wave-
length of the grating is 6.09 nm at the grazing incidence
angle of 2°. The entrance and exit slit of the spectrometer
* Author to whom correspondence should be addressed. Email aére 100 and 130um, respectively. The distance along the
dress: wang_yingsong@163.net optical axis between the gas target and the entrance slit is
"Mailing address. about 45 cm so as to avoid possible damage of the grating
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answering for the spectral splitting.
——5.6x10"°W/em® It is now well known that HHG results from two aspects,

——4.1x10"“W/em® i.e., the single-atom response and the propagation effects.

The propagation effects may significantly modify the result
of the single-atom response. Kan and his co-workér
studied HHG in ionizing atomic gases, and found that atomic
process(single-atom respongecould also lead to spectral

i ‘ splitting and blueshifting as a consequence of an intensity- or
time-dependent phase shift of the dipole acceleration. How-
ever, in the view of experimental measurements, the splitting
aroused by atomic response may be very difficult to observe

! t

according to the results of Ref11]. The spectral splitting
we observed is so striking that it is unlikely to be due only to
4 } b the single-atom response.
11 13 15 17 19 21 23 When the splitting emerges in the high harmonic spectra,
harmonic order the laser intensity of driving pulses applied is far higher than
FIG. 1. Measured harmonic spectra in a 50 Torr argon gasth€ Saturation intensity of the neutral argon atoms, which is
eous medium with different driving laser intensitiegs)  about 4X 10" W/cn?, taking into account the effect of the
5.6x 1015 W/cr? (thin line) and (b) 4.1x 10* Wi/cn? (thick line). 46-fs duratiof{ 12]. There must then be a volume of electron
plasma with a considerable time-dependent density in the
due to the superintense driving laser. The spectral profile dfiteraction regime, which makes it complicated to explore
the driving laser can be real-time monitored with a ccbthe physical mechanism governing the HHG in ionizing me-
camera when the harmonic spectra are being acquired. Trum.

details of the experimental diagram are referred to in Ref. Itis instructive to see how the propagation effects modify
[9]. the harmonic fields, especially when there is a rapid ioniza-

tion in the medium involved. To do so, we solve the one-
dimensional wave equation by using the slowly varying en-
IIl. EXPERIMENTAL RESULTS AND DISCUSSION velope(SVE) and paraxial approximatiorfd 3]. In the case

The measured high harmonic spectra in an argon gaseo@$ the plane wave, the wave equations of the fundamental
medium irradiated by different driving intensities under thefield and its harmonics in the isotropic ionizing medium
gas pressure of 50 Torr are shown in Fig. 1. Both of thedlong theZ axis (propagation directionare given by
spectra are obtained by averaging the signals over 300 shots,
and not corrected for the response of the detection systemd”E(z,t)  ung(t)e’_

harmonic intensity (arb. units)

PE(z,t)  P*Pnu(zt)
€ +u

When the energy of the driving pulse is 822) mJ(corre- 972 me Bz +u ot2 ot2 '
sponding to the laser intensity of @0 W/cn? in the (1a)
interaction volume under our focusing geometipe split-

ting of the harmonics is clearly shown in the spectrum. The E(zt)=Ei(z,) +E4(zt)  (q>1), (1b)

appearance of the double-peak structures is impossible due

to the second-order diffraction of the corresponding harmonwhereE,(z,t) and Eq(zt) are the fundamental and tiogh

ics because the strength of the harmonics beyond order 23 fgarmonic fieldng(t) is the time-dependent electron density,
too weak, which could be seen clearly in Fig. 1. Comparam, the electron mass; the electric permittivity, ancl the
tively, there is no observable splitting when the driving in- magnetic permeability. We neglect the absorption of the me-

tensity is about 4.% 10" W/cn®. dium. The nonlinear polarizatioRy, (z,t) is given by[14]
The splitting of high harmonics observed would be easily

interpreted, if there existed double-peak structures or the like Py (z,t)=Ng[1—W(t)]D4(t)exf —iq(wit—k;2)],

in the spectral profile of the driving laser. We carefully ex- (2)
amined and dismissed this possibility. Firstly, the spectral

profile of the laser monitored with a CCD camera does notvhere Ng=1.6x10'® cm 3(50 Torr) is the initial density
exhibit any sort of double peaks. Secondly, the spectral proef the neutral gasD,(t) is the atomic dipole moment, and
file of the second harmonic in a helium gaseous mediunmw; andk; are the angular frequency and wave number of the
(due to the presence of density gradients in the plasnem- fundamental fieldW(t) is the tunneling ionization rate ob-
sured by another group in our laboratory does not show suctained under the Ammosov, Delone, and Krain@DK)
structures eithef10]. Finally, although the ionization of the model[15]. We neglect the harmonics generated from ions
medium may significantly affect the spectral properties ofand electrons as well as the influence of the wave mixing
the fundamental laser, this is unlikely to cause the doubleprocess involving harmonic fields. Both assumptions are jus-
peak structures but rather only an overall spectral blueshifttified owing to the relatively low conversion efficiency for
ing. Therefore, the double-peak splitting of high harmonicsthese high-order processes. For simplifying our calculations,
observed is unlikely derived from the structures of the driv-we introduce a uniform neutral medium and scalg(t)

ing laser field itself. There must be another mechatssm «13(t) [16], which will not affect the main results. Hetét)
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— 5.6x10""W/cm? |
- 4.1x10"*W/em®

harmonic intensity(arb. units)
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harmonic order
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FIG. 2. Calculated on-axis harmonic spectra after propagating
through 2.0 mm in ionizing a 50 Torr argon gaseous medium with
different driving laser intensities in the one-dimensional linta:

5 PSS 4 : : I 1 ) I 1 e
5.6X 10" W/cn? (thin line) and(b) 4.1x 10** W/cn? (thick line). 0 1 20 30 20 0 pos

time(femtosecond)

is the time-dependent intensity of the driving field. The laser
pulse with a 46-fs FWHM duration is used in all of the  FIG. 3. Electric-field profiles of the 19th harmonic with the
following numerical calculations. driving intensity of 5.6< 10> W/cn?: (a) single-atom respong@o

The calculated on-axis harmonic spectra in an argon gagropagation taken into account(b) assembly responséafter
eous medium with different peak driving intensities afterpropagating through 2 mm in the 50 Torr ionizing argon gaseous
propagating through 2 mm in 50 Torr argon gas are shown imedium, obtained by Fourier transforming the 19th harmonic spec-
Fig. 2. In the one-dimensional propagation limit, the spectratrum shown in Fig. 2. The temporal envelope of the driving pulse is
splitting is well reproduced when the driving laser intensity denoted with the dotted lines. The electric fields are normalized for
is much higher than the saturation intensity of the neutrathe sake of clarity.
argon atoms, as well as the spectral broadening and the blue-
shifting. The propagation of the harmonics from just outside The rapid ionization of the medium induces that the re-
of the target to the detector is not taken into account in oufractive indexes of the harmonics in the medium are strongly
one-dimensional model. The diffraction of the harmonic sig-time dependent. Therefore, the generated high harmonics are
nals by the slits is also neglected. These assumptions achirped during their propagation through the ionizing me-
justified since the refractive indexes of the harmonics in thedium owing to the strongly time-dependent refractive in-
soft-x-ray regime under 10" Torr pressure are almost the dexes, resulting in the spectral splitting and the time gate.
unit in the ideal vacuum, and the widths of the slits in theThe multiple peak structures in high harmonics reported in
spectrometer are three orders larger than the wavelengths Bief. [7] were also predicted in our one-dimensional model.
the harmonics in our interests. According to our one-dimensional calculations, the multiple-

The calculated electric fields of the 19th harmonic with peak splitting emerges when the driving intensity is pushed
the driving intensity of 5.6 10'®> W/cn? are shown in Fig. to a higher level and/or when the harmonics propagate a
3. Due to the rapid ionization of the medium, harmonic emisdonger distance.
sion terminates long before the advent of the peak of laser Generally, the phase matching between the fundamental
pulse. The temporal evolution of the 19th harmonic fieldfield and its harmonics plays a very important role in the
after propagating through 2 mm in the ionizing mediffig.  overall emission. Surrounding the focus is a relatively large-
3(b)], obtained by Fourier transforming the 19th harmonicvolume region where the laser intensity is sufficient to excite
spectrum shown in Fig. 2, is very different from that of the HHG in our case. It is self-evident that this is not taken into
single-atom respongé-ig. 3@]. The one pulse of the har- account in our one-dimensional calculations. In spite of this
monic field is split into two main pulses after propagatingincompleteness, our one-dimensional simulation is still ac-
through 2 mm. It seems that there wasirae gatebetween ceptable owing to the following considerations. On one
the two splitting pulses. It is very similar to the case in Ref.hand, the gas jet is located 3 mm after the laser focal point,
[8] where Altucciet al. allowed harmonic emission twice in where the laser has begun to propagate with the 0.1-rad di-
one driving pulse by controlling the ellipticity of the driving vergence angle. The entrance slit of the spectrometer is
pulses with the help of a birefringent quartz plate. But therel00 wm, and the corresponding reception angle is as small
is a remarkable difference between these two cases. Whikes 2< 10 # rad. Therefore the harmonic spectra observed in
the time gate is artificially generated by mechanical means iour case are mainly derived from the focus regime. On the
the case of Refl8], the appearance of the time gate in theother hand, all of the harmonics we can clearly observe ex-
present case is completely owing to the propagation effectkibit the double-peak structures at the same time. There is
of the harmonic fields in the ionizing medium. little possibility that these structures are aroused by the
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phase-matching effects, for it is very difficult in fact to syn- from the fact that the rapid ionization of the medium induces
chronistically implement the phase matching of so many difthe strongly-time-dependent refractive indexes and electron
ferent harmonics, especially when no additional operation islensity, chirping the harmonic pulses in the process of their
undertaken. propagation through the ionizing medium. It is shown that
the propagation effects could significantly modify the spec-

IV. CONCLUSION tral properties of the harmonics when the intensity of the
S . _ driving laser pulses is much higher than the saturation inten-

In a rapidly ionizing medium, the fast temporal change ingity of the medium. All calculations in the one-dimensional

indexes are well known to induce spectral blueshifting andyeasurements.

broadening. However, the spectral splitting of high harmon-

ics due to the propagation effects has rarely been reported.
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