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Abstract: We demonstrate the collinear generation of few-femtosecond
ultraviolet and attosecond extreme ultraviolet pulses via a combination of
third-harmonic and high harmonic generation in noble gases. The ultrashort
coherent light bursts are produced by focusing a sub-1.5-cycle near-
infrared/visible laser pulse in two subsequent quasi-static noble gas targets.
This approach provides an inherently synchronized pair of UV and XUV
pulses, where the UV radiation has a photon energy of ~5 eV and a pulse
energy of up to 1 pJ and the XUV radiation contains up to 3.5 - 10° XUV
photons per shot with a photon energy exceeding 100 eV. This source
represents a novel tool for future UV pump/XUV probe experiments with
unprecedented time-resolution.
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1. Introduction

Within the last decade attosecond metrology has been established as a tool for studying some
of the fastest processes in nature, for example, field-induced tunneling of electrons in atoms
[1, 2] and electron transport in solids on sub-nm length scales [3]. One spectroscopic
technique for accessing this time domain is the attosecond transient recorder (ATR) [4]. This
method is based on the availability of isolated attosecond (1 as =10"'® s) pulses in the extreme
ultraviolet (XUV) that are synchronized to a carrier envelope phase-stabilized few-cycle near-
infrared (NIR) laser pulse. The momentum of photoelectrons emitted by the attosecond XUV
pulse is altered depending on the strength of the vector potential at the time when the electron
is released [5, 6]. Based on this concept, the ATR is a technique for studying the time of
photoemission of electrons originating from ground states. In order to investigate the
dynamics of excited electronic wave-packets, for instance, resolving the formation and
relaxation of photo-excited electrons in valence states of atoms, molecules or solids on the
attosecond to few-femtosecond timescale, it is highly desirable to generate an intense
femtosecond light pulse in the ultraviolet (UV) spectral range in addition to an attosecond
XUV pulse. Employing the conventional pump-probe scheme of time-resolved two-photon
photoemission spectroscopy (TR-2PPE) [7-9], ultraviolet light-induced transient electron
populations are photoemitted by the subsequent synchronized XUV pulse at well-defined time
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delays. With the availability of isolated attosecond XUV pulses, this UV-XUV TR-2PPE
scheme offers the intriguing possibility to study excited state dynamics with a time-resolution
shorter than the optical period of the pump pulse

Our work aims to provide the prerequisites, i.e., highly synchronized UV and XUV pulses
with the required pulse duration for this type of experiments. Since no suitable broadband
laser material is available in the ultraviolet domain, the generation of ultrashort UV laser
pulses relies on nonlinear frequency mixing and frequency up-conversion of femtosecond
laser pulses in solids [10] and gases [11-15]. When multi-cycle laser pulses are used for
generation [10-14], pulse durations below 10 fs can only be reached by compressing the
generated UV pulses and precisely controlling and tuning the dispersion in the ultraviolet after
the generation process. Recently, it has been demonstrated that third-harmonic generation
from Fourier-limited few-cycle NIR laser pulses in noble gases directly provides intense sub-
4 fs pulses in the deep ultraviolet spectral range [15]. While this process relies on the induced
polarization due to the third-order electric susceptibility ¥ of the gas and therefore is favored
in high-density media, higher-order harmonics can be generated with a very similar technique
in low-density gases in a different regime [16, 17]. High harmonic generation can be
described in a semi-classical three-step model [18, 19] involving tunnel ionization of the least
bound electron of a noble gas atom [19], acceleration of the electron in the electric field
followed by recombination with the atomic core, upon which the electron emits its excess
energy in a short, high energetic burst of light. This process is triggered and completed every
half-cycle of the driving laser field, so that by using NIR light pulses approaching the single-
oscillation limit [20] the photons with the highest energy are emitted during a single half
cycle. Filtering these so-called high-harmonic cut-off photons yields isolated XUV pulses
with pulse durations below 100 as [21].

In the following we present a novel approach for generating ultrashort UV and attosecond
XUV pulses that are inherently synchronized using a collinear configuration of two quasi-
static gas cells in a single laser focus.

2. Experimental setup

The vacuum chamber employed in this work is shown schematically in Fig. 1. Two static gas
cells (nickel tube, 2-3 mm diameter, 0.1 mm wall thickness) are placed in the focus (f=600
mm) of a few-cycle NIR laser beam. Both targets can be independently supplied with
arbitrary gases and pressures exceeding 10 bar. In practice, the first gas target is optimized for
third-harmonic generation and therefore it is supplied with several bar of either argon (Ar) or
neon (Ne). The second gas target is typically supplied with several hundreds of mbar of Ne
with the exact pressure being optimized for high harmonic generation. The holes in the targets
through which the laser beam and the generated harmonics propagate are drilled by the
focused fundamental laser beam and have a diameter of ~100 um.

The gas load emerging from the gas targets is pumped differentially by using a second
vacuum chamber nested inside the main vacuum setup with two small apertures (@ 0.7 mm)
for the laser beams and a total width of 50 mm in direction of propagation of the laser beam.
This measure minimizes absorption and group velocity dispersion of the generated UV and
XUV pulses after their generation. The two gas targets are placed inside of this small chamber
and therefore the propagation distances of the fundamental laser beam and of the generated
harmonic radiation in the region with a background pressure of 107-1 mbar are
approximately 50 mm and 25 mm, respectively. The gas target pressures given in the
experimental section apply to the backing pressure of the gas targets. The fact that the
background pressure is at least two orders of magnitude smaller than the backing pressure
assures that the interaction region of the laser is mostly confined to the width of the gas
targets.

Both targets can be positioned independently inside this small chamber in all three
dimensions for alignment. The positions of the gas targets in direction of the laser beam (x;,
X, in Fig. 1) with respect to the laser focus and to each other are optimized for collinear
generation. The optimal distance between x; and X, is typically a few millimeters and changes
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in dependence of the gas pressure applied to the UV target as this affects the fundamental
laser field as discussed below in section 3.3.

The parameters of the NIR laser pulses are similar to those in [20]. The nearly Fourier-
limited sub-4 fs 400 pJ pulses have a 450 nm broad spectrum centered at 720 nm. The
focusing geometry corresponds to the one used for the generation of isolated attosecond
pulses. The peak intensitx1 in the focus can be tuned with an iris in front of the focusing mirror

and its maximum is 7-10"* W/cm?®.
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Fig. 1. Collinear generation of UV and XUV pulses in two subsequent gas targets. The targets,
formed by 2 to 3 mm thick nickel tubes, can be positioned independently (x1, x2). They are
situated inside a main vacuum setup in a small, differentially pumped vacuum chamber with
two apertures (@ 0.7 mm) for the laser. The few-cycle 720 nm NIR pulses (sub-4 fs, 400 pJ)
are focused into the XUV gas target (purple) which is supplied with 0.2 - 0.3 bar Ne. The UV
target (blue) is placed in front of the XUV target and supplied with Ar or Ne at variable
pressure. The number of XUV photons per pulse is measured with an XUV diode placed under
45° in the beam path of the co-propagating NIR, UV and XUV beams. The diode is coated
with a filter layer that partially reflects the NIR and the UV through a fused silica window
outside the vacuum system, where the UV can be characterized in spectrum and pulse energy
after separation from the IR with a prism. For the measurement of the XUV an additional 500
nm zirconium filter is inserted in front of the diode. The diode can be retracted for spectral
characterization of the XUV with a grazing incidence grating (600 1/mm) spectrometer.

Behind the gas targets, the NIR, the UV and the XUV laser pulses propagate collinearly with
different divergence depending on the respective wavelength [22, 23]. According to recent
reports of THz generation from gases driven by femtosecond laser pulses [24-26], we also
expect high field amplitude THz emission from the gas targets. This would add yet another
source of ultrashort pulses in a different spectral range and will be subject of further
investigations.

The number of XUV photons per pulse is measured with an XUV diode (International
Radiation Detectors, AXUV100) placed under an angle of 45° in the co-propagating NIR, UV
and XUV beams. The diode is coated with a directly deposited filter consisting of 200 nm
zirconium (Zr), 10 nm amorphous carbon (a-C), 100 nm molybdenum (Mo) and 5 nm boron
carbide (B4C). In addition to that, a 500 nm Zr filter was inserted perpendicularly to the
propagation direction to block the fundamental laser completely.

The quantum efficiency of the diode with a 200 nm Zr and 50 nm a-C is specified by the
manufacturer [27] and shown as dashed curve in Fig. 2. The transmission of the various filter
layers in the setup under the respective angle of incidence is calculated with IMD [28]. A
correction for the reduced transmission through the custom filter layers of the specified
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quantum efficiency gives the effective quantum efficiency of the diode, shown as solid line in
Fig. 2. The average quantum efficiency of 0.45 in the spectral window between 6.5 nm and
13.5 nm was used to calculate the absolute value of XUV photons per pulse from the
amplified diode signal.

The change in transmission of the filter layer between normal and 45° incidence was also
evaluated experimentally and shows a significantly stronger attenuation under 45° incidence
than the calculations predict. Therefore our results represent a conservative measure of the
number of XUV photons per pulse in the transmission window of the filter layers.
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Fig. 2. XUV diode effective quantum efficiency (solid line) calculated from the quantum
efficiency specified for the diode with a 200 nm Zr/ 50 nm C coating by manufacturer (dashed
line) with corrections for custom filter layer.

The XUV spectra are measured with a grazing incidence grating (600 lines/mm)
spectrometer (McPherson, 248/100G). The energy axes of the spectra are calibrated using the
L-absorption edge of silicon at ~100 eV [29] by comparing spectra transmitted through a 200
nm thick silicon filter with the simulated transmission curve [28].

The filter layer on the XUV diode partially reflects the NIR and the UV outside the
vacuum system through a fused silica window, where the UV is separated from the NIR with
a prism and an aperture after recollimation with a lens. The UV pulse energy is measured with
a low energy photodiode head (Ophir Optronics Ldt., PD10) with reflection losses on the
diode, the window, the prism and the lens being taken into account. For the spectral
characterization of the UV pulses with a VIS/UV spectrometer (Maya Pro 2000, 220 - 1100
nm, Ocean Optics), the NIR radiation is suppressed by two reflections at a Si wafer surface
under Brewster’s angle for 720 nm. As described in [15], this method suppresses the NIR up
to two orders of magnitude of the NIR laser. The UV spectra have been corrected for the
spectral modification induced by two reflections on silicon.

3. Experimental results

We characterized the influence of the UV gas target on the XUV generation in order to
evaluate the suitability of collinear generation for ultrafast UV pump/XUV probe
experiments.

3.1 Measurement of the UV pulse energy and number of XUV photons per pulse

The UV pulse energy was measured in dependence of the gas pressure in the UV target for Ar
and Ne; the results are plotted as full squares in Figs. 3(a) and 3(b), respectively. The
conversion efficiency of the NIR to the third harmonic can be tuned with the UV target
pressure and we can achieve UV pulses with energies up to 1 pJ, which is in good agreement
with previous results [15]. The number of photons per XUV pulse, collinearly generated in
the second target filled with 270 mbar Ne is shown in Fig. 3(a) and (b) as circles. Without any
gas being applied in the UV target, the high harmonic generation provides up to 3.5:10°
photons per pulse corresponding to a pulse energy exceeding 50 pJ. The Ne pressure in the
XUV target was optimized for XUV generation and kept constant at 270 mbar. For Ne being
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used in the UV target, the XUV signal (Fig. 3(b), circles) decreases almost linearly when the
pressure in the UV target is increased to 1.5 bar. For further increasing pressure, the slope of
the curve gets smaller. When Ar is used in the UV target, a quantitatively comparable but
much steeper decrease with increasing pressure is observed. This is followed by an almost
constant XUV signal for pressures above 600 mbar.

We find that the UV pulse energy can be tuned over a several hundred nJ range and still
10° photons per pulse with photon energies exceeding 100 eV can be achieved in co-
propagating XUV pulses that are synchronized with the UV pulses.
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Fig. 3. XUV photon number per pulse (circles) and UV pulse energy (full squares) as functions
of the gas pressure in the UV target for Ne (a) and Ar (b). The Ne pressure in the XUV target
was kept constant at 270 mbar.

3.2 Spectral characterization

The spectral characterization of the UV and XUV pulses under identical conditions during
collinear generation is shown in Fig. 4 and Fig. 5. The spectrum of the UV light generated in
Ne (Fig. 4(a)) shows no dependence on the UV target pressure. The spectra from the bottom
to the top correspond to the UV pulse energies of 30%, 65% and 100% of the maximal
achievable value in Ne. The spectrum of Ar-generated UV pulses narrows with increasing
pressure (Fig. 4(b)). This can be attributed to a loss in phase matching bandwidth that also
affects the conversion efficiency at higher Ar pressures.

The normalized spectra of the third harmonic (UV) have been corrected for two reflections
on Si wafers under Brewster’s angle for 720 nm. The spectra are centered at approximately 5
eV and range from 4.5 eV to more than 5.5 eV. On the high energy side, the spectral
characterization is restricted by the sensitivity range of the spectrometer.
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Fig. 4. UV spectra after both gas targets. The XUV radiation was generated in 270 mbar Ne
and the UV was generated in Ne (a) and Ar (b) at the respective pressures given in the figure.
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In order to estimate the temporal spread of the UV pulses due to propagation through the
XUV gas target, we calculated the group velocity dispersion of Ne at 1 bar according to the
Sellmeier formula taken from [30] to be 0.06-fs”/mm at 245 nm. As the XUV target is only 3
mm thick and the pressure in the target is around 300 mbar, we expect that the UV pulse
duration is comparable to the results achieved previously with this technique [15]. For
instance, the full-width half-maximum bandwidth of the spectrum generated in 6 bar Ne
supports pulse durations down to 2.3 fs for a Fourier-limited pulse.

The normalized XUV spectra show in both cases that the cut-off is shifted towards lower
photon energies as the pressure in the UV target is increased. This red-shift of the high
harmonic cut-off occurs both when Ar or Ne is being used in the UV target.
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Fig. 5. XUV spectra generated in 230 mbar Ne. In the first gas jet, UV was generated
simultaneously in Ne (a) or Ar (b) at the respective pressures given in the figures. (a) The
detector strongly attenuates spectra above 115 eV, so that the cut-off of the spectrum lies
outside of the detector’s range for the spectra at 0 bar and 2.5 bar. With rising pressure in the
UV target, the cut-off shifts toward lower energies with rising Ne pressure (bottom to top) in
the UV target. (b) When Ar is being used for UV generation, the XUV cut-off also shifts
toward lower energies when the pressure rises from 0 to 1 bar but remains constant for higher
pressures.

3.3 Interpretation of the results

Qualitatively, the red shift of the XUV cut-off and the decrease of the XUV signal in
dependence of the pressure and the gas in the UV target can be explained by changes of the
fundamental laser pulse properties such as pulse shape, instantaneous frequency and peak
intensity. These are mainly caused by intensity-dependent ionization of the gas in the UV
target. Assuming a radial intensity profile with its peak at the center, the negative free-
electron dispersion in the resulting plasma is initially non-uniform in the plane of the pulse
front. The free-electron density is higher on the axis of the laser propagation and decreases
radially. Therefore, the ionized gas acts like a defocusing lens and changes the radius of
curvature of the converging laser beam [31, 32] which eventually results in a flat-top-like
intensity profile. Once this is reached, the ionization probability becomes uniform over the
central part of the beam and the laser pulse propagates in a self-guided fashion.

Due to the difference in ionization potential between Ar and Ne, the ionization probability
at low pressures is higher for Ar than it is for Ne at the same laser intensity. The XUV signal
measured in dependence of the pressure in the UV target gives an indication that the laser
pulse propagating through the UV target reaches the stable flat-top-like profile already at
pressures around 0.5 bar in Ar whereas in Ne this is only approached at pressures above 5 bar.
The red-shift of the XUV cut-off is also in good agreement with this interpretation, as highest
achievable photon energy depends linearly on the laser intensity [18].
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In addition to the defocusing of the NIR beam, we also expect a contribution to the red-
shift of the XUV cut-off energy resulting from a dynamic blue-shift of the instantaneous
frequency of the NIR pulse [5] during propagation through the ionized gas in the UV target.

4. Conclusions

We have successfully demonstrated the collinear generation of UV and XUV pulses by means
of third-harmonic generation and high-order harmonic generation in a noble gas with a quasi
single-cycle NIR laser pulse. While simultaneously providing XUV pulses with up to 3.5 10°
photons per pulse and a cut-off photon energy of more than 100 eV, our approach allows
obtaining UV pulses with a pulse energy tunable up to ~1 pJ generated in either Ne or Ar by
varying the gas target pressure. The shape of the UV spectra, centered at ~5 eV, was shown to
be preserved as the gas pressure was varied. As we are able to minimize the dispersion of the
generated harmonic radiation due to background noble gas pressure, the collinearly generated
UV and XUV pulses are expected to have a temporal structure comparable to the ones
produced independently and reported in previous studies [15,21], with respective durations in
the sub-4 fs and attosecond timescales. The presented method of collinear generation provides
an inherent synchronization between the UV and the XUV pulses. Such findings represent a
novel real-time optical tool providing a few-fs time resolution with which the dynamics of
excited electronic states in atomic, molecular and condensed matter systems exhibiting
absorption resonances in the UV or XUV can be addressed.
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