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We demonstrated the energy scaling of high-order harmonics using a self-guided beam under the phase-
matched condition. By adjusting the argon gas density and pump laser focusing condition, a total output
harmonic energy as high as 04J was obtained in the spectral region of 34.8 to 25.8(tiva corresponding
order of the 23rd to 31st harmonjavhile the 27th-order harmoni@9.6 nm energy attained was as high as
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For the development of a variety of applications of high- AL 2 L
. . . 2 2 ( absl-coh) med
order harmonicgHH) [1,2], one of the most importantissues ~ Nq~Ng|d(qwo)|*— 5| 1+exp — 3
is energy scaling. Ditmireet al. [4] performed the direct Lcont (27 apd abs
measurement of output energy and conversion efficiencies of L e L med
HH using an x-ray charge-coupled devi@@CD) camera. -2 cos( 3 me) ;{— 2{“’:”, 1)
coh ab!

They examined the energy yields as a function of a number
of parameters, including the pump laser wavelength, the tar-

get atoms, the focal geometry, and the peak laser intensity/nered(qwo) is the atomic dipole moment induced by the

They realized the generation of the maximum harmonics en@Ser pulseNy is the neutral gas density, is the frequency
the laser pulse, and,,.qis the medium length. Coherence

ergy as high as 60 nJ at a wavelength as short as 20 nm. BB{ ¢
the conversion efficiencies attained were 10 length L ¢ and absorption length s correspond tom/ Ak

To improve the conversion efficiency of HH, the phase-and 1/2v, respectively. HereAk is the total phase mismatch

matching between the harmonic field and the atomic dipol etween the harmonic field and the atomic dipole, anis

. . . ; he absorption coefficient for the given harmonics. To esti-
becomes essential. High-order harmonics generdtihiG) . .
: . ) mate Ak, one needs to consider the geometrical phase ad-
is usually performed by using a pulsed gas jet, where a

: : . € alance and the atomic dispersion for both the fundamental
intense laser pulse is focused. Phase matching is domlnat%ad the XUV light[5]. Equation(1) indicates that when the
by a Gouy phase shift of the laser field and medium'’s dis

. . S ‘coherence length is comparable to the absorption lemgth,
persion as it passes through the focus. $ediet al.[3]dem- 54 rates as soon as the medium length becomes longer than

onstrated phase matching by balancing the Gouy phase afge apsorption length. Therefore, in order to increase the HH
the dipole phase shift, which was achieved experimentally byyytput, the coherence length should extend much longer than
controlling the relative position between the laser focus pointhe absorption length. When the coherence length is much
and the gas jet. The obtained harmonic profile was improvegbnger than both the absorption length and medium length,
to be smooth and nearly Gaussian. the net HH energy yield is proportional &, PLmed* [4],
Recently, by using a self-guided beam or a capillarywhere Sy, is the spot area of the pump pulse at the focus
waveguide in a static long gas cell, conversion efficienciegoint, which corresponds tawé,wO corresponds to the spot
were improved5—-10]. The best conversion efficiency with size, andP is the target gas pressure.
phase matching was>410~° [7], which was achieved using Our research group has reported the phase-matching tech-
a Xe gas. In those cases, the phase-matching was performatjue of HHG using a hollow fiber and a self-guided beam as
by balancing dispersions due to neutral atoms, free electroni) previous publication§8]. In the phase-matched HHG, the
and focusing geometry. Moreover, as is pointed out by Conoutput energy was optimizeld 0] with a perfect Gaussian
stantet al.[7], when the medium length is comparable to or profile having the visibility of 0.7311] at the 29th harmonic
longer than the absorption length, it becomes important t427.6 nm in Ar. In this study, as the next step, we investi-
consider the effect of absorption. Consequently, the photofated the energy scaling of the phase-matched HH using a

numberN,, of the gth harmonic on the axis per unit of time loosely focused beam. Moreover, we performed the direct
and of area is given bj7] measurement of HH output energy using an XUV photodi-

ode.

First, let us explain our energy scaling procedure under
the phase-matched condition. The efficiency and the spatial
quality of HH depend on the target gas density, the medium
length, and the pump laser focusing condition. The photon

*Electronic address: e-taka@postman.riken.go.jp number of HH is proportional to the square of the medium

"Department of Electronics and Electronical Engineering, Keiolength, the target gas pressure. It is also proportional to the
University. square of the dipole strength at the given harmonic order.

*Electronic address: kmidori@postman.riken.go.jp The dipole strength is assumed to follod(qwg)~(1
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TABLE I. Designed harmonic energy scaling condition. window. We set the focus at the entrance pinhole of the in-
teraction cell. The interaction cell had two pinholes on each

Focusing lengtimm) 500 5000 end surface of the bellow arms. These pinholes isolated the
Pump energymJ 5 50 vacuum and gas-filled regipns. The inte_raction length was
Spot radiusw, (wm) ~60 ~200 variable from 0 .to 1SQ mm in the mFeractlon cell. Argon gas
Medium lengthL .4 (cm) 1 10 was stqtlcqlly f|_IIed in the interaction cell. The ge_nerated
Target gas pressuiRy,, (Torn) 20 2 harmonics illuminated a 12um (H)X25 mm (V) slit of

the spectrometer. A flat-field gratin@200 grooves/mmre-
layed the image of the slit to a microchaneel pla#CP),

_7])|g [12], where 5 and |, correspond to the ionization while it was spectrally resolved along the horizontal axis. A
probability and the laser intensity at the focus, respectivelyCCD camera detected two-dimensional fluorescence from a
The focused laser intensity is limited by the ionization Phosphor screen placed behind the MCP. Therefore, we mea-
threshold of the target gas medium, because the negativaired spectrally resolved far-field profiles of high-order har-
dispersion due to the free electrons breaks phase matchimgonics. The absolute energy of HH was measured directly
and ionization decreases the target atomic gas density. In thveith an unbiased silicon XUV photodiodXUV-100) [13].
nonionized condition of the target medium, the gas pressur&his detector has a wide range of sensitivity from 200 nm to
must be adjusted to cancel the geometrical phase shift of th@07 nm(6 eV to 17.6 keV. The sensitivity of this photodi-
pump laser pulse. ode follows the simple linear laM.=E/3.63 eV, where

To extend the interaction length between the laser pulsel, is the number of photoelectrons created by a single XUV
and the target medium, the Rayleigh lengtf= ww?,/)\o photon of energye,. The values of spectral sensitivity and
must be extended. Since a Gouy phase is giver\ky,,,  quantum efficiency of the XUV photodiode were referred to
=q/(z9+2%/20), the increasing of the Rayleigh length re- Ref. [14], and calibrated with 266 nn@-switched yttrium
sults in the decreasing of the Gouy phase shift. Therefore, taluminum garne{YAG) laser pulses in this experiment.
satisfy the phase-matched condition, the target gas density Figure Xa) shows the far-field spatial profiles of the 27th
must be decreased in inverse proportion to the mediunharmonic. The dashed line corresponds to one from a 20
length. In other words, th®L g product must be constant Torr, 1 cm interaction under the optimized phase-matched
under the optimized phase-matched condition in neutral ateondition. In this case, the energy and diameter of the pump
oms. Consequently, to enhance the output energy of HH urpulse were 5 mJ and 7 mm, respectively. The pump pulse
der the phase-matched condition, the spot size of the pumpas focused with ah=500 mm planoconvex lens. The out-
pulse at the focus should be increased. This leads to thgut beam divergence was2 mrad[full width at half maxi-
increase of input laser energy to maintain a fixed pump inimum (FWHM)]. The solid line corresponds to the 27th har-
tensity. monic from a 1.8 Torr, 10 cm interaction. To extend the

Designed harmonic energy scaling parameters are shownteraction length under the phase-matched condition, the
in Table I. Optimized parameters for tfiee 500 mm pump- pump pulse was loosely focused with &+ 5000 mm pl-
ing were obtained from the previous experim¢b@]. For  anoconvex lens. As is shown in Table I, we initially planned
newly designed parameters, the laser focusing condition anid extend the input laser energy 1660 mJ. However, since
the pump energy are scaled up by approximately tenfoldthe frequency spectrum of the pump laser pulse was modu-
Therefore, we can expect that the output HH energy is enfated by the self-phase-modulatid8PM) at the entrance
hanced by approximately tenfold. window (Cak), we could use only~20 mJ in this experi-

The experimental studies were carried out with a 10-Hzmental setup. When we increased the input energy above 20
Ti:sapphire laser system based on a chirped pulse amplificand, we could obtain neither good spatial quality nor high
tion (CPA). This system produced an output of 200 mJ withenergy within the observed spectral region. Therefore, the
a pulse width of 35 fs. The wavelength was centered at 80pump energy and the truncated diameter were set at 20 mJ
nm. The pump pulse was loosely focused with a fused silicand 18 mm, respectively. As a result of phase matching, the
lens, and delivered into the target chamber through a, CaFspatial quality of the 27th harmonic also showed a Gaussian-

FIG. 1. The measured spatial
profile of the 27th harmonic(a)
Normalized 1D distribution of the
27th harmonic. The solid line and
dashed line correspond t® ,,
=1.8 Torr, 10 cm medium
0.50 length, andP,,=30 Torr, 1 cm
medium length, respectivelyb)
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FIG. 2. The emitted photon number of the harmonics on axis in/th harmonic for a 10 cm long medium length with 1.8 Torr argon
argon as a function of the medium length. The solid line corre-9as-
sponds to the calculated photon number ligg,~15 cm with 1.8
Torr argon in free space. The dashed line corresponds to the calcdatisfied the optimized condition for this relation. Therefore,
lated photon number of 27th fdre,~1000 cm with 1 Torr argon  those orders were saturated under our experimental condi-
in a hollow fiber. tions. On the other hand, the 27th-order harmonic did not

satisfy the above conditions yet because of low absorption.

like profile, and the beam divergence decreased by a factor The absolute output energy of HH was measured using an
of three. The measured beam divergence was 0.7 mraduV photodiode. This photodiode was inserted in front of
(FWHM). The beam emittance of HH under the phase-the spectrometer, and the output signal was recorded directly
matched condition was proportional to the medium lengthon an oscilloscope. A thin aluminum filter (0.2m) was
The beam divergence of HH is related to a noncollineaplaced between the sources and the detector to eliminate the
angle of HH. This type of phase matching is called the Cerpump pulse and pass only the 11th through 45th harmonics
enkov phase matchir{@]. In the off-axis direction, the phase (17 to 70 eV}. In practice, low-order harmonics<(21st) are
mismatch is given by Ak=Kkg—qko—AKeeres:AKeere  not phase-matched in our experimental condition and are
=qm6%/\o, where 6 is the noncollinear angle of HH. The strongly absorbed in argon gas. Therefore, the XUV photo-
beam divergence angle of HH under the phase-matched coliode detected only the 23rd- to 31st-order harmonic ener-
dition (kq—gko~0) is given by#x1/\L .4 Therefore, the gies. Figure 3 shows the HH energy yield for 10 cm interac-
measured beam divergence of the 27th harmonic was propotion. The measured total energy of HH wa®.7 uJ. The
tional to 1AL meg individual harmonic energies were estimated from the spec-

Figure 1b) shows the two-dimension&2D) spatial pro- tral distribution of HH. From the relative harmonic strength
file of the 27th harmonic with the 10 cm medium length, 1.8distribution, the 27th harmonic energy was estimated to be
Torr of argon. The 2D spatial profile was measured by mov—~0.3 uJ. The error bars result from the energy fluctuation
ing the spectrometer along the perpendicular direction of thef the pump laser energy.
entrance slit in 500um intervals. Thus, we can reconstruct ~ We also measured the pump spot area dependence of the
the 2D spatial profile of harmonics. The measured 2D spatigk7th harmonic energy by changing pump focusing length. In
profile of the 27th harmonic shows perfect beam quality. the middle range of our energy scaling condition, we used an

Under the optimized condition of 10 cm medium length, f=2500 mm focusing lens. In this condition, an energy and
the evolution of HH intensities in the spectral region froma diameter of the pump pulse were 12 mJ and 13 mm, re-
the 23rd- to 27th-order harmonics measured as a function afpectively, while the argon gas pressure and the medium
the medium length are shown in Fig. 2. Based on®#p.we  length were 4 Torr and 5 cm, respectively. TRgL ,oqprod-
estimated the coherent length,, in the experiment. The uct was also kept constant for tfie=2500 mm pumping.
absorption length. 4,5 for 1.8 Torr argon gas was calculated The maximum output energy of the 27th harmonic was mea-
to be 1.16 cm for the 23rd, 2.39 cm for the 25th, and 6.81 cnsured to be~150 nJ with a good beam quality. The output
for the 27th harmonic from Refl15]. The solid line shows energy of the 27th harmonic revealed the linear dependence
theoretically fitted intensities for the 23rd, 25th, and 27thof the spot size of the pump pulse. However, the input laser
harmonics. The coherent length was estimated to benergy was not scaled up along the designed scaling param-
~15 cm by fitting the theoretical curves. As is pointed outeters(see Table). When the interaction length was increased
by Constanet al.[7], the optimizing conditions of medium, to 10 cm in 1.8 Torr argon gas, the output energy of the 27th
coherence, and absorption length are given by.y  harmonic was enhanced more than 10 times, compared with
>3Laps Leor™>5bLlaps: The 23rd- and 25th-order harmonics 20 Torr, 1 cm interaction, while the pump energy was in-
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creased by only a factor of four. Therefore, the conversiorbe ~190 um. With aa=300 um capillary tube, the cou-
efficiency was improved by a factor of two, and attained apling efficiency was estimated to be95%. The intensity
value of 1.5<10 °. This might be explained by considering decay of the laser pulse and the ionization of neutral argon
the propagation of the pump pulses. The effective interactiogas were neglected in this calculation. With a longer than
intensity of the pump pulses will be fixed by ionization- 40-cm capillary tube, we can expect to generatg.d in the
induced defocusing. 27th harmonic under the phase-matched condition.

From the experimental results, the coherent length was N summary, when the interaction length was increased to
estimated to be less thanl5 cm with anf=5000 mm lens 10 ¢min 1.8 Torr argon gas, the total output energy in the
and 1.8 Torr argon gas. Since the Gouy phase in the fregP€ctral region of 34.8 to 25.8 nfthe corresponding order
space changes along the pump laser propagation in the m@f the 23rd to 31st harmonirsittained was~0.7 wJ, and
dium, the estimated coherence length is an averaged val(Be 27th harmonic energy was estimated to-t3 .J. The

over the interaction length. To attain the perfect phase matchQUtput energy of the 27th harmon(i9.6 nm was enhanced

ing, a useful method is to use a capillary tube. The phasénore than 10 times, compared with 20 Torr, 1 cm interaction,

mismatch of the pump pulse for a fundamental travelin Jhile the pump energy was increased by only a factor of

) . N Your. Therefore, the conversion efficiency was improved by a
wave in the lowest mode of the capillary tube is given byfactor of two, and attained a value of K30 5. From the

2 2 .
quiho/(4ma”). Here, uy, and a, correspond to the first  eaqured beam parameters for the 27th harmonic, the peak
zero of the Bessel functiody [16] and the radius of the pghiness of this coherent soft x ray can be estimated to be
capillary tube, respectively. Therefore, the amount of phase_ 16 photon/mm mrad's, assuming a beam diameter of
mismatch does not change in the capillary tube. The dashegy, um at the exit of the' gas cell. This is the maximum
line in Fig. 2 shows the calculated photon number of the 27th, g ness achieved to date, compared to the values produced
harmonic from 1 Torr argon gas as a function of the caplllaryby various coherent soft x-ray sourcks,18. Finally, the
length in the perfect phase-matched condition. Because thﬁossibility of the generation of 1uJ energy in the 27th har-

geometrical phase shift of a pump laser pulse in fthe_ capillary,onic was revealed by performing energy scaling.
tube becomes smaller than free space, the optimized argon

gas pressure becomesl Torr (L,,e—=12.25 cm). In our This work was supported by the Special Postdoctal Re-
experiment, the spot size of the pump pulse was measured ggearchers Program of RIKEN.
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