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Abstract: We report the realization of an intra-oscillator high harmonic source based on a Kerr
lens mode locked Ti:sapphire laser running at 80 MHz repetition rate. A nonlinear medium
consisting of an AlN nanofilm on a thin sapphire substrate is placed inside the oscillator cavity.
The harmonics are generated, in reflection geometry, on the AlN nanofilm, directing the harmonic
beam out of the cavity. Exploiting the benefits of this approach, a compact size, tunable, high
repetition rate and coherent vacuum ultraviolet light source with a spectrum up to the 7th
harmonic has been achieved. In particular, the powerful 5th harmonic covering the 145-163 nm
range aims to be an attractive tunable light source for spectroscopical applications.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Extending the operational wavelength range of femtosecond frequency combs (operating at
around 100 MHz repetition rates) into the vacuum ultraviolet (VUV) enables high-precision
spectroscopy of new important atomic and molecular transitions for testing quantum electrody-
namics, photoemission spectroscopy [1,2] or looking for new atomic or nuclear clock transitions
[3]. There is a special interest to develop VUV frequency combs in the 150 nm range for high
precision spectroscopy of the 229mTh isomer nuclear transition [4–10] and the atomic transitions
of Th ions in a similar wavelength range [11]. This spectral range can be reached by the 5th
harmonic of Ti:sapphire or the 7th harmonic of Yb-doped lasers. Realizing repetition rates of
10-100 MHz or even higher is advantageous to alleviate the space-charge effect in photoemission
spectroscopy [2]. For high precision measurements in the VUV [12,13], higher repetition
rates yield less comb lines and more power in each of them. Furthermore, a larger number of
subsequent pulses makes the comb lines narrower, improves the signal/noise ratio and reduces
data acquisition time. Nonlinear up-conversion into the VUV range at such high repetition
rate can in principle be realized by frequency doubling using KBBF crystals. An advantage of
this concept is the possibility of maintaining phase matching and high conversion efficiency,
even in CW operation. Another way can be dispersive wave generation [14], however, in both
cases, acceptable conversion efficiencies below the limit of 150 nm were only obtained by low
repetition rate (kHz) laser systems [14–16]. Other perturbative VUV generation can be achieved
by cascaded second and third harmonic generation [17] or four-wave mixing [18,19] using gases,
but such methods are demonstrated at CW or low repetition rates. To reach shorter wavelengths
while maintaining a high repetition rate, high harmonic (HH) generation is the most widely used
method, driven by oscillators or multi-stage laser systems running at the required high repetition
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rates. Compact Ti:sapphire oscillators can deliver suitable short pulses and sufficient peak power
for the generation of lower order harmonics extracavity, on solid samples [20–22]. Larger laser
systems, delivering larger intensity, can generate higher order harmonics extracavity in gases
[1,23,24], however usually at lower, few MHz repetition rate. Unfortunately, these extra-cavity
systems have very low conversion efficiency (in single-pass geometries) and do not make efficient
use of the available pump power.

The conversion efficiency can be improved when the Ti:sapphire oscillator [3,25–29] or the
multi-stage Yb:fiber laser system [8,30–32] is extended with an enhancement cavity and the HH
source is placed into it. Enhancement cavities recycle the unused laser pulse for the next round.
The highest intracavity laser power of multi-kW and the highest nW HH power per comb line
was achieved with such laser systems [8]. However, it makes the concept bulky, complex and
sensitive: Any losses inside the secondary cavity act against the enhancement and the secondary
cavity needs to be matched to the primary oscillator in repetition rate, dispersion (and carrier
envelope phase).

Building the HH source directly into the primary cavity of an oscillator carries the advantage
of the high intracavity power but without the difficulty of the synchronization of the enhancement
cavity. This concept was successfully realized based on Ti:sapphire [33] and Yb:YAG [34–36]
oscillators using gas media as HH sources. These systems were running at low 9-17 MHz
repetition rates to reach the necessary laser intensities for HH generation in gases.

Nevertheless, an additional difficulty is arisen during the intracavity generation of HH
(enhancement cavity or intra-oscillator): the generated harmonics co-propagated with the laser
beam and it was necessary to couple the HH beam out of the cavity while maintaining low loss
for the laser beam. For this purpose, different output coupling techniques were tested; they all
struggle with low output coupling efficiency or high losses in the cavity or fast degradation
or difficult alignment. Very good reviews of the output coupling methods and descriptions of
specific solutions can be found in [3,8,12,13,37–43].

Here we aim to realize a VUV laser source in a very compact way, by integrating the HH
source into the primary (and only) cavity of a mode-locked, femtosecond, Ti:sapphire oscillator.
Earlier realizations [33–36] as mentioned above were running at much lower repetition rate and
used gas media for HH generation. However, when increasing repetition rates, the remaining
ionized gas plasma can produce instabilities in the cavity [12] . To avoid this problem, we have
used a solid HH medium instead of gas, which proved its usability in an enhancement cavity [29].

In this paper, we report the realization of an intra-oscillator HH source at high repetition rate
of 80 MHz. It is based on a Ti:sapphire oscillator, and a second focus was inserted into its cavity
for the HH source. The solid medium, serving as the HH source, is an AlN film coated on a thin
sapphire substrate, which is placed in the second focus in Brewster angle. The harmonics are
generated by nonlinear reflection on the thin film. Due to the applied reflection geometry, the
generated harmonics propagate at different direction than the laser beam, eliminating the need
for a separate output coupler. The underlying harmonic generation mechanism on the boundary
of two materials (including the special case of vacuum-material boundary) was described in [44]
and experimentally observed in [20,45–50].

We first describe the oscillator setup and briefly summarize the theoretical background of
nonlinear reflection. After that, we report the characterization of the tunable laser oscillator
and the tunable HH source. We propose an explanation for the appearance of a weak coherent
super-continuum based on the experimental observations of the interference between the harmonic
lines and the super-continuum. After demonstrating the successful implementation of the concept,
finally, we discuss the achieved harmonic power and its recent limitations and the possibilities of
scaling the intracavity and the generated harmonic power up.
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2. Setup of the intra-oscillator HH source

The developed setup (Fig. 1(a)) was based on an earlier oscillator [52] and a second focus was
inserted, similarly to [33] resulting on a compact arrangement on a 30 cm× 60 cm footprint
(without the spectrometer). All around, we developed an oscillator cavity tunable between 750
and 800 nm with intracavity power up to 10 W, which was possible by using all broadband chirp
mirrors, high reflectors and output couple. The Ti:sapphire crystal was pumped with a Laser
Quantum finesse pure 16, frequency doubled Nd:YAG laser, which can provide a power up to 16
W at 532 nm. Its beam was focused (f= 60 mm) into a 4 mm long Ti:sapphire crystal, cooled
down to 10 °C, by a thermoelectric cooler. Curved high reflector mirrors with 100 mm radius
directed the oscillator beams to the shorter (0.77 m) and longer (1.1 m) arms under angles of 6°
and 8°, respectively.

concept, finally, we discuss the achieved harmonic power and its recent limitations and the 
possibilities of scaling the intracavity and the generated harmonic power up.

2. Setup of the intra-oscillator HH source

Fig. 1: (a) Setup of the Ti:sapphire oscillator with the intracavity HH source and spectrograph. 
CM: chirp mirror; HM: high reflector mirror; FM: focusing mirror; L, Lg, Lh: lenses for laser, 

green and harmonic beams; Mh: VUV mirror for the harmonic beam; (b) Reflections and 
refractions of the laser and harmonic beams on the AlN film on sapphire. (c) XRD 

characterization of AlN film and the substrate. (d) Calculated absorption lengths of AlN using 
the data from [51]. 

The developed setup (Fig. 1(a)) was based on an earlier oscillator [52] and a second focus 
was inserted, similarly to [33] resulting on a compact arrangement on a 30 cm × 60 cm footprint 
(without the spectrometer). All around, we developed an oscillator cavity tunable between 750 
and 800 nm with intracavity power up to 10 W, which was possible by using all broadband 
chirp mirrors, high reflectors and output couple. The Ti:sapphire crystal was pumped with a 

Fig. 1. (a) Setup of the Ti:sapphire oscillator with the intracavity HH source and spectrograph.
CM: chirp mirror; HM: high reflector mirror; FM: focusing mirror; L, Lg, Lh: lenses for
laser, green and harmonic beams; Mh: VUV mirror for the harmonic beam; (b) Reflections
and refractions of the laser and harmonic beams on the AlN film on sapphire. (c) XRD
characterization of AlN film and the substrate. (d) Calculated absorption lengths of AlN
using the data from [51].
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As first step, we designed an oscillator cavity by the guidelines of [53] and the second focus
was inserted later. Two 1” chirped mirrors with 2 bounces/mirror and additional 1/2” chirped
mirrors were needed to compensate the dispersions of the Ti:sapphire crystal and the air. All
chirped mirrors had dispersion of -40 fs2 (Layertec). A thin pellicle can be placed into the
beam for tuning purpose (see next chapter). An output coupler with 1% transmission served
to deliver small part of the intracavity beam for diagnostics like autocorrelation and spectrum
measurements (results are presented below). This beam can also be used for repetition rate and
carrier envelope phase stabilization.

As second step, we formed a second focus using a BK7 lens (f= 10 mm) and a high reflector
mirror (R= 100 mm) at the end of the long arm. To compensate the dispersion of the intracavity
focusing lens, the number of reflections on the 1” chirped mirror pair had to be increased from 2
to 5. To realize the HH source, a thin AlN film on a sapphire substrate was placed into the second
focus in Brewster angle with the AlN film on the front surface. Films with different thicknesses
were grown on 0.1 mm thick, EPI polished, c-cut (0001), VUV grade sapphire substrates. After
cleaning the sapphire surface (Ar etching), AlN layers were deposited using the reactive RF
magnetron sputtering technique, applying a power of 650W to a 8” diameter metallic Al target
with 99.99% of purity. The working pressure was maintained at 5·10−3 mbar with N2 as the
sole gas involved in the sputtering process. In this way, slow deposition rates were achieved
(0.935 nm/min), enabling the deposition of such thin layers with the desired crystalline order.
The crystal orientation of the AlN films were characterized by x-ray diffraction (XRD). As shown
in the diffractogram of the 7 nm AlN film (Fig. 1(c)), only AlN (0002) Bragg peak (and those
from Al2O3 substrate) are detected by XRD, indicating AlN (000l) orientation, without hints of
other AlN peaks.

Since the refractive index of AlN (nAlN = 2.15) [51] is not much larger than that of sapphire
(nsapphire = 1.76) [54] at near 800 nm, the corresponding Brewster angles 65° and 60° are similar
enough for reaching a low <1% measured reflection loss at around 63°. Harmonics are generated
on the front surface (surface layer) of the AlN film due to nonlinear refraction and nonlinear
reflection. The most important occurring beam paths are presented in Fig. 1(b). At around the
Brewster angle, only very small fractions of the incident laser beam are reflected from all the
three possible interfaces. These beams are represented with dashed red arrows. The laser beam
mainly passed through the AlN/sapphire substrate, experiencing only small losses. In the case
of the multiple harmonics, the generation mechanism on the boundary of two materials was
described in [44] and experimentally observed in reflection [45] and in transmission [20,46] from
surfaces and from interfaces. Taking the boundary condition, the wave vectors should fulfill the
condition [44,47]

kqx = qk1x (1)

where kq and k1 are the wave numbers of the q-th harmonic and the fundamental (q= 1) laser
beams and the x-axis is oriented along the boundary in the direction of the plane of incidence.
Consequently, the reflected and transmitted harmonic beams obey

n1(ωq)sin(θrq) = n2(ωq)sin(θtq) = n1(ω1)sin(θi). (2)

Here, θrq and θtq are the angles of the generated harmonic beams in the reflection and
transmission directions and θi is the incident angle of the laser beam. According to Eq. (2),
harmonics reflected from the front surface of the AlN film propagate in the same direction, as
presented in Fig. 1(b), because in vacuum n1(ωq) = n1(ω1) = 1. However, inside the media,
because of different refractive indexes, different harmonics propagate in different directions
but leave the plan-parallel sample in the same direction with a slight lateral offset [21,55].
Furthermore, as plotted in Fig. 1(d), the AlN film is transparent for H3 but for H5, the absorption
length is below 10 nm. Consequently, H3 can pass through but H5 and higher order harmonics
like H6 and H7 are absorbed in the film. In Fig. 1(b), the absorbed H5 beam is presented by a
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dashed violet line without an arrow (only H5 is depicted for better visibility). The harmonics,
however can also be generated at the AlN-sapphire interface. In contrast to the reflected H5
(also H4, H6, H7), which is absorbed in the AlN film, the transmitted H5 can pass through the
sapphire substrate. The absorption length of the used VUV grade sapphire is larger than 1 mm
at wavelengths longer than 140 nm [54]; it is out of the plotted range of Fig. 1(d), and even
conventional sapphire is transparent at H5 with the used 0.1 mm thickness [56]. It is in line with
our observation, where we measured the transmitted H5 in an independent experiment.

Because H5 and higher harmonic orders are situated in the VUV spectral range, the HH
source containing the focusing lens, the AlN sample and the focusing mirror were placed inside
a vacuum chamber, as shown in Fig. 1(a). A lens with long (500 mm) focal length served as
vacuum window to avoid parasitic reflections. The chamber was filled with He gas at pressure
∼0.8 bar, which is completely transparent in the VUV spectral range. This was necessary to
avoid an undesirable heating processes in the film. The reflected HH beam from the sample
was directed to the VUV spectrograph (McPherson 234/302) by two VUV mirrors. Because of
the tight focusing of the laser beam needed to reach the ∼TW/cm2 intensity on the AlN sample,
the HH beams are highly divergent and refocusing with a VUV grade MgF2 lens (f= 100 mm)
onto the input slit of the VUV spectrograph was needed. The spectrograph was equipped with
a 1200 g/mm grating for higher resolution measurements or with a 300 g/mm grating, when
higher signal was preferred over resolution. We detected our spectrally resolved HH signal
with a photomultiplier tube (Hamamatsu R6836), sensitive in the relevant 115-320 nm spectral
range. Its low operation pressure below µbar was ensured with another vacuum pump and with a
separating VUV grade MgF2 window. To enhance the rate of higher order harmonics and to
suppress the fundamental and the H3 beams in the measured spectra, it was possible to insert a
VUV bandpass filter (130-BB-1D, Pelham Research Optical L.L.C.) before the entrance of the
spectrograph (see Fig. 1(a)).

3. Characterization of the intra-oscillator HH source

3.1. Optimization of the system

First we optimized the oscillator without the second focus (see Fig. 1(a), green bold letters,
L, AlN, FM). The lens and curved mirror were replaced with a plain high-reflector and BK7
glass was inserted to imitate the dispersion of the lens. The oscillator cavity was optimized for
reaching Kerr-lens mode locking (KML), then the lens with the curved mirror was built in to
create the second focus. Then, the oscillator was optimized as follow: Appropriately choosing
the distance between the lens and the curved end-mirror by means of positioning the lens, optimal
continuous wave (CW) operation was achieved. At the optimized CW power, the laser operated
at a wavelength between 780 and 790 nm. To restart mode locking, the lens should have been
moved closer to the end mirror, which tuned the CW to shorter wavelength of 740-750 nm, as a
consequence of the chromatic dispersion of the lens (shorter focal length at shorter wavelength).
While the focal length of the lens was shortened due to the Kerr lensing caused by the high peak
intensities of the short laser pulses in the cavity, the KML could be started at a somewhat longer
wavelength and the spectrum was broad when the cavity dispersion was suitably balanced. After
placing the AlN sample as the solid HH source into the secondary focus, the lens position needed
slight readjustment and the pump power was increased to compensate the small loss (estimated
below 1%) caused by the HH source.

To reach the required short laser pulses in the second focus, the pulses should not be chirped
when interacting with the AlN film. The GDD between the arms of the oscillator had to be
distributed accordingly. To determine the optimal distribution, first the H3 beam, later the H5
beam was monitored. The strongest signal was reached, when 2 reflections on the chirped mirrors
in the short arm and 12 reflections in the long arm were applied as indicated in Fig. 1(a).
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3.2. Characterization of the oscillator

By appropriately turning the pellicle in the cavity, the operational spectrum of the oscillator
could be tuned as plotted in the inset of Fig. 2 for three cases, denoted by 750 nm, 775 nm and
800 nm. We characterized the oscillator output using autocorrelation, beyond the output coupler
(see Fig. 1(a)). The substrate dispersion of the output coupler was compensated by multiple
reflections on chirped mirrors. The measured autocorrelation curves are plotted in Fig. 2, where
the optimal compensation of approx. 320 fs2 was used for the measurements. The measured
pulse durations were between 17 fs and 18.5 fs dependent on the selected wavelength. As can
be observed from the measured curves, some higher order dispersion remained uncompensated.
This is expected, because the intracavity chirped mirrors compensate only the GDD and the
higher order contributions of the Ti:sapphire crystal and the lens remain uncompensated. An
effect on the complex spectral shape can also be observed. The two spectral maxima separated
by approx. 40-50 nm (approx. 20-25 THz), and the corresponding approx. 40-50 fs time interval
can be observed in the autocorrelation curves as an additional feature at their pedestals.
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by shifting the shape and the spectral center of mass of the generated broad spectra (see insets 
of Fig. 2 and in Fig 3(a)). The spectral shape of the harmonics should not strictly follow the 
shape of the laser spectrum, but its central wavelength should change when the laser spectrum 
changes because the spectral fields of the high order harmonics can be described as a high order 
convolution integral of the laser spectral field. We performed the measurements using a 7 nm 
thick AlN thin film on a 0.1 mm sapphire substrate as source. The measured harmonic spectra 
are presented in Fig. 3(b) and 3(c) for the third and the fifth harmonic, respectively. The 

Fig. 2. The measured autocorrelation curves and spectra of the oscillator output at three
spectral shapes tuned by the pellicle. Gray lines show the integrated signal over the
interference period. The measured beam was extracted from the cavity through the 1% OC
mirror and the dispersion caused by its substrate was compensated by multiple reflections on
a chirped mirror pair.

3.3. Characterization of the tunable VUV source

As demonstrated in the previous section, the oscillator is tunable between 750 nm and 800 nm
by shifting the shape and the spectral center of mass of the generated broad spectra (see insets
of Fig. 2 and in Fig. 3(a)). The spectral shape of the harmonics should not strictly follow the
shape of the laser spectrum, but its central wavelength should change when the laser spectrum
changes because the spectral fields of the high order harmonics can be described as a high
order convolution integral of the laser spectral field. We performed the measurements using a
7 nm thick AlN thin film on a 0.1 mm sapphire substrate as source. The measured harmonic
spectra are presented in Fig. 3(b) and 3(c) for the third and the fifth harmonic, respectively. The
corresponding spectra of the laser and its harmonics are denoted by the same colors. H5 was
measured without using the VUV filter while H3 was measured using the filter to suppress the
signal below saturation. We observe that both H3 and H5 are tunable; the intensity of H5 is
strongly dependent on the generating spectral shape, while the dependence of H3 is much weaker.
In both cases, the strongest signals were obtained from the “red” spectrum. In the cases of the
“red” and “orange” spectra, the intracavity power was 7.5 W; in the case of “blue” spectrum it
reached even 8 W, while for the “green” spectrum, it was only 6 W.
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spectrum it reached even 8 W, while for the “green” spectrum, it was only 6 W. 

Except the “green” spectrum, in the range of 3.8-4 W pump, both the intracavity laser power 
and also the harmonic powers were independent of the pump power. In the case of “green” 
spectrum, it was necessary to decrease the pump power to 3.6 W to avoid the appearance of a 
CW contribution, which resulted in a lower intracavity power. The weaker harmonic power for 
the “green” spectrum is a direct consequence of the lower intracavity power. Taking the 
spectroscopically usable power as 10% of the maximum, the VUV source has a usable spectral 
range between 145 nm and 163 nm.

Fig. 3: (a) The tuning the oscillator’s operational spectrum (Laser) tuned the harmonic spectra 
both (b) in the deep ultraviolet via the to 3rd harmonic (H3) and (c) in the VUV via the 5th 

harmonic (H5). Different colors indicate the corresponding spectra.
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It is imperative to understand the effects of the nonlinear AlN film source on the operation of 
the oscillator and in consequence on the HH process itself. AlN has a large nonlinear refractive 
index (n2 = 1.7·10-16 m2/W) compared to the sapphire substrate (n2 = 3·10-20 m2/W) [57]. In the 
secondary focus, where it is placed, the laser intensity is large, and produces additional parasitic 
Kerr-lensing in the cavity, which can take part in the KML operation. To study this, several 
AlN film thicknesses were tested and even a sapphire substrate was used too without any AlN 
film, as a reference. The generated spectra are plotted in Fig. 4. 

In the case of the pure sapphire substrate, Fig. 4(a), only H3 is generated and no other 
harmonics. With 7 nm AlN film, Fig. 4(b), beyond H3, strong H5 is generated and even a 
weaker H4 and H6 can be seen. Because AlN is weakly birefringent in the c-axes direction 
[58], the appearance of the even harmonics can be expected at non-normal incidence angles for 
“as-deposited” films [59]. The measured spectrum also shows the second diffraction order of 
H5 at the position of H5/2. The intensity of H3 is comparable to that generated on the substrate 
alone. Using thicker AlN film of 100 nm, Fig. 4(c), essential differences can be observed. The 
H5 is somewhat weaker, compared to 7 nm AlN film, but H4 is much stronger. Even H3 is 
much stronger and beyond a somewhat stronger H6, the H7 is well visible. The second 
diffraction order of H5 (H5/2) and the second and third diffraction order of H7 (H7/2, H7/3) 

Fig. 3. (a) The tuning the oscillator’s operational spectrum (Laser) tuned the harmonic
spectra both (b) in the deep ultraviolet via the to 3rd harmonic (H3) and (c) in the VUV via
the 5th harmonic (H5). Different colors indicate the corresponding spectra.

Except the “green” spectrum, in the range of 3.8-4 W pump, both the intracavity laser power
and also the harmonic powers were independent of the pump power. In the case of “green”
spectrum, it was necessary to decrease the pump power to 3.6 W to avoid the appearance of
a CW contribution, which resulted in a lower intracavity power. The weaker harmonic power
for the “green” spectrum is a direct consequence of the lower intracavity power. Taking the
spectroscopically usable power as 10% of the maximum, the VUV source has a usable spectral
range between 145 nm and 163 nm.

4. HH source performance using different AlN film thicknesses

It is imperative to understand the effects of the nonlinear AlN film source on the operation of
the oscillator and in consequence on the HH process itself. AlN has a large nonlinear refractive
index (n2 = 1.7·10−16 m2/W) compared to the sapphire substrate (n2 = 3·10−20 m2/W) [57]. In the
secondary focus, where it is placed, the laser intensity is large, and produces additional parasitic
Kerr-lensing in the cavity, which can take part in the KML operation. To study this, several AlN
film thicknesses were tested and even a sapphire substrate was used too without any AlN film, as
a reference. The generated spectra are plotted in Fig. 4.

In the case of the pure sapphire substrate, Fig. 4(a), only H3 is generated and no other
harmonics. With 7 nm AlN film, Fig. 4(b), beyond H3, strong H5 is generated and even a
weaker H4 and H6 can be seen. Because AlN is weakly birefringent in the c-axes direction
[58], the appearance of the even harmonics can be expected at non-normal incidence angles for
“as-deposited” films [59]. The measured spectrum also shows the second diffraction order of
H5 at the position of H5/2. The intensity of H3 is comparable to that generated on the substrate
alone. Using thicker AlN film of 100 nm, Fig. 4(c), essential differences can be observed. The
H5 is somewhat weaker, compared to 7 nm AlN film, but H4 is much stronger. Even H3 is much
stronger and beyond a somewhat stronger H6, the H7 is well visible. The second diffraction
order of H5 (H5/2) and the second and third diffraction order of H7 (H7/2, H7/3) can be also
recognized. Additionally, a continuum background appears, denoted by the orange dashed curve.
This continuum background will be discussed in the next chapter.

Using even thicker, 300 nm AlN film, higher order harmonics as H4, H5, H6 are much weaker
and H3 remains strong. Moreover, we find that the film thickness itself affects the operation of
the oscillator. While with a 7 nm film, 7.0-7.5 W intracavity power is obtained, this decreases to
6.5-7.0 W using a 100 nm film and even to 6 W in the case of a 300 nm film. The significantly
decreased intracavity power in the case of the 300 nm film can explain the much weaker higher
order harmonics and the decreased continuum background.



Research Article Vol. 32, No. 10 / 6 May 2024 / Optics Express 17600

can be also recognized. Additionally, a continuum background appears, denoted by the orange 
dashed curve. This continuum background will be discussed in the next chapter.

Fig. 4: Measured reflected HH spectra, generated using different AlN film thicknesses on 
sapphire substrate (b,c,d). The spectrum from the substrate without AlN film is also measured 

for reference (a). The intensity scales are comparable among the figure panels. The super-
continuum backgrounds are denoted in dashed orange lines. For 100 nm and 300 nm AlN 
thickness, the spectra after subtracting the continuum background are plotted with thinner 

lines. In all panels, H3 saturated the detector.

Using even thicker, 300 nm AlN film, higher order harmonics as H4, H5, H6 are much 
weaker and H3 remains strong. Moreover, we find that the film thickness itself affects the 
operation of the oscillator. While with a 7 nm film, 7.0-7.5 W intracavity power is obtained, 
this decreases to 6.5-7.0 W using a 100 nm film and even to 6 W in the case of a 300 nm film. 
The significantly decreased intracavity power in the case of the 300 nm film can explain the 
much weaker higher order harmonics and the decreased continuum background.

5. Coherent continuum background
We observe continuum backgrounds beyond the harmonic lines in the generated spectra, as 
seen in Fig. 4. The origin of these backgrounds is not straightforward. It was the strongest for 
the 100 nm AlN film, but it can also be seen for a 7 nm film and it is still strong in the case of 
300 nm film. Important observations can be made, which suggest that this background is 
coherent. It can be concluded, if the intensity of one of the harmonic lines is comparable to the 
continuum background, and spectral interference becomes visible. In Fig. 5, we illustrate 
observations of such spectral interference fringes. In Fig. 5(a), the intracavity dispersion was 
still not optimized and H5 was relative weak, but larger than the background. Higher order 

Fig. 4. Measured reflected HH spectra, generated using different AlN film thicknesses
on sapphire substrate (b,c,d). The spectrum from the substrate without AlN film is also
measured for reference (a). The intensity scales are comparable among the figure panels.
The super-continuum backgrounds are denoted in dashed orange lines. For 100 nm and 300
nm AlN thickness, the spectra after subtracting the continuum background are plotted with
thinner lines. In all panels, H3 saturated the detector.

5. Coherent continuum background

We observe continuum backgrounds beyond the harmonic lines in the generated spectra, as
seen in Fig. 4. The origin of these backgrounds is not straightforward. It was the strongest for
the 100 nm AlN film, but it can also be seen for a 7 nm film and it is still strong in the case
of 300 nm film. Important observations can be made, which suggest that this background is
coherent. It can be concluded, if the intensity of one of the harmonic lines is comparable to
the continuum background, and spectral interference becomes visible. In Fig. 5, we illustrate
observations of such spectral interference fringes. In Fig. 5(a), the intracavity dispersion
was still not optimized and H5 was relative weak, but larger than the background. Higher
order harmonics were not generated. Interference fringes with approx. 70 THz period can be
seen. A fitted curve expecting Gaussian harmonic line shape A(ν) is plotted using the form
I(ν) = I0[A2(ν) + Q2 + 2QA(ν)cos(2πν/∆ν + ϕ)] counting with the spectral period ∆ν and the
rate of the electric fields Q=ESPM/EHH . At optimized intracavity dispersion, in Fig. 5(b) and
5(c), interference fringes in the spectra of H6 and H7 can be observed with approx. 60 THz
periods.

For the origin of the coherent background continuum, we suggest the following explanation.
Harmonics are generated by nonlinear interaction. The third order nonlinear polarization contains
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harmonics were not generated. Interference fringes with approx. 70 THz period can be seen. A 
fitted curve expecting Gaussian harmonic line shape A(ν) is plotted using the form 𝐼(𝜈) = 𝐼0

𝐴2(𝜈) + 𝑄2 + 2𝑄𝐴(𝜈)𝑐𝑜𝑠 2𝜋 𝜈 𝛥 𝜈 + 𝜙  counting with the spectral period Δν and the rate 
of the electric fields Q = ESPM/EHH. At optimized intracavity dispersion, in Fig. 5(b) and 5(c), 
interference fringes in the spectra of H6 and H7 can be observed with approx. 60 THz periods. 

Fig. 5: Spectral interference was observed between the generated harmonic lines and the 
coherent background continuum for (a) H5, (b) H6 and (c) H7. The fitted interference patterns 

are plotted with orange solid lines using fitting parameters like spectral periods: 70, 60, 60 
THz; rate of the electric fields: Q = 0.18, 0.25, 1.0; phases: -2, -0.5, -1 rad. Beyond the 

harmonic lines, the spectral line of the hydrogen 2p-1s transition at 121.5 nm is also visible. 
(d) The H6-H7 spectral range was measured with higher spectral resolution. In the insets, the 
full measured spectra are plotted; the coherent background is denoted by orange dashed lines, 

and yellow highlighted spectral ranges are plotted in detail.  In the insets, H3 saturated the 
detector.

For the origin of the coherent background continuum, we suggest the following explanation. 
Harmonics are generated by nonlinear interaction. The third order nonlinear polarization 
contains two terms, the self-phase modulation (SPM) and the third harmonic generation (3HG).

Fig. 5. Spectral interference was observed between the generated harmonic lines and the
coherent background continuum for (a) H5, (b) H6 and (c) H7. The fitted interference
patterns are plotted with orange solid lines using fitting parameters like spectral periods: 70,
60, 60 THz; rate of the electric fields: Q= 0.18, 0.25, 1.0; phases: -2, -0.5, -1 rad. Beyond
the harmonic lines, the spectral line of the hydrogen 2p-1s transition at 121.5 nm is also
visible. (d) The H6-H7 spectral range was measured with higher spectral resolution. In the
insets, the full measured spectra are plotted; the coherent background is denoted by orange
dashed lines, and yellow highlighted spectral ranges are plotted in detail. In the insets, H3
saturated the detector.

two terms, the self-phase modulation (SPM) and the third harmonic generation (3HG).

SPM: PNL(ω) ∝ 3χ(3)E2(ω)E(−ω), (3)

3HG: PNL(3ω) ∝ χ(3)E3(ω). (4)

SPM, due to the ω=ω+ω – ω process, produces a broad coherent pedestal of the fundamental
laser spectrum, which can be observed as the coherent super-continuum background. These are
plotted in orange dashed lines in Fig. 4. The short wavelength slope is given by the pedestal
of the super-continuum, while the long wavelength slope is defined by the spectral sensitivity
of the photomultiplier. Harmonics are generated similarly to Eq. (4) for any harmonics, HHG:
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PNL(qω) ∝ χ(q)Eq(ω) perturbative or mainly non-perturbative manner, depending on the laser
intensity. If the intensity of the super-continuum background is comparable to the intensity of
a harmonic line, spectral interference can be observed. The 60-70 THz period of the spectral
interference pattern suggest a time difference of 14-17 fs between the generation of coherent
background and the generation of harmonics. It is feasible, because the maximum of the SPM is
generated at the maximum of the laser pulse or moves somewhat due to the dispersion of the
third-order susceptibility, while for non-perturbative HH generation, the electrons should be
moved to the conduction band by tunnel or multi-photon excitation; the excitation timescale is
integrated over the laser pulse and consequently delayed, and the observed difference is similar
to the pulse duration.

In both figures of 5(b) and 5(c), beyond the harmonic lines, an additional narrower line between
2.4 and 2.5 PHz appeared. For identifying this line, a spectrum with higher resolution (1200
g/mm grating instead of 300 g/mm and 1 nm/s scanning speed instead of the usual 2 nm/s) was
recorded in Fig. 5(d). In that case, the signal is weaker, near the single photon detection mode,
but both H6 and H7 can be seen together with the extra line. This line is identified as the Lyman α
line of the hydrogen 2p – 2s transition, which should be at 2.47 PHz (121.5 nm). We suspect the
hydrogen to originate from residual water vapor in the vacuum chamber and the water molecules
were broken and excited by the strong H3 beam in multi-photon absorption.

6. Conclusion and prospects

We developed a very compact VUV laser source by integrating the HH source into the cavity
of a mode-locked, femtosecond, Ti:sapphire oscillator. The source is running at 80 MHz, a
much higher repetition rate than previous realizations of intra-cavity HH generation. An AlN
film coated on a thin sapphire substrate is used as a solid HH source and the harmonics are
generated due to nonlinear reflection on the thin film, which eliminates the need for a separate
output coupler for the VUV beam. Furthermore, as a consequence of the nonlinear reflection, we
observed a weak, broad and coherent super-continuum and its interference with harmonic lines
when their intensities become comparable.

The concept has been successfully demonstrated and a highly compact, high repetition rate,
coherent vacuum ultraviolet light source has been realized with a spectrum reaching up to the
7th harmonics. The harmonic lines are tunable and the 5th harmonic covers the range between
145 and 163 nm, which makes this source suitable for laser spectroscopy of the 229mTh isomer
nuclear transition.

We produce a power in the range of few-nW to sub-nW in the 5th harmonic. Higher power was
achieved only with dramatically more complex, enhancement cavity extended, large fiber laser
systems and with lower repetition rate thin disk oscillators. At this moment, the main limitation
for our source to reach higher VUV power is the heating of the solid sample due to multi-photon
absorption in the AlN film, which limits the intracavity power to approx. 8 W compared to the
kW level of other systems. The increased temperature can strongly influence the properties of the
AlN films [60] and even can damage it. The estimated fluence in the focus is approx. 0.1 J/cm2,
which is more than one order of magnitude smaller than the damage threshold of the AlN and
the sapphire [61]. By increasing the intracavity power only by a factor of 4, the power of the
5th harmonic can reach the µW regime, which is approaching the power requirement of 229Th
isomer spectroscopy [5,8] or becomes suitable to reference narrow linewidth lasers used for its
spectroscopy. Therefore, we are convinced that the output VUV power can be increased by orders
of magnitudes by implementing an efficient cooling of the AlN film and consequentially raising
the intracavity power.
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