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We report the generation of extreme

ultraviolet

radiation with high photon flux

(10'°-10'% photon/cm? s), high spatial coherence (up to 0.95), and good spatial beam profile by
high-order harmonic generation in various noble gases (argon, neon, and helium) in a gas cell. The
photon flux was determined using an extreme ultraviolet spectrometer equipped with a
charge-coupled device camera and the spatial coherence was determined from Young double-slit
interference fringes. The high-order harmonic emission is confined to just a few orders because of
the small phase mismatch in the cut-off region that allows macroscopic phase matching to be
satisfied for just a few harmonics in this region. The efficiency and spatial beam profile are studied
as a function of gas pressure and geometrical configuration. © 2008 American Institute of Physics.

[DOL: 10.1063/1.2957058]

I. INTRODUCTION

Coherent extreme ultraviolet (XUV) radiation and soft
x-ray radiation are currently finding wide application in
physics, chemistry, biochemistry, and biology.l_4 Coherent
XUYV radiation can now be produced by high-order harmonic
generation (HHG) of highly energetic femtosecond laser
pulses in noble gases.s’6 Such a table-top setup can provide a
compact source of coherent emission extending down to the
water window ro;agion,7 between 2 and 5 nm, a region of great
interest for biological applications. High harmonic genera-
tion can also provide a source of attosecond pulses for study-
ing ultrafast phenomena.g’9 Such HHG sources will comple-
ment large installations such as x-ray free-electron lasers
currently under development. The unique properties of HHG
emission present opportunities for new applications in
atomic and molecular spectroscopies, condensed matter
physics, imaging on the nano-and subnanoscale, and plasma
physics. The brightness (which is related to the conversion
efficiency from the near-infrared laser light to XUV light),
the spatial and temporal coherence properties, the photon
energy, and the pulse repetition rate are important properties
of the source from the point of view of potential applications.
The main challenge for the field at this time is to improve
and control the properties of the source.

Significant enhancement in the efficiency of HHG has
been achieved by several groups through
quasi-phase-matching,10715 and the “absorption limit” for
which reabsorption limits the effective length of the
medium'' has now been reached. However, the conversion
efficiencies depend on the HHG configuration even within
the absorption limit, and the ultimate optimization conditions
are still far from being fully characterized. It has been shown
that the efficiency of the high-order harmonics near the cut-
off region can be enhanced, while that of the harmonics in
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the plateau region is reduced by using self-guided laser
beams,'® hollow Waveguides,13 or gas cells.'” The conversion
efficiency with phase matching was 4 X 107> using Xe gas13
where the phase matching was performed by balancing the
dispersions due to neutral atoms, free electrons, and focusing
geometry.

Not only the enhancement in the HHG efficiency but
also the beam profile and the spatial and temporal coherence
are important factors for investigating the generation process
and for its applications to, for example, coherent diffraction
imaging.lg’lg In principle the spatial and temporal coherence
properties of the incident laser are transferred to the gener-
ated HHG field. However, the nonlinear polarization induced
in the medium is a complex function of space and time, and
this can change the coherence of the harmonic beam gener-
ated by the high-order nonlinear processes. For many appli-
cations, such as coherent diffractive imaging,19 a monochro-
matic beam or a beam with a narrow and well-characterized
bandwidth is another important requirement of the XUV
source. A spectrometer is typically used to select the band-
width of the radiation; however, the transmission of spec-
trometers in the XUV region is very low. The generation of
just a few harmonics, especially a single harmonic, that can
be used directly without a spectrometer would be advanta-
geous for such applications.

In this paper we report high harmonic generation by a
freely propagating fundamental beam in a gas cell to obtain
the same benefits of homogeneous phase matching as in
hollow-core fibers."* We also show that a high efficiency,
high coherence, and good spatial beam profile can be
achieved for a small number of harmonics, e.g., from the
27th to the 33rd harmonic in argon, from the 51st to the 63rd
harmonic in neon, and from the 59th to the 81st harmonic in
helium.

Il. EXPERIMENT

The laser pulses required for HHG are generated by a 1
kHz multistage multipass chirped-pulse amplifier system,
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FIG. 1. (Color online) Schematic diagram of the experiment setup for gen-
eration and detection of XUV beam (a) for recording the spectrum and (b)
for recording the Young double-slit interference fringes [AP: variable aper-
ture; L: focusing lens; W: glass window; P1: entrance pinhole; P2: exit
pinhole; F: metal filter (200 wm Al or Zr foil); and YDS: Young double
slits].

which produces 5 mJ pulses with a duration of 30 fs centered
at 805 nm, beam diameter of 15 mm, and beam quality of
M?~1.6. The experimental arrangement for generation and
detection of the XUV radiation is shown in Fig. 1. The laser
pulses are focused by a 500 mm focal length lens into a 10
mm long gas cell with 150 um pinholes at the entrance and
exit, which are also used to isolate the vacuum chamber from
the gas-filled cell. The beam radius at the focus is about
50 um and the Rayleigh length is 10 mm. The effective
peak intensity at the focus is approximately 5
X 10'%-10'"> W/cm?. The experiments show that the diam-
eter of an aperture, which is placed in the path of the laser
beam before the focusing lens, has a remarkable influence on
the intensity and beam profile of the HHG signal.20 The in-
fluence of the size of the aperture is attributed to the effective
f-number, the spatial quality of the laser beam, and the peak
intensity in the focus area (truncation). The variation of the
aperture introduces phase variations in the laser wavefront
that can be used to minimize the mismatch between the laser
phase and the intrinsic phase of the harmonics.

We use different gases for this experiment because of
their different cut-off regions, and therefore different spec-
trum ranges can be generated. In the pressure range 10-50
Torr, the spatial profile of the transmitted fundamental beam
in the gas cell does not change significantly. Harmonics are
not generated when the gas cell is evacuated below
1072 Torr. The pressure in the vacuum chamber outside the
10 mm long gas cell is kept at <1 X 1073 Torr. The position
of the focus point relative to the entrance pinhole can be
varied. The high harmonics created on axis or close to the
optical axis pass through a 200 nm thick aluminum (Al) or
zirconium (Zr) filter, which removes the fundamental beam,
and then through a 0.2 mm wide, 20 mm high entrance slit of
the XUV spectrometer before being dispersed by a diffrac-
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FIG. 2. (Color online) (a) Spectra emitted from an argon gas cell at 25 Torr
for different distances between the focus point of the laser beam and the
entrance pinhole. (b) Intensity of the 29th harmonic plots vs distance be-
tween the focus point of the laser beam and the entrance pinhole of the gas
cell. Positive distance indicates that the focus position is in the gas cell.

tion grating at grazing incidence and detected by a back-
illuminated XUV charge-coupled device (CCD). To deter-
mine the range of HHG orders, a slit is placed at the exit
focal plane of the grating and the angle of the grating is
scanned. The spectrally resolved far-field profile of the har-
monics is detected along the height of the exit slit. A very
broad range of XUV wavelengths (2—-80 nm) with high spec-
tral resolution can be detected with a set of four different
gratings (150, 300, 600, and 1200 grooves/mm).

lll. RESULTS AND DISCUSSION

Typical XUV spectra emitted from an argon gas cell at
25 Torr for three different distances (2, 5, and 10 mm) be-
tween the focus point of the laser and the entrance pinhole of
the cell are shown in Fig. 2(a), where positive distance indi-
cates that the focus position is in the gas cell. Only a few
harmonic orders are detected, and no harmonics are observed
in the plateau region despite the intensity of the fundamental
laser beam being sufficiently high (5X 10™-10'5 W/cm?)
to produce harmonics in the plateau region.lo’17 It has been
shown that for harmonic generation in different length gas
cells, the conversion efficiency decreases rapidly with de-
creasing wavelength because of the phase-velocity
mismatch.'”?! The extent of the phase matching is sensitive
to the Gouy phase shift, the density of the gas medium, and
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the intensity of the laser pulses, and thus the intensities of the
harmonics depend on the focus position, the gas pressure,
and the intensity of the laser. Each harmonic is broadened
due to propagation effects.”” The blueshift of the harmonic
peaks, which increases slightly with increasing interaction
length, is caused by self-phase modulation in the leading
edge of the driving pulse and is also observed when a hollow
fiber is used.” The radial variation of the phase for different
quantum pathways”’24 leads to an effective selection of tra-
jectories where the path with the slowly varying phase sur-
vives longest during the propagation and provides a clearly
resolved spectrum of harmonics.

The difference of absorption coefficients for two har-
monics, the 27th (H27) (at ~29.5 nm) and the 31st (H31) (at
~25.8 nm), is lalrge,I7 but we still observe an enhancement
for both of these harmonics, which is dependent on the size
of the input beam and the position of the focus. In the pres-
sure range 25-50 Torr we do not observe a strong pressure
dependence in the intensity of H27 and H31 provided the
diameter of the fundamental beam is adjusted for maximum
intensity. This indicates that the absorption behaves quite
differently in the strong field regime and that it does not
influence the phase-matching process. For a long propaga-
tion length of HHG in the gas cell (at a distance 2 mm), the
influence of the absorption is reflected in the shift in the total
spectrum of high harmonic orders.

Figure 2(b) shows the intensity of H29 versus the posi-
tion of the focus. The size of the aperture is chosen for maxi-
mum intensity and good spatial beam profile of the HHG
radiation when the focus of the laser beam is positioned at
the center of the cell (5 mm). The wave vector k for a light
wave propagating in a gas medium can be written as'®

k=2m/\+27Nn(N)/N = N,r\,

where N, is the density of neutral atoms, n(\) is the linear
refractive index per unit neutral atom density, N, is the den-
sity of free electrons, and r, is the classical electron radius.
We note that the contribution from free electrons in the
plasma is negative, which allows the opportunity to reduce
the phase mismatch when the ratio of N,/N, is suitably cho-
sen by variation of the laser intensity. The harmonic genera-
tion is optimal and enhanced when the difference between
the phase velocities of the fundamental and harmonic beams
is minimized over the length of the medium. In general, the
phase mismatch is also dependent on the wavelengths of the
harmonics because the electron density that contributes to
the generation of certain harmonics is different.

In the case of propagation in a gas-filled cell, the Gouy
phase shift in the fundamental beam over the confocal length
can lead to destructive interference between the harmonics
created before and after the focus.” The propagation term
induced by the phase shift of the Gaussian fundamental field
is proportional to —g arctan(2z/b), where z is the propagation
distance (z=0 at the focus position), b is the Rayleigh length,
and ¢ is the harmonic number. The positive dispersion due to
the plasma and the negative dispersion due to the neutral
argon indicate that the strong enhancement can be attributed
to a macroscopic phase matching similar to that produced in
a hollow fiber."’ Self-guiding of the femtosecond pulses oc-
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curs as a result of beam convergence due to self-focusing and
beam divergence due to multiple photoionization. Variation
of the diameter of the input beam can be used to choose an
optimal intensity, which fixes the ionization level and the
Rayleigh length; thus, the quasi-plane-wave can be guided
over long distances.

The intensity dependence of the phase of the dipole mo-
ment has a strong influence on the propagation and can lead
to strong spatial distortion.'” The atomic dipole phase de-
pends on the intensity, which varies with propagation dis-
tance as I(z)=1,/(1+4z%/b*), where I is the peak intensity.
The total phase mismatch of the gth harmonic is Ak,
=(27w/c) Ny(qn,,—n,), where n,, and n,, are the refractive
indices of the harmonic wave and the fundamental wave,
respectively. The refractive indices (n,,, and n,) consist of a
linear part and a nonlinear part, which is also a function of
the peak laser intensity. The refractive index of neutral argon
is strongly intensity dependent because of the high nonlinear
refractive index n,. The extent of the phase matching de-
pends strongly on the position relative to the laser focus
because of the contribution of the intensity. The periodic
oscillation of the harmonic intensity with gas pressure and
interaction length is given by Iq(z)~N§t sin?(Ak z/2)/ Ak
This provides positive and negative energy transfer between
the fundamental wave and the harmonic wave® that depends
on the phase mismatch Ak. If the two wavelengths are phase
matched (Ak~0), the HHG intensity increases with the
length of the interaction medium. For a gas pressure of 25
Torr [Fig. 2(b)], the intensity of H29 first increases quadrati-
cally with the length, which is consistent with phase match-
ing, and then there is only a small variation. In the cut-off
region (harmonics H21-H31) the complex refractive index
(refraction and absorption) is large and strongly dependent
on wavelength, and the maximum intensity of H25 and H29
can be obtained at different positions of the focus as shown
in Fig. 2(a). The dependence of the linear and nonlinear re-
fractive indices and the absorption on wavelength lead to the
generation of only a few harmonics for certain conditions of
geometry and laser intensity. The number of harmonics is
low, but the conversion efficiency for each harmonic is much
higher than when using the gas jet configuration.

The coupling between the laser and HHG fields is lim-
ited to the axial direction, and the phase variation along the
optical axis can be small in the cut-off region when the varia-
tion of phase with laser intensity is small. The intrinsic phase
is much more stable for harmonics in the cut-off region than
for those in the plateau region, and phase matching can be
realized for harmonics near the cutoff.'” The harmonic spec-
tral distribution, especially the total band width, shows a
weak dependence on the interaction length and focus posi-
tion. The optimal gas pressure is 25-35 Torr in order to com-
pensate for the two significant phase shift mechanisms of
these harmonics.

In contrast to argon gas for which the variation of ab-
sorption in the wavelength range 25-30 nm is large, the
variation of absorption for helium gas in the wavelength
range 10-20 nm is relatively small. The number of generated
harmonics in the helium gas cell is larger (59th—-81st) and the
spectrum varies with the focus position [Fig. 3(a)]. The HHG
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FIG. 3. (Color online) (a) Spectra emitted from a helium gas cell at 20 Torr
for different distances between the focus point of the laser beam and the
entrance pinhole of the cell. (b) Intensity of all harmonic plots vs distance
between the focus point of the laser beam and the entrance pinhole of the
gas cell. Positive distance indicates that the focus position is in the gas cell.

intensity decreases on both sides of the optimal position
more rapidly, as shown in Fig. 2(b), because the phase mis-
match is larger in helium.

The HHG photon number Ny, is calculated from the
CCD detector signal (PIXIS-XO-1024B, Roper Scientific)
directly and after dispersion by the spectrometer using the
expression N,,=(N,7/ QE)(3.65/E,y), where N, is the num-
ber of counts per CCD pixel, 7 depends on the setting of the

J. Appl. Phys. 104, 023105 (2008)

hardware gain given by the factory, QE is the quantum effi-
ciency of the detector which is nearly constant over the range
of photon energies 20-200 eV, and E\, is the photon energy.
For argon gas the photon flux is >2
X 10" photons/harmonic cm? s or ~5X 10! photons per
shot, which is higher than when a capillary is used.” For He
gas the photon flux is ~10'" photons/harmonic cm? s,
which is much higher than in a previous study26 where a
photon flux of 5 10® photons/s at 12.4 nm in a 5% spectral
band was reported.

We have measured the spatial profile of the harmonic
beam generated in an Ar gas cell for different focus posi-
tions. In this experiment, at a gas pressure of 25 Torr, the
optimal spatial profile is smooth and nearly Gaussian with a
divergence of about 1 or 2 mrad (for different harmonic or-
ders) when the focus position is about 9 mm from the en-
trance pinhole [Fig. 4(b)]. A significant change is observed in
the case of a short distance between the focus and the en-
trance pinhole (5 mm) where the beam becomes broad and
expands over 2 mrad [Fig. 4(a)]. We could obtain a very
good beam quality with narrow divergence by properly con-
trolling the focus position and the gas density.

To study the spatial coherence properties of the HHG
radiation, interference fringes from a Young double-slit were
measured. The Young double slit consists of two parallel slits
with 5 wm width and 100 wm height separated by a dis-
tance of 20 wm. The HHG radiation with all harmonics is
used to illuminate the double slits, and high contrast interfer-
ence fringes are obtained as shown in Fig. 5. These interfer-
ence fringes confirm that only a few harmonics are gener-
ated. From the contrast of the interference fringes, the degree
of spatial coherence for HHG radiation in an argon gas cell is
determined to be about 0.95.

2

IV. CONCLUSIONS

We have observed enhancement in the photon flux, high
spatial coherence, and good beam profile for high-order har-
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FIG. 4. (Color online) Harmonic far-field spatial profile of HHG radiation from an argon gas cell at 25 Torr for different distances between the focus point
of the laser beam and the entrance pinhole of the cell: (a) 5 mm and (b) 9 mm.
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FIG. 5. (Color online) High contrast interference fringes from the Young
double slits illuminated with HHG radiation from an argon gas cell.

monic radiation near the cut-off region in a gas cell. This
behavior is caused by the small phase mismatch in the cut-
off region, allowing macroscopic phase matching to be sat-
isfied for harmonics in this region. The harmonic order yield-
ing the highest intensity is unchanged with gas pressure
when a suitable aperture size is chosen. With further increase
in the available interaction length, the harmonic signal is
reduced because of the strong inhomogeneity of the ioniza-
tion distribution. The generation of few high-order harmon-
ics in a gas cell can be used as a coherent source of XUV
radiation for coherent diffraction imaging.
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