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Abstract High harmonic generation (HHG) of intense in-
frared laser radiation [1,2] enables coherent vacuum-UV
(VUV) to soft-X-ray sources. In the usual setup, energetic
femtosecond laser pulses are strongly focused into a gas jet,
restricting the interaction length to the Rayleigh range of the
focus. The average photon flux is limited by the low con-
version efficiency and the low average power of the com-
plex laser amplifier systems [3—6] which typically operate at
kilohertz repetition rates. This represents a severe limitation
for many experiments using the harmonic radiation in fields
such as metrology or high-resolution imaging. Driving HHG
with novel high-power diode-pumped multi-megahertz laser
systems has the potential to significantly increase the aver-
age photon flux. However, the higher average power comes
at the expense of lower pulse energies because the repeti-
tion rate is increased by more than a thousand times, and
efficient HHG is not possible in the usual geometry. So
far, two promising techniques for HHG at lower pulse en-
ergies were developed: external build-up cavities [7, 8] and
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resonant field enhancement in nanostructured targets [9].
Here we present a third technique, which has advantages in
terms of ease of HHG light extraction, transverse beam qual-
ity, and the possibility to substantially increase conversion
efficiency by phase-matching [10-14]. The interaction be-
tween the laser pulses and the gas occurs in a Kagome-type
Hollow-Core Photonic Crystal Fiber (HC-PCF) [15], which
reduces the detection threshold for HHG to only 200 nJ. This
novel type of fiber guides nearly all of the light in the hollow
core [16], preventing damage even at intensities required for
HHG. Our fiber guided 30-fs pulses with a pulse energy of
more than 10 WJ, which is more than five times higher than
for any other photonic crystal fiber [17].

PACS 42.81.Qb - 42.65 Ky - 42.55.Xi

@ Springer


https://core.ac.uk/display/81059537?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:heckl@phys.ethz.ch

370

O.H. Heckl et al.

In free space, the nonlinear interaction of light with gases is
limited by diffraction. Guiding light in gas-filled HC-PCFs
enabled several major breakthroughs in nonlinear optics.
Combining a small mode area with a long effective in-
teraction length reduces the threshold of various nonlin-
ear processes by several orders of magnitude and increases
their efficiency dramatically [15, 16, 18]. According to nu-
merical simulations, HC-PCFs also have a large poten-
tial for high harmonic generation [11-13, 17-19]. So far,
wave-guide quasi-phase matching techniques for HHG were
only realized in capillaries with diameters above 100 wm
[20, 21]. HC-PCFs offer substantially lower transmission
losses, smaller mode areas, and larger design freedom. How-
ever, employing HC-PCFs in the area of high field science
is challenging, because intensities >10'> W/cm? have to
be achieved in the hollow core. This is difficult with stan-
dard photonic bandgap (PBG) HC-PCFs because the field
intensity in surrounding silica is ~1% of the maximum in-
tensity in the core [22]. So far, the highest guided energy re-
ported for femtosecond pulse propagation in PBG HC-PCFs
is 1.8 W using 40-fs pulses [17]. In our experiment, we used
a Kagome-type HC-PCF for which the field overlap is more
than ten times lower [16]. In contrast to PBG HC-PCEF, the
guiding mechanism is not based on a bandgap but on the in-
hibited coupling between the core and cladding modes [16].
The fiber is immune to core-mode and surface-mode cou-
pling [23], which represents one of the major sources of op-
tical overlap with the silica surrounding the fiber core. Since
the damage threshold scales with the inverse of this fraction,
guidance of very high pulse energies and peak power lev-
els becomes feasible. Furthermore, Kagome-type PCFs have
advantages in terms of dispersion management and an ultra-
broad guiding bandwidth, which are particularly important
for applications with ultrashort laser pulses [16]. A scanning
electron microscope (SEM) image of our Kagome-type PCF
can be seen in Fig. 1. The fiber was designed for operation
at a central wavelength of 800 nm and has an effective core
diameter of 15 pm.

In our experimental setup (Fig. 2), we use two vacuum
chambers which are connected by a 15-mm long HC-PCF.
The driving laser is a standard Ti:sapphire amplifier system
generating 30-fs pulses at 800 nm with a repetition rate of
1 kHz. The entrance face of the HC-PCF is situated in the
pre-chamber filled with xenon at a variable pressure of up to
30 mbar. The exit face of the fiber extended into the adjacent
spectrometer vacuum chamber which is sealed off from the
pre-chamber except for the gas flow through the HC-PCF
and some parasitic leakage through the fiber mount. The
vacuum chamber contains a tunable grating and an electron
multiplier tube (EMT) detector. This iridium-coated grating
has 1200 lines/mm, resulting in a spectral resolution of ap-
proximately 4 nm for our geometry. The EMT is sensitive in
the spectral region from 30 nm to 150 nm with an estimated
peak efficiency of 16% at a wavelength around 70 nm.

@ Springer

Fig. 1 SEM image of the Kagome-type HC-PCF. The effective mode
diameter (corresponding to the hollow center core) is about 15 um

Fig. 2 Experimental setup: The laser pulses are focused onto the en-
trance face of the hollow core photonic crystal fiber (HC-PCF) in free
space. The fiber is mounted in the middle of the red disc, which is lo-
cated in a chamber backfilled with an adjustable xenon pressure. The
xenon inlet is displayed in yellow. The fiber exit face is in a vacuum
chamber which contains the spectrometer grating (framed in blue) and
the detector (green)

As a first step, we investigated the transmission proper-
ties and damage threshold of our Kagome HC-PCF in vac-
uum (no xenon filling in the pre-chamber). Kagome-type
fibers typically operate at high coupling efficiencies and
with transmission losses of 0.5 dB/m [16]. However, in
our experiment, the input beam was elliptical and not well
mode-matched to the round fiber mode, which resulted in a
coupling efficiency of only 30% to 40%. For a pulse-energy
of 30 uJ incident on the fiber, we transmitted 10.5 uJ pulses.
The spectrum at the output was identical to the input spec-
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Fig. 3 Measured spectrum of the high harmonics generated in Xe with
4.2 uJ, 30 fs laser pulses of a Ti:sapphire. The graph is corrected for
spectral response of the EMT

trum, showing that the low field overlap of the core mode
with the silica did not introduce significant self phase mod-
ulation. The duration of the output was not measured, but
is expected to be the same as the input pulse duration due
to the low dispersion of the fiber. We did not observe any
damage for these pulse energies despite peak intensities of
3 x 10'* W/cm? and the large amount of un-launched power.

When we flooded the pre-chamber with xenon gas, we
observed the generation of high harmonics. Figure 3 shows
the measured spectrum for pulses with 4.2 pJ energy in the
HC-PCF and a xenon pressure of Pyp =27 mbar in the pre-
chamber. We did not increase the pressure above 30 mbar
because the parasitic leakage through the fiber mount de-
graded the vacuum in the main chamber to the EMT oper-
ation limit (<1.3 x 10~* mbar). The 7th to 13th harmonic
can be clearly identified. The 3rd and 5th harmonic orders
cannot be observed since the detector is insensitive to wave-
lengths above 140 nm. We obtain a conversion efficiency
of n &2 x 107 (which is defined as 7 = harmonic en-
ergy/launched laser energy), by integrating over the har-
monic orders 7-13 and taking into account the grating ef-
ficiency (calculated with the program REFLEC [24]). Fig-
ure 4 shows the signal intensity of the 7th harmonic versus
the launched pulse energy E, on alogarithmic plot. The har-
monic signal scales as E f where p = 3.6. This is a weaker
dependence than expected from lowest order perturbation
theory (p ~ 7) indicating that the atomic response cannot
be accurately described within the weak-field limit for our
conditions [25]. We observed a HHG detection threshold as
low as 200 nJ inside the HC-PCF. The transverse beam pro-
file of the harmonics was measured by gradually inserting
a knife edge into the high harmonic beam (located in vac-
uum chamber between fiber output and grating, see Fig. 2).
In Fig. 5, we show the measurement of the beam profile for
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Fig. 4 Measured signal intensity for the 7th harmonic as a function of
the laser pulse energy incident on the fiber. The error bars display the
standard error of the measurement. The 7th HHG detection threshold
was measured to be 200 nJ inside the HC-PCF
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Fig. 5 A knife edge measurement of the 7th harmonic 70 mm from
the fiber end reveals an excellent Gaussian beam profile which can be
well approximated by a Gaussian fit

the 7th harmonic for a launched pulse-energy of 4 uJ and
a xenon pressure of 30 mbar. The beam profile can be well
approximated by a Gaussian fit.

Our results show that HHG in a HC-PCF is advanta-
geous in terms of threshold, light extraction and beam qual-
ity. Extracting the harmonic radiation in enhancement cavi-
ties is substantially more challenging [7, 8] because the in-
teraction of the laser pulses with the gas target occurs in-
side a high-finesse cavity for which the losses usually are
kept well below 1%. In contrast to HHG based on resonant
field enhancement in nanostructured targets [9], there is no
beam profile distortion imprinted onto the harmonic radia-
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tion, instead a round beam with Gaussian transverse profile
is achieved (Fig. 5).

The current conversion efficiency is similar to HHG
based on nanostructured targets, but substantially lower than
for recent high power enhancement cavity systems [26].
This is due to the imperfect phase matching between fun-
damental and harmonic radiation in these first proof-of-
principle experiments. HHG quasi-phase matching tech-
niques are already established for interactions in capillaries
[21] and free space [27], for which they increased the effi-
ciency by more than 2 orders of magnitude. HC-PCFs allow
us to address a larger parameter space for phase matching,
due the substantial design flexibility of their dispersion and
mode area. This is in stark contrast to standard capillaries
for which the dispersion and hence phase matching condi-
tions are directly constrained by the mode area. For exam-
ple, the ability to tailor the refractive index of the fiber at the
fundamental wavelength may allow for adjustment of phase-
matching pressure without compromising the mode area re-
quired for low energy HHG. In conjunction with the much
increased interaction length afforded by the high transmis-
sion of the HC-PCEF, efficient generation of high harmonics
in regimes that are not limited by the absorption length of
the nonlinear medium may be possible. Additionally, one
can employ quasi-phase matching techniques for HHG al-
ready demonstrated in capillaries [21], for example, by mod-
ulating the mode area (e.g., by the fiber drawing method or
heat treatment with a CO, laser [28]). One may also utilize
counter-propagating beams [14] as discussed in recent sim-
ulations of HHG in a PCF [11], which show that harmonics
with photon energies of several hundreds of electron-volts
can be produced by femtosecond pulses with microjoule en-
ergies.

In conclusion, we have demonstrated the generation of
high harmonics in a gas filled HC-PCF for the first time. The
fiber transmitted laser pulses with pulse energies of more
than 10 pJ without damage, which is several times higher
than previously reported for the propagation of femtosecond
pulses in a HC-PCF. Using xenon as the nonlinear medium,
we observed the generation of the 7th to 13th harmonic of
the fundamental wavelength of a Ti:sapphire laser system
operating around 800 nm. This corresponds to the genera-
tion of light in the VUV/XUV-spectral region from 50 nm
to 130 nm. The observed HHG detection threshold is below
200 nJ. This is well within reach of novel multi-megahertz
diode-pumped solid-state lasers and fiber amplifiers, which
achieve substantially higher power levels and repetition
rates than the currently dominant kilohertz Ti:sapphire am-
plifier systems. Diode-pumped SESAM-mode-locked fem-
tosecond thin disk lasers currently generate close to 100 W
directly from the oscillator without any further amplifica-
tion [4, 29, 30]. Chirped-pulse femtosecond fiber amplifier
systems achieve up to 325 W average power [5, 6]. The re-
sulting high average power, compact coherent XUV/VUV
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source will have a high impact for numerous applications
in fields as diverse as medicine, biology, chemistry, physics
and materials science. Even at a low conversion efficiency
of only 1078, an average HHG photon flux of >1 uW
would be achieved, which is sufficient for many applica-
tions. Better conversion efficiencies with improved phase
matching will reduce the power requirement and complex-
ity of the system further. Operating at multi-megahertz in-
stead of kilohertz repetition rates increases the signal-to-
noise ratio and reduces the time required for many measure-
ments, as, for example, in XUV metrology, high resolution
XUV imaging, and microscopy [31]. Increasing the repe-
tition rate is especially important in experiments, for which
the total number of simultaneous ionization processes is lim-
ited by space charge effects (i.e., electro-magnetic forces be-
tween the generated charged particles within the interaction
volume). Important examples are surface science and con-
densed matter studies using angle-resolved photoemission
spectroscopy (ARPES) [32].
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