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Bright High-Order Harmonic Generation From Long
Gas Jets Toward Coherent Soft X-Ray Applications

H. T. Kim, I. J. Kim, V. Tosa, C. M. Kim, J. J. Park, Y. S. Lee, A. Bartnik, H. Fiedorowicz, and C. H. Nam

Abstract—We have performed the optimization of high-order
harmonic brightness from long gas jets by using self-guided and
chirped femtosecond laser pulses and analyzed their coherence
properties. The characteristics of laser pulse propagation were
analyzed both in theory and in experiments to understand the
self-guiding process of laser pulses and chirp compensation
mechanism. Highly efficient harmonic generation with low beam
divergence and narrow bandwidth was achieved by applying these
two techniques to the long gas jets. The coherence properties
of the bright harmonics were examined using double-pinhole
interference and spectral interference.

Index Terms—Extreme ultraviolet (EUV) interferometry, fem-
tosecond laser, high-order harmonics, optical field ionization.

I. INTRODUCTION

H IGH-ORDER harmonics are generated in the extreme ul-
traviolet (EUV)/soft X-ray region by an interaction of

atoms with an intense femtosecond laser field. High-order har-
monics have attracted much attention due to their unique proper-
ties such as excellent coherence [1], [2], wavelength tunability
[3], [25] ultrashort duration [4], and tabletop scale. Rapid ad-
vances in the development of intense femtosecond lasers have
prompted equally rapid progress in high-order harmonic genera-
tion research. Intense femtosecond laser pulses have been used
to generate high-order harmonics in the water window region
[5], which is important for biological applications. Experimen-
tally achieved harmonic generation efficiencies have reached
the limit set by the gas absorption [6]. In addition, absolute
phase-locked laser pulses have opened a way to generate a single
burst of attosecond EUV pulse from high-order harmonics [7].
Thus, over the past decade, high-order harmonic generation has
been one of the most intensively pursued subjects in the area of
high-field physics.

A significant enhancement of harmonic brightness is needed
to facilitate practical applications. Constant et al. [8] reported
on the concept of absorption-limited harmonic generation
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within the framework of static and one-dimensional (1-D)
phase matching. Recent efforts in this area have extended
such studies to include optimal phase-matching conditions in
time and three-dimensional (3-D) space for obtaining higher
efficiency. Kazamias et al. [9] reported a time-dependent
phase-matching analysis, wherein the maximum atomic re-
sponse is made to occur at the time of good phase matching.
In spatial domain, self-guided laser pulses produce bright har-
monics due to the reduction of plasma defocusing effects and
accomplishment of uniform phase matching of harmonics in
the radial and axial directions [10]–[12]. The coherent control
of high-order harmonic generation using chirped laser pulses
[13], [14] was also applied to control the spectral structure of
harmonics. By this technique, the spectral bandwidth of the
harmonics can be tailored to suit specific applications such as
the one requiring a narrow spectrum for interferometry or a
quasi-continuous spectrum for EUV absorption spectroscopy.
Applications of high-order harmonics, such as interferometry
and holography, demand a high degree of coherence of the har-
monics in addition to the high brightness. We have previously
reported spatial-coherence measurements for harmonics from
Ar by using double-pinhole interference, which showed almost
perfect coherence over nearly entire harmonic beam cross
section [2]. This result has opened the way to apply harmonics
to point-diffraction interferometry and EUV metrology. In the
temporal domain, Salieres et al. [15] demonstrated spectral
interferometry with high-order harmonics. Their results showed
that two phase-locked harmonic sources, delayed in time, can
be generated by using two temporally separated laser pulses.
Therefore, the harmonics are becoming very useful coherent
EUV/soft X-ray sources.

In this paper, we have demonstrated bright harmonic gen-
eration from long gas jets using self-guided and chirped laser
pulses. The long gas jet was selected for bright harmonic gener-
ation due to the simplicity in target alignment and the capability
of coupling large laser energy into a large interaction volume. To
utilize this long and dense medium for bright harmonic genera-
tion, the evolution of laser pulses in the ionizing medium should
be understood in both the space and time domains. For a proper
understanding of self-guiding and laser chirp control, we have
analyzed, both experimentally and theoretically, the propaga-
tion characteristics of laser pulses in an ionizing medium and
obtained the conditions for self-guided propagation and laser
chirp control. With self-guided negatively chirped laser pulses,
a bright 61st harmonic at 13 nm was generated with low beam
divergence of 0.5 mrad and a narrow bandwidth of 0.07 nm. We
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have summarized the conditions for bright harmonic generation
from a long jet of noble gases. For the certification of coher-
ence, we performed two kinds of interference experiments with
high-order harmonics: double-pinhole interference and spectral
interference.

This paper is organized as follows. The analysis on laser
propagation in ionizing medium is described in Section II
and results of bright harmonic generation are presented in
Section III. The interference experiments with high-order
harmonics are described in Section IV. The summary is given
in Section V.

II. LASER PROPAGATION IN AN IONIZING GAS MEDIUM

Spatial and temporal characteristics of a laser pulse propa-
gating through an ionizing gas medium can be affected by the
refractive index modulation that may vary in time and space. In
space domain, a Gaussian beam (or any peaked laser beam) pro-
duces a higher electron concentration in its central part than in
the outer region, which results in the defocusing of the laser field
[16]. On the other hand, the refractive index modulation induced
by a variation of electron density in time induces the self-phase
modulation (SPM) of the laser pulse [17]. Since these two ef-
fects can substantially modify the pulse characteristics, control
of the ionization effects is an important issue in the investiga-
tion of the interactions between atoms and intense femtosecond
laser pulses, such as high-order harmonics, self-channeling in
air, and laser-assisted particle acceleration.

To investigate the laser pulse propagation in an ionizing
medium, we performed 3-D simulations of laser pulse prop-
agation [10]. In an ionizing medium, the pulse propagation
is affected by diffraction, refraction, nonlinear self-focusing,
ionization, and plasma defocusing. The pulse evolutions in
such media are described by the wave equation which can be
written as

(1)

where is the transverse electric field of the laser with
frequency . Since radial symmetry is assumed, cylindrical
coordinates are used throughout the simulation. The effective
refractive index of the medium can be written as

. The first linear term
accounts for the refraction and absorption

, while the second term describes a process depending
on laser intensity , which is well known as the optical Kerr
effect. Finally, the third term reflects the generated electron
effects on laser pulse propagation, which contains the plasma
frequency and accounts for the presence
of a density of electrons per unit volume. and are
mass and charge of electron, respectively.

The spatial and temporal changes of the laser profile during
propagation were carried out for the case of a negatively chirped
42-fs pulse with 5-mJ energy. The gas medium was a 9-mm Ne
gas jet with a density of 1.4 10 cm . The reason for using
a negatively chirped pulse is to control the SPM effect and will
be discussed later in detail. Truncated Gaussian pulses, which

Fig. 1. Evolution of the laser beam profile in an ionizing medium calculated
by 3-D simulation. L is the propagation distance measured from the entrance
plane of a 9-mm gas jet. Gas jet positions are: (a) z = 0 and (b) z = �18 mm.

were focused with a power of , were used in the calculation
to closely follow actual experimental conditions. The gas jet
position is defined as , when the center of the gas jet is posi-
tioned at the laser focus. Fig. 1 shows the evolution of laser beam
profiles at the time of pulse peak along the laser propagation at the
two gas jet positions of and mm. The negative
sign means that the gas jet is located before the laser focus. At

[Fig. 1(a)], the laser beam spreads quickly due to plasma
defocusing. After the propagation, the laser intensity decreases to
3 10 W/cm , while the initial intensity is more than 1 10
W/cm . However, when the gas medium is placed 18 mm before
the laser focus, the laser beam forms a flattened profile while
keeping similar peak intensity with the initial laser pulse.

The profile flattening and guiding of the laser pulse, when
the gas jet is placed before the laser focus, arises due to the bal-
ance between plasma defocusing and the convergence of the fo-
cused laser beam. When the gas jet is positioned before the laser
focus, the central part of laser beam is refracted outward by the
electron density gradient, while the less affected outer part con-
tinues to converge. This behavior of the laser pulse in the ion-
izing medium creates the flattened profile. After the formation
of the flattened profile, the electron density is also flattened in
the same region but rapidly drops at the boundary. This rapid
change of the electron density results in a sharp refractive index
change at the boundary and, thereby, a wave-guide is created.
Therefore, the profile flattening and self-guiding of laser pulses
can be achieved by choosing a proper gas jet position [12].
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Fig. 2. (a) Visible images of Ne plasma obtained at two gas jet positions z = 0

and �18 mm. Laser beam profiles at the entrance (left) and exit (right) of the
gas jet for the cases of (b) z = 0, and (c) z = �18 mm.

To experimentally confirm the self-guided propagation and
profile flattening of laser pulses, we captured visible plasma im-
ages along the propagation direction and radial profiles of the
laser beam at the exit of the medium using charge-coupled de-
vice (CCD) detectors. The experiments were performed using
chirped femtosecond laser pulses from a chirped pulse amplifi-
cation (CPA) Ti:sapphire laser operating at 10-Hz repetition rate
[18]. The visible plasma images were captured from a transverse
direction and the laser beam profile at the end of medium was
obtained by imaging it on a CCD. The same conditions as those
for the 3-D calculations were used in the experiments. The vis-
ible plasma image changed drastically with gas jet positions.
At the gas jet position of [Fig. 2(a)], the plasma image
was bright only for the first 2-mm section of the medium. It
is in good agreement with the 3-D calculation which showed
the rapid decrease of laser intensity in the first 2 mm due to
plasma defocusing. As the gas jet position moved away from
the laser focus, the bright part of plasma image was extended
and a nearly uniform plasma image over the entire gas jet was
formed at mm. This also matched the 3-D calcula-
tion result very well, which shows that self-guiding occurs for

mm, as shown in Fig. 1(b).

The laser beam profile at the end of the medium can be direct
evidence of the profile flattening. Fig. 1(b) and (c) shows the
laser profiles at the gas jet positions and mm.
At , the laser profile was severely distorted and weakened
after the propagation. On the other hand, at mm, the
laser beam formed a flattened profile with a radius of 60 m,
which closely matched the 3-D calculation. It is thus clear that
a proper selection of the gas jet position is critical for the profile
flattening and self-guiding of laser pulses.

Next, we analyzed the SPM effects on pulse propagation by
a time-frequency analysis using the spectrogram method [19],
[20]. A distribution function in the time-frequency domain is
a powerful tool to analyze an electric field with a time-depen-
dent frequency distribution, which cannot be revealed by an or-
dinary Fourier transform method. The temporal evolution of a
laser field on axis was calculated by 3-D simulation with same
parameters as used in Fig. 1(b). Fig. 3 shows the change of
laser chirp structure during the pulse propagation. The solid cir-
cles show the contour of the Wigner distribution function and
the dotted lines indicate the mean frequency at a given time. It
clearly shows the temporal modification of laser chirp structure
caused by SPM. After 1-mm propagation, the initial negative
chirp was modified by the SPM and laser pulses became nearly
chirp-free in the leading edge. This positive chirp in the leading
edge of the laser pulse increased with the propagation length and
it overcame the initial negative chirp after 4-mm propagation.

We applied negatively chirped pulses to control the effect of
SPM in the leading edge. Since the high-order harmonics are
generated coherently by a driving field, this frequency modula-
tion of laser pulse directly affects the spectral structure of the
harmonics. To generate sharp and bright harmonics, the initial
chirp of laser pulses can be chosen to compensate for SPM-in-
duced laser chirp at the instant of harmonic generation. In the
case of chirp-free or positively chirped laser pulse, SPM-in-
duced positive chirp in the leading edge of the laser pulse can
be severe enough to broaden the generated harmonic spectrum
as the phase-matched harmonics are mainly generated in the
leading edge. When we use negatively chirped pulses, the in-
duced positive chirp in the leading edge can be reduced and
matched with dynamically induced negative chirp of harmonics,
which results in generating sharp and bright harmonics.

In this section, we have discussed techniques to control
the spatial and temporal profiles of intense femtosecond laser
pulses; one is the profile flattening and self-guiding of a laser
pulse achieved by properly selecting a gas jet position, and the
other is the control of SPM effects by using an appropriately
chirped laser pulse. These two techniques can be simultane-
ously applied for the generation of bright high-order harmonics,
which should, in turn, lead to the spatiotemporal control of
high-order harmonic generation.

III. BRIGHT HIGH-ORDER HARMONIC GENERATION BY

TAILORING A LASER PULSE

High-order harmonic generation is intrinsically related to the
ionization of gas medium because it accompanies an ioniza-
tion process in an intense laser field. In the case of a long and
high-density medium, the modification of the spatiotemporal



1332 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 10, NO. 6, NOVEMBER/DECEMBER 2004

Fig. 3. Spectrograms of a propagating laser pulse through a 9-mm Ne medium with propagation length of (a) L = 0, (b) L = 1 mm, (c) L = 4 mm, and (d)
L = 9 mm.

structure of the laser pulse itself by the ionizing medium should
be taken into account since it is closely linked with the harmonic
efficiency and spectral structure. In this section, we describe the
generation of bright harmonics with narrow spectral bandwidth
using profile-flattened and chirp-controlled femtosecond laser
pulses interacting with a long gas jet.

We have investigated high-order harmonic generation using a
9-mm long Ne gas jet in the wavelength region of 10.0–18.0 nm.
The harmonics were detected by a flat-field EUV spectrometer
equipped with a back-illuminated X-ray CCD [21] and the scat-
tered laser light was blocked by two 200-nm Zr filters. Fig. 4(a)
shows the harmonic spectra obtained at several gas jet positions
with negatively chirped 42-fs laser pulses. The harmonic spectra
showed a strong dependence on the gas jet position, which is
directly linked to the drastic change of laser propagation char-
acteristics with gas jet position. At the gas jet positions
and mm, the harmonics in the 13-nm region were much
weaker than in other cases, because the plasma defocusing se-
verely decreased the effective interaction volume for harmonic
generation. As the gas jet position was shifted away from laser
focus, the harmonic signal greatly increased and was maximum
at mm, where the self-guiding and profile flattening
occurred as shown in Fig. 2.

The 61st harmonic, at the wavelength of 13.4 nm, was the
strongest harmonic at mm. While the higher orders
were diminished as they were in the cutoff region, the lower
orders were weak due to strong gas absorption. Since the
medium length with this gas density corresponds to six times
the absorption length in Ne, the generated harmonics are limited

mainly by the absorption in Ne. At this optimum condition,
the 61st harmonic was strong enough to saturate the X-ray
CCD with one laser shot of 5 mJ. We performed the energy
calibration of the 61st harmonic by inserting an EUV silicon
photo diode (International Radiation Detectors AXUV-100) at
the same place as the X-ray CCD. The energy of the optimized
61st harmonic was estimated to be 0.4 nJ by assuming nominal
values for the diffraction efficiency of the grazing incidence
flat-field grating, reflectance of toroidal mirror, transmission
of Zr filter, and quantum efficiency of EUV silicon diode.
This is a very conservative value because the oxidation and
contamination of optics in spectrometer and silicon detector
with time were not taken into account.

A good phase matching between generated harmonics and a
driving laser pulse can be achieved by setting up the self-guided
and profile-flattened laser pulses. Once the profile flattening
and self-guiding of laser pulses is established, the geometric
phase and the atomic phase do not contribute appreciably to the
phase matching conditions due to the collimated propagation
and uniform intensity distribution of the laser pulses. In this
case, the dispersion by neutral atoms and free electrons mainly
determines the phase matching conditions. Just considering the
dispersion, the 61st harmonic from neon atoms satisfies the
phase matching conditions at the ionization level of about 1%.
In the 3-D simulation, we observed that this ionization level
occurred at the leading edge of the laser pulse after the profile
flattening was developed. The profile flattened and self-guided
laser pulses provide uniform phase-matching conditions over
a large cross section by overcoming the problems associated
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Fig. 4. (a) Harmonic spectra at different gas jet positions. First two spectra
are multiplied by 10. “Hn” denotes nth order harmonic. (b) Divergence (solid
circles) and brightness (solid square) of 61st harmonic.

with the variation of phase-matching conditions along the
radial direction [10]. Therefore, the self-guiding and profile
flattening provided an ideal condition for well phase-matched
strong harmonic generation in a large volume.

We measured the divergence of the harmonics by installing a
cylindrical mirror instead of the toroidal mirror in the flat-field
EUV spectrometer. The solid circles in Fig. 4(b) show the di-
vergence of the 61st harmonic at the gas jet positions around

mm. The lowest divergence of the 61st harmonic was
0.5 mrad at mm, due to the realization of the flat-
tened laser profile that allows a large harmonic generation cross
section. Since the 61st harmonic had its maximum efficiency
and minimum divergence at mm, the brightness of
the 61st harmonic was greatly increased, as shown by the solid
squares in Fig. 4(b). The harmonic brightness here is defined as
the power of a harmonic per unit area per unit solid angle sub-
tended at the source. We estimated the harmonic pulse duration
of 8 fs from the spectral width and the source radius of 70 m.
At mm, the brightness of the 61st harmonic was
estimated to be over 1 10 W/cm /srad (also a conservative
value). Thus, we have accomplished bright high-order harmonic
generation by exploiting the profile-flattened and self-guided
laser pulses interacting with the long gas jet medium.

A further analysis on the spectral structure of high-order har-
monics was performed by controlling the initial laser chirp. It

Fig. 5. Harmonic spectra from Ne driven by femtosecond laser pulses with
different laser chirp at the gas jet pisition of z = �18 mm. Sign of the pulse
duration refers to the sign of applied laser chirp.

is well known that high-order harmonics can have dynamically
induced negative chirp, which originates from the temporal
variation of the harmonic phase that is dependent on laser
intensity. In addition, the laser pulses can acquire a positive
chirp in the leading edge due to SPM in an ionizing medium,
as discussed in Section II. Since high-order harmonics are
coherently generated through the interaction of atoms with
the laser pulse, the laser chirp induced by SPM is transferred
to the harmonic chirp. When the harmonics are mainly gen-
erated in the leading edge, two different harmonic chirps, i.e.,
dynamically induced negative chirp and SPM-induced posi-
tive chirp, can compete and affect the spectral structure of
high-order harmonics. Since chirped laser pulses can either
compensate or enhance the harmonic chirp, the spectral struc-
ture of harmonics can be controlled by applying appropriately
chirped laser pulses.

Fig. 5 shows the chirp dependence of harmonic spectra for
the Ne gas jet placed at mm. Even though the har-
monic generation was maximized at this gas jet position, the
harmonic spectrum can be broadened due to the chirp of the har-
monics. The laser chirp was controlled by changing the grating
separation in the pulse compressor while keeping the laser en-
ergy fixed. The negative chirp of the 42-fs pulse generated the
sharpest and brightest harmonics due to the realization of chirp
compensation. As seen in Fig. 3, the negatively chirped 42-fs
pulse was transformed into a positive chirp in the leading edge
of the laser pulse during the propagation through the ionizing
9-mm Ne medium. Since phase-matched harmonics were gen-
erated mainly in the leading edge, this positive chirp provided
a suitable condition for compensating the dynamically induced
negative harmonic chirp, resulting in the generation of sharp and
bright high-order harmonics. With the negatively chirped 42-fs
pulse, the bandwidth of the 61st harmonic was obtained to be
0.07 nm and the spectral brightness was enhanced four times
over that obtained from a chirp-free 27-fs pulse. On the other
hand, the positively chirped 41-fs pulse, which enhanced the
harmonic chirp, produced a quasi-continuous harmonic spec-
trum. The quasi-continuous harmonics can be useful for such
applications as the ultrafast X-ray absorption spectroscopy that
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Fig. 6. Spectral brightness of 61st harmonic with respect to gas jet position
and laser chirp.

requires broadband X-rays in a femtosecond duration. This laser
chirp control is quite simple in a CPA laser and, thus, will be a
valuable technique to control the spectral structure of harmonics
depending on the applications.

The laser propagation, especially for profile flattening and
self-guiding, did not depend sensitively on the laser chirp. We
examined the spatial profile changes with respect to the laser
chirp sign by 3-D simulation. In the simulation, the sign of the
chirp did not influence the profile flattening because the ioniza-
tion level created by pulses with different chirp, but with same
field intensity, is essentially the same. In the case of a chirp-free
27-fs pulse, the self-guiding and profile flattening was observed
at a slightly different laser intensity and the radius of the wave-
guiding region was also slightly changed. With 27-fs pulses, the
laser intensity and radius in the flattened area were increased by
11% and 13%, respectively, compared to those for 42-fs pulses.
The difference in the harmonic spectra between the cases of
the positively chirped 41-fs and negatively chirped 42-fs pulses
occurs mainly due to the different amounts of harmonic chirp.
Therefore, the spectral structure of harmonics can be controlled
by using chirped laser pulses without disturbing the self-guided
propagation much.

Since the high-order harmonic generation can be controlled
by adjusting the gas jet position and laser chirp, an optimized
condition of harmonic generation can be found by varying
the gas jet position and laser chirp. Fig. 6 shows the spectral
brightness of the 61st harmonic with respect to gas jet position
and laser chirp. It clearly shows that the maximum spectral
brightness of the 61st harmonic with the gas jet position occurs
at about mm and for a negatively chirped 42-fs
laser pulse. Thus, the optimization of harmonic brightness in
the space and time domains was achieved by appropriately
selecting the gas jet position and laser chirp.

We extended bright harmonic generation using different
noble gases. Fig. 7 shows the relative harmonic yield from
thee different species, i.e., He, Ne, and Ar, with respect to

Fig. 7. Relative harmonic yield with respect to harmonic order from three
cases. Solid squares are for harmonics from a 9-mm Ne gas jet and solid circles
from a 6-mm Ar gas jet at the self-guiding conditions. Diamonds indicate
harmonics from He driven by a two color field.

harmonic order. The squares show the harmonic yield from
a 9-mm Ne gas jet obtained using the self-guiding and laser
chirp control techniques. The circles in Fig. 7 show the opti-
mized harmonics from a 6-mm Ar gas jet [10] by selecting a
proper gas jet position, which also resulted in a self-guided
laser propagation. The harmonics are optimized at the gas jet
position of mm and the energy of the optimized 29th
harmonic was about 4 nJ with a single laser shot of 5 mJ. The
diamonds represent harmonics from a 6-mm He gas jet driven
by the two-color laser field comprising of an 820-nm laser field
and its second harmonic [22]. Harmonics from He are normally
weaker than those from Ne due to the smaller atomic response
of He. However, we obtained bright harmonic generation from
He using the simple method of inserting a second harmonic
crystal between a focusing mirror and an He gas jet. In this case,
we selected a gas jet position mm for proper laser
propagation. The efficiency of conversion to second harmonic
was over 18%, which created an intense second harmonic field
for the interaction. In the experiment, bright harmonics were
generated at every fourth order from the 30th harmonic and
the brightest harmonic was the 38th. The energy of the 38th
harmonic exceeded 2 nJ with 2-mJ fundamental laser pulse
and its second harmonic. Consequently, we produced bright
harmonics from He, Ne, and Ar that covered the wavelength
region from 30 to 13 nm.

IV. INTERFEROMETRY WITH HIGH-ORDER HARMONICS

Since high-order harmonics are generated by the coherent
interactions between atoms and a laser field, the coherence
property of the laser field can be inherited by the harmonics. We
performed interferometry experiments with a spatially divided
pair of harmonic beams and with two temporally separated
harmonic pulses. Previously, we reported the measurement
of spatial coherence of harmonics from Ar using a double-
pinhole interference [2]. A perfect coherence was observed
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Fig. 8. Double-pinhole interferogram of bright harmonics from a 9-mm Ne gas jet with 60-�m pinhole separation: (a) fringe pattern and (b) horizontal intensity
profile of the interferogram.

in most of the beam cross sections with harmonics from
Ar that were controlled to have a narrow spectral width.
The spatial coherence of harmonics from a 9-mm Ne gas jet was
also examined by observing the double-pinhole interference.
In addition, we examined the spectral interference by two
temporally separated harmonic pulses from a 6-mm Ar gas
jet. The spectral interference between two high-order harmonic
pulses was obtained using temporally phase-locked harmonic
sources generated from two intense laser pulses with a time
delay [15]. These two types of interference measurements
demonstrate that the harmonics are phase locked in time and
space.

At first, the spatial coherence of bright harmonics from 9-mm
Ne gas jet was investigated with double-pinhole interference.
The harmonics were generated by using negatively chirped
48-fs laser pulses at the optimized conditions for the 61st har-
monic as indicated in Fig. 6. A thick Al foil (18- m thickness)
with two pinholes was placed 25 cm after the gas medium.
Each pinhole had a 10- m diameter, and the separation between
them was 60 m. The harmonic beam size was about 100 m
on the double-pinhole plate. Fig. 8 shows the interference
pattern recorded on an X-ray CCD located 80 cm from the
double-pinhole plate and its horizontal intensity profile. The
fringe visibility was 0.7 at the center of interference pattern.
Even though the bright harmonics from a 9-mm Ne gas jet did
not exhibit full spatial coherence due to the broad spectrum
from 12 to 20 nm, it still had a quite good coherence. With
two pinholes with 100- m separation, we observed a fringe
visibility of 0.5. Thus, the bright harmonics from the 9-mm Ne
gas jet possessed a good spatial coherence.

Next, we obtained the spectral interference between
high-order harmonics driven by two temporally separated
laser pulses. We performed the experiment using a 6-mm Ar
gas jet and two identical chirp-free 25-fs laser pulses of 1-mJ
energy. The peak gas density was about 60 torr. The temporally

separated pair of laser pulses was prepared using a Michelson
interferometer setup and the time delay between the pulses was
controlled by a piezoelectric translator. When the gas jet was
placed 10 mm before the laser focus, the harmonics were bright
enough to measure the spectral interference with a single laser
shot. Fig. 9 shows the spectral interference of the harmonics
from the 21st to the 27th generated by the two laser pulses
with 52-fs time delay. The spectral interference was clearly
observed and the fringe visibility was about 0.7 for the 23rd
harmonic. A previous result, reported by Salieres et al. [15],
showed a similar visibility for the 15th harmonic, but very low
visibility for the 23rd harmonic. Our results show that the two
temporally separated laser pulses can generate two temporally
phase-locked harmonics up to the 27th order.

In addition, we observed spectral interference even though
the two laser pulses were significantly overlapped in time.
The spectral interference patterns of the 23rd harmonic with
time delays of 52-fs (dotted line) and 23-fs (solid line) are
shown in Fig. 10(a). One interesting result was that the fringe
pattern was observed with the time delay shorter than the pulse
duration. Usually, temporally overlapped pulses cannot form
the spectral interference. However, an intensity dip in the middle
of the two laser pulses, which is created by the destructive
interference between two temporally overlapped pulses, can
generate an interference pattern due to the nonlinearity of
harmonic generation. We performed strong field approximation
(SFA) simulations [23], combined with a coherent sum method
[24], to obtain the spectral interference of harmonics in the
case of overlapped laser pulses. The solid line in Fig. 10(b)
shows the clear interference pattern with 23.2-fs time delay,
which induces a destructive interference in the middle of the
two laser pulses. However, with a slightly longer time delay
of 24.5 fs, the fringe pattern disappears due to a constructive
interference of the two pulses in the overlapped part. This result
shows that we can generate temporally phase-locked harmonic
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Fig. 9. Spectral interference of harmonics from a 6-mm Ar gas jet driven by two laser pulses with 52-fs time delay: (a) 21st, (b) 23rd, (c) 25th, and (d) 27th
harmonics.

pulses with a time delay shorter than the pulse duration of
the driving laser field by selecting the proper phase relation
between two laser fields.

In this section, we have presented the details of two kinds of
interference properties of harmonics: one was double-pinhole
interference for the investigation of spatial coherence, and the
other was the spectral interference formed by a pair of tempo-
rally phase-locked harmonic pulses. Since the coherence prop-
erties of harmonics are important for applications to EUV in-
terferometry, holography, plasma diagnostics, and metrology,
the investigation of the coherence properties of harmonics will
be valuable for future applications of harmonic EUV/soft X-ray
sources.

V. CONCLUSION

We have presented methods to generate bright harmonics
from long gas jets in a wide spectral range. First, we investi-
gated the profile flattening and self-guiding conditions, which
are essential to generate bright harmonics from a long and
high-density medium. For the cases of Ar and Ne, we enhanced

the harmonic generation efficiency by using profile-flattened
and self-guided laser pulses. By the combination of self-guiding
and laser chirp control, we generated bright 61st harmonic at
13 nm from a 9-mm Ne gas jet with narrow spectral band-
width. Since high-reflectivity Mo:Si mirrors are available at
this wavelength, this method can be applied for the harmonic
source development for EUV metrology. For He, we obtained
very strong harmonics from a 6-mm He gas jet in a two-color
laser field.

We then measured the interference patterns of harmonic
beams to examine the coherence properties of the bright har-
monics from long gas jets. We tested the spatial coherence
of harmonics from Ne using a double-pinhole interference.
It showed a good spatial coherence of harmonics in most of
the beam cross section. The spectral interference between a
temporally phase-locked pair of harmonic pulses was also
observed by using temporally separated laser pulses. These two
types of interferometry indicate that the high-order harmonics
can be applied to various spatial and temporal measurements
with good coherence. In brief, we have demonstrated methods
to generate bright high-order harmonics with good coherence
properties in space and time.
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Fig. 10. (a) Spectral interference of the 23rd harmonic driven by two laser
pulses of 52-fs (dotted line) and 23-fs (solid line) time delays. (d) Spectral
interference of 23rd harmonic calculated using a SFA model with two laser
pulses of 23.2-fs (dotted line) and 24.5-fs (solid line) time delays.
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