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We demonstrate high-order harmonic generation (HHG) at 4 MHz driven by a long-cavity
femtosecond laser oscillator. The laser output is used directly in a tight focusing geometry, where
the harmonics are generated from a gas jet with high backing pressure. The harmonic light source
is applied to time-of-flight photoemission spectroscopy, and the characteristic electronic structure
of Cu(111) is measured. Our results suggest a straightforward design of high-order harmonic
generation at megahertz repetition rate and pave the way for applications in electron spectroscopy
and microscopy. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4746264]

The strong electric field in intense laser pulses can liber-
ate bound electrons via tunnel ionization, accelerate free
electrons in oscillatory pondermotive motion, and control
electron-atom scattering for emission of high energy pho-
tons.! Coherent quantum mechanical combination of these
three pathways leads to the high-order harmonic generation
(HHG), whereby attosecond pulses of vacuum-ultraviolet
and soft x-ray light can be produced in a laboratory setup.”
Due to the ultrashort temporal duration and the widely tuna-
ble photon energy range of HHG-based light sources, their
applications in electron microscopy and spectroscopy have
great potential for studies of ultrafast electron dynamics in
atomic, molecular, and condensed matter systems.(k9

Despite the long-term development of HHG since more
than two decades, the design of HHG setups is still in rapid
evolution.'®'? Conventional HHG experiments are driven by
amplified laser pulses at kilohertz frequency and can provide
high photon energy up to several hundred electronvolts with
moderate intensity. However, the statistics of experiments are
limited by the rather low repetition rates, which result in a
long acquisition time for applications in spectroscopy'”'®
and microscopy.'”'® Especially, for photoelectron-based
techniques, the overall counting rate is limited by the laser
repetition rate due to energy and momentum broadening by
space-charge effects.'” >

To increase the repetition rate of HHG, the driving laser
with a typical average power of several watts needs to
deliver more light pulses per unit time.'® Consequently, the
electric field strength decreases, and the HHG efficiency is
dramatically reduced. Recently, three different approaches
have been demonstrated in order to boost the repetition rate
of HHG. Vernaleken er al.>* and Hadrich er al.** used high
power fiber-based lasers and amplifiers. They are able to
generate the 17th harmonic at 20.8 MHz repetition rate using
a sophisticated laser system with 20 W output power. Alter-
natively, to avoid using complex amplifier systems, Kim
et al. used optically excited plasmons in microstructures to
enhance the driving electric field.*>*° Although they reported
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HHG up to 80 MHz, this approach and these results are cur-
rently under critical debate due to damages in the microstruc-
tures caused by the intense field.”” The third approach is to
generate harmonics inside the cavity of a resonator, either
external to or implemented in the driving laser.”* With
additional efforts optimizing the output coupler for harmon-
ics, Cingdz et al.*® generated harmonics up to the 23rd order
at 154 MHz and used their comb structure to characterize the
line width of atomic transitions.

In this Letter, we report a more compact setup for HHG
at megahertz repetition rate. We use directly the output of a
Ti-sapphire laser at 4 MHz to generate harmonics up to 19th
order from an Ar gas jet. With the generated light, we dem-
onstrate a proof-of-principle application in the time-of-flight
photoelectron spectroscopy. Our results provide a straight-
forward method for HHG at high repetition rate and pave the
way to HHG-based electron microscopy and spectroscopy.

We use a long-cavity Ti-sapphire laser to drive the
HHG.?' The laser has a repetition rate of 4 MHz with a pulse
width of 50 fs and an average power of 2.6 W centered around
800nm. The long laser cavity is folded in restricted space by
using a Herriott cell. After passing through a pair of prisms
for control of pulse width, the laser beam is expanded to a di-
ameter of about 15mm and then focused by an achromatic
lens into a gas jet in the generation chamber. The setup is
shown in Fig. 1(a). The focal length of the lens is 50 mm and
the laser focus has a diameter of 5 um. The gas jet of Ar or Xe
is produced by a glass capillary with a 30 um circular open-
ing.*> With a 3 bar backing pressure of the gas jet, the pressure
inside the generation chamber rises to 6 X 1073 mbar, with a
partial pressure of residual gas below 1 x 107 mbar.

After the harmonics are generated in the gas jet, they
pass through a pin hole with a diameter of 200 ym, which
separates the generation from the monochromator chamber.
The monochromator chamber is differentially pumped and
has a pressure below 2 x 10~ mbar during HHG experi-
ments. As shown schematically in Fig. 1(a), the generated
high-order harmonics are diffracted by a toroidal grating in
the monochromator chamber’> and focused on the detector,
which consists of two stacked channelplates and a phosphor

© 2012 American Institute of Physics
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screen.” The fluorescence from the phosphor screen is meas-
ured by a CCD camera, which can be operated in an event-
counting mode for calibration of the count rate of HHG
photons. In Fig. 1(b), the image of the diffracted harmonics
generated from Ar is shown. The HHG spectrum with esti-
mated count rate is presented in Fig. 1(c).

The harmonics can be tuned by using different gases. In
Fig. 2, we compare the HHG spectra from Xe and Ar. The
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FIG. 2. Spectra of high-order harmonics generated within (a) Xe and (b) Ar
jets. In both cases, the backing pressure of the gas jet is 3 bar. In the inset of
(b), the backing pressure dependence of the 11th harmonic from the Ar jet is
shown.

spectra were measured with identical geometry and a back-
ing pressure of 3 bar. The intensity of the 9th and 11th har-
monics from Xe are about 800 and 10 times more intense
than from Ar, respectively. In contrast to HHG from Ar, the
harmonics from Xe are limited to the 11th order. The
observed difference between HHG in Ar and in Xe is con-
sistent with the known dependence of the ionization poten-
tial.>> With the same driving electric field, the probability of
tunnel ionization is higher in Xe due to its lower ionization
potential as compared to Ar, explaining the higher HHG in-
tensity from Xe. The lower cutoff energy in the HHG spec-
trum from Xe can as well be explained, since the energy of
the electron before recombination and photon generation
scales with the ionization potential.

In addition to the features in the HHG spectra that can
be interpreted qualitatively by the microscopic response of a
single atom, the macroscopic generation of harmonic radia-
tion relies on the coherent buildup of the electric field gener-
ated inside the laser-gas interaction volume.>'*?® Ideally,
the HHG intensity reaches its maximum when the generated
harmonics from all gas atoms in the laser focus can be con-
structively summed up. The constructive superposition
requires a constant phase difference between the driving and
the generated electric fields in space and time and is called
phase-matching condition. In experiments, increasing the
repetition rate while keeping the same intensity in the laser
focus usually requires a tighter focusing. The tighter focus-
ing geometry deteriorates the phase-matching condition due
to a space-dependent Gouy phase.37 In addition, the number
of gas atoms in the interaction volume decreases rapidly as
the focus size decreases. Heyl et al. have proposed to
increase the gas jet pressure and to use the optical dispersion
of gases to compensate for the Gouy phase.'' Moreover, the
number of gas atoms in the jet rises with increasing pressure.
In our setup with tight focusing, we use a backing pressure
up to several bars as shown in the inset of Fig. 2(b) for the
11th harmonic from the Ar jet. The intensity of the 11th
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FIG. 3. (a) Photoemission spectra from
-2 Cu(111) along the TK direction. The dis-

persion of the Shockley surface state is

observed (dashed curve).***! (b) Momen-
=0 tum distribution of photoelectrons com-

ing from 0.1eV below the Fermi level.

This measurement was done with the 9th

harmonic in Xe with photon energy about
- -2 14eV. The harmonic is linearly p-polar-
ized with a projection onto the sample
surface as indicated by the arrow.
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harmonic increases quadratically with the backing pressure
(dashed curve), implying a constant phase-matching condi-
tion up to 3bar."" Note that our capillary with small opening
makes it possible to operate at this pressure range with lim-
ited pumping speed. Additionally, the distribution of gas pro-
duced by the capillary is more local than in typical gas cells,
minimizing the reabsorption of generated harmonics.'' Since
we did not observe a saturated nor a super quadratic backing
pressure dependence of HHG, the backing pressure for opti-
mal phase-matching condition is estimated to be above 3 bar.

We use the generated harmonics as an excitation source
for time-of-flight photoemission spectroscopy. Therefore,
the channelplate detector in Fig. 1(a) is replaced by a
Cu(111) sample located in an ultrahigh vacuum chamber.
Additionally, a pin hole with a diameter of 1.5 mm is used to
filter the chosen harmonic and to separate the monochroma-
tor and the photoemission chambers. This results in an addi-
tional rare gas background pressure in the photoemission
chamber below 2 x 10~? mbar during the operation of HHG.
The Cu(111) sample surface is cleaned by standard sputter-
ing and annealing procedure and is checked by low-energy
electron diffraction. Photoelectrons are collected by an elec-
trostatic time-of-flight spectrometer,”®** which is mounted
at 45° with respect to the incident HHG light. The sample is
positioned in normal emission geometry. The time-of-flight
of photoelectrons are referenced to the time at which HHG
pulses excite the sample surface.

Figure 3 shows valence band photoemission data for a
photon energy of 14eV (9th harmonic from a Xe jet) with an
acquisition time of 42 min. All photoelectrons with photoem-
ission angles between *15° were recorded simultaneously.
From the three dimensional data set with respect to photo-
electron energy and momenta parallel to the sample surface,
two-dimensional cuts are shown in Figs. 3(a) and 3(b). In Fig.
3(a), in the energy range from 3eV below the Fermi level
(Er) up to Ep, the distribution of photoelectrons having a
wave vector within +4nm~" parallel to T'K in the surface
Brillouin zone is shown. Near Er, we observed the character-
istic dispersion of the Shockley surface state on Cu(111) sur-
face, which can be described by a parabolic dispersion with
an effective mass of 0.4 times the electron mass and a binding
energy of 0.37 eV (blue dashed curve).***! At lower energies

around 2 eV below Ep, we observed less dispersive features
with higher photoemission intensity. These features are attrib-
uted to photoemission from copper d-bands with lower dis-
persion and a higher density of states. In Fig. 3(b), we show
the momentum distribution of photoelectrons from 0.1eV
below Er. The circular feature corresponds to photoemission
from the Shockley surface state with two-dimensional free-
electron-like dispersion.

To summarize, we demonstrate the HHG at 4 MHz repe-
tition rate by directly using the output of a Ti-sapphire laser
oscillator. The generation relies on a tight focusing of the
laser light into a gas jet with high backing pressure. More-
over, we use the HHG light for time-of-flight photoemission
spectroscopy and measure the characteristic electronic struc-
ture of the Cu(111) surface. Our results suggest a straightfor-
ward method to increase the repetition rate of HHG,
providing a basis of efficient applications to photoelectron
spectroscopies and microscopy.
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