
June 15, 2004 / Vol. 29, No. 12 / OPTICS LETTERS 1357
Highly coherent light at 13 nm generated by use of
quasi-phase-matched high-harmonic generation
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By measuring the fringe visibility in a Young’s double pinhole experiment, we demonstrate that quasi-
phase-matched high-harmonic generation produces beams with very high spatial coherence at wavelengths
around 13 nm. To our knowledge these are the highest spatial coherence values ever measured at such short
wavelengths from any source without spatial filtering. This results in a practical, small-scale, coherent,
extreme-ultraviolet source that is useful for applications in metrology, imaging, and microscopy. © 2004
Optical Society of America
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Highly coherent extreme-ultraviolet (EUV) sources
are desirable for many applications in microscopies,
metrology of optics for EUV lithography, EUV non-
linear optics, and in developing new types of nano-
probe. However, many EUV sources, such as
synchrotrons and undulators1 and high-harmonic
generation (HHG) implemented using pulsed gas
jets2 generally produce partially coherent light that
requires that one use spatial f iltering to improve the
coherence at the expense of photon f lux. In recent
work Bartels et al. demonstrated that EUV light
produced by HHG in gas-filled hollow waveguides
exhibits full spatial coherence at wavelengths around
30 nm.3 The extended propagation length in the
hollow-waveguide geometry not only provides favor-
able phase-matching conditions to generate EUV light
more efficiently but also improves the spatial coher-
ence of the generated EUV beams. More recently,
we demonstrated that, by periodically modulating
the diameter of a hollow-core waveguide, quasi phase
matching (QPM) of HHG can be implemented at
wavelengths below 4 nm.4,5 The periodic modulations
of the waveguide modulate the driving laser intensity
in the waveguide, which in turn modulates the phase
and amplitude of the EUV light, allowing QPM.

In this Letter we show that QPM HHG in modulated
waveguides generates EUV beams with high spatial
coherence at wavelengths around 13 nm. These
measurements yield important information about non-
linear optics at short wavelengths. First, we measure
what is to our knowledge the highest intrinsic spatial
coherence of any EUV light source at such short
wavelengths. Second, for applications of HHG that
require very small (submicrometer) spot sizes, it will
be signif icantly easier to use spatially coherent light
at wavelengths shorter than 30 nm, because x-ray
ref lective optics, or x-ray diffractive optics, are much
more efficient at 13 nm than at 30 nm.1 Third,
background gas absorption is significantly higher at
0146-9592/04/121357-03$15.00/0
13 than at 30 nm. This might imply that the spatial
coherence would be lower at 13 nm, because long
interaction lengths are not possible. However, our
measurements show a surprising need for interaction
lengths .6 cm to obtain high spatial coherence, despite
absorption lengths of 1–4 mm in Ne and He. Fourth,
the shorter wavelength and lower f lux at 13 nm com-
pared with 30 nm, combined with the diverging wave
front of the HHG light, makes the long-term EUV
beam and phase stability much more critical at 13 nm
than at 30 nm, as discussed in detail below. Fifth, we
show that the use of modulated waveguides does not
limit the EUV beam quality, despite the significant
perturbation to the laser and EUV beams caused by
the waveguide modulations and the refractive plasma.
Finally, the development of coherent sources at 13 nm
is important for next-generation EUV lithography.

In our experiments we focused sub-20-fs light pulses
from a high-repetition-rate (2-kHz, �1.5-mJ�pulse)
Ti:sapphire laser system6 into a .6-cm-long modulated
hollow-core waveguide filled with He (150-Torr) or
Ne (70-Torr) gas. The peak intensity of the laser at
the center of the beam was �5.2 3 1014 W cm22. At
these laser intensities Ne is approximately 2% ionized,
whereas He is 0.2% ionized. The �10% amplitude,
0.5-mm-period modulation of the 150-mm inner-
diameter hollow waveguide enhances phase-matched
frequency conversion from the fundamental into high
harmonics at higher photon energies than is possible
using a simple, constant-diameter waveguide.

The pinhole pairs used for the coherence measure-
ments were placed �60 cm after the exit of the wave-
guide, where the EUV beam was �1.5-mm diameter.
This beam size is consistent with a small source diame-
ter of 15 17 mm and is also consistent with our theo-
retical estimation of a beam divergence of �1.4 mrad.
Given the known laser intensity within the waveguide,
the waveguide transmission, and the cutoff rule for
HHG,7,8 the laser intensity is below threshold for
© 2004 Optical Society of America
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generating harmonics at 13 nm for radii .17 mm.
The interference pattern was then recorded with an
EUV CCD camera (Andor, Inc., 13.5-mm pixel size),
placed �3 m after the pinholes. At this distance the
EUV beam diameter was �1 cm. Two 0.2-mm-thick
zirconium filters in the beam path were used to
eliminate the remaining 800-nm residual laser light.

To determine the spatial coherence of the EUV
beams generated in the modulated hollow-core wave-
guide, we measure the visibility of the central fringes
of the interference pattern.3,9 Because of the low
divergence of the short-wavelength EUV beams from
each pinhole, and the subsequent further separation
of the Airy patterns as a result of the EUV beam
wave-front tilt at the pinholes, even for very small
(,20-mm) pinhole sizes the Airy patterns overlap
in only a limited region to produce fringes. This,
together with the relatively large bandwidth of the
EUV beams, implies that only the intensity of the
central fringes of the EUV interference pattern can
be used to calculate the fringe visibility. The finite
overlap region for fringe visibility measurements
as a result of the diverging wave front of the EUV
beam also limits the largest pinhole separation at
which we can observe fringes to 60% of the beam
diameter. Moreover, any EUV beam instability will
phase and amplitude modulate the EUV light at the
pinholes, reducing the fringe visibility measured in an
integrated experiment. We note, however, that these
are measurement limitations and should not prevent
the use of this source for metrology and imaging.

Figure 1 shows typical images and intensity profile
lineouts of interference patterns obtained for different
pinhole sizes and separations, for an EUV beam gen-
erated by a 0.5-mm-period modulated waveguide f illed
with He at 110 Torr. Figures 1(a) and 1(b) correspond
to fringe patterns obtained with 50-mm-diameter pin-
holes, placed 150 and 250 mm apart, respectively, with
acquisition times of 240 s (4.8 3 105 laser pulses).
Figures 1(c) and 1(d) correspond to fringe patterns
obtained with 20-mm-diameter pinholes, placed 300
and 450 mm apart, respectively, with acquisition
times of 1800 s (3.6 3 106 laser pulses). The excellent
fringe contrast obtained even for the long-duration
measurements shows that the spatial coherence of
this EUV light source is highly stable over extended
times. The long exposure times are required be-
cause of the high level of attenuation of the EUV
beam by the pinholes, which transmit ,0.08% of the
EUV beam.

These symmetric pinhole measurements compare
the spatial coherence of parts of the beam that are
equidistant from the center. A question remains if
there could exist random phase variations between
portions of the beam at different annuli. However,
this is highly unlikely for many reasons. First, modal
averaging and guiding of the laser beam propagating
in the fiber ensure good phase uniformity for both
the laser and the EUV beams. Second, both far- and
near-field EUV beam profiles exhibit Gaussian-like
propagation, demonstrating that the EUV beam has
a smooth and spherical wave front. Coupled with
the pinhole measurements, these facts indicate good
spatial coherence over the entire EUV beam. Third,
in previous measurements at 30 nm not only were
pinhole measurements performed but also they demon-
strated Gabor holography that would not be possible
if the f iber introduced random phase variations in
the EUV beam at different radii.3 Finally, waveform
characterization techniques10,11 that are possible at
longer wavelengths where the EUV f lux is higher did
not observe any random phase variations. However,
f lux limitations currently limit such techniques to the
center 60% of the EUV beam even at these longer
wavelengths.

Figure 2 shows the fringe visibility as a function of
pinhole separation for EUV light generated with modu-
lated waveguides filled with both He and Ne. Even for
the most separated pinhole pairs, the fringe visibility is
0.9 or greater. Approximately 50% of the EUV beam
energy is contained within the beam diameter repre-
sented by the largest separation. The slightly less
than optimal fringe visibility obtained for the higher
pinhole separation can be attributed to two main
factors: f irst, the long integration time required to
acquire the image because of the lower HHG f lux
at short wavelengths, and, second, the relatively low
signal-to-noise ratio in the fringes as a result of the
low overlap of the Airy disks (due to the diverging
HHG wave front). The long integration times result
in errors such as those introduced by any variation in
the laser (and hence EUV) beam pointing. This will
affect the relative intensity and the initial phase of
the EUV light from each pinhole, reducing the fringe
visibility for images with a long acquisition time.

Fig. 1. Typical images (top) and intensity profiles (bot-
tom) of the interference patterns from modulated wave-
guides filled with He at 150 Torr: (a), (b) 50-mm pinholes
placed 150 and 250 mm apart, with acquisition times
of 240 s; (c), (d) 20-mm-diameter pinholes, placed 300
and 450 mm apart, with acquisition times of 1800 s.
The pinholes are centered on the EUV to ensure equal
illumination.
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Fig. 2. Fringe visibility as a function of pinhole separation
for EUV light generated with modulated waveguides filled
with He and Ne.

Fig. 3. Spectral envelopes of the EUV light obtained by
the far-f ield interferogram Fourier-transform method for
He- and Ne-filled waveguides. For He the spectrum spans
harmonic orders 49–69, and for Ne the spectrum includes
harmonic orders 41–59.

Figure 3 shows the result of applying the far-field
interferogram Fourier-transform method12 to the
interferogram obtained with two 20-mm slits 400 mm
apart. For this measurement slits were used instead
of pinholes to increase the total transmitted light. For
our conditions this method produces an approximate
spectrum of the EUV light, because the diverging
EUV beam introduces a wave-front tilt and also
because the f inite size of the slits limits the resolving
power. Therefore, this approach gives an accurate
central wavelength but overestimates the fractional
bandwidth (for slits of width d and separation s, the
resolving power is given by 0.8 d�s). From these
data the spectrum of the light generated in He is
centered at 13 nm and has a fractional bandwidth of
�0.15. By use of Ne, the EUV light is centered at
17 nm, with a fractional bandwidth of �0.3. Both
spectra contain approximately ten harmonic orders.
We note that the relatively large bandwidth of the
radiation, together with the long acquisition times,
makes measurement of 100% fringe contrast diff icult
even for the case of the smallest pinhole-separation
interference pattern. Each image shown in Fig. 1
is a superposition of the interference patterns of all
ten harmonic orders generated in the waveguide, so
only the central fringe of each of the ten interference
patterns will be perfectly superimposed.

In summary, we have measured very high spatial
coherence of EUV radiation in the wavelength range
11–19 nm generated in modulated hollow waveguides.
We have experimentally demonstrated that the EUV
light generated with this waveguide geometry is co-
herent across most of the EUV beam for long (.6-cm)
interaction lengths. To our knowledge, this is the
highest spatial coherence ever obtained directly from
a light source without spatial f iltering at such short
wavelengths. Furthermore, the high fringe visibility
observed even for images with long acquisition time
demonstrates the intrinsic stability and usefulness of
the QPM HHG source.
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