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A monolithic lens-window-prism (LWP) device, made of lithium fluoride (LiF) or magnesium fluoride (MgF2),
was proposed. When either of the devices was fixed onto one end of a gas cell filled with Xe, it becomes a
“wedge-crystal”-like device and was used to convert a 1 MHz femtosecond 347 nm laser to its third harmonic
radiation at 10.7 eV. This led to an improved beam profile and a more compact and less lossy configuration.
A stable output power of ∼11 μW was demonstrated for 2 h using LiF-LWP. In addition, MgF2-LWP was also
verified for its practicability at 10.7 eV.
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Vacuum ultraviolet (VUV) beam sources
(λ ¼ 100–200 nm, i.e., hυ ¼ 6.20–12.40 eV) are indispen-
sable for laser-based angle-resolved photo-emission spec-
troscopy (ARPES). These high photon energies can
overcome the typical work functions ranging from 4.5 to
4.8 eV[1] and allow larger inelastic mean-free electron paths
compared with those enabled by radiation sources (typi-
cally, 20–100 eV) based on high-harmonics generation
(HHG), which thus can improve the bulk sensitivity of
ARPES[2]. However, due to the lack of suitable gain media,
they usually cannot be generated directly. Accordingly,
nonlinear frequency conversion technologies have to be
resorted to, where extracting the generated VUV beam
from the fundamental laser driver is quite challenging.
In terms of solid-state nonlinear media, potassium

fluoro-beryllo-borate (KBBF) crystals are the exclusive
ones that can provide the required phase matching condi-
tions in the VUV region and have enabled the generation
of beams at 177.3 nm (6.99 eV)[3], 165 nm (7.51 eV)[4], and
149.8 nm (8.28 eV)[5]. Because KBBF is usually used as a
prism-coupled device (PCD), the generated VUV beam
propagates in a different direction relative to that of
the fundamental laser driver, and no additional extraction
is needed[3–5]. For the generation of still shorter wave-
lengths, noble gases have to be adopted as the nonlinear
media. In this case, window-free configurations or gas
nozzles are usually used because of the lack of suitable
materials that can effectively transmit the wavelength
below 105 nm (11.8 eV). Some reflective optics with lim-
ited reflectivity are used to extract the generated har-
monic radiations, such as fused silica plates[6], silicon
carbide[7], and Mo/Si mirrors[8]. Subsequently, with the
help of a monochromator and thin metal filters, one can
select the desired harmonic. Inevitably, this kind of
window-free configuration leads to significant noble gases
consumption, and redundant optics introduce losses for

the beam line. Fortunately, for wavelengths longer than
∼105 nm (11.8 eV) and ∼115 nm (10.8 eV), which are cut-
off wavelengths of lithium fluoride (LiF) and magnesium
fluoride (MgF2), respectively

[9], transmission optics (such
as windows, lenses, and prisms) made of LiF and MgF2
can be considered. Currently, there have been some re-
ports about this, but exclusively using LiF[10–12], and no em-
ployment of MgF2 around 10.7 eV has been reported to
the best of our knowledge. Compared to LiF, MgF2 is in-
teresting for its high hardness and high birefringence. Fur-
thermore, MgF2 is much easier to fabricate than LiF is.
Usually, windows are used for isolation between noble
gases and the vacuum chamber, lenses for collimation,
and prisms for separating the generated VUV beam from
the fundamental driver radiation, which means that the
generated VUV beam will encounter 4–6 LiF or MgF2

surfaces along its path, depending on the number of
LiF or MgF2 optics used. However, the transmission of
LiF is susceptible to the surface flatness (i.e. the quality
of the polishing), storage conditions, and tempera-
tures[13–15]. Especially, it is worth paying more attention
to the losses from the surface itself, which actually come
from not only the Fresnel losses but also from the irregular
tiny surface waviness, polishing materials, polishing meth-
ods, cleaning materials, and thin layers left behind on the
surface[13,14]. The divergence between theoretical Fresnel
losses and the actual ones is much more significant at
shorter wavelengths than at longer ones[14]. Therefore,
there is an incentive to decrease the number of LiF optics
used, accordingly, the number of LiF surfaces that are on
the VUV beam path in order to avoid multiple uncertain-
ties on the transmission and increase the total transmis-
sion, which in turn can make the overall system more
compact, stable, and cost effective. One more concern lies
in the beam profile of the generated VUV beam. For the
intended purposes of ARPES applications, ideally, the
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generated beam has a circular shape. In our previous
work[12], due to the large apex angle (∼64°) of the used
prism, the relative broadband width of the input funda-
mental laser driver, and the large dispersion ðdn∕dλÞ of
LiF around 115.6 nm, the generated 10.7 eV beam was
elliptical. This issue could have been avoided had a funda-
mental laser driver with a narrow bandwidth picosecond
output been used[11].
In this manuscript, we report on a monolithic lens-

window-prism (LWP) device made of either LiF or
MgF2, the use of which improved performances, such as
the beam profile and losses, as well as allowed for a more
compact setup. Fixing the LWP onto one end of a gas cell
filled with Xe turned the device into being “wedge-crystal”
like. Functionally, it works like the frequently used crys-
tals that convert the input frequency into harmonics. Spe-
cifically, by making the apex angle much smaller, we
successfully obtained a nearly circular beam shape instead
of the previously reported elliptical one[12]. The LiF and
MgF2 LPW devices yielded similar results at 10.7 eV. To
the best of our knowledge, this is the first report on the
use of MgF2 optics around their cutoff wavelength region.
Experimentally, a ∼1 W homemade femtosecond laser at
347 nm with a repetition rate of 1 MHz was used as a
fundamental laser driver, and an average power of
∼11 μW at 10.7 eV was achieved, corresponding to a con-
version efficiency of ∼1 × 10−5. Additionally, VUV power
decay was observed for both LiF-LWP and MgF2-LWP
devices when placed in a chamber under vacuum condi-
tions. However, by filling this chamber with nitrogen, the
power stability was significantly improved, and no indica-
tion of decay was observed. As an example, a stable output
power of ∼11 μWwith LiF-LWPwas demonstrated for 2 h.
Firstly, we would like to give a brief introduction on the

developed monolithic LWP device made of LiF and MgF2,
as shown in Fig. 1. For a better understanding, one can
imagine that it consists of three parts: a plano-convex lens
on one side with a radius of curvature R to re-collimate the
beam, a plano-plano window with a thickness d to isolate
the gas cell from the chamber onto which it would be at-
tached, and a right angle prism with apex angle θ to sep-
arate the generated VUV beam from the fundamental
laser driver one. In our case, the three parameters were
R ¼ 120.76 mm (134.82 mm), d ¼ 2 mm (2 mm), and
θ ¼ 20° (20°) for LiF-LWP (MgF2-LWP), respectively.
Although the two radii of curvatures were different for
LiF-LWP and MgF2-LWP, they yielded a same focal
length of∼200 mm at a wavelength of 115.6 nm, given their
different refractive indices. The reason why we prepared
an MgF2-LWP, in addition to the LiF-LWP one, was to
test whether or not MgF2 optics can be used so close to
their cutoff wavelength. The optical axis of MgF2 is par-
allel to the laser propagation direction inside the gas cell
shown in Fig. 1, so there is no birefringence expected. The
inset (a) in Fig. 1 shows the photograph of the custom
made LiF-LWP, and the inset (b) in Fig. 1 shows the in-
tegrated flange that can be fixed onto the other end of the
gas cell. The lower part of Fig. 1 shows the schematic

diagram of the wedge-crystal-like gas cell, where the
noble gas inside was static as the experiments were
carried out. The input end is a commercially available
antireflective (AR) coated ultraviolet fused silica (UVFS)
window (4 mm in thickness).

Figure 2 shows the schematic diagram of the experimen-
tal setup for the generation of the 10.7 eV beam source.
The quasi-monolithic gas cell (∼30 cm in length) was
attached to a chamber. The fundamental laser driver
was a homemade femtosecond 347 nm ultraviolet (UV)
laser with a repetition rate of 1MHz[12], which could deliver
an average power of up to 10 W and was focused into the
gas cell using a lens with a focal length of 150 mm. The gas
cell was filled with Xe. After passing through the
LiF-LWP, the generated VUV beam was collimated
and separated from the fundamental driver thanks to
the geometry of the LWP, and the unconverted

Fig. 1. Schematic diagram of the “wedge-crystal”-like gas cell
(lower part), integrated with the monolithic lens-window-prism
(LPW) device. (a) A photograph of the custom-made LiF-LPW
device. (b) The integrated flange that can be fixed onto the other
end of the gas cell.

Fig. 2. Schematic diagram of the experimental setup for the gen-
eration of a 10.7 eV beam source. The input laser is from a home-
made 347 nm femtosecond laser with a repetition rate of 1 MHz.
(a) The previously obtained beam profile. (b) The beam profile
obtained with the LWP device. Phototube: Hamamatsu Photon-
ics R1187.
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fundamental UV laser was directed to a beam dump or
reflected by a mirror onto a power meter for measure-
ments. The generated VUV beam was firstly incident onto
a movable fluorescence plate to verify its generation. After
ascertaining that the desired harmonic was generated, the
fluorescence plate was removed from the beam path, and
the average power could be measured with a phototube
(Hamamatsu Photonics: R1187), which has a spectral re-
sponse from 115 to 200 nm with a peak response
at 130 nm.
For experiments, we firstly tested the beam profile

obtained with the LWP. The results are shown in Fig. 3.
With the help of a fluorescence plate and a CCD camera,
the beam profiles were acquired for different UV input
powers ranging from 0.5 to 2.5 W (pulse energy 0.5 to
2.5 μJ), with an exposure time of 10 ms. Figure 3 visibly
shows almost circular beam profiles and the brightness
increasing with increasing input powers. The exact power
was not characterized, as the phototube was not available
at the time this test was carried out.What is noteworthy is
that a VUV beam can be generated with pulse energy as
low as 0.5 μJ, which means a laser driver with a higher
repetition rate of ∼10 MHz or more could be used. The
beam profile was also compared to the one obtained in
our previous work, as shown in Fig. 2(a)[12]. Since the
fundamental laser driver was a relatively broadband
femtosecond laser, the generated VUV source was ex-
pected to inherit this same characteristic. Therefore,
spatial dispersion would be introduced as the beam passes
through the prism. The smaller the apex angle of the prism
is, the more circular the beam profile is. In this proof-
of-principle experiment, we considered the size of our
chamber (40 cm in length) and the necessary angle of
separation between the fundamental driver and the
VUV beam to be directed towards the beam dump and
the phototube correspondingly, and so the angle of the
prism used was 20°. If the distance between the gas cell
and the real sample under test was much longer, one could
consider using an LWP device with a smaller apex angle
(for example, 10° or 5°), which could lead to a further
improved circular beam profile. In experiments, although
higher powers of up to 10 W were available, they were not
used here in order to preserve the lifetime of the LWPs.
Based on our previous experience and the trend shown
in Fig. 3, we believe that much higher VUV power could
be expected if a high-power UV laser was used.
Next, we tested the long-term stability of the generated

VUV beam, which would be critical for the intended
applications. Different from our previous experiments,

we used a phototube instead of a photodiode. Phototubes
have the advantage of suppressing the spectral response at
the UV band, which, hence, can get rid of the influence of
background signals. A picoammeter was used to read out
the signal intensity, and the real power could be calculated
with a spectral response of 4 nA/μW (provided by the
manufacturer). We confirmed at least more than 3 orders
of magnitude suppression of the UV and visible light back-
ground. So, the subtraction of the background from the
main signal is no longer necessary. Experimentally, both
LiF-LWP andMgF2-LWPwere tested. Figure 4 shows the
results for an input UV power of ∼1.2 W, where the VUV
output decayed rapidly. For LiF-LWP and MgF2-LWP,
the decay times are found to be 62 and 59 min using
exponential fitting, respectively. The transmitted 347 nm
laser power was simultaneously monitored by inserting a
movable mirror and guiding the beam to a power meter, as
shown in the Fig. 2, and no obvious decay was observed.
This data was not acquired continuously, only every
30 min, so it is not shown here.

Although we do not know the exact origin of the rapid
VUV power decay, there are a few suggested reasons
for this. One is the absorption of moisture from the
environment[16,17]. Another is the generation of ozone
around the surface of LiF and MgF2 via photochemical
reaction processes when the VUV beam encounters
oxygen[18,19]. Also, if the laser system is operated under
vacuum conditions, organic molecules, like outgassing
from components and materials, can accumulate and be
deposited onto the irradiated optical surfaces by interac-
tion with the high-energy photons. This is the so-called
laser-induced contamination (LIC)[20,21]. To thoroughly
investigate the definitive reason is difficult and out of

Fig. 3. Beam profiles on the fluorescence plate taken with a CCD
camera when different UV powers were used.

Fig. 4. Experimentally measured decay of the average powers
using LiF-LWP and MgF2-LWP in vacuum conditions. The
black lines are fitted results using exponential decay. For both
cases, the normalized intensity 1.0 corresponds to a real power
of 8 μW.
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the scope of this work. Indeed, similar issues occur with
nonlinear crystals, like beta barium borate (BBO) and
KBBF, when they are used to generate UV or VUV
beams. To resolve this problem, oxygen and inert gases are
usually used in the beam path[19,22].
To improve the stability of the generated VUV source,

we used nitrogen (approximatively 150 Pa) to fill the
chamber after vacuum evacuation. The result is shown
in Fig. 5, where LiF-LWP was used. The stability was
visibly improved compared with that shown in Fig. 4.
Within 2 h, there was no indication of the VUV power de-
creasing. The average power was around 11 μW. With an
input power of ∼1.3 W considered, the corresponding con-
version efficiency was ∼1 × 10−5 on target. This efficiency
was somewhat lower than that reported in Ref. [12], which
was ∼1.6 × 10−5 on target (80 μW∕5 W ¼ 1.6 × 10−5).
We believe two factors were responsible for this: one was
the much lower input powers used, 1.3 versus 5 W, and
the other one was that only Xe was used in the present work
instead of the hybrid Xe/Ar gas mixture in Ref. [12], which
allowed a four times higher yield. Considering these factors,
we believe that the demonstrated LWP device gives much
better results. Here, for rough estimations, we integrated
the intensities in Fig. 3 and estimated the powers for each
case. It is ∼50 μW for Fig. 3(e). By fitting all five cases in
Fig. 3, we found a proportional relationship of P115.6 nm ∝
P1.5

347 nm (both the CCD camera and fluorescence plate are
assumed to linearly respond to the VUV beam source),
which is much weaker than expected, P115.6 nm ∝ P3

347 nm.
Even with this relationship, if a 10 W UV laser was used,
more than 300 μW could be expected on the target.
In conclusion, we have conceived and demonstrated a

monolithic LWP device made of either LiF or MgF2,
which allowed a quasi-monolithic integrated wedge-
crystal-like gas cell. With this device, we have achieved
an improved beam profile at a 10.7 eV beam and decreased
the total losses of the overall system. Pulse energy of 0.5 μJ
was sufficient to enable VUV generation at 10.7 eV.

We also demonstrated that MgF2 is usable in practice
for a wavelength of 115.6 nm (10.7 eV) and gives a similar
transmission to LiF. Although the decay in average power
was observed, this issue was overcome by using nitrogen
gas. As a demonstration, 2 h of stable operation was shown
with an average power of ∼11 μW, corresponding to a con-
version efficiency of ∼1 × 10−5. Additionally, due to the
required low pulse energy, we believe that repetition rates
could be extended to 10 MHz or higher.
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