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We demonstrate a phase-matched high-harmonic generation of 100 fs Ti:sapphire laser pulses by a
self-guided beam in 30 Torr of neon gas. Phase matching of high harmonics is experimentally examined
by changing the propagation length up to 7 mm. Phase-matched propagation over 7 mm magnifies the
conversion efficiency around the 49th harmonic (in the cutoff region) by 40 times. On the other hand,
harmonics around the 25th order (in the plateau region) peak at 4 mm, resulting in an enhancement of 4.
This scheme enhances the conversion efficiencies in the cutoff region L tpcorresponding to a
few nJ per high-harmonic pulse in the 76 eV region. [S0031-9007(99)08446-X]

PACS numbers: 42.65.Ky, 32.80.Rm

A high-harmonic generation (HHG) in an ionizing were introduced into a gas cell filled with neon at a pres-
medium [1-4] has distinguishing characteristics amongure of <50 Torr. As a result of phase-matched propa-
the methods for the generation of coherent extremelgation, harmonics in the cutoff region were magnified by
ultraviolet (XUV). However, the obtained energy conver-2 orders. High-harmonic conversion efficienciesl 6f ©
sion efficiencies from the driving laser to harmonics be-were demonstrated by the phase-matched interaction, pro-
low 20 nm have so far been limited t6 8. Macroscopic  ducing harmonics with an energy ofnJ in the cutoff re-
phase-matching issues are the key to the breakthrough. gion around the 49th harmonic. The phase matching was

Three groups have reported the phase-matching tecldiscussed in terms of intrinsic phases of a high-harmonic
nigue of high harmonics using hollow fibers [5—7]. We generation which originates in electron trajectories [11].
reported that the phase matching of HHG in a hollow The laser pulses used in this study were generated by
fiber was assisted by the nonlinear phase shift of tha chirped-pulse amplification-based Ti:sapphire laser pro-
driving laser, which canceled out the plasma dispersionlucing a 100 fs temporal length with 5 mJ energy at a
[5]. Durfee et al. [6] reported that phase matching was 10 Hz repetition rate. The measured beam waist was
achieved by the effective refractive index of the wave-40 um (in vacuum), and the measured confocal parameter
guide. Schnireet al. [7] mentioned that the effect of the was 3.5 mm with af = 50 cm achromatic lens. There-
plane phase front might lead an improved conversion effore, the focusing intensity in the vacuum wass X
ficiency. All of the obtained results indicated that the in-10'> W/cn?, but the interaction intensity in the channel
teraction length was increased to more than 1 cm, and thehould be lowered to a few0'* W/cn? as a result of a
HHG efficiencies increased by more than 1 order of magresistance of focusing by a plasma-induced negative lens
nitude. The original idea for the use of the fiber comeseffect. A schematic of the experimental setup is shown in
from the need to control the propagation conditions offig. 1. The gas cell had tw800-um-diameter pinholes
high-intensity lasers, such as the interaction length, interen each end surface of the bellow arms. The pinholes
action gas pressure, and interaction laser intensity. Thisolated vacuum and gas-filled regions. The outside of
most important point is the determination of the coherenthe gas-filled region was maintained at a pressure below
length (optimum interaction length). 10~*Torr, as the cell was pressurized with neon atomic

The limitation of a self-channeling [8] technique is gas at 50 Torr. The spectrograph employed consisted of
its interaction length. When the laser intensity exceeds flat-field platinum-coated grating, a microchannel plate,
10" W/cn?, which is required to produce high harmon- a photocathode, and charge-coupled devices. This opti-
ics, self-focusing is no longer in balance with plasmacal arrangement can cover the region from the 23rd to
defocusing, resulting in the elongation of the confocal51st harmonic of 800 nm. The spectrograph unavoidably
parameter to 10 times or less [9] to that in the vacuumpicked up the second-order diffraction of higher-order
The harmonic generation of intense femtosecond pulsdsarmonics. The obtained spectra were corrected for the
by a self-guided beam has so far been reported only fosensitivity of the grating and the microchannel plate.
the third (lowest-order) harmonic generation [9,10]. The Laser propagation was transversely seen by observing a
results indicated that spatially confined intense third harvisible light column (plasma channel) of an orange color.
monics were obtained with high conversion efficiency. The plasma channel length was approximately 8 mm

In this Letter, we demonstrate the HHG of Ti:sapphire(2.5X the confocal parameter), which was confirmed by
laser pulses by a self-guided beam. Laser pulses of 5 nehanging the focal point in the gas cell and observing
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Vacuum harmonic yield as a function of gas pressure. The distance
Window

Gas Cell between two pinholes, which determines propagation

length, was set at 1 mm, which is the typical length
in HHG experiments. The focal point was adjusted to
within 1 mm in front of the entrance pinhole of the
static gas cell where the maximum XUV emission was
obtained. Pressurizing the gas cell from 10 to 40 Torr,
£ soem 300-4um-ID Pinhole \ the emitted high ha_rmonic spectra_showed a plateau
Movable Pinholes nature, and the entire plateau region grew and then
FIG. 1. Schematic top view of the differential-pumped gassamrated at 30 Torr. -AS the harmonics mcreased_, the
cell. The focusing lengf = 50cm) is located on the outside noIsy background relatlvely decreased so that the signal-
of the vacuum window. to-noise ratio was clearly improved. For a gas pressure
higher than 40 Torr, the emission decreased by 1 order
of magnitude and no notable change was found in the
the end position. The transmitted fundamental beamjistribution.
pattern shrank to half that in the vacuum at 10 Torr, Figure 3 shows the dependence of a harmonic intensity
indicating a decrease of the beam divergence. This ign the propagation length at 30 Torr. Vertical axes are of
the well-known phenomenon of laser beam self-guidinghe same scale for all the data shown in Figs. 2 and 3.
[8,9]. The degradation of the driving laser spatial mode
(1.6X diffraction limited) resulted in no evidence of
self-guiding. In our experiment with pressures of 10 to (a)
55 Torr, the transmitted fundamental beam profile, as well 1000 ¢ ]
as the energy throughput, indicated no significant changes.
Harmonics were not generated when the gas cell
was evacuated td0~3 Torr. In Fig. 2, we show the
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Harmonic Order FIG. 3. Experimentally observed high-harmonic emission
from a self-guided beam as a function of photon energy in
FIG. 2. Experimentally observed high-harmonic intensity as aunits of fundamental frequency. A driving laser formed an
function of photon energy in units of fundamental frequency.8-mm self-guiding beam in 30 Torr neon gas, and the spectra
100 fs, 5 mJ Ti:sapphire laser pulses at 800 nm interacted witlvere obtained at interaction lengths of (a) 1 mm, (b) 4 mm,
neon in a 1-mm-long static gas cell under gas pressures @&nd (c) 7 mm. Filled dots indicate the first-order diffracted
(a) 10 Torr, (b) 20 Torr, and (c) 40 Torr. harmonics.
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When the guiding length was elongated to 4 mm andspectral shape of the 25th harmonic, which is slightly
more, the cutoff order was equal to 71. Using the relatiorseen even at 1 mm, was enhanced at longer interaction
hv. =1, + 3.17U, [12], the interaction intensity was lengths. The single spectral peak broke into several ap-
estimated to bel.5 X 10'* W/cn?. This estimation parent peaks. On the other hand, the 49th-harmonic spec-
for a single-atom response is a somewhat lower valugrum was smooth with a good signal-to-noise ratio at all
All harmonics from the 23rd to the 51st were equallyinteraction lengths.
magnified. It can also be observed in the figure that With increasing propagation length, the peak frequency
the spectral shapes of higher-order harmonics are broadef the 49th harmonic was “redshifted,” yielding stronger
than those of lower-order harmonics. It must be noted thaémission. This might be caused by self-phase modula-
the second-order diffraction disturbed the observations itions (SPM) in the leading edge of the driving pulse,
the plateau region. Significant changes in the harmoniehere the harmonics were pumped [2]. The result ob-
distribution gradually emerged when the interaction lengthained here contradicts our former result [5] that the high
was increased beyond 4 mm. Only harmonics near thBarmonics were blueshifted in an argon gas. We assume
cutoff order further increased with the interaction length,that the reason is not due to the difference in the guiding
but the harmonics in the plateau region decreased. Ascheme, but to the use of different gas species. Since
the length was increased to 7 mm, the cutoff harmoniceieon atoms are harder to ionize, the ionization rate is
were enhanced to 4 times that at 4 mm (40 times omuch smaller, so that the SPM-induced up chirp should
that at 1 mm), and the plateau harmonics were decreasé stronger than the blueshift. A propagation loss would
to 5 times that at 4 mm 4 times of that at 1 mm). be another reason for the redshift. Since an ionization rate
For 7 mm, we measured an emitted photon number oflecreases with the propagation length, the harmonics gen-
10% per harmonic pulse at the 49th harmonic (76 eV).erated at 7 mm showed a larger redshift. The remaining
corresponding>nJ energy per harmonic, indicating a questions are why the spectral modulation was produced
conversion efficiency ofl0~%. Upon further increasing only for harmonics in the plateau and why the cutoff har-
the variable gas cell length up to where the emissiorinonics are enhanced markedly.
of the plasma channel disappears, the harmonic signals Recent advances of theoretical calculations based on
dropped to below the detection level. This disappearancéie macroscopic response of the collections of atoms
may be caused by a strong inhomogeneity of the plasmi1,13] have indicated the phase-matching process
distribution near the output of the plasma channel. strongly depends on the driving laser intensity, because

In order to understand the macroscopic phase-matchinge trajectories of electrons which generate harmonic light
mechanism in HHG, we examine the spectral characteare influenced by the pump laser field and the trajectories
istics of high harmonics. Figure 4 shows two harmon-determine the initial harmonic phases. The variation
ics, the 25th harmonic representing the harmonics in thef the intrinsic phase as a function of the wavelength
plateau region and the 49th harmonic representing those #hanges its spectral structure. When the intrinsic phase
the cutoff region. Both are normalized to clarify the spec-exhibits a rapid variation, the harmonic spectrum results
tral shape. Note that the second-order diffraction whichin a noisy structure. When the intrinsic phase shows a
appears in (a) must be neglected. The modulation of thelow variation, the harmonic spectral structure results in
good contrast and is smooth.

Although pumping laser energy exists even in an
unguided region, the coupling between pumping and

0s |07 o os) 1 mn generating fields is limited to the axial direction [5].
o o Therefore, in this interaction scheme, phase variation on
o ook the optical axis [11] could be minimized. When the
g0 o IR B o intrinsic phase is constant over the entire propagation
g §§J g A length, the interactions are “phase matched.”
2 o4 £ o Since the intrinsic phase is much more stable for
2 2 £ ” the harmonics in the cutoff region than in the plateau
osj W\) 7mm o 7mm region [14], the phase-matched propagation is realized
06 06 preferentially for the cutoff harmonics. The phase error
04 04 of the plateau harmonics escalates with propagation,
o " leading to the strong spectral modulation of the plateau
e o B e onter harmonics. This is the main reason that the effective

coherent lengths of the cutoff harmonics were larger than

plateau region) and (b) 49th (in the cutoff region) harmonicgthose of the plateau harmonics.

for various interaction lengths. The second-order diffraction of [N conclusion, we demonstrated a highly efficient high-
the 49th and 51st harmonics appears at the 24.5th and 25.5@fder harmonic generation by phase-matched propagation
harmonics in (a). in a self-guided laser beam. Harmonics near the cutoff

FIG. 4. The spectral characteristics of the (a) 25th (in th
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