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High intensity vacuum ultraviolet and extreme ultraviolet production
by noncollinear mixing in laser vaporized media
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A method is described for generating intense pulsed vacuum ultraviolet (VUV) and extreme
ultraviolet (XUV) laser radiation by resonance enhanced four-wave mixing of commercial pulsed
nanosecond lasers in laser vaporized mercury under windowless conditions. By employing noncol-
linear mixing of the input beams, the need of dispersive elements such as gratings for separating
the VUV/XUV from the residual UV and visible beams is eliminated. A number of schemes
are described, facilitating access to the 9.9-14.6 eV range. A simple and convenient scheme
for generating wavelengths of 125 nm, 112 nm, and 104 nm (10 eV, 11 eV, and 12 eV) using
two dye lasers without the need for dye changes is described. Published by AIP Publish-

ing. [http://dx.doi.org/10.1063/1.4952749]

I. INTRODUCTION

Four-wave sum frequency mixing of commercial tunable
nanosecond pulsed lasers in gases is a well-established method
for producing coherent vacuum ultraviolet (VUV, A < 180 nm)
and extreme ultraviolet (XUV, A < 110 nm) radiation.' A
thorough summary of current XUV and VUV generation
methods and uses, written by Eikema and Ubachs, can be
found in the Handbook of High Resolution Spectroscopy.*
These wavelengths span photon energies where gaseous mole-
cules undergo photodissociation and/or photoionization. Many
schemes employing inert gases (particularly Kr and Xe) have
been reported with the greatest efficiencies obtained by
exploiting the large resonance enhancements in % in the
vicinities of one- and two-photon resonances.” In certain
wavelength regions, conversion efficiencies can be further
improved by optimal phase matching using gas mixtures.>”’
By employing resonance enhancement and phasematching
simultaneously, conversion efficiencies approaching 0.1% can
be achieved under favorable conditions in Kr or Xe.>’

The extremely large nonlinear susceptibilities of metallic
gases such as mercury (Hg) lead to conversion efficiencies
into the VUV/XUV that can be orders of magnitude greater
than that for inert gases."*~!” For example, by tuning a single
frequency-doubled dye laser to the 6 'Sy-7 'Sy two-photon
resonance in Hg at 312.85 nm, and mixing in the residual
625.70 nm fundamental, ~10'® photons/pulse near 10 eV
can be produced in a focused configuration using heated
cell.”!? This corresponds to conversion efficiencies from the
UV greater than 1%.%'© We recently described schemes for
mixing of two or three collimated (unfocused) beams from
commercial dye lasers in 1 m long Hg heat pipes for production
of ~0.1 mJ pulses (6 x 10'® photons/pulse) near 125 nm and
130 nm."! Because the laser beams are unfocused, by scaling
the input laser beams to higher energies, VUV output pulse
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energies in the millijoule range are achievable.'>! In this
wavelength range, MgF, and LiF optics can be employed for
focusing or dispersing the VUV from the much more intense
UV and visible beams with modest power losses, e.g., by
transmission through a lens held off of the optical axis.'!!3!4

The optical transmission of window materials decreases
sharply at shorter wavelengths, falling to zero for LiF at
A < 104 nm."> For MgF,, the only other material capable
of transmitting light at A < 140 nm, the transmission cutoff
occurs at 116 nm."> Consequently, a number of windowless
schemes have been developed for operation in the XUV.!¢-19
One approach employs a capillary array to transmit XUV light
from the high pressure region (where 4-wave mixing is carried
out) to a low-pressure region such as the ionization source
of a mass spectrometer.'®!*?° For mixing in inert gases, a
simple approach involves nonlinear conversion in pulsed gas
jets.?!=2> Due to the very small gas load, the XUV can be
propagated through a single differentially pumped aperture,
thereby avoiding the need for window material or capillary
arrays.

Many scientific applications require separation of the
XUV from the much more intense residual UV and visible
laser beams, usually requiring dispersion by a grating.?*?
This approach is expensive, particularly because gratings are
susceptible to optical damage by high-power laser beams.
From a practical perspective, the efficiencies of gratings are
typically only ~10%, severely limiting the usable XUV photon
flux.

Clearly, four-wave mixing of commercial nanosecond la-
sers facilitates access to the VUV region with efficiencies suffi-
cient for many scientific applications. Unfortunately, due to the
need for windowless operation and the low efficiency of disper-
sive elements such as gratings, efficient access to the XUV
region by nonlinear conversion of tabletop laser systems has
remained quite challenging from an experimental perspective.
In the present work, we sought an experimental approach that
would increase conversion efficiencies, while simultaneously
simplifying the experimental setup by eliminating the need for

Published by AIP Publishing.
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capillary arrays, extensive differential pumping, and optical
elements such as gratings.

If the two input laser beams are crossed at a small angle,
four-wave mixing produces an output beam that propagates
in a direction different from the residual input beams. This
eliminates the need for dispersive elements such as gratings
for wavelength separation.*?%?” To date, this approach has
been carried out using inert gases (e.g., Xe) in static cells?®
or in pulsed jets®’ as the nonlinear medium. Peet and Tsubin
compared the efficiencies for resonance-enhanced third har-
monic generation in Xe using both collinear (single beam)
and noncollinear (two crossed sub-beams) and found that both
modes provide nearly the same conversion efficiencies but with
different tuning curves.?® It should be noted that noncollinear
schemes have also been demonstrated theoretically and experi-
mentally with femtosecond laser systems by nonresonant four-
wave mixing in a transparent solid, e.g. LiF, CaF, or fused
silica.?®3! In these cases, the intersection angle of the input
beams were chosen to optimize phase-matching conditions for
four-wave mixing. In our experiments, the input wavelength is
scanned to optimize phase-matching for a given crossing angle.

The use of a continuous Hg gas jet for VUV generation
has been reported.’> However, this approach is complex and
could present a safety hazard due to the need for vaporizing
and recycling large volumes of liquid Hg. Chénais and co-
workers generated VUV in a Hg plume produced by laser
vaporization from liquid Hg in a room temperature cell.>* The
use of laser vaporization of Hg is extremely attractive because
very small Hg samples can be employed and no active pumping
is needed to recirculate Hg. Furthermore, because the vapor
pressure of Hg is 2 x 1073 Torr at room temperature,** a single
stage of differential pumping makes the windowless operation
straightforward.

In the work reported by Chénais, only a single dye laser
was available for generating the input beams, i.e., 625.70 nm
and 312.85 nm corresponding to the fundamental and
second harmonic of a DCM dye laser.>* Therefore, the gener-
ated output beam (near 125 nm) was not tunable, and no
attempt was made to separate the VUV from the residual
input beams. They reported pulse energies up to 5 uJ
(3 x 10'? photons/pulse), which were comparable to the values
reported using heated cells.>®> We note that near 125 nm, the
well-established heated cell method® with LiF or MgF, optics
is simple and reliable. Therefore, the added complexity of
a laser vaporization source (requiring an independently trig-
gered Nd: YAG or excimer laser for vaporization) is probably
not justified. However, for production of radiation at shorter
wavelengths, especially where transmission through LiF or
MgF, windows becomes inefficient or zero, the benefits of
laser vaporization justify the added complexity.

Several articles have appeared reporting production of
high VUV intensities (10'3 photons/pulse) by four-wave mix-
ing in room temperature Hg in the absence of laser vapor-
ization.>>*° While we were able to produce VUV using room
temperature ambient Hg, the intensities were at least two or-
ders of magnitude smaller than using heated Hg cells or the
laser vaporization method described here.

Difference frequency mixing (2m; — w3 = wyyy) in inert
gases facilitates production of broadly tunable VUV.” Sum
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FIG. 1. Partial energy level diagram for Hg. Production of 112.7 nm light
(11.0 eV) is illustrated.

frequency mixing schemes (2w; + w3 = wyyy) producing
broadly tunable XUV have also been described.?* % However,
for many applications, broad tunability is not necessary and
instead the highest conversion efficiencies into the VUV or
XUV are desirable at a single wavelength or over a limited
wavelength range. For the production of VUV at photon ener-
gies below the Hg ionization limit (10.43 eV), the efficiencies
for VUV production vary strongly with wavelength.®' How-
ever, at higher energies, the XUV is continuously tunable.'®>

We have employed noncollinear mixing of input laser
beams in laser vaporized Hg to produce VUV and XUV
wavelengths ranging fromA = 125nm (9.9eV)toA = 96.9 nm
(12.8 eV) utilizing the 6'So-7 'Sy two photon resonance in
Hg (Fig. 1). Comparisons are made between this method
and the use of a standard heated cell conﬁguration,9 both in
collinear and noncollinear geometries. Absolute VUV inten-
sity measurements at 125 nm, 121 nm, 112 nm, 104 nm, and
96.9 nm are provided. Tuning curves through the 9 'P; and
12 'P; resonances in Hg are also provided for both collinear
and noncollinear geometries. In addition, a number of wave-
lengths utilizing higher energy two photon resonances have
also been explored, leading to higher energy photons (up to
14.6 eV) at lower intensities.

Il. EXPERIMENTAL

The 312.85 nm light tuned to the 6 'So-7 'Sy two-photon
transition in Hg was generated by frequency-doubling the
output of a Nd:YAG pumped (Continuum Powerlite 8010,
532 nm, 8 ns/pulse, 10 Hz) tunable dye laser (either Lambda-
Physik Scanmate 2 or FL3002) using DCM dye tuned to
625.7 nm. Visible and UV light were produced using a sec-
ond tunable dye laser (Scanmate 2), pumped by either the
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TABLE I. Summary of wavelengths used for VUV generation, pulse energy, VUV photon energy, dye used, and

maximum number of photons produced per pulse.

Pulse energy Pulse energy Ahyyvy Photon energy VUV photons
A1 (nm) (ml]) A (nm) A3z (nm) (ml]) (nm) €eV) A3 laser dye per pulse
313 5.5 313 625 7.0 125 9.9 DCM 5x1012
313 2.5 313 540 4.0 121 10.2 C540A? 2x 10!
313 3.0 313 403 5.5 112 11.0 Ex 404 2x 10
254 0.8 408 408 45 112 11.0 Ex 404 5% 10"
313 25 313 312 2.5 104 11.9 DCM® 9x10'0
254 0.8 254 408 45 97 12.8 Ex 404° 2x108
269 1.0 269 269 1.0 90 13.8 C540A%¢ 3%x107
255 0.7 255 255 0.7 85 14.6 LDS 7654 6x10°

#Coumarin 540A laser dye.
bExalite 404 laser dye.
¢Frequency doubled.
dFrequency tripled.

532 nm or 355 nm output from the same Nd:YAG laser. In
the cases where A3 < 400 nm, the output of the second dye
laser was frequency-doubled. Sum frequency mixing involved
wyyy = 20 + Wy, with wyyy tunable by tuning ,. Table I
summarizes pertinent information concerning the three input
wavelengths (A, A, and A3) and the resulting Ayyy.

The experimental setup is illustrated in Fig. 2. The two
input laser beams (~2 mm diameter) were initially focused
through the center of a 34 cm focal length achromatic lens (Op-
tics for Research) and aligned through the Hg cell and interac-
tion regions collinearly to produce maximum VUYV intensities.
The final mirrors for each input beam were mounted on sepa-
rate translation stages. This made it possible to independently
translate each beam away from the center of the lens, with
one beam at the 3 o’clock and the other at the 9 o’clock
positions on the lens. When in a non-collinear geometry, the
VUV beam propagated at an angle between the two initial
beams, determined by the input photon energies and crossing
angle. In this case of A; = A, if the propagation of A; laser is
defined as 0 = 0, then Oyyy = Ocrossing [03/ (201 + 3)].

Figure 3 shows a more detailed view of the ablation cell.
The ablation cell was built using a 2.75 in. six-way conflat
cross (MDC) with input and output arms each extended by
5 in. using stock 2.75 in. conflat nipples (MDC). The Hg
reservoir is a 1 in. diameter stainless steel rod with a 3/4 in.
diameter, 1/8 in. deep counterbore to contain the Hg. Water

channels (0.25 in. dia.) were drilled through the length of the
rod to allow cold water from a thermostatically controlled
refrigerated bath (Neslab RTE-111) to be circulated, thereby
cooling the mercury sample to ~7 °C. The vapor pressure of
Hg at this temperature is ~4.1 X 10~* Torr.>* The 6-way cross
was evacuated continuously by a small rotary vacuum pump
connected via a needle valve. Even after many months of
operation, the amount of Hg removed by the vacuum pump was
negligible. The 1 in. diameter rod was sealed to the bottom of
the 6-way cross using a Cajon fitting with o-ring seal, making
it possible to translate the entire rod up and down to precisely
locate the surface of the mercury pool relative to the laser axis.
The laser input window was heated to ~30 °C (by wrapping the
arm with heating tape) to prevent Hg buildup. The ablation
source and detection chamber were separated by a double-
sided 2 3/4 in. Conflat flange with a 1 mm diameter centrally
located hole. The entire Hg cell assembly was sealed to the
vacuum chamber via a 2.75 in. gate valve (MDC). The valve
was kept closed except during experiments.

The degree of spatial separation of Ayyy from A; and
A\ is directly related to the angle between the input beams
introduced by walking the beams away from the central axis of
the focusing lens. For a given crossing angle, as A3 decreases,
the separation between the A; and Ayyy beams increases. For
example, using 312.85 nm and 625 nm input beams, in order
to separate the centers of the VUV and 312.85 nm beam

5320m | Nd:YAG Nd:YAG
10 Hz 10 Hz
THG
355 nm
N W— SHG
o

H Dye laser I 7

>

532 nm " V‘ To Scope
) |
L 7\'VUV
Mol.
Beam
+50V

FIG. 2. Laser table layout. Output of each of the two dye lasers is temporally and spatially overlapped, with translation stages for each beam before being

focused into the Hg cell. The detection method shown is the 2-plate detector.
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(a) Side View

532 nm
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Water cooling

(b) Top View

Vacuum pump

FIG. 3. Schematic of the ablation mixing cell. (a) side view and (b) top view.

by a beam diameter (~2 mm) at the photoionization region
located 35 cm from the lens, the 312.85 nm and 625 nm
beams must be translated at 2 and 8§ mm from the center of
the lens, respectively. However, for mixing 312.85 nm and
312 nm beams, the beams needed to be translated are 2 and
4 mm, respectively, from the center of the lens to produce
the same separation between the 312.85 nm and VUV beams.
In practice, the angles employed in this work were chosen in
order to minimize the background from 104 nm radiation (dis-
cussed below) while being limited by the physical dimensions
of the achromatic lens. The optimal interaction angle for a
given setup will depend on the wavelengths of the input lasers,
VUV wavelength, and physical limitations of the experimental
apparatus.

The VUV beam direction will change slightly as A3 is
scanned. Across the tuning range of a typical laser dye for A3,
the change in VUV photon energy is less than 3%, leading
to small changes in VUV pointing direction. For example,
scanning A3 from 610 nm to 660 nm, the angle through which
the VUV beam moves is 0.02°(0.13 mm when measured 35 cm
from the focal point). The effect of this small change in VUV
pointing direction was not significant in our experiments.
If the VUV propagation distance is significantly longer, the

Rev. Sci. Instrum. 87, 063106 (2016)

wavelength dependence of the VUV propagation angle could
become important.

The VUV beam intensities were monitored by photoion-
ization of various gases with well-established ionization ener-
gies (.E.) and photoionization cross sections.?” The propene
(LE. = 9.7 eV), acetylene (ILE. = 11.4 eV), and 1-butene
(LE. = 9.6 eV) beams were produced by a piezoelectrically
operated pulsed valve. Photoions were detected using either a
Wiley-McLaren time-of-flight mass spectrometer or by collec-
tion using two stainless steel plates, one held at + 50 V and the
other connected to a digital oscilloscope (terminated 50 Q to
ground) where the signal was read as a time dependent voltage.
Absolute VUV intensities were calculated using the density
of the molecular beam, photoionization cross section, and
oscilloscope signal with the voltage integrated over the pulse
width. The detection efficiency was calibrated in a separate
series of experiments at 125 nm using a slow flow of a gas
into the chamber at measured total pressure. After the absolute
VUV intensity had been calculated at 125 nm, it was possible
to use the absolute signal level at a given mass in the TOF spec-
trum to compare between different schemes under the same
TOF conditions, i.e., the same microchannel plate voltage, ion
optics setting, and molecular beam conditions. The different
photoionization cross sections were used to compare VUV
and XUV intensities at different wavelengths.*”-® For schemes
producing high VUV intensities, the TOF peaks were some-
times distorted due to space-charge effects, making intensity
measurements impossible. In these cases, we either used
the two-plate detection method using the same molecular
beam, or decreased the concentration of gas in the molecular
beam.

Absolute measurements of VUV and XUV intensities
are difficult. We estimate the uncertainty in absolute VUV
intensity at 125 nm to be £50%. The VUV and XUV inten-
sities reported at 121 nm, 112 nm, and 104 nm have been
calculated based on signal levels relative to that at 125 nm.
These measurements are subject to the same systematic error
as the 125 nm VUYV, with a further +10% uncertainty for each
of these measurements (+55% overall). Intensities for shorter
wavelengths have been calculated in a similar manner relative
to 104 nm intensity, inducing a further +10% uncertainty
(£60% overall).

The 532 nm output of a second Nd: YAG laser (Continuum
NY 81-10 or Surelite II) was used for Hg vaporization. A
half wave plate and polarizer were used to adjust the pulse
energy without affecting the spatial beam profile. The laser
was focused 8 cm above the Hg surface using a 40 cm focal
length lens, producing a spot diameter of approximately 2 mm
on the Hg surface. In order to prevent Hg vapor from reaching
the ablation laser input window, the ablation laser was focused
through a plate with a 2 mm hole drilled through it, located at
the focal point of the laser. Figure 3 shows the configuration of
the ablation cell. The timing and alignment of the ablation laser
were critical for optimal VUV generation; the Hg density in the
mixing region is affected by both the ablation laser pulse en-
ergy and the delay time between the ablation laser and the UV
and visible lasers. The optimal delay was varied using an SRS
DG535 digital delay generator. Typically, the ablation laser
was triggered 5-20 us before the UV and visible dye lasers.
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When the 312.85 nm laser was well overlapped both spatially
and temporally with the Hg plume, bright blue fluorescence
was visible at the 312.85 nm focus. This fluorescence was most
likely due to the fluorescence from 7'Sy — 6°P; at 407.8 nm*°
and was not visible if the 312.85 nm laser wavelength was
detuned or the timing between the dye lasers and the ablation
laser was not optimal. The presence of the blue fluorescence
was a useful visible check for correct alignment, wavelength,
and timing.

A simple and versatile configuration facilitates convenient
access to photon energies of 9.9 eV, 11.0 eV, and 11.9 eV
without the need for any dye changes. One DCM dye laser
was used to produce light at A = 312.85 nm. The second DCM
laser generated 625 nm radiation to produce 9.9 eV photons.
To obtain 11.0 eV photons, 650 nm radiation (produced using
the same DCM dye) was mixed with the 1064 nm output of
the unseeded Nd: YAG laser, yielding 403 nm radiation, which
was subsequently mixed with the 312.85 nm laser. Finally,
11.9 eV photons were produced by either tripling the output
of the 312.85 nm laser in a collinear geometry or by mixing
the 312.85 nm laser with the doubled output (~312 nm) of the
second DCM dye laser in a noncollinear geometry.

lll. RESULTS/DISCUSSION
A. Phase matching conditions

In most of the previous studies employing Hg as the
nonlinear medium,”!'* tight-focusing conditions were em-
ployed. The dimensionless phase matching factor, F'(bAk),
for tight-focused fundamental beams in heated cells has been
discussed in detail.>'*" Briefly, phase matching in a tightly
focused configuration where b <« L (the confocal parameter
is shorter than the length of the nonlinear mixing medium, as
in the case of our heated Hg cell), is described by

(bAk)*e" ™, Ak <0

, 1
0, Ak >0 )

F'(bAk) = {
where b is the confocal parameter and Ak is the phase mismatch
between the fundamental and generated radiation, defined as

Ak = 27[2(ns — n)A7" + (ng — n3) 43", 2

with n; being the refractive indices of the respective wave-
lengths, A;.

The situation using a laser vaporization cell for producing
the nonlinear medium is similar to the phase matching condi-
tion found in pulsed jet mixing experiments, where the condi-
tion b < L is not necessarily true, i.e., the confocal parameter
of the focused laser beam is not much shorter than the length of
the mixing medium. Rettner et al.?? suggest that in the case of
focusing near a pulsed jet, the phase matching conditions are
close to those in plane-wave mixing. In such a case, F’'(bAk)
would take the form

sin(AkL/2)
(AKL/2)

As aresult, optimal phase matching is not limited to regions of
negative dispersion, making the addition of negatively disper-

F'(bAk) = [(2L/b) I A3)
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sive gases for phase matching purposes unnecessary.”?>* For
VUV generation in Hg, it is well-know that VUV can be
generated on the high energy side of the atomic resonance, in
addition to the low energy side.’!”

Phase matching conditions for noncollinear alignment of
the fundamental beams at a small angle, 6, have been discussed
previously.?%274! The effect of noncollinear alignment of the
fundamental beams is evident in the phase mismatch (Ak) term
of the phase matching factor, F’(bAk). In the case of A; = A,
= 312.85 nm, an additional term is needed for Ak,

kiks 2
2k| + k3 '
Thus, introducing noncollinearity will change the optimal

range and peak wavelength for sum-frequency mixing, as has
been demonstrated both theoretically and experimentally.2%4!

Akcmss = (4)

B. Ablation laser conditions and timing

The VUV intensities are strongly dependent on the timing
of the ablation laser relative to the dye lasers. For 9.9 eV
generation (mixing 312.85 nm and 625 nm), the maximum
VUV intensities were observed for ablation laser pulse ener-
gies of 9 mJ triggered 18 us before the dye lasers. However,
for decreasing ablation laser pulse energies, the optimal delay
between the ablation laser trigger and the dye lasers trigger
decreased. For example, the optimum time from the ablation
trigger to the dye laser trigger was only 4 us using ablation
pulse energies of ~2 mJ. In general, for less efficient schemes
producing lower VUV pulse intensities, the maximum VUV
intensities were observed with shorter delays between the abla-
tion laser trigger and dye laser trigger. For example, the op-
timum delay was ~7 us for 121 nm and 112 nm generation.
For tripling 312.85 nm to make 104.3 nm, optimal delay was
~5 ps. For a given VUV wavelength, the optimal ablation
laser timing was found to be the same for both collinear and
noncollinear geometries. The mercury vapor density in the
plume was not measured directly, but is assumed to be similar
to the density of 5 x 10'¢ atoms/cm? estimated by Chénais et al.
in their experiment.’® Atomic densities in heated cells are also
typically 10'°-10'7 atoms/cm?>.

C. Schemes employing the 7 'S,
two-photon resonance

1. 9.9eV (125 nm)

When )5 is tuned to 623.6 nm, the 9 'P; resonance
(79963.85 cm™1)*? is accessible for resonance enhancement.
The efficiency for VUV generation near 125 nm using the
ablation cell is compared to that for the heated cell in Fig. 4.
The usable VUV intensity employing the ablation cell is
about 80% of that using the heated cell. However, the tuning
curves near the 9 'P; resonance differ considerably. For the
heated cell, the shape of the tuning curve is in good agreement
with previously observed tuning curves.”!? The resonance
enhancement near the 9 'P; resonance using ablation is much
broader than using the heated cell. Also, when using the
ablation cell, the VUV intensity does not decrease as sharply
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FIG. 4. Tuning curves around the 9 P, resonance (5.5 ml/pulse @
312.85 nm, 5 mJ/pulse @ 625 nm, 7.5 mJ/pulse @ 532 nm).

with increasing the crossing angle as in the heated cell. The use
of a window in the heated cell reduces photon flux by about
20% at 125 nm. Thus the ablation cell produces about 65% as
many VUV photons as the heated cell at 125 nm. However, the
number of usable photons produced is the quantity of practical
interest. Consequently, VUV intensities are described in terms
of “usable photons” rather than the absolute number of photons
produced per pulse in the case of the heated cell. In the
ablation cell, since no window is required, “usable photons”
and “absolute photons” are the same. Using the two-plate
detector, we calculate 5 x 10'? photons/pulse near 125 nm
under optimal collinear conditions with the ablation cell. This
is about an order of magnitude smaller than we produce using
collimated lasers in a 1 m long Hg cell.'!

Chénais et al. reported the dependence of the “enhance-
ment ratio,” defined as the ratio of the VUV intensity with the
vaporization laser on relative to that with the vaporization laser
off, as a function of UV, visible, and ablation laser beam pulse
energies.”” We have carried out similar experiments but instead
report the relative intensity of the VUV generated as func-
tions of the three input laser pulse energies, shown in Fig. 5.
Figure 5(a) shows a linear dependence on 312.85 nm pulse
energy up to ~4.5 mJ/pulse, after which the VUV intensity
begins to plateau. Figure 5(b) shows that the VUV intensity
begins to level off at even lower 623.6 nm pulse energies.
For the ablation laser, there is a low energy threshold, below
which little or no VUV is generated as seen in Fig. 5(c). Above
this VUV, intensity increases with input pulse energies up to
~9 mJ/pulse. The VUV intensity does not increase signifi-
cantly with further increases in ablation laser pulse energy.
Chénais et al. attribute this effect to laser energy being shielded
by the generated plasma, termed “plasma shielding.”33*3
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At high ablation pulse energies (>10 mlJ/pulse), we
observed buildup of liquid Hg on entrance windows to the cell.
However, at ablation laser pulse energies of 7 mJ/pulse or less,
no Hg buildup was observed even after >100 h of operation.
As shown in Fig. 5, the VUV pulse intensities plateau at lower
pulse energies than in the standard heat pipe configuration in
either a focused or unfocused geometry.”!"!3 To date we have
not studied the effect of using achromatic focusing lenses with
different focal lengths. Since VUV conversion efficiencies can
be high even using unfocused lasers (2 mm dia. beam), it is
likely that higher VUV intensities using an ablation source
could be produced using higher input pulse energies and a
larger beam waist produced by a longer (e.g., 50-60 cm) focal
length lens.



063106-7 Todt, Albert, and Davis
Collinear Noncollinear
T T T T T T T T T T

> ’ Iﬂvy ) + ) J
s W us s
Z 10 oy W“"\"‘N \ 4 A us |
= I v w‘u"‘ \ |'\l N
< I i v I‘M'w“"ﬁ'ﬂ'ﬂ“v"‘.\\,‘h i "N‘l.q,.\ H\L“ ]
z ottt
2 I P I 1

- - f' M - | -

= 10f [ Tus L i Tus
o 'ﬁk"‘ II‘ H
= [ ' " " i i 1
= RS STy tone
7 00— ——— Pt
5 L 1 ]
= 1
= 10 ||~\ 10 us 1 lOpS
jo) J o\ \
= o\ i A 1

0.0 ke Vol N . !

1213 1214 1212
VUV Wavelength (nm)

1213

FIG. 6. Left: collinear scans, ablation laser triggered 4, 7, and 10 us before
the UV and visible lasers (top to bottom). Right: 0.59° crossing angle with
same ablation laser timing. Laser pulse energies: 2.0 mJ @ 312.85 nm, 2.0 mJ
@ 540 nm, and 7 mJ of 532 nm ablation.

2. 10.2eV (121.3 nm)

Tuning A3 near A = 539.5 nm accesses the 12 'P; state
at 82463.9 cm™! (121.3 nm).>” We measured 2 x 10! pho-
tons/pulse at this VUV wavelength. The decrease in effi-
ciency upon tuning to higher energy resonances has been
reported previously by Hilbig and Wallenstein and Mahon
and Tomkins.>!'” Tuning curves around the 12 'P; resonance
are shown in Fig. 6. The curves on the left side employed
collinear input beams; the tuning curves on the right side
were recorded using a crossing angle of 0.59°. The shapes
of the tuning curves were affected by the delay between Hg
vaporization and VUV pump beams and by the crossing angle
of the two incident laser beams. For longer delays between
the ablation and VUV lasers, the tuning curve peaks more
sharply near the 12 'P; resonance. Also, as seen in the case of
the 9 'P; resonance, the conversion efficiency decreases and
the resonance enhancement becomes more sharply peaked for
noncollinear geometries.

The constant contribution from the signals resulting from
frequency tripling of the 312.85 nm beam (producing 104.3 nm
light, as discussed below) has been subtracted from the data
shown in Fig. 6. This background was most prevalent using
collinear beams and short delays between ablation laser and dye
laser triggers. At short ablation laser delay times and collinear
alignment, the propene photoionization signal from 104.3 nm
light was ~35% of the signal produced using two input beams
(121.3 nm). For longer delays between ablation laser and dye
laser triggers and employing a noncollinear geometry, the
104.3 nm background contribution was typically ~3%.

Figure 7 illustrates how intensities at 121.3 nm varied with
input laser pulse energies, with the ablation laser triggered 7 us
before the input laser beams. As the 312.85 nm laser pulse
energy was increased, the VUV intensity began to plateau
above 1.0 mJ/pulse. On the other hand, a linear dependence
was observed for the 540 nm laser up to 4.0 mJ/pulse. As was
seen for the generation of VUV at 125 nm, the plot of VUV
intensity vs. ablation laser pulse energy shows a threshold
below which very little VUV was generated. Over the interval
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FIG. 7. VUV intensity vs. (a) 312.85 pulse energy (2.5 mJ/pulse @ 540 nm,
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6.5 mJ/pulse @ 532 nm), (c) ablation laser pulse energy (2.5 mJ/pulse @
312.85 nm, 2.5 mJ/pulse @ 540 nm). The ablation laser was triggered 7 us
before the UV and visible lasers.

ranging from 3 to 6 mJ/pulse, a relatively linear dependence
was observed, reaching a plateau near 8 mJ/pulse.

Pulsed radiation at the Hydrogen Lyman-o (121.6 nm)
transition is close in energy to the VUV generated by this
scheme, and has been the focus of many previous studies.'>%7
Nonlinear mixing mediums other than mercury (most notably
Kr with Ar for phase matching) have been used to generate
up to 4.3 x 10'2 photons/pulse.”** Even when accounting for
losses due to optical elements, schemes employing rare gases
provide higher intensity at Lyman-a than our ablated Hg
source.” Hg has previously been used as a nonlinear mixing
medium for generating continuous VUV at 121.6 nm, yielding
3 x 108 photons/s.® Eikema et al. used 257 nm and 399 nm
lasers to reach the 7 150 resonance in Hg, similar to the method
we describe below, and then 545 nm to produce 121.6 nm,
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radiation (Lyman- o). They also produced 121.6 nm using two
photons at 280 nm to reach the 6 *D resonances and a third
photon at 915 nm utilizing the 12 'P; resonances in Hg.

3. 11.0eV (112 nm)

Using the 7 'Sy two-photon resonance, A3 ~403 nm pro-
duces VUV wavelengths near 112 nm (~88 700 cm™ ). Ac-
cording to the NIST atomic database, the 5d° 6s%(>D32)
6p 2[1/2]; state lies at 88 759.6 cm~!.#? Since this lies above the
Hg ionization limit, no sharp peak is present, although some
enhancement is observed in the vicinity of the resonance. With
the available laser pulse energies (3 ml/pulse at 312.85 nm,
5 mJ/pulse at 403 nm), 2 x 10'! photons/pulse was measured
at 112 nm. Higher input pulse energies would likely increase
the VUV intensities in this energy range. Figure 8 shows the
dependence of the VUV intensity on input pulse energies. The
dependence on the 403 nm laser pulse energy is linear, sug-
gesting that high pulse energies would lead to increased VUV
intensities. As before, alower limit is seen for the ablation laser
pulse energy, as well as a plateau above 6 mJ/pulse.

An alternative method for reaching energies near
88 700 cm™! utilizes the single photon resonance enhancement
afforded by the 6 3P, state at 253.7 nm. In this case, a photon
near 408 nm reaches the same 7 'S, two-photon resonance
as two photons at 312.85 nm. The third photon for four-wave
mixing can be either a second 253.7 nm or 408 nm photon
to give 12.8 eV or 11 eV VUV, respectively. Tuning very
close to the 253.7 nm resonance results in strong absorption
by Hg, leading to decreased VUV generation. However,
tuning to either side of the 253.7 nm resonance results in
increased VUV intensities, with the maximum VUV observed
30 cm™! to 200 cm™! below the 6 3P, state, corresponding to
M ~ 254 nm. Using 0.8 mJ/pulse at 254 nm and 4.5 mJ/pulse
at 408 nm, two different wavelengths were produced, 96.9
and 113 nm, corresponding to photon energies of 12.8 and
11 eV. By photoionizing a molecular beam of acetylene
(ionization energy of 11.4 eV), we measured the intensity
of the 96.9 nm VUV to be 2 x 10® photons/pulse. When
observing a molecular beam of 1-butene, we measured the
total VUV intensity to be 5 x 10'! photons/pulse, leading to
the conclusion that generation of 113 nm photons is more than
three orders of magnitude, more efficient than generation of
96.9 nm photons. Figure 9 shows VUV intensity vs. 254 nm,
408 nm, and 532 nm pulse energies.

Hilbig and Wallenstein have previously demonstrated
VUV generation in this wavelength range, both by nonres-
onant sum-frequency mixing in krypton leading to 114 nm
VUV, and by using the 6 'S—6 ! D, two-photon resonance
in mercury to generate 112 nm VUV. The VUV intensities
produced were 1 x 10'° and 5 x 10'" photons/pulse, respec-
tively.>” Accounting for the transmission of one LiF optic in
this wavelength range (<50%), their maximum usable VUV
intensities were 5 x 10° and 2.5 x 10! photons/pulse.

4. 11.9eV (104 nm)

By tripling the 312.85 nm radiation, 11.9 eV pho-
tons (104.3 nm, 95892 cm™!) were produced with quite
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FIG. 8. VUV intensity vs. (a) 312.85 nm pulse energy (5.5 mJ/pulse @
403 nm, 6.5 mJ/pulse @ 532 nm), (b) 403 nm laser (3.0 mJ/pulse @
312.85 nm, 6.5 mJ/pulse @ 532 nm), and (c) ablation laser pulse energy
(3.0 mJ/pulse @ 312.85 nm, 5.5 mJ/pulse @ 403 nm). The ablation laser was
triggered from 5 to 9 us before the UV and visible lasers.

high efficiencies even though the nearest known resonance
(5d'%p?3P,) lies at 96190 cm™, ie., 300 cm™! away.*
Alignment of two 312.85 nm beams with a crossing angle
of 0.67° resulted in intensities approximately half than using
the collinear geometry. By generating the second 312 nm
beam with a second dye laser, we scanned A3 and looked
for resonance enhancements, but none were observed. The
maximum absolute intensity of this scheme under collinear
conditions was 4 x 10'" photons/pulse. Production of VUV
at 104.3 nm has been observed previously, but intensity
measurements were either not reported,“)’19 or VUV was
generated in a heated cell with no window connected directly
to a detector under a few Torr of He,'? in which case Mahon
and Tomkins measured 4 x 10'° photons/pulse under tight
focusing conditions. Kwon et al. measured the VUV intensity
for mixing two photons at 312.85 nm and a third photon
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ranging from 320 to 355 nm and reported a usable photon
intensity of 4 x 10° photons/pulse.!® Marinero et al. report
7 x 10° photons/pulse from 100 to 102.3 nm by frequency
tripling in a pulsed Ar gas source.*’ Cromwell et al. reported
XUV peak intensities of >10'" around 98 nm when using
resonance enhanced mixing of a pulsed amplified ring laser
in a pulsed beam of Ar.>* This XUV intensity is similar to the
maximum 104 nm intensity, we were able to generate using
commercial dye lasers when the Hg mixing region volume
was increased, as discussed below.

Figure 10 shows 104 nm intensities as a function of input
laser pulse energies in collinear geometry. Figure 10(a) shows
aclear saturation above 2 mJ/pulse for the input 312 nm power,
similar to the trends observed in both 125 nm and 121 nm
generation. As seen in Fig. 10(b), for 104 nm production,
a threshold is observed for the ablation laser pulse energy

Rev. Sci. Instrum. 87, 063106 (2016)

I 1 I 1 I 1 I 1

e (a) " = =
 op "
) ]
= 15
& (]
g QO
© 0.0 1.0 2.0 3.0
&

So 312.85 nm pulse energy (mlJ)
2
z A i ! oL e s I SeeutL reem
= i -
% 4.5 (b) .
= ol -
2 :
B

< 15 - i

oot w ww T )14

0 2 4 6 8 10

Ablation laser pulse energy (mJ)

FIG. 10. VUV intensity vs. (a) 312.85 nm laser pulse energy (6.5 mJ/pulse
@ 532 nm), and (b) ablation laser pulse energy (2.5 mJ/pulse @ 312.85 nm).
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followed by a liner VUV intensity increase. We observed
no plateau in 104 nm intensity for high ablation laser pulse
energies.

D. Schemes employing the 8 1S,
two-photon resonance

1. 13.8 eV (89.6 nm)

The 8'S, resonance in Hg lies at 74 404 cm™!, accessible
by two photons at 268.8 nm.*® There have been a number
of previous studies employing this resonance.'®?*4 Using a
collinear geometry, tripling of the 268.8 nm laser was first
optimized, producing light at 89.6 nm (13.8 eV). We found
that the XUV intensity at this wavelength is about three
orders of magnitude weaker than at 104.3 nm (the analogous
scheme using 7'Sy), i.e., we produced 3 x 107 photons/pulse
at 89.6 nm. This is about an order of magnitude greater
than that reported by Herman and Stoicheff.”® Hannemann
et al. describe generating 91 nm XUV using four-wave mix-
ing in Kr, while they did not measure the XUV intensity
directly, they estimated 10° photons/pulse.?” Koudoumas and
Efthimiopoulos estimated 10® photons/pulse generated at this
wavelength, but transmission from their mixing region to their
detection region was ~5%, i.e., their usable VUV intensity was
~5 % 10° photons/pulse.

2. 11.0eV (112 nm)

By employing the 268.8 nm two-photon resonance and
adding A3 ~ 620-710 nm, we observed a large enhancement



063106-10 Todt, Albert, and Davis

in VUV production (relative to tripling 268.8 nm to produce
89.6 nm radiation), with no strong dependence on the exact
wavelength of As3. The use of A3 ~ 695 nm produces VUV
photons near 11 eV, similar to the scheme involving the 7S
resonance employing 312.85 nm + 403 nm input beams. We
found that the VUV intensities near 11 eV using the 8 'Sy
state to be 10'° photons/pulse, a factor of 15-20 smaller than
generating the same wavelength using the 7 'Sy two photon
resonance.

E. Schemes employing the 9'S,
two-photon resonance

1. 14.6 eV (85 nm)

Two photons at 255.1 nm are resonant with the 9 'Sy
state in Hg, which lies at 78 404.24 cm™~'.*? This two-photon
resonance represents another potential route to production of
XUV photons using Az in the visible and near-UV. Using
0.7 mJ/pulse at 255.1 nm, 6 x 10° photons/pulse were gener-
ated by tripling 255.1 nm to give 85 nm (14.8 eV/photon).
Our laser system was not optimized for production of light
at 255.1 nm. Since much higher input pulse energies near
255.1 nm could be produced (>3 mlJ), at least an order of
magnitude with greater XUV intensities in the 14.6 eV range
should be easily achievable.

F. Refocusing using concave silicon mirror

The use of focused input lasers produces divergent VUV
and XUV output beams. However, some applications require
that the VUV or XUV beam be refocused, this requiring the
use of reflective optics at wavelengths shorter than 104 nm.
According to the calculations by Hunter,*’ the reflectivity of
silicon at normal (90°) incidence exceeds 60% in the VUV
and XUV regions. We have carried out experiments using
a 1 in. diameter Si infrared lens (1 m radius of curvature)
as a mirror at near-normal incidence in order to recollimate
112 nm light produced by noncollinear mixing of 312.85 and
404 input beams. Consistent with the calculations, the near-
normal reflectance was about 60% at 112 nm. Since highly
polished Si lenses and mirrors can be obtained at relatively low
cost (e.g., ISP Optics), their use provides a very simple and
cost-effective approach for refocusing or recollimating VUV
and XUV laser beams.

G. The effect of increased beam diameter

By using a longer focal length lens for focusing the input
beams, the radius of the beam waist, w, is increased according
to the relationship wy = (47’1) (5), where f is the focal length,
d is the laser beam diameter before the lens, and A is the wave-
length. This consequently increases the mixing volume. Using
input pulse energies of 7 mJ at 312.85 nm, by replacing the
34 cm focal length achromat with a 53 cm focal length lens, the
A = 104 nm XUV intensity doubled to 7 x 10'° photons/pulse.
However, after making the same change for production of light
atA = 125 nm (using 7 mJ at 312.85 nm + 11 mJ at 623.6 nm),
the output pulse energy decreased, most likely due to the poor
spatial overlap resulting from the use of a nonachromatic lens.
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FIG. 11. Photoionization threshold of CH3Br, where A3 is scanned from
472.7 to 476.7 nm. The observed ionization threshold of 10.539 eV is within
the uncertainty of the accepted value of 10.541+0.003 eV.

H. Ablation of a line

In an effort to increase the length of the mixing region,
we replaced the spherical lens focusing the ablation laser with
a 25 cm focal length cylindrical lens. This allowed ablation
of a 1 mm X 10 mm line of mercury rather than a 2 mm
dia. spot. Using this configuration, we tested both 104 nm
and 125 nm generations. Intensity at 104 nm was about
20% greater (9 x 10'° photons/pulse) using the cylindrical
lens compared to that using the 40 cm FL spherical lens. At
125 nm, the VUV intensity decreased by a factor of two, likely
because the 53 cm FL lens was not achromatic. However, the
power dependences of both the 312.85 nm and 623.6 nm
radiation were linear at pulse energies up to 7 mJ/pulse at
312.85 nm and 11 mJ/pulse at 623.6 nm. These results suggest
that higher pulse energies, a cylindrical lens for ablation, and
an achromatic lens for the input beams, could lead to increased
VUV intensities.

I. Photoionization threshold of CH;Br

We have tuned the VUV source to the photoionization
threshold of methyl bromide, CH3;Br, which has a well
established ionization energy of 10.541 + 0.003 eV.*® Using
noncollinear mixing of 312.85 nm photons with 474.7 nm
photons, the observed appearance energy of CH3Br* observed
by photoionization of a molecular beam containing 0.5%
CH;3Br in He was within the currently accepted range
(Fig. 11).

IV. CONCLUSIONS

We have developed and characterized an approach for
generating VUV and XUV radiation by resonance enhanced
four-wave sum-frequency laser mixing in laser vaporized Hg.
Noncollinear mixing makes it possible to eliminate all opti-
cal elements following VUV or XUV generation, facilitating
windowless operation with spatial separation of the beams.
Compared to the use of heated Hg cells, the use of laser
vaporization also leads to broader tuning curves due to less
restrictive phase matching conditions near Hg atomic reso-
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nances. We have produced radiation in the 9.9 eV-14.6 eV
range, and highlighted a convenient approach allowing rapid
access to three different wavelengths corresponding to photon
energies of 10, 11, and 12 eV.

The usable VUV intensities we have generated at various
wavelengths, particularly for photon energies >11 eV, are in
most cases greater than the usable photon intensities demon-
strated previously. Near 11 eV, we measured a factor of two
greater usable photon intensity (5 x 10'! photons/pulse).” At
104 nm (12 eV), our usable VUV intensity of 9 x 10'° pho-
tons/pulse, is similar to a previous estimate of ~10'! pho-
tons/pulse using a much more complex laser system.”* At
89.6 nm (13.8 eV), we generated an order of magnitude more
VUYV than previously measured using Hg as a nonlinear mix-
ing medium at that wavelength.?”

The Nd:YAG pumped dye laser system employed in this
work is very modest by present-day standards. Using more
modern commercially available pulsed lasers, input pulse
energies >10 times higher than those used here are readily
achievable. Therefore, with some effort, much higher pulse
energies in the VUV and XUV are readily achievable using
the methods described here.
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