Phase-matched generation of highly coherent radiation
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Highly coherent extreme ultraviolet radiation around the water window region (∼4.4 nm) is generated in
a semi-infinitive helium gas cell using infrared pulses of wavelength 1300 nm, energy 2.5 mJ, duration
40 fs, and repetition rate 1 kHz. The pressure-squared dependence of the intensity and the almost-perfect
Gaussian profile and low divergence of the high harmonic source indicate a phase-matched generation
process. The spatial coherence of the source is studied using Young’s double-slit measurements. © 2012
Optical Society of America
OCIS codes: 140.7090, 140.7240.

1. Introduction

Femtosecond laser-driven high-harmonic generation
(HHG) has become an increasingly important source
for the supply of coherent extreme-ultraviolet radiation and soft x-rays. Compared with synchrotrons
and x-ray free-electron lasers, these table-top sources
are small scale and highly versatile, and their resulting unique characteristic output can be tailored according to the experimental requirements for many
applications in time-resolved studies of ultrafast
dynamics in atomic [1,2], molecular [3–5], and solid
state systems [6–8]; in extreme ultraviolet interferometry [9]; in plasma physics [10,11]; and in coherent
diffractive imaging [12].
For biological applications, the generation of radiation in the “water window” region (4.4–2.3 nm, or
280–540 eV) is an attractive feature because in this
wavelength range the radiation is not absorbed by
1559-128X/12/184240-06$15.00/0
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water and nitrogen while absorption due to carbon
is strong. Intense ultrashort pulses in the water window wavelength region would allow the capture of
images of live cells in a real environment, preserving
structural information that may be lost during the
sample’s preparation process. This soft x-ray radiation can be used to perform various experiments with
high spatial and temporal resolution. Thus, light
sources in this wavelength region have been targeted
by many researchers, including life scientists and
physicists [13].
Through the use of 800 nm driving pulses, the generation of radiation with high photon flux below the
100 eV region by phase-matched [14] or quasi-phasematched [15] HHG has been reported. The conversion efficiency is ∼10−5 and reaches the absorption
limit at photon energies of ∼45 eV when argon gas
has been used [16]. The cutoff rule for the generated
photon energy is hνmax  I p  3.2U p , where I p is the
ionization potential of the gas and U p is the
ponderomotive energy given by U p ∼ I L λL 2, and I L

and λL are the intensity and wavelength, respectively, of the driving laser. Gases with high ionization
energy, such as helium, have been used to obtain
high-photon energy radiation. However, because
the recombination cross-section of the atom decreases with increasing ionization energy, the efficiency of the HHG process decreases when small
atoms, such as helium, are used. Furthermore, high
laser intensity is needed for the generation of higher
harmonic orders, which in turn leads to higher levels
of ionization and therefore higher free electron dispersion. Efficient generation of high-order harmonics
requires minimization of the phase mismatch between the harmonic and the driving laser fields.
When a driving laser pulse at 800 nm is applied,
phase matching of the HHG process can be achieved
only at a low level of ionization of the medium, in
order for the neutral atom dispersion to balance
the anomalous free electron plasma dispersion
[14]. Phase matching is possible only for ionization
fractions below a critical level given by ηC λL  
f1  λ2L re N atm ∕2πΔnλL g−1 [21], where η is the ionization fraction, re is the classical electron radius,
N atm is the number density of atoms at 1 atm, and
Δn is the difference between the refractive indices
of the gas at the fundamental and harmonic wavelengths. When a short laser pulse (∼10 fs) is used
[18], a high laser field can be applied and the selfinduced phase of the driving laser pulse can contribute to nonadiabatic self-phase matching. In this
way, high photon energy can be generated, but the
photon flux (∼106 photons∕s) in the water window region is not very high. For a long laser pulse (>25 fs),
the cutoff energy for phase matching generation is
much lower than the single atom cutoff. Even if
quasi-phase matching or nonadiabatic self-phase
matching is used, the conversion efficiency is low,
that is, in the ∼300 eV region.
The λ2L scaling of the cutoff energy allows the generation of higher harmonic orders using long wavelength driving pulses. A significant extension of the
cutoff energy has been demonstrated in several experiments using a gas jet [19] or hollow waveguide
geometry [20–22]. The higher pressures of gas (up to
9 atm [22]) required for HHG using infrared (IR)
wavelengths (compared with several tens or hundreds of Torr at 800 nm) is difficult to obtain in a
free-space gas jet.
The development of high-energy, near-infrared laser systems based on optical parametric amplification (OPA) and/or optical parametric chirped-pulse
amplification [23–27] has attracted considerable
attention as a way to obtain high-power IR pulses.
A total conversion efficiency of 20% for a three-stage
barium borate type-II OPA at 1 kHz has been reported [24], and although conversion efficiencies as
high as 45% for the final stage have been achieved,
the total output energy was not higher than 1 mJ
[23–25]. High-energy IR pulses, e.g., 7 mJ at 1.4 μm,
with 40 fs pulse width and 10 Hz repetition rate [26],
or 1.5 mJ at 1.5 μm, with 19.8 fs pulse width and

20 Hz repetition rate [27], have been achieved, but
the repetition rate is still low.
In this paper, we report the use of a bismuth triborate (BiB3 O6 , or BIBO) nonlinear crystal to construct
a high-power optical parameter amplifier pumped by
8 mJ pulses from a multipass Ti:sapphire amplifier
at a 1 kHz repetition rate. High-energy (2.5 mJ) IR
pulses at 1300 nm and with short duration (<40 fs)
are used for phase-matched generation of radiation
of high spatial coherence around the water window
region in a semi-infinitive cell filled with helium
gas. Phase-matched generation is confirmed from
studies of the pressure dependence. The coherence
of the source is studied by measurements of the beam
profile and the interference pattern from a Young
double-slit (YDS) experiment.
2. Experiments and Results

BIBO is an interesting nonlinear optical crystal, because its second-order nonlinear susceptibility is
high [28] and its low wavelength transparency edge
extends into the UV at 286 nm. The high effective
nonlinearity, deff , of BIBO allows the use of thin crystals. Thin crystals are used to avoid higher order nonlinear processes, which can become important in the
generation of femtosecond IR pulses, and they also
increase the transparency for a given crystal size.
Different phase matching configurations can also
be used, because BIBO is optically biaxial. It is preferable to use type-II interactions for a pump wavelength at 800 nm, which is possible in the x–z
principal plane, where BIBO acts as optically positive
(oe → o or oe → e interaction, where “o” represents
the ordinary ray and “e” the extraordinary ray) [29].
The output of a 1 kHz multistage, multipass,
chirped-pulse amplifier system that produces 8 mJ
pulses of 30 fs duration and centered at 810 nm is
used to pump the OPA system. A collinear OPA
scheme is used in our high-energy IR laser system
in order to efficiently amplify the OPA signals.
One third of the output of the multistage amplifier
(2.5 mJ) pumps a commercial OPA (Quantronix,
Palitra), which is designed with a two-stage configuration seeded by a white light continuum. The total
efficiency (signal plus idler) of the Quantronix OPA is
high (∼40%), but the pulse duration is long (>300 fs)
because a long medium is used for generation of the
white light. The remaining 5.5 mJ is used to pump
the power amplifier stage. Type II crystals, cut at
θ  42° in the x–z principal plane (ϕ  0) for o → eo
interaction, have been used in all subsequent stages.
The effective nonlinearity of BIBO for this type
of interaction, e.g., assuming a signal wavelength
λs  1400 nm, is deff  d12 cos θ  2.38 pm∕V [29].
A type-II interaction has the advantage that it allows
the possibility to tune, even close to degeneracy, at an
almost constant bandwidth for the signal and idler.
The signal and idler waves travel in opposite directions relative to the pump, which ensures exponential growth of the parametric gain even beyond the
pulse walk-off length [30]. In the high-power OPA
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of 20 μm is used for studies of the spatial coherence of
the high harmonic beam. Two other YDS configurations composed of two parallel slits 10 μm wide,
100 μm high, and with slit separations of 50 μm and
75 μm are used to determine the spatial coherence.
The YDS is located 1000 mm from the source. The
interference fringes are detected by a CCD located
800 mm from the slit.
Figure 1 shows the XUV spectrum emitted from
helium at different pressures with an exposure time
of 20 s for each spectrum. Because the position of the
focus of the driving laser beam is close to the exit pinhole of the gas cell, the HHG radiation is produced
mostly in regions in the gas cell before the focal point
along the axis of the fundamental beam. The bandwidth and beam profile of the HHG radiation depend
on the gas pressure, the focus position, and the diameter of the fundamental beam. When the helium
pressure is low (<2 atm), the HHG radiation is
observed at a wavelength of ∼5 nm and the beam
divergence is large. HHG radiation above the carbon
K-edge (4.4 nm) is obtained for gas pressures
>4 atm. The beam profile is remarkably improved
for pressures >3 atm. The intensity of the IR pulses
(<5 × 1014 W∕cm2 ) is adjusted for low ionization of
the gas (η < 1%) to generate high harmonic radiation
from the neutral atoms. Through use of the 1300 nm
driving field, the generated photon energy at the
cut-off is approximately two times higher than when
a 800 nm driving field is applied for a similar
configuration.
Because the efficiency of HHG scales as λ−6.5 [33]
for the effective generation of radiation with an IR
source, it is necessary to increase the distance over
which the harmonics interact constructively. Gasfilled hollow fibers have been used for enhancement
of the interaction length [21,22]. In such a configuration, the pump laser can be guided to ensure a constant intensity over the length of the interaction,
although the coupling of the strong field in the fiber
will be limited. When a long focal length lens is used,
self-guiding of the femtosecond pulses occurs as a

HHG Intensity (arb. Unit)

stage, we employed a 2 mm thick BIBO crystal with
an aperture of 15 × 15 mm2, which was placed about
50 cm away from the commercial OPA. The power
amplifier OPA stage is seeded by the amplified signal
from the commercial OPA, whose output is carefully
adjusted for a collimated signal beam. The maximum
conversion efficiency for the power amplifier stage
was ∼60%, producing a total (signal and idler) output
of ∼4 mJ. An IR pulse duration of 40 fs was measured
by sum-frequency mixing with a 30 fs fundamental pulse.
The OPA output pulses at 1300 nm are focused by
a 300 mm focal length fused silica lens into a 250 mm
long gas cell with a 3 mm thick fused silica window at
the entrance and a 200 μm pinhole at the exit. The
small exit pinhole is used to isolate the vacuum
chamber from the gas-filled cell. The beam diameter
at the focus is ∼100 μm and the Rayleigh length is
∼10 mm. A similar experimental setup, but with
an 800 nm driving pulse, has been reported elsewhere [31]. We use helium gas for HHG in the water
window region because of its high ionization energy
and because theoretical calculations [22] indicate
that it is possible to obtain phase matching for the
generation of radiation in the water window region
using 1300 nm radiation. A very high gas pressure
(up to 5 atm) is used for the generation of radiation
of ∼4.3 nm. To maintain a low pressure in the vacuum chamber outside the gas cell, the experimental
chamber has five different pumping stages separated
by a series of pinholes. For optimal high harmonic
intensity and beam profile, the position of the focus
point relative to the exit pinhole can be varied and
the diameter of an aperture, which is placed in the
path of the laser beam before the focusing lens,
can be controlled. A 300 nm thick aluminum filter
with high transmission in the wavelength range
<5 nm (∼10% at 4 nm) and a 300 nm thick silver
filter with transmission in the wavelength range
4–12 nm are used to remove the fundamental beam
[32]. The high harmonic beam passes through
a 0.5 mm wide, 20 mm high entrance slit of a commercial grazing incidence spectrometer (GIMS #4,
Setpoint) before being dispersed by a 1200 lines∕mm
diffraction grating and detected by a back-illuminated
extreme UV (XUV) charge-coupled device (CCD)
camera. The far-field profile of the harmonic beam is
detected directly by a 13.3 × 13.3 mm CCD chip with
pixel size 13 × 13 μm (PIXIS-XO-1024B, Roper Scientific). The HHG photon number N ph is calculated
from the signal from the CCD detector directly and
after dispersion by the spectrometer using the expression N ph  N c η∕QE × 3.65∕Eph , where N c is
the number of counts per CCD pixel, η depends on
the setting of the hardware gain and is given by the
manufacturers, QE is the quantum efficiency of the
detector, which is nearly constant over the range of
photon energies 20–350 eV, and Eph is the photon
energy.
One YDS configuration composed of two parallel
slits 4 μm wide, 100 μm high, and with a slit separation
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Fig. 1. (Color online) XUV HHG spectra from helium at different
gas pressures. The inset shows the harmonic yield versus the gas
pressure, the points show the experimental data, and the line
represents the best fit with P2 (where P is the gas pressure).

result of beam convergence due to self-focusing and
multiple photoionization [34]. This provides a relatively long interaction length with almost constant
intensity of the driving field around the focus.
The number of photons for the qth harmonic N out
(the harmonic intensity) emitted on-axis per unit of
time and area is given by [35]
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)

-0.6
0.6

0.3

0.0
Be a
m s -0.3 -0.6
ize (
mm
)

-0.9
-1.2
-0.9

Be

1.2

am

-0.3

s iz

0.0



where ρ is the gas density, Labs is the absorption
length, Lmed is the interaction length, and Aq is the
atomic response. Lcoh  π∕Δk is the coherence
length, where Δk is the total phase mismatch between the fundamental laser field and the harmonic
field along the axis of the fundamental laser beam.
In the semi-infinite gas cell configuration, the
aperture in front of the focus lens plays a very important role. Variation of the aperture in the input beam
can be used to alter the spatial quality of the laser
beam, the peak intensity in the focus area, and the
ionization rate. This leads to a balance between
the linear and nonlinear atom dispersion, the geometrical phase shift, and the plasma dispersion. The
variation of the size of the laser beam also introduces
a phase variation in the laser wavefront. This is why
the size of the aperture plays a very important role in
the minimization of the phase mismatch. If the generation of high-order harmonics is phase matched
(Δkq z ≈ 0) or the coherence length is long, the intensity of the harmonics scales as ρ2 or P2, where P is the
gas pressure. The inset in Fig. 1 shows the total
photon number in the spectral range 4–5 nm for different gas pressures where a 300 nm thick Al foil has
been used. In this case, the HHG signal is optimal for
high flux and best beam profile at a gas pressure
of 5 atm. The closed circles show the experimental
data, and the solid line shows a fit based on P2 . For
low pressures (<4 atm), the HHG signal increases
quadratically with pressure, as is expected for
phase-matched HHG emission. For high pressures
(>5 atm), the phase mismatch is increased because
of the high absorption.
Figure 2 shows the spatial profile of the HHG
beam at a distance of 1800 mm from the source. The
beam diameter was measured to be 0.8 mm (FWHM).
As shown in this figure, the almost perfect Gaussian
profile of the HHG beam suggests there is no density
disturbance due to ionization in the interaction region. The observed dependence of the HHG output
on pressure and the observed spatial profile indicate
that macroscopic phase matching is satisfied along
the propagation axis in our geometrical configuration. The photon flux around the maximum of the
beam profile, measured by the CCD, in the wavelength range 4–5 nm is ∼7 × 107 − 108 photons∕cm2 s
when the transmission of the Al foil is assumed to be
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Fig. 2. (Color online) Beam profile of the radiation at a distance of
1800 mm from the source.

∼10%. The uncertainty of this measurement is high,
because this wavelength range is close to the transmission edge of the Al foil, and thus small variations
of foil thickness can influence the results.
To study the spatial coherence of the source in
more detail, a YDS is used. Figure 3 shows a clear
interference pattern resulting from the YDS that
consists of two parallel slits 4 μm wide, 100 μm high,
and with a 20 μm separation. The beam diameter at
the slit position is ∼0.5 mm (FWHM), which is much
larger than the slit separation. When the gas pressure is high (>3.5 atm), the contrast at the center
of the interference pattern is nearly independent
of the gas pressure. We note that the YDS was illuminated from a broad wavelength beam (an Al foil
was used to filter out the fundamental beam), and
therefore the contrast of the fringes is not very high.
The interference pattern is dependent on the gas
pressure, indicating a variation of the harmonic spectrum with pressure. The observation of a high order
of interference fringes and a very high signal-to-noise
ratio indicates that the photon flux of our source is
high (Fig. 3) compared with that in previous reports
[19,22]. The width of the slits is small (4 μm) in our
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Fig. 3. (Color online) Interference fringes of YDS. The YDS
consists of two parallel slits 4 μm wide and 100 μm high, and a
20 μm separation. The CCD is located 800 mm from the slit.
The inset shows the CCD image.
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Fig. 4. Interference fringes of two YDSs with slit separations of
50 μm and 75 μm. The CCD is located 800 mm from the slit.

experiment, but the signal-to-noise of the image is
very good and better than that in some previous studies [22]. The Gaussian beam profile and relatively
high contrast of the YDS interference fringes confirm
that the HHG radiation is highly coherent. The
fringe contrast is low (<0.5) for the YDS (50 μm
separation) and very low (<0.1) for the YDS (75 μm
separation), as shown in Fig. 4. The resolution of the
CCD may also cause a reduction in the contrast of the
interference fringes from these YDSs. An extension
of the distance of the CCD to the YDS is necessary
for a detailed study when YDSs with 50 μm and
75 μm separation are used. We note instability in
the beam pointing of the IR source, which will have
an effect on the YDS interference pattern and therefore on the spatial coherence measurement. A beam
stabilization system will be installed in the future.
3. Conclusion

Using infrared femtosecond driving laser pulses
generated by a high-power optical parameter amplifier with a BIBO nonlinear crystal and using a
semi-infinitive gas cell configuration, we have demonstrated the phase-matched generation of coherent, soft x-ray, high harmonic emission around the
water window region. The beam profile and spatial
coherence measurements in this region, using YDS
measurements, show excellent coherence characteristics of the source. This source will enable future
high-resolution table-top microscopy studies of a
range of nano- and biological material samples.
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