
RAPID COMMUNICATIONS

PHYSICAL REVIEW A, 66, 021802~R! ~2002!
Generation of highly coherent submicrojoule soft x rays by high-order harmonics

Eiji Takahashi,* Yasuo Nabekawa, Tatsuya Otsuka,† Minoru Obara,† and Katsumi Midorikawa‡
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~Received 26 October 2001; revised manuscript 22 March 2002; published 26 August 2002!

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 0.7mJ was obtained in the spectral region of 34.8 to 25.8 nm~the corresponding
order of the 23rd to 31st harmonic!, while the 27th-order harmonic~29.6 nm! energy attained was as high as
0.3 mJ.
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For the development of a variety of applications of hig
order harmonics~HH! @1,2#, one of the most important issue
is energy scaling. Ditmireet al. @4# performed the direct
measurement of output energy and conversion efficiencie
HH using an x-ray charge-coupled device~CCD! camera.
They examined the energy yields as a function of a num
of parameters, including the pump laser wavelength, the
get atoms, the focal geometry, and the peak laser inten
They realized the generation of the maximum harmonics
ergy as high as 60 nJ at a wavelength as short as 20 nm
the conversion efficiencies attained were 1027.

To improve the conversion efficiency of HH, the phas
matching between the harmonic field and the atomic dip
becomes essential. High-order harmonics generation~HHG!
is usually performed by using a pulsed gas jet, where
intense laser pulse is focused. Phase matching is domin
by a Gouy phase shift of the laser field and medium’s d
persion as it passes through the focus. Salie`reset al. @3# dem-
onstrated phase matching by balancing the Gouy phase
the dipole phase shift, which was achieved experimentally
controlling the relative position between the laser focus po
and the gas jet. The obtained harmonic profile was impro
to be smooth and nearly Gaussian.

Recently, by using a self-guided beam or a capilla
waveguide in a static long gas cell, conversion efficienc
were improved@5–10#. The best conversion efficiency wit
phase matching was 431025 @7#, which was achieved using
a Xe gas. In those cases, the phase-matching was perfo
by balancing dispersions due to neutral atoms, free electr
and focusing geometry. Moreover, as is pointed out by C
stantet al. @7#, when the medium length is comparable to
longer than the absorption length, it becomes importan
consider the effect of absorption. Consequently, the pho
numberNq of the qth harmonic on the axis per unit of tim
and of area is given by@7#
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Nq;N0
2ud~qv0!u2

4~LabsLcoh!
2

Lcoh
2 1~2pLabs!

2 F11expS 2
Lmed

Labs
D

22 cosS pLmed

Lcoh
DexpS 2

Lmed

2Labs
D G , ~1!

whered(qv0) is the atomic dipole moment induced by th
laser pulse,N0 is the neutral gas density,v0 is the frequency
of the laser pulse, andLmed is the medium length. Coherenc
length Lcoh and absorption lengthLabs correspond top/Dk
and 1/2a, respectively. Here,Dk is the total phase mismatc
between the harmonic field and the atomic dipole, anda is
the absorption coefficient for the given harmonics. To e
mateDk, one needs to consider the geometrical phase
vance and the atomic dispersion for both the fundame
and the XUV light@5#. Equation~1! indicates that when the
coherence length is comparable to the absorption lengthNq
saturates as soon as the medium length becomes longer
the absorption length. Therefore, in order to increase the
output, the coherence length should extend much longer
the absorption length. When the coherence length is m
longer than both the absorption length and medium leng
the net HH energy yield is proportional toSspot(PLmed)

2 @4#,
whereSspot is the spot area of the pump pulse at the foc
point, which corresponds topw0

2 ,w0 corresponds to the spo
size, andP is the target gas pressure.

Our research group has reported the phase-matching t
nique of HHG using a hollow fiber and a self-guided beam
in previous publications@8#. In the phase-matched HHG, th
output energy was optimized@10# with a perfect Gaussian
profile having the visibility of 0.73@11# at the 29th harmonic
~27.6 nm! in Ar. In this study, as the next step, we inves
gated the energy scaling of the phase-matched HH usin
loosely focused beam. Moreover, we performed the dir
measurement of HH output energy using an XUV photo
ode.

First, let us explain our energy scaling procedure un
the phase-matched condition. The efficiency and the spa
quality of HH depend on the target gas density, the medi
length, and the pump laser focusing condition. The pho
number of HH is proportional to the square of the mediu
length, the target gas pressure. It is also proportional to
square of the dipole strength at the given harmonic ord
The dipole strength is assumed to followd(qv0);(1
©2002 The American Physical Society02-1
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2h)I0
5 @12#, where h and I 0 correspond to the ionization

probability and the laser intensity at the focus, respectiv
The focused laser intensity is limited by the ionizati
threshold of the target gas medium, because the nega
dispersion due to the free electrons breaks phase matc
and ionization decreases the target atomic gas density. In
nonionized condition of the target medium, the gas press
must be adjusted to cancel the geometrical phase shift o
pump laser pulse.

To extend the interaction length between the laser pu
and the target medium, the Rayleigh lengthz05pw0

2/l0

must be extended. Since a Gouy phase is given byDkgouy
5q/(z01z2/z0), the increasing of the Rayleigh length r
sults in the decreasing of the Gouy phase shift. Therefore
satisfy the phase-matched condition, the target gas den
must be decreased in inverse proportion to the med
length. In other words, thePLmed product must be constan
under the optimized phase-matched condition in neutral
oms. Consequently, to enhance the output energy of HH
der the phase-matched condition, the spot size of the p
pulse at the focus should be increased. This leads to
increase of input laser energy to maintain a fixed pump
tensity.

Designed harmonic energy scaling parameters are sh
in Table I. Optimized parameters for thef 5500 mm pump-
ing were obtained from the previous experiment@10#. For
newly designed parameters, the laser focusing condition
the pump energy are scaled up by approximately tenf
Therefore, we can expect that the output HH energy is
hanced by approximately tenfold.

The experimental studies were carried out with a 10-
Ti:sapphire laser system based on a chirped pulse ampli
tion ~CPA!. This system produced an output of 200 mJ w
a pulse width of 35 fs. The wavelength was centered at
nm. The pump pulse was loosely focused with a fused si
lens, and delivered into the target chamber through a C2

TABLE I. Designed harmonic energy scaling condition.

Focusing length~mm! 500 5000

Pump energy~mJ! 5 50
Spot radiusw0 (mm) ;60 ;200
Medium lengthLmed ~cm! 1 10
Target gas pressurePAr ~Torr! 20 2
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window. We set the focus at the entrance pinhole of the
teraction cell. The interaction cell had two pinholes on ea
end surface of the bellow arms. These pinholes isolated
vacuum and gas-filled regions. The interaction length w
variable from 0 to 150 mm in the interaction cell. Argon g
was statically filled in the interaction cell. The generat
harmonics illuminated a 120mm (H)325 mm (V) slit of
the spectrometer. A flat-field grating~1200 grooves/mm! re-
layed the image of the slit to a microchaneel plate~MCP!,
while it was spectrally resolved along the horizontal axis
CCD camera detected two-dimensional fluorescence fro
phosphor screen placed behind the MCP. Therefore, we m
sured spectrally resolved far-field profiles of high-order h
monics. The absolute energy of HH was measured dire
with an unbiased silicon XUV photodiode~XUV-100! @13#.
This detector has a wide range of sensitivity from 200 nm
0.07 nm~6 eV to 17.6 keV!. The sensitivity of this photodi-
ode follows the simple linear lawNe5Eph/3.63 eV, where
Ne is the number of photoelectrons created by a single X
photon of energyEph. The values of spectral sensitivity an
quantum efficiency of the XUV photodiode were referred
Ref. @14#, and calibrated with 266 nmQ-switched yttrium
aluminum garnet~YAG! laser pulses in this experiment.

Figure 1~a! shows the far-field spatial profiles of the 27
harmonic. The dashed line corresponds to one from a
Torr, 1 cm interaction under the optimized phase-match
condition. In this case, the energy and diameter of the pu
pulse were 5 mJ and 7 mm, respectively. The pump pu
was focused with anf 5500 mm planoconvex lens. The ou
put beam divergence was;2 mrad@full width at half maxi-
mum ~FWHM!#. The solid line corresponds to the 27th ha
monic from a 1.8 Torr, 10 cm interaction. To extend t
interaction length under the phase-matched condition,
pump pulse was loosely focused with anf 55000 mm pl-
anoconvex lens. As is shown in Table I, we initially plann
to extend the input laser energy to;50 mJ. However, since
the frequency spectrum of the pump laser pulse was mo
lated by the self-phase-modulation~SPM! at the entrance
window (CaF2), we could use only;20 mJ in this experi-
mental setup. When we increased the input energy abov
mJ, we could obtain neither good spatial quality nor hi
energy within the observed spectral region. Therefore,
pump energy and the truncated diameter were set at 20
and 18 mm, respectively. As a result of phase matching,
spatial quality of the 27th harmonic also showed a Gauss
l

-

FIG. 1. The measured spatia
profile of the 27th harmonic.~a!
Normalized 1D distribution of the
27th harmonic. The solid line and
dashed line correspond toPAr

51.8 Torr, 10 cm medium
length, andPAr530 Torr, 1 cm
medium length, respectively.~b!
2D spatial distribution of the 27th
harmonic in the optimized condi
tion.
2-2
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like profile, and the beam divergence decreased by a fa
of three. The measured beam divergence was 0.7 m
~FWHM!. The beam emittance of HH under the phas
matched condition was proportional to the medium leng
The beam divergence of HH is related to a noncollin
angle of HH. This type of phase matching is called the C
enkov phase matching@9#. In the off-axis direction, the phas
mismatch is given by Dk5kq2qk02Dkcere,Dkcere
5qpu2/l0, whereu is the noncollinear angle of HH. Th
beam divergence angle of HH under the phase-matched
dition (kq2qk0;0) is given byu}1/ALmed. Therefore, the
measured beam divergence of the 27th harmonic was pro
tional to 1/ALmed.

Figure 1~b! shows the two-dimensional~2D! spatial pro-
file of the 27th harmonic with the 10 cm medium length, 1
Torr of argon. The 2D spatial profile was measured by m
ing the spectrometer along the perpendicular direction of
entrance slit in 500mm intervals. Thus, we can reconstru
the 2D spatial profile of harmonics. The measured 2D spa
profile of the 27th harmonic shows perfect beam quality.

Under the optimized condition of 10 cm medium leng
the evolution of HH intensities in the spectral region fro
the 23rd- to 27th-order harmonics measured as a functio
the medium length are shown in Fig. 2. Based on Eq.~1!, we
estimated the coherent lengthLcoh in the experiment. The
absorption lengthLabs for 1.8 Torr argon gas was calculate
to be 1.16 cm for the 23rd, 2.39 cm for the 25th, and 6.81
for the 27th harmonic from Ref.@15#. The solid line shows
theoretically fitted intensities for the 23rd, 25th, and 27
harmonics. The coherent length was estimated to
;15 cm by fitting the theoretical curves. As is pointed o
by Constantet al. @7#, the optimizing conditions of medium
coherence, and absorption length are given byLmed
.3Labs,Lcoh.5Labs. The 23rd- and 25th-order harmonic

FIG. 2. The emitted photon number of the harmonics on axis
argon as a function of the medium length. The solid line cor
sponds to the calculated photon number forLcoh;15 cm with 1.8
Torr argon in free space. The dashed line corresponds to the c
lated photon number of 27th forLcoh;1000 cm with 1 Torr argon
in a hollow fiber.
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satisfied the optimized condition for this relation. Therefo
those orders were saturated under our experimental co
tions. On the other hand, the 27th-order harmonic did
satisfy the above conditions yet because of low absorptio

The absolute output energy of HH was measured using
XUV photodiode. This photodiode was inserted in front
the spectrometer, and the output signal was recorded dire
on an oscilloscope. A thin aluminum filter (0.2mm) was
placed between the sources and the detector to eliminate
pump pulse and pass only the 11th through 45th harmo
~17 to 70 eV!. In practice, low-order harmonics (,21st) are
not phase-matched in our experimental condition and
strongly absorbed in argon gas. Therefore, the XUV pho
diode detected only the 23rd- to 31st-order harmonic en
gies. Figure 3 shows the HH energy yield for 10 cm intera
tion. The measured total energy of HH was;0.7 mJ. The
individual harmonic energies were estimated from the sp
tral distribution of HH. From the relative harmonic streng
distribution, the 27th harmonic energy was estimated to
;0.3 mJ. The error bars result from the energy fluctuati
of the pump laser energy.

We also measured the pump spot area dependence o
27th harmonic energy by changing pump focusing length
the middle range of our energy scaling condition, we used
f 52500 mm focusing lens. In this condition, an energy a
a diameter of the pump pulse were 12 mJ and 13 mm,
spectively, while the argon gas pressure and the med
length were 4 Torr and 5 cm, respectively. ThePArLmedprod-
uct was also kept constant for thef 52500 mm pumping.
The maximum output energy of the 27th harmonic was m
sured to be;150 nJ with a good beam quality. The outp
energy of the 27th harmonic revealed the linear depende
of the spot size of the pump pulse. However, the input la
energy was not scaled up along the designed scaling pa
eters~see Table I!. When the interaction length was increas
to 10 cm in 1.8 Torr argon gas, the output energy of the 2
harmonic was enhanced more than 10 times, compared
20 Torr, 1 cm interaction, while the pump energy was

n
-

cu-

FIG. 3. Experimentally obtained energy yield per shot of t
27th harmonic for a 10 cm long medium length with 1.8 Torr arg
gas.
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creased by only a factor of four. Therefore, the convers
efficiency was improved by a factor of two, and attained
value of 1.531025. This might be explained by considerin
the propagation of the pump pulses. The effective interac
intensity of the pump pulses will be fixed by ionizatio
induced defocusing.

From the experimental results, the coherent length w
estimated to be less than;15 cm with anf 55000 mm lens
and 1.8 Torr argon gas. Since the Gouy phase in the
space changes along the pump laser propagation in the
dium, the estimated coherence length is an averaged v
over the interaction length. To attain the perfect phase ma
ing, a useful method is to use a capillary tube. The ph
mismatch of the pump pulse for a fundamental travel
wave in the lowest mode of the capillary tube is given
qu11

2 l0 /(4pa2). Here, u11 and a0 correspond to the firs
zero of the Bessel functionJ0 @16# and the radius of the
capillary tube, respectively. Therefore, the amount of ph
mismatch does not change in the capillary tube. The das
line in Fig. 2 shows the calculated photon number of the 2
harmonic from 1 Torr argon gas as a function of the capill
length in the perfect phase-matched condition. Because
geometrical phase shift of a pump laser pulse in the capil
tube becomes smaller than free space, the optimized a
gas pressure becomes;1 Torr (Labs512.25 cm). In our
experiment, the spot size of the pump pulse was measure
.A

tt.

.
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be ;190 mm. With a a5300 mm capillary tube, the cou-
pling efficiency was estimated to be.95%. The intensity
decay of the laser pulse and the ionization of neutral ar
gas were neglected in this calculation. With a longer th
40-cm capillary tube, we can expect to generate 1mJ in the
27th harmonic under the phase-matched condition.

In summary, when the interaction length was increased
10 cm in 1.8 Torr argon gas, the total output energy in
spectral region of 34.8 to 25.8 nm~the corresponding orde
of the 23rd to 31st harmonics! attained was;0.7 mJ, and
the 27th harmonic energy was estimated to be;0.3 mJ. The
output energy of the 27th harmonic~29.6 nm! was enhanced
more than 10 times, compared with 20 Torr, 1 cm interacti
while the pump energy was increased by only a factor
four. Therefore, the conversion efficiency was improved b
factor of two, and attained a value of 1.531025. From the
measured beam parameters for the 27th harmonic, the
brightness of this coherent soft x ray can be estimated to
;1026 photon/mm2 mrad2 s, assuming a beam diameter
60 mm at the exit of the gas cell. This is the maximu
brightness achieved to date, compared to the values prod
by various coherent soft x-ray sources@17,18#. Finally, the
possibility of the generation of 1mJ energy in the 27th har
monic was revealed by performing energy scaling.
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