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ABSTRACT A compact, versatile table-top kilohertz source of
coherent extreme-ultraviolet (XUV) radiation in the wavelength
region 18–100 nm, based on high-order harmonic generation
from noble gases induced by a 40-femtosecond Ti:sapphire
laser system, is presented. The XUV beamline delivers at its
output 108 photons/s at a wavelength of 23 nm. The monochro-
matized XUV radiation is directly focused onto a 10−2-mm2

spot by a toroidal grating, allowing one to reach intensities
higher than 106 W/cm2. Optimization results are presented
for a new XUV-generating geometry, utilizing a ‘semi-infinite’
quasi-static gas cell and strong focusing. In those conditions,
we observe an anomalous inversion between the cutoffs of ar-
gon and krypton, with the krypton spectrum extending to much
higher orders than expected in an adiabatic limit.

PACS 42.65.Ky; 32.80.Rm; 42.50.Hz

1 Introduction

The phenomenon of high-order harmonic gener-
ation (HHG) in gases has been studied for several years, not
only because of the fundamental interest in the behavior of
atoms under the influence of the intense laser field but also
for two additional reasons: covering the need for table-top
tunable coherent radiation sources in the extreme-ultraviolet
(XUV) region and its prospects towards attosecond pulse
generation.

Several facets of the physics involved in the HHG to-
wards the realization of the above-mentioned targets have
been elucidated. Mixing of an ultraviolet laser with a tun-
able infrared laser leads to the generation of tunable har-
monics in the extreme-ultraviolet region [1–3]. Enhance-
ment of HHG has been achieved by using ultra-fast laser
drivers [4, 5], phase phenomena [6–10], femtosecond light
guiding in waveguides [11–13] and self-guiding in ion-
ized gases [12, 13]. Other related works deal with the har-
monic characterization: pulse-duration measurements [14–
16], spatial and temporal coherence [17–19], polarization and
laser ellipticity dependence [20–24], geometric characteris-
tics [25] and spectral profiles [26–30]. Further reports have
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dealt with the generation and measurement of pulses of less
than 1-fs duration [31–41] and the usage of the high-order
harmonics [42, 43].

In the present work a novel geometry for a XUV source,
based on 1-kHz high-order harmonic generation of ultra-short
Ti:sapphire pulses in rare-gas targets, is developed, tested, opt
imized and used for spectroscopic studies. For the sake of
compactness and simplicity, we use (i) strong laser focusing,
so that vacuum intensities may approach 1015 W/cm2, and
(ii) a ‘semi-infinite’ cell, for which the laser beam propagates
into the noble gas from the focusing lens up an exit pinhole
close to the focus. We present quantitative measurements of
the XUV photons produced in a large spectral range based on
calibrated diodes. It should be noted here that throughout the
paper we specify the number of photons at the exit slit of the
source rather than the number of photons generated, because
the former is the relevant usable quantity of a light source
and does not require vague corrections. The performance of
the source at different experimental parameters is investigated
and discussed here. In particular, we report an anomalous ex-
tent of the plateau of high harmonics in Kr, with a cutoff at
wavelengths shorter than for the Ar cutoff. Pressure and focus-
position dependences, as well as spectral structures within
each harmonic, are also discussed.

2 Experimental set-up

The source consists of three main units: (a) the
XUV-generation unit, (b) the monochromatization and focus-
ing unit and (c) the detection and calibration unit.

2.1 Generation of XUV radiation

The generation of the XUV pulses is based on the
effect of high-order harmonic generation in noble gases, in-
duced by 1-kHz Ti:sapphire lasers with a pulse duration of the
order of 50 fs. The energies used range from 0.25 to 2.4 mJ.
The use of the conventional geometry of gas injection in a vac-
uum chamber through pulsed nozzle valves and the focus of
the laser beam in the cone of the injected gas is not straight-
forward at a kHz laser repetition rate. For this reason several
other geometries have been tested prior to the construction of
the source, such as continuous gas nozzles (hollow capillaries
with a pinhole gas output diameter of the order of 50 µm), mi-
crocells forming a thin gas layer as well as quasi-static cells
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FIGURE 1 Experimental set-up for the generation, monochromatization
and detection of the XUV light. L, 35-cm lens; SL, slits; TG, toroidal grat-
ing; SD, sine-drive rotation system; TP, turbomolecular pumps; B, baffles for
stopping the diffused light; D, AXUV-Al or MCP detector

with an exit pinhole. In all the above geometries the laser
beam was focused via a 35-cm focal length lens into the gas.
The beam waist at the focus has been estimated to be ∼40 µm.
From the evaluation of the different geometries, the gas lam-
inar flow cell was found to be the most efficient one for the
harmonic production. It is further found that, for this geom-
etry, the distance between the laser focus and the cell pinhole
plays a major role for the efficient XUV production. For ex-
ample, for intensities up to about 2 ×1014 W/cm2 and for an
argon-gas target, the generation is maximized when the focus
of the laser is at the exit hole plane. The situation is different
for higher intensities, where the ionization of the gas medium
is strong. Laser defocusing due to propagation in an ionized
medium makes the emission of lower wavelengths stronger
when the laser focus is a few millimeters after the exit pinhole.
Indeed refraction induces self-defocusing of the laser [44],
bringing the actual intensity in the medium down to the ion-
ization saturation level [45]. This process limits the effective
intensity to the proper range suited for high-harmonic gener-
ation. The quasi-static cell arrangement is shown in Fig. 1. It
has some similarity to previous set-ups, interfacing a gas cell
with a vacuum chamber [46], but the propagation and XUV-
production details are very dissimilar in the two cases, as in
the previous set-up the main feature is waveguiding of the
beam in a few-cm-long capillary, which is entirely missing in
the present arrangement.

2.2 Toroidal grating monochromator (TGM)

The monochromator (Fig. 1) consists of an en-
trance pinhole and arm, the toroidal grating housing and its
rotation system, and the exit arm and slit. The entrance pin-
hole is the exit pinhole of the quasi-static cell described in
Sect 2.1. The length of the entrance arm is adjustable (under
vacuum conditions) with micrometric resolution in a range of
10 mm and its central value is lA = 319.93 mm. The length
of the exit arm is adjustable (under vacuum conditions) with
micrometric resolution in a range of 30 mm and its central
value is lB = 319.50 mm. The entrance and the exit arms form
a fixed angle of 142◦. Wavelength tuning is achieved by ro-
tating the grating about the axis that is perpendicular to both
arms of the monochromator at their intersection. The toroidal
grating has a line spacing N = 550 lines/mm, a meridional

radius of curvature R1 = 1000 mm and a sagittal radius of
curvature R2 = 104.09 mm, and its physical dimensions are
31 mm × 31 mm × 15 mm. The rotation step of the grating
angle is 2 ×10−6 rad as defined by the 2-µm linear resolution
of the sine-bar of the rotation arrangement. The resolution
of the monochromator for the given geometry is 0.2 nm at
λ = 30 nm. The long-wavelength limit of the TGM in the first
diffraction order is 385.4 nm. In the following the dependence
of the diffraction efficiency of the grating as a function of the
wavelength and its focusing properties as given by the manu-
facturer have been used.

2.3 Detection and calibration systems

For wavelengths lower than 40 nm, Absolute Ex-
treme Ultraviolet (AXUV) Al-coated (100-nm coating film)
Si diodes have been used for calibration purposes. These
diodes have been specified by National Institute of Standards
and Technology (NIST) as transfer standards in the 5-nm
to 250-nm wavelength range. The diodes are passivated and
thus long-term-stabilized with respect to their calibrated per-
formance. When these diodes are exposed to photons of en-
ergy greater than 1.12 eV (wavelength less than 1100 nm),
electron–hole pairs (carriers) are created. The device quan-
tum efficiency (electrons seen by an external circuit per inci-
dent photon) is much larger than unity, and increases linearly
with photon energy. Once the calibration with the AXUV
diodes has been completed, a chevron-type multi-channel
plate (MCP) detector has been used for the measurement of
spectral regions in which the diodes are blind. The MCP de-
tector is calibrated by recording spectral regions that have
been measured with the AXUV diodes under the same ex-
perimental conditions. Calibration is extended to all other
wavelength regions of interest is through the known MCP
response as a function of the wavelength. The resulting cali-
bration curve is shown in Fig. 2.

3 Experimental method – results

The experimental apparatus is shown in Fig. 1.
The Ti:sapphire laser beam apertured at 1 cm is focused via
a 35-cm focal length lens at the 50-µm exit pinhole of a noble-

FIGURE 2 Calibration curve for the MCP detector
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gas laminar flow cell which is kept at constant pressure. The
laser pulse peak intensity at the focus was ranging between
1014 and 1015 W/cm2 in the different runs. The laser beam co-
propagating with the harmonics and the plasma emission are
impinging on the toroidal grating. After monochromatization
at the grating the XUV light is detected at the output of the
monochromator. The maximum gas pressure in the first cell
can be as high as 100 mbar while maintaining the pressure in
the rest of the system below 10−5 mbar, through turbomolec-
ular pump differential pumping. The MCP and AXUV diode
signals are monitored through a lock-in amplifier locked at the
laser repetition rate. The signal is stored as a function of the
wavelength in a PC. A typical spectrum obtained with Kr as
a target gas and detected by the AXUV-Al detector is shown
in Fig. 3. The laser intensity reads about 5 ×1014 W/cm2. The
decrease of the signal above 32 nm is attributed to the 100-nm
Al-film absorption and to the absorption of the krypton target
gas itself.

The XUV harmonic emission from krypton and argon has
been investigated for different intensity, pressure and focusing
parameters as described below. Figure 4 illustrates the line-
integrated XUV photon number per second, at the detection
area, measured for various laser input intensities at 20-mbar
Kr pressure. The results show that the dominant harmonic

FIGURE 3 Typical spectrum obtained with the AXUV-Al diodes. The tar-
get was Kr (20 mbar) and the laser intensity 5×1014 W/cm2

FIGURE 4 Line-integrated photon number per second as a function of
wavelength and for various laser intensities for 20-mbar Kr-filled quasi-static
cell. The focus is at the exit pinhole

FIGURE 5 Calculated absorption of XUV light from 1-mm long neutral Kr
medium

emission is in the range of 22–40 nm yielding approximately
108 photons/s. We observe up to the 39th harmonic down-
shifted to ∼18 nm, which is much higher than that predicted
by IP+3.2Up (IP is the ionization potential and Up is the
ponderomotive energy calculated at barrier-suppressed ion-
ization (BSI) intensity, 1.5 ×1014 W/cm2 for Kr), which can
be attributed to non-adiabatic behavior of the system [4]. The
lower efficiency of the harmonic emission above 40 nm can
be attributed both to the high reabsorption by the Kr gas in
this area and to the lower diffraction efficiency of the gold
grating. The abrupt decrease of the XUV light below 20 nm
is attributed to the low diffraction efficiency of the grating.
An estimation of Kr reabsorption is made by calculating its
transmission as a function of the wavelength for 20-mbar Kr
pressure and gas lengths of 1 mm as shown in Fig. 5. Fig-
ure 4 shows that the highest harmonic conversion efficiency
is not necessarily achieved at the highest laser intensity. For
some wavelength regions XUV generation becomes max-
imum at intermediate laser intensities. Thus for the harmonics
located between 27 and 45 nm, maximum XUV generation
is achieved at 5 ×1014 W/cm2. For harmonics around 70 nm
the maximum of XUV generation is at the maximum used
laser intensity of 9 ×1014 W/cm2. This behavior can be gen-
erally understood as follows: for intensities of the driving
laser pulse higher than the ionization saturation intensity of
the non-linear medium, a large number of charges are rapidly
accumulated along the laser beam propagation volume, which
results in a strong self-defocusing of the fundamental beam.

Spectroscopically resolved detailed characteristics of the
emission are depicted in Fig. 6. Each of these spectra is nor-
malized at its maximum value. Keeping the Kr pressure con-
stant and varying the laser peak intensity from 4 to 9 times
1014 W/cm2, several interesting phenomena can be observed.
The first pronounced effect is the broadening of the harmonic
lines with laser intensity. At the highest intensities used in the
region around 25 nm the individual harmonics cannot be re-
solved at the present settings. Another observed effect is the
blue shift of the harmonics. For the higher harmonics this shift
approaches a ∆λ of about 5 nm, which is larger than the spac-
ing between two subsequent harmonics. Furthermore, at the
highest intensities used, the harmonics exhibit an irregular os-
cillatory spectral profile. The spectral envelope exhibits two
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FIGURE 6 Normalized high-harmonic spectra obtained from 20-mbar Kr-
filled quasi-static cell for various laser intensities. The focus is at the exit
pinhole. The horizontal lines are for helping the eye to observe the blue
shifting of the harmonics

FIGURE 7 Details of the spectrum of Fig. 6 with the highest laser intensity
(9×1014 W/cm2)

main peaks per harmonic. Each of these peaks contains sev-
eral spectral oscillations as shown in Fig. 7.

When the driving laser intensity is increased above the
ionization saturation intensity of the non-linear medium, such

FIGURE 9 The corresponding normalized spectra for the laser
focus positions of Fig. 8

FIGURE 8 Line-integrated photon number per second as a function of
wavelength for 20-mbar Kr-filled quasi-static cell and various focus positions
with respect to the exit pinhole of the quasi-static cell. The laser intensity was
9×1014 W/cm2

a splitting has been very recently observed in Ar by Wang
et al. [30]. These authors have attributed this effect to the
rapid ionization of the medium, which induces strongly time-
dependent refractive indices imparting a strong chirp to the
propagating harmonics. The same effect has been previously
theoretically predicted [26, 28] and attributed to the intensity-
dependent dipole phase that gives rise to different blue shifts
for different electron trajectories, thus leading to the split-
ting of the harmonic spectrum. The two peaks are formed by
the two primary electron trajectories; the short and the long
one [47–49].

Further, the XUV generation has been examined as a func-
tion of the laser focus position with respect to the exit pinhole
of the quasi-static gas cell. The focus has been moved by 5 mm
in front of and behind the pinhole, in order to examine the role
of propagation of high harmonics and the length of the gener-
ating medium. The results are shown in Fig. 8. When the focus
is 5 mm behind the pinhole, there is an increase by more than
a factor of two of the harmonic emission in the wavelength re-
gion between 25–50 nm. This can be attributed to the lower
reabsorption of radiation because of the shorter propagation
length in the medium. The emission spectra for various laser
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focus conditions are shown in Fig. 9. The spectra of Fig. 9
show that the double peaking is present also when the focus
position is 5 mm behind the pinhole, but the spectral profile is
smoother in this case. The spectrum recorded with the beam
focused 5 mm in front of the pinhole depicts asymmetric har-
monic peaks.

This complex spatial behavior can be attributed to the ex-
istence of the two quantum paths described previously. As
shown by Antoine et al. [36] and Salières et al. [50], the phase-
matching conditions are different for the two paths, so that
one remains phase-matched in a given focusing geometry,
while the second is partially suppressed. As shown by Kim et
al. [29], the shorter path is almost immune to laser intensity
variations, so it experiences limited spectral broadening and
shifting effects. The longer path in contrast displays strong
phase variations with intensity, translating into a blue shift or
blue broadening on the rising edge of the pulse, and therefore
into an asymmetric harmonic profile.

Such an effect is observed in the present measurements
and is shown in the second spectrum of Fig. 9. In this ex-
periment the remaining trajectory seems to be the longer
one, since the low photon energy sub-peak is the one that is
strongly suppressed. The oscillatory features experimentally
observed for the first time in the harmonic frequency profiles,
when the laser beam is focused at the pinhole (Fig. 9), appear
also in the theoretical spectra by Kim et al. [29]. We suggest
the following explanation: assuming a Gaussian temporal pro-
file e−(t/T )2

, the frequency shift of the harmonic is

∆ω = −2a
t

T 2
e−(t/T )2

. (1)

The ∆ω reaches a maximum at the inflection point of the lead-
ing edge; therefore, any frequency shift lower than the max-
imum one will be obtained twice, once before the inflection
point, and once after. This dual emission in the time domain
will translate into oscillations in the spectral domain.

Further measurements have been performed using Ar gas
as non-linear medium. The line-integrated photon number per
second for each line is shown in Fig. 10. In contrast with the
Kr case, the plateau extension remains below the value given

FIGURE 10 Line-integrated photon number per second as a function of
wavelength and for various laser intensities and pressures of Ar-filled quasi-
static cell. The focus is at the exit pinhole

FIGURE 11 Normalized spectra obtained from various pressures of Ar-filled
quasi-static cell while keeping constant the laser intensity (8×1014 W/cm2).
The focus is at the exit pinhole

by the IP+3.2Up law at BSI intensity. From the spectra it is
apparent that the harmonic generation in Ar is less efficient as
compared to the generation in Kr, at least for the plateau har-
monics that we study here. The maximum photon number per
second measured reads (1 −2)×107. On the other hand, the
XUV efficiency in the wavelength range between 20–40 nm
increases by a factor of five for a specific intensity and Ar
pressure (5 ×1014 W/cm2, 30 mbar). This may be attributed
to good phase-matching conditions for these specific pressure
and intensity values. The dependence of the XUV yield on
the target pressure, measured at constant laser intensity, is il-
lustrated in Fig. 11. The laser intensity is 8 ×1014 W/cm2,
while the focus of the laser beam is at the exit pinhole of the
XUV-generating cell. The Ar pressure is varied from 0.3 mbar
to 100 mbar. In every spectrum of Fig. 10, the signal is nor-
malized to its maximum value. From Fig. 11 it is clear that
there is no significant broadening of harmonic emission due
to the increase of the Ar pressure, expect for the case of
100 mbar (maximum pressure used) in the higher-harmonic
region. A small blue shifting of the harmonic peaks has been
observed but no clear double peaks are present, as in the case
of Kr. This is compatible with the fact that the ionization satu-
ration intensity forAr is higher than that for Kr.

Attempting an overall assessment of the source we con-
clude that its performance with respect to the photon num-
bers in combination with the covered spectral area is com-
parable to other similar existing sources [9, 51]. Consider-
ing its compactness, transportability and versatility its per-
formance can be deemed satisfactory. It should be noted
again here that all given photon number values are meas-
ured at the exit slit of the source and not at the gener-
ation area. It should be further pointed out that the per-
formance of the source has not been optimized for spe-
cific wavelength regions through phase-matching or phase-
control approaches. It is an ‘all purpose’ performance set-up,
with a source operating in an extended wavelength region
and with intermediate pumping requirements. The source
has not been tested under conditions optimizing the pro-
duction of one harmonic. In such a case it is known that
the conversion efficiency of the source may be increased
substantially [12, 52].
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4 Extension and possible uses of the XUV source

As mentioned above, in the wavelength region
around 30 nm (region around the 27th harmonic) the source
delivers 108 photons/s (measured), in pulses of less than
1.6-ps duration, as estimated using the grating characteris-
tics and the analysis by Villoresi [53]. For a focus spot of
0.01 mm2, these parameters result in an estimated focused
XUV intensity of about 5 ×106 W/cm2. The intensity of cer-
tain harmonics can be further increased through optimized
tailoring of the phase front of the laser pulses using a spatial
light modulator. In addition to representing sufficient flux for
time-resolved linear XUV spectroscopy, such intensities keep
open the perspective of inducing a non-linear process with
a higher harmonic, but of course this remains a tedious task to
implement.

Other possible applications of the source would be the
study of molecular dynamics. To mention some examples,
the decay time of C60 when excited to a plasmon resonance
near 20 eV could be extracted. Using ion/electron imaging
detection combined with the XUV source presented here,
the dynamics of molecular photodissociation of interesting
molecules (e.g. ozone) by simultaneous time-, energy- and
angular-resolved experiments can be investigated.
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