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Brightness of high-order harmonics is optimized in the space domain by profile flattening and self-guiding
of intense femtosecond laser pulse and in the time domain by controlling the laser chirp. The profile flattening
and self-guiding of the laser pulse propagating through a long gas jet effectively increased the phase-matched
harmonic generation volume, thereby obtaining strong harmonics with low beam divergence, and the laser
chirp control allowed the generation of spectrally sharp harmonics. At optimized conditions, the 61st harmonic,
obtained at 134 A from Ne, had a brightness of about1D'® W/cm?/srad with a beam divergence of 0.5
mrad and a spectral bandwidth of 0.7 A.
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High-order harmonics emitted by noble gases, driven byan spatial profilgor any profile peaked at the centand is
intense laser field, have emerged as a unique source of egesitioned before the laser focus, the central part of the laser
treme ultraviolet EUV)/soft x rays, having features such as beam is refracted outwards due to higher electron concentra-
excellent coherencil,2], ultrashort pulse duratiof8], con-  tion at the center, whereas the less-affected outer beam still
tinuous wavelength tuning capabilif$], and tabletop scale. converges. This redistributes the laser beam spatially so as to
For practical applications of such harmonic light sources tdorm a flattened profile in the central portion. After formation
interferometry and ultrafast spectroscof®6], the genera- of the flat-top laser profile, the electron density profile is also
tion of bright high-order harmonics is very essenfiat+1(Q. flattened in the same region but changes rapidly at the
Strong high-order harmonic generation requires the applicaboundary. This creates a flattened refractive index profile
tion of intense femtosecond laser pulse to a high-density gasith a sharp increase at the boundary, which constitutes a
medium that is partially ionized during the harmonic generawave guide in which the laser beam is self-guided. The pro-
tion process. The ionized gas medium, with higher electroriile flattening and self-guiding of intense laser pulse can sig-
density in the center than in the outer region, acts as a negaificantly enhance the effective harmonic generation volume,
tive lens, leading to defocusing of the laser beam in a plasmthereby increasing the harmonic generation efficiency.
and hence to a reduction in the effective harmonic generation We first investigated the conditions for self-guided propa-
volume[7,11]. In addition, the rapidly ionizing high-density gation of an intense femtosecond laser pulse through a long
gas medium modifies the temporal structure of the femtose@as medium. Laser pulses of 27-fs duration and wavelength
ond laser pulse due to the self-phase modulat&miV) [12]. centered at 827 nm were focused using a spherical mirror
Consequently, we have to optimize the harmonic generatioff=1.2 m) onto a long neon gas jet with a 9-mm slit nozzle.
conditions in both space and time domains in order to maxiThe peak gas density was about 40 Torr. The measured beam
mize the harmonic generation volume and to generate speuvaist at the laser focus was gn in full width at half
trally sharp harmonics, respectively. maximum (FWHM), reaching a peak laser intensity of

In this Rapid Communication, we present experimental X 10> W/cn?. To examine the laser propagation through
and theoretical results on the generation of bright harmonicthe gas medium, visible plasma image and laser beam profile
using profile-flattened and chirp-controlled femtosecond laafter the medium were recorded by charge-coupled-device
ser pulses interacting with a long neon gas jet. The maiiCCD) detectors. When the center of the gas jet nozzle was
advantages of harmonic generation in the long gas jet are thmositioned at the laser beam focus, the gas jet position was
simplicity in target alignment and the capability of coupling defined az=0.
large laser energy into large interaction volume; however, the We observed drastic changes in the laser propagation
plasma defocusing effect should be overcome in order tovhen the gas jet position was moved along the laser propa-
fully utilize the long medium. The plasma defocusing may begation direction. The visible plasma image was monitored
exactly compensated by tailoring the convergence of the lafrom a transverse direction and the laser beam profile at the
ser beam entering the gas target. We directly measured prend of the medium was also obtained by imaging it on a
file flattening at the end of the gas medium, which inducesCCD. Figure 1a) shows two visible images of the plasma
self-guided laser propagation. This results in profile flattencolumn obtained at the gas jet positiorrsO and —18 mm
ing and self-guiding of intense femtosecond laser pulsesjsing negatively chirped 42-fs laser pulses of 5-mJ energy.
which effectively increases the phase-matched harmoni@he reason for using negatively chirped laser pulse will be
generation volume. Simultaneously, harmonic spectrum wagiven later. When the gas jet was positionedzal), the
controlled by changing laser chirp with keeping guided laseplasma image was bright only for the first 2-mm section of
propagation13]. the gas medium due to the plasma defocusing effect. Though

Profile flattening and self-guiding may occur when a con-the Rayleigh length of the focused laser beam was longer
verging laser beam compensates the plasma defocusinthan the length of the gas jet, the plasma defocusing severely
When a gas medium is ionized by a laser pulse with a Gaussgimited the effective interaction length for harmonic genera-
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(a) laser intensity profile was flattened during guided propaga-
tion of laser beam. This profile flattened and self-guided
-_— - (z=0) propagation forms the uniform field distribution of laser

pulses in space, which can provide an ideal condition for

efficient, low-divergence harmonic generation.
Semiquantitative analysis of the profile flattening can be

obtained from the analysis of the phase of the laser pulse

(b) ‘ propagating through an ionized medium. In the case of a

focusing Gaussian beam, the phage,z) can be expressed,
in terms of the coordinate of laser propagatioand radial
coordinater, as[14]

(z=-18 mm)

o(r,z) = kOJZ n(r,z') dz
Zy
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wherek, is the wave number in vacuum, is the position of

the front face of the gas target, anglis the Rayleigh length.

(© A The main contribution to the refractive indexcomes from
free electrons and is given by Ng/2N., whereN; is the
electron density. The critical density. is defined asN;

Q' =meyw?/ €, wherem ande are the electron mass and charge,
respectively, and, the vacuum dielectric constant andhe
laser frequency. The radial wave number can then be de-
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g 200 rived, assuming uniform refractive index along thaxis, as
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whereR(z)=z+zz?/z is the radius of curvature andis the

FIG. 1. | li Visible i f i . . o e
G. L. (Color onling (8 Visible images of Ne plasma obtained medium density. The ionization probabilify, is calculated

at two gas jet positiong=0 and -18 mmL is the propagation

distance measured from the entrance of a 9-mm gas jet. Laser beafﬁ?m the Ammosoy-DeI_one-Krai_nov modgl5]. The _radia_l
profiles at the entrancgeft) and exit(right) of the gas jet for the wave number provides information O_f the propagatmn direc-
cases ofb) z=0 and(c) z=—18 mm. tion of the laser pulse along the radial axis. The laser pulse

diverges(or convergesfor positive k, (negativek,). If the

tion. This limitation occurs whenever strong, absorption-central part of the laser pulse has positkgeand outer part
limited harmonic generation is attempted and, hence, a cardras negative,, the spatial profile of the laser pulse will be
ful selection of a target location is essential to ensure dlattened up to the boundary defined ky=0. At this posi-
sufficiently long interaction length. As the gas jet was movedtion, the first(ionization term in Eq.(2) is balanced by the
to a position before the laser focus, the bright part of plasmaecond(geometri¢ term, which forms the boundary of flat-
image got extended and a nearly uniform plasma column watened profile.
generated along the entire length of the gas jet when located For the case o£=-18 mm, the value ok,, shown as the
atz=-18 mm. This shows clearly that the self-guiding of the dotted line in Fig. 2, is evaluated corresponding to ionization
propagating laser pulse occurs at a properly selected targat the pulse peak taking account of the entire gas medium. It
position. is seen thak, goes to zero at=62 um, which closely coin-

The intensity profile of the laser beam at the exit positioncides with the boundary of the flattened laser beam profile
of the gas jet was directly measured using an image-relayinghown as the solid line in Fig. 2. This analysis shows that the
lens and a CCD. The intensity profile of the laser beam alsgrofile flattening was induced mainly by the plasma defocus-
had a strong dependence on the gas jet position. For the gawy effect on a converging laser beam. In the case of neon,
jet placed az=0, the laser beam profile at the entrance po-the self-focusing, due to the Kerr effect, is very small; hence,
sition of the gas jet is shown in Fig(ld). After the propaga- the plasma defocusing and convergence of the incident laser
tion through the gas jet, the laser beam was almost spredzeam dominate the laser propagation. This simple model also
out because it was severely defocused by the ionized merelds the gas jet position for the maximum harmonic gen-
dium, as also shown in Fig.(). At the gas jet position of eration. Since the magnitude of the geometric term is maxi-
z=-18 mm, for which the self-guided propagation of the la-mum atz=-zz in Eq. (2), the placement of the target at that
ser pulse occurred, flattening of the laser beam profile waposition allows the first term to attain its maximum, which
observed as shown in Fig(d. It clearly showed that the corresponds to the maximum number of target atoms within
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FIG. 2. Radial profile of the laser beam at the exit of the gas jet é
for the case ofz=-18 mm, taken from the experimental result 150 0 N
shown in Fig. 1c) (solid line) and from the 3D simulatioftdashed ave/en 5
line). The dotted line refers to the radial wave-number profile cal- ath (4) 170 180

culated using Eq(2).

) ) ) ) FIG. 3. (Color onling. Generation of bright harmonics from Ne
the flattened beam cross section for a given laser intensity, agjusting the target position along the laser propagation direc-
thereby satisfying the condition for efficient harmonic gen-iion. Bright harmonics were obtained around the 61st order by plac-

eration. . . ) _ing the target at 18 mm before the laser focusn*tdenotes the
To confirm the self-guided propagation of a profile- harmonic order.

flattened laser pulse, we performed a three-dimensi@iy|
simulation of femtosecond laser propagation by solving thaffect the phase matching condition due to the collimated
wave equation for the conditions used in the experimenpropagation and uniform intensity distribution of driving la-
[16]. The simulation assumed radial symmetry and includeder pulses. In this case the dispersion, contributed mainly by
effects related to the laser propagation such as diffractiorthe neutral atoms and free electrons, determines the phase-
refraction, nonlinear self-focusing, ionization, and plasmamatching condition. The peak laser intensity estimated from
defocusing. The results of simulation also revealed flatteninghe spatial profile shown in about Fig. 2 is<@.0** W/cn?.
of the beam profile in good agreement with the experimental'he 61st harmonic satisfies the phase-matching conditions at
results, shown by dashed line in Fig. 2. Therefore, the profilehe ionization level of about 1%. The 3D simulation showed
flattening clearly occurred in the self-guided propagationthat this ionization level occurred at the leading edge of the
which generated the bright harmonics. laser pulse after the profile flattening was developed. The
We then investigated the spectral characteristics of highprofile flattening automatically overcomes the problems as-
order harmonics in the wavelength range of 120—180 A. Theociated with the variation of phase-matching conditions
harmonics generated from a long Ne gas jet were detected ajong the radial direction, leading to a larger effective vol-
a flat-field soft x-ray spectrometer equipped with a back-ume for harmonic generation. As the gas density and length
illumination x-ray CCD. Since the self-guiding condition of corresponds to six times the absorption length in Ne, the
the laser pulse strongly depended on the gas jet position, thgenerated harmonics are limited by the absorption in Ne.
harmonic generation was also dramatically affected. We ob€onsequently, the self-guiding and profile flattening pro-
served dramatic increase of harmonic signal as the gas jeided an ideal condition for well phase-matched strong har-
was placed before the laser focus, as shown in Fig. 3. Theonic generation in a large volume. In addition, the use of
61st harmonic at 134 A was the strongest among observeprofile-flattened laser pulses can be beneficial in resolving
harmonics and at the gas jet positionzef-18 mm its spec- the spatial chirp probleril7] for the attosecond pulse gen-
tral brightness was two orders of magnitude larger than thagration because of the flattened laser intensity profile.
obtained atz=0. This position is close to the positiar The spectral sharpness can be controlled by adjustment of
-zz=-16 mm estimated from E@2) for efficient harmonic the laser chirp. Even though the arrangement of the gas jet at
generation. At the optimum condition, the 61st harmonic wasl8 mm before the laser focus optimized the harmonic gen-
strong enough to saturate the x-ray CCD in a single shot oération in the space domain, the harmonic spectrum can be
5-mJ laser pulse. The beam divergence of the harmonics wédsoadened by the frequency chirp of harmorjit8]. Figure
measured by installing a cylindrical mirror in the soft x-ray 4 shows the chirp dependence of harmonic spectra with the
spectrometer, instead of a toroidal mirror. The measured diNe gas jet az=—18 mm. The laser chirp was controlled by
vergence of the 61st harmonic was 0.5 m¢guvHM). changing the grating separation in the pulse compressor
The self-guiding and profile flattening can provide a goodwhile keeping the laser energy fixed. The negatively chirped
phase matching between generated harmonics and a drivid2-fs pulse generated the sharpest and brightest harmonics
laser pulse. After the attainment of self-guided laser propawhile the positively chirped 41-fs pulse produced a quasi-
gation, the geometric phase and the atomic phase do nebntinuous harmonic spectrum. The laser propagation condi-

031805-3



RAPID COMMUNICATIONS

KIM et al. PHYSICAL REVIEW A 69, 03180%R) (2004

The energy calibration was performed to estimate the
brightness of 61st harmonic. At the optimum condition, the
energy of the 61st harmonic was estimated to be 0.4 nJ, mea-

[75]
g +86 gy sured using a EUV silicon photodiodinternational Radia-
. =R tion Detectors AXUV-100Q in place of the x-ray CCD but
'g 41 & assuming nominal values of grating diffraction efficiency,
- 2 reflectivity of the toroidal mirror, quantum efficiency of the
;.‘ L 27 2 EUV photodiode. This is a very conservative estimation,
& g- considering oxidation and contamination of optical compo-
2 42 B nents and detector with time. The harmonic brightness, de-
A= a“ fined as the power of a harmonic per unit area per unit solid
. , ; i ; ; . 77~ angle subtended at the source, was estimated to be about
100 120 140 , 160 180 1Xx 10" W/cn?/srad (also a conservative valyewhich is
Wavelength (A) more than an order of magnitude larger than that reported by

Nisoli et al. [8] obtained using a truncated Bessel beam.

FIG. 4. Harmonic spectra from Ne driven by femtosecond laser In conclusion, profile flattening and self-guiding of in-
pulses with different laser chirp. The sign of the pulse durationtense femtosecond laser pulse, achieved by placing a gas
refers to the sign of applied laser chirp. target before the laser focus, and the laser chirp control led to

the generation of bright harmonics with low beam diver-

tions did not depend sensitively on the sign of the laser chirpgence. We found that the plasma defocusing effect severely
The 3D simulation showed that the guided laser intensityimited the effective interaction length of harmonic genera-
was slightly higher in the case of the chirp-free 27-fs pulsetion and a proper selection of target position resulted in the
than that in the case of negative 42-fs pulse. In the case of self-guiding of profile-flattened laser pulse, providing effi-
rapidly ionizing high-density medium, the harmonic chirp is cient harmonic generation. This achievement of high bright-
dominated by the SPM-induced positive chirp in the leadingness high-order harmonics with narrow spectral bandwidth
edge of the laser pulsgl2,13. As a result, a negatively will be useful for various applications of harmonic EUV/soft
chirped laser pulse can compensate the SPM-induced posi-ray sources. With the availability of high reflectivity of
tive chirp and generate sharp and bright harmonics. With thlo:Si mirrors at 134 A, corresponding to the wavelength of
negatively chirped 42-fs pulse, the bandwidth of the 61sthe strong 61st harmonic from Ne, the current results will be
harmonic was 0.7 A and the spectral brightness was envaluable, especially for the metrology in future EUV lithog-
hanced four times over that obtained from a chirp-free 2#aphy optics.
-fs pulse. Consequently, we have achieved simultaneous op- This research was supported by the Ministry of Science
timization of bright harmonic generation in space and timeand Technology of Korea through the Creative Research Ini-
using the self-guided and chirped femtosecond laser pulsegiative Program.
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