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Third-order harmonic generation by self-guided femtosecond pulses in air
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Strong third-order harmoni€TH) emission is observed with a conversion efficiency higher thar® iom
a plasma channel formed by self-guided femtosecond laser pulses propagating in air. The main characteristics
of TH emission in various conditions and the phase-matching condition between the fundamental and the TH
wave are investigated. An optimized condition is found, under which the TH conversion efficiency is maxi-

mized. Our experimental results show that radiation
major attribution to TH emission, whereas the effects
laser pulses interact with gaseous media.
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of the emission in ultraviolet wavelength range makes a
of self-phase modulation are not important when intense

PACS nunier52.35.Mw, 52.40.Db

[. INTRODUCTION cuset al. [23] and Zhuet al. [24] tightly focused a femto-
second laser beam in atmospheric pressure methane and
The propagation of intense laser pulses in transparerfitudied the TH generation process. In the process of ul-
matter causes strong nonlinear effects such as self-focusirfashort laser pulse propagation in air, the radiation of UV

[1,2], self-phase modulatiofSPM) [3-5], four-wave mixing

[6-9], and stimulated Raman processes. Propagation of aff
waves when the ultrashort laser pulse propagates very long

intense laser pulse in air will lead to self-focusing due to the
Kerr effect. The mechanism for femtosecond laser pulse
propagating over long distance in air is the balance betwee
the Kerr self-focusing due to the nonlinear effects in air an

defocusing due to the tunneling ionization and the diffraction
of the laser bearfll0—12. Recently, much attention has been
paid to harmonic generation by the self-guided femtosecon

I [ dia. The d [ ilibrium betw
puises In gaseolis media. 'He dynamic Squitibrilim ue e?ﬁteraction length is largely prolonged due to the self-guiding

aplropagation of an ultrashort laser pulse in air. Our experi-

the self-focusing due to nonlinear intensity-dependent refra
tive index and defocusing due to plasmas in the channel ¢

support a long plasma channel in the interaction of the in-

tense laser pulses and gaseous media. This is beneficial to

high harmonic conversion efficiency in the interaction, be-, b
Interact with air.

cause the conversion efficiency between the fundament

wave and harmonic wave does not only depend on laser in-

tensity, but also on interaction length. Usually, tight focusing
is used to gain higher laser intensity in the interaction region
but it also leads to very short interaction length. Moreover,
the ionization of gas always prevents high laser intensity du
to defocusing. Therefore extending the interaction length is
promising way to get high conversion efficiency. We can ge
very long interaction length because of self-guiding when
intense laser pulses interact with gaseous media. Theoretic
and experimental resul{16—21 have demonstrated that a

femtosecond laser pulse can propagate many Rayleigﬁﬁo

lengths due to self-guiding. The third-order harmo(ii¢d)

generation in gaseous media has been studied for ma
years. Fedotoet al.[22] have studied the effects of the tem-
poral and spatial self-action of light in atmospheric air. Mar-

waves is considered as a result of the self-phase modulation,

hich leads to supercontinuum spectra expanding to UV

gistance in air. However, the physics mechanism of TH gen-

gration in air is still not well understood.
In this paper, we will exploit the relationship between the
H generation and self-guiding propagation of intense laser
pulses in air. It is demonstrated that the energy conversion

8fficiency of the fundamental wave to TH wave is very high,

ith a maximum efficiency up to 1:210 3, because the

mental results show that the emission of UV waves should be
ginly responsible for the TH emission generation rather
han self-phase modulation, when ultraintense laser pulses

In this paper, we will exploit the relationship between the
TH generation and the self-guiding propagation of ultrain-
tense laser pulses in air. It is demonstrated that the energy
conversion efficiency of the fundamental wave to TH wave
is very high, with maximum efficiency reaching X202,

ecause the interaction length is largely prolonged due to the

self-guiding propagation of ultrashort laser pulse in air. In

earlier publications, in the process of ultrashort laser pulse
pjopagation in air, the radiation of UV wave is considered as
a result of the self-phase modulation, which leads to super-
ntinuum spectra expanding to UV waves when the ul-
trashort laser pulse propagates very long distance in air. Our

perimental results show that the emission of UV waves

ould be attributed to TH rather than self-phase modulation,
when the ultraintense laser pulse interacts with air.

Il. EXPERIMENTAL SETUP

* Author to whom correspondence should be addressed. Email ad- Figure 1 is a schematic diagram of the experimental setup.
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The laser system is a Ti:sapphire chirped-pulse amplification

01-1 ©2003 The American Physical Society



RAPID COMMUNICATIONS

H. YANG et al. PHYSICAL REVIEW E 67, 015401R) (2003

il 08 go7 C o ——fiament

ler?s hand il § 0.6 F — = —no filament

High-reflectiv g [ 1

= iglesens § os} :

Plasma £ 04 -

channel g i 1

gl a 0.3 B

F=15¢m § 0.2 ]

g 0‘1 [ -

—— = 0. 4

E A =3 I _ |
3:_'_ E 0.0 s T =T P B T 1 N

r — 770 780 790 800 810 820 830 840
spechmmeler

)
| LWl 1

Wavelength (nm)

FIG. 2. The spectrum of the fundamental wave with and without
FIG. 1. A schematic representation of the experimental setuplens.

system(JG-I1), which can provide up to 640 mJ energy, in 30 of the TH spectrum occurs at 274 nm, which is red-shifted
fs pu|ses, at a central Wa\/e|ength of 800 nm. To preven[e|ative to the three fol@270 nm of the fundamental wave-
defocusing effects due to high intensity, in our experimentength(810 nm. Moreover, the spectral profile of the TH is
the maximum pulse energy used is about 28 mJ. In order tglearly oscillatory. This spectral modulation may simulta-
reduce the necessary distance before the formation of las8fously be caused by two mechanisms. One is that the TH
p|asma channel, femtosecond laser pu]ses are S||ght|y fdamission is generated with the modulated fundamental ||ght
cused with different positive lensf €25,40,60,80,100 cm) @S in Fig. 2. The other one is that the TH itself may experi-
in air. The optical breakdown can be clearly observed in ai€nce self-phase modulatifh4].

with the appearance of the spark at the focus of the lens. In_AS is well known, the phase matching is necessary for an
experiment, we observe that ultrashort laser pulses propaga@éficient conversion of the fundamental wave to the TH
many Rayleigh lengths, forming a long plasma channel€mission. The phase matching condition requjd
Generally, the length of the channel varies with the focal

length of the focusing lens. A band filter is used to suppress N(w)=n(3w). @)
the fundamental signal, which propagates in the same direc-
tion. The TH wave is collected into a photomultiplier tube
with af=25 cm quartz lens, and the TH spectra are detecte

with a spectrometer and_ p_rocessed by a computer. In thE’ondition is easily satisfied. Since the fundamental wave in-
experiment, the characteristics of the spectra of the TH Wavf'ensity is much stronger than that of the TH emission, the
are studied in various conditions. We find that there exists afhtensity-dependent refractive index due to the Kerr effect in

optimum condition, under which maximum conversion effi- ¢, 4amental waves is much larger than that in the TH emis-
ciency from the fundamental wave into the TH emission Carion Hence Eq(1) can be written as

be obtained.

Usually, air is a homogeneous medium and has normal
ispersion. So it is very difficult to satisfy this condition. But
hen intense laser pulses form plasma channel in the air, this

No(w)+ Nyl (@) —N/2n (w)=ny(3w)—NJ/2n.(3w),
lll. RESULTS AND DISCUSSION (2

In order to study the characteristics of the TH emission inWhereng is the refractive index of the air, ang is the Kerr
various conditions, we measure the spectrum of the funddlonlinear coefficientn, is the electron density. Here we
mental wave emission in air from the position where fila-

ments are formed by focusing the laser beam. The broadened @ 01 T T T
spectrum of the fundamental wave due to SPM is observed = E=28mJ
as shown in Fig. 2. The solid and dotted curves represent the g o2} J
spectral profile with and without ah=25 cm lens, respec- s
tively. It can be seen that the fundamental spectra are greatly Z
braodened because of the formation of the plasma filament & 008 1
channel in the air. This phenomenon can be attributed to g
self-phase modulation, which can greatly broaden the spec- ® 0.04F 4
tral component. The profile of the broadened spectrum is =
asymmetric and exhibits a blue shift. The broadening at short %

I O OO 1 " 1 " 1 " 1

wavelength is more obvious than that at long wavelength. s 270 575 280 285
This is very consistent with theory and experimerib Wavelength (nm)
After the filaments, very strong TH emission can be ob-
served by applying a band filter, which can filter out funda- FIG. 3. The spectra of the TH with a fundamental wave laser
mental waves. The TH spectrum is shown in Fig. 3. The peaknergy ofE=28 mJ and a lens with a focal length b 40 cm.
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FIG. 4. The conversion efficiency between the fundamental
wave and the TH versus focal length of the lens.

have neglected the intensity-dependent refractive index ari
ing from the TH emission, because the intensity of the TH
emission is very small. Considering the electron density in
plasma channel is about ¥810/cm 2 as measured in .
Ref.[11], we can get phase-matching laser intensity of about
10"-10" Wicn?, which is consistent with the laser inten-
sity required for self-guiding in aif11,21. Generally, the
output intensity of the TH emission is abdui5]
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FIG. 5. The spectrum of the TH versus focal length of the lens.

sQf the fundamental wave, the self-phase modulation covers
more spectral components and causes more serious oscilla-
tions in the fundamental wave. Thus, the higher fundamental
wave energy results in stronger modulation and wider spectra
n the TH emission. When the laser energy at the fundamen-
al wave is less than 2.6 mJ in our experiment, the TH emis-
sion is not observable. At this energy, the corresponding laser
intensity can be estimated to be .50 W/cn? from the
focus spot size. This fundamental laser intensity may be con-
sidered as threshold for generating TH emission in air. We
can evaluate the approximate threshold of the laser intensity
required for generation of the TH in theory. The ionization

term in Eqg.(2) can be omitted at threshold laser intensity, so

where lor= xeriZ(Xerr=€3,x3:€,6,8,) is the effective

interaction length, which represents the interaction length in
which the phase-matching condition is maintained. From Eq.
(3), the conversion efficiency is proportional to the product
of the fundamental wave intensity and the effective length.

In our experiment, the output energy of the TH emission
versus focal length of the lens is shown in Fig. 4. The highes
conversion efficiency is larger than K240 3. It is interest-
ing to note that the conversion efficiency to the TH emissio
is maximized when the focal length of the lens is about®
40-60 cm. From Eq3), we can explain the existence of this
optimum focal length corresponding to the maximum con
version efficiency, because the output power of the TH emis-,
sion is proportional to the laser intensity and the effective
interaction length .¢;. So for a shorteflong) focal length,
the laser intensity is highgtower) in the channel, bulg¢s
will be shorter(longep. Thus, there exists an optimum focal
length, with which the product of the laser intensity with
effective interaction length will be maximized. On the other
hand, for a shorter focal length, the conversion efficiency
will be reduced due to ionization, which consumes a lot of
fundamental wave energy.

With a fixed focal length of the lend €40 cm), the TH
spectral profile is plotted versus various pulse energies in
Fig. 5. For higher energy, the spectral width of the TH is
almost constant and the spectral profile of the TH is similar
to that of the fundamental wave as shown in Figcrves
and a and p For lower energy, the TH spectrum becomes
narrower as shown in Fig. &urves ¢ and d With increas-
ing energy, the oscillation of the TH spectra becomes more
serious. This can be explained as follows. For higher energy

015401-3

the laser threshold intensity is

I (w)=[Ng(3w)—No(w)/n,]=2x 10" Wicn?.

4

This is almost the same as the direct estimate of the experi-
mental value.
¢ Fora fixed energy E=28 mJ) of laser pulse, the mea-
sured TH spectral profile versus various focal lengths of the
Hens is shown in Fig. 6. With increasing focal length, the TH
pectra are red shifted, which is largest fat 60 cm as
shown by curveC in Fig. 6. When the focal length is longer
_than this focal length, the TH spectra become blue shifted.
The reason for this phenomenon may be self-phase modula-
tion. That is to say, relative red shift or blue shift may be
decided by product of the laser intensity and effective inter-
action length, because the product of laser pulse intensity
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FIG. 6. The spectrum of the TH versus laser energy.
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with effective interaction length is maximum at aroufd With interaction length. Experimental results show that the
=60 cm, which corresponds to the maximum conversion efradiation of UV waves in supercontinuum should attribute to

ficiency 1.2<10 3 [25-27. harmonic generation instead of self-phase modulation when
the intense laser pulses interact with gaseous media. More-
IV. CONCLUSION over, our experimental results not only show that the super-

o continuum, which is observed during the propagation of the
~ Because of the self-guiding of the ultrashort laser pulsegjitrashort laser pulse in air, originated from SPM or stimu-
In air, the interaction |ength between the ultrashort Iase‘ated Raman processes, but also demonstrate that the third-

pulse and air is greatly elongated. During the interaction obrder harmonic contributes to the supercontinuum genera-
the ultrashort laser with air, very strong TH emission is ob-tjgn.

served, with a maximum conversion efficiency higher than

10 3. At the same time, the characteristics of the TH spectra

are investigated, for different focal lengths and different en- ACKNOWLEDGMENTS
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