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A bend-magnet vacuum ultraviolet (VUV) beamline, intended for chemical dynamics studies, was
constructed and brought into operation at the Swiss Light Source (SLS) of the Paul Scherrer Institut. The
beamline delivers synchrotron radiation in the 5-30eV photon energy range with a photon flux of
10" photons/s at 10 eV and 10'? photons/s at 20 eV with a resolving power of 2500. The resolving power
increases to 104 at the cost of photon flux. An in-house designed rare gas filter is used to suppress higher
harmonic radiation by a factor of > 10%, yielding purely monochromatic light in the energy range of
5-21.6eV. The filter is compact, easy to align, requires a total pumping power of less than 6451/s and
consumes only 3 normal 1/h of filter gas. It is located at the end of the beamline, right in front of the
experimental endstation. It is usually operated at a higher pressure than the endstation, which offers
the additional benefit of protecting the beamline vacuum from sample contamination.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

A VUV beamline has been constructed for the study of
thermochemical properties and kinetics (e.g. heats of formation
and reaction rates) at the Swiss Light Source. Photons in the
energy range of 5-30eV can be used to excite electrons of the
valence shell and to trigger photoionization and photodissocia-
tion. [1] At a resolving power of 10 (i.e. 1 meV at 10eV) photons
in this energy range can access the rotational levels of small
molecules and the vibrational levels of medium-sized molecules.
In addition, analysis of dissociative photoionization products can
be used to derive formation enthalpies with a precision of 0.1 k]J/
mol, approximately one order of magnitude more precise than
obtained with conventional calorimetry.

Several synchrotron beamlines have been built world wide for
the study of chemical dynamics [2-11]. They serve as an
alternative to common laboratory sources of ultraviolet and
vacuum ultraviolet radiation such as laser systems and discharge
lamps. Lasers provide a high photon flux combined with a
high energy resolution. For example, a tunable laser based on
a diode-pumped continuous-wave Nd:YAG laser provides
typically 10 photons/s and E/AE >10’. The tunability is,
however, limited and considerable technical difficulties exist
extending the wavelength from the visible far into the VUV-
photon energy range. Tunable laboratory VUV sources are mostly
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based on discharge lamps, e.g. hydrogen discharge lamps which
provide a quasi-continuous spectrum up to 14eV. Compared
with lasers, their brilliance is low, which leads to a 107-
10® photon/s flux at the sample and a medium energy resolution
E/AE =103, [12]

Synchrotron sources of VUV radiation have in general the
advantage of tunability over lasers and the advantage of flux and
resolution over discharge lamps. The VUV beamline at SLS is
optimized for flux with a resolution sufficient to match state-of-
the-art theoretical thermochemistry data.

A special feature at the SLS-VUV beamline is the in-house
designed gas filter for the suppression of higher harmonic
radiation. It is important for quantitative measurements to get
rid of these higher energy contributions in the monochromatized
beam. For energies above 10 eV there is no suitable solid window
material. The use of gas filters has become the preferred method
[5,6,13,14] besides low-pass filters based on reflection. [15] Gas
filters are efficient differential pumping systems and are most
often used with noble gases such as Ar, Ne or even He. [6] The
challenge is to keep the pressure low enough at each end of the
filter for the proper operation of the beamline and yet to reach a
high-enough photoabsorption efficiency in the filter for the
suppression of higher harmonics. In the past, gas filters have
been rather bulky installations with a minimum length of 1.40 m
[13] and powerful pumping systems were required. The SLS gas
filter was designed to be more compact, easy to align and to
require less pumping power.

In the following, the main hardware components of the VUV
beamline will be discussed and the performance demonstrated.
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2. Source

The SLS storage ring is operated at 2.4 GeV and 400 mA ring
current in top-up mode. [16] The bend magnet port X04DB at the
SLS emits radiation over a horizontal angle of over 8 mrad. The
spectrum of the radiation does not depend on the horizontal
angle. The vertical distribution, however, depends on the photon
energy. High-energy photons such as X-rays are mainly emitted in
the plane of the storage ring. Softer radiation, such as VUV, visible
or infrared light has a considerably wider radiation cone above
and below the plane of the storage ring. [17] Taking these source
parameters into account, the beamline optics were designed with
8 mrad horizontal and + 2 mrad vertical acceptance, the latter
corresponding to the FWHM of the 10eV radiation cone. The
electron beam in bend magnet X04DB has a vertical size of 45 pm
FWHM and horizontal size of 185 um FWHM. Synchrotron light
from a bend magnet is linearly polarized in the plane of the
storage ring and elliptically polarized above and below the plane.

3. Beamline optics

The number of optical elements is kept low, as each reflection
of the photon beam leads to photon losses. In contrast to hard
X-ray optics rather large grazing incidence angles can be chosen
for VUV optics, because the VUV reflectivity is higher, which has
the advantage of keeping optical elements short. However, with
larger grazing incidence angles the Brewster angle can lead to
radiation losses of the TM polarized light (magnetic-field vector
transverse to the plane of reflection). Three quarters of the total
VUV flux comes from polarized light in-plane with the synchro-
tron storage ring. Therefore, it is advantageous to choose a vertical
deflection of the photon beam with the VUV beamline optics. The
VUV beamline, as shown in Fig. 1, works with three optical
elements purchased from Horiba Jobin Yvon. The first optical
element in the beamline is the collimating mirror followed by the
monochromator plane grating and the refocusing mirror. These
three elements form a constant deviation angle monochromator
(2@=const.). The grating is the only moving optical element
during an energy scan:

m/ =2dcos®sin ¢ 1)

where m is the diffraction order, A the wavelength, d the line
spacing, ¢ the scan angle and ©® the constant deviation angle with
20=0—[=130.9°. Here o is the incident and f the diffracted
angle. The two mirrors with effective focal lengths of 12.2 and
12.0 m provide an approximate 1:1 image of the source at the exit
slit for m=0. The focal length of the monochromator is constant
for all photon energies and all diffraction orders because the plane
grating is positioned in a collimated beam. However, the
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anamorphic magnification changes the vertical spotsize at the
exit slit. The monochromator does not need an entrance slit as the
electron beam of the SLS is small and stable enough to serve
directly as the source. There are two interchangeable gratings in
the monochromator chamber (600 and 1200 line/mm), which
cover the photon energy range of 5-30eV. A third grating cradle is
available for future upgrades of the beamline. Table 1 summarizes
the optical parameters.

The bend magnet source delivers a total of 260 W radiation
power into the beamline, most of which (hv > 150eV) would be
absorbed by the first mirror causing a thermal deformation. In
order to reduce the heat load and thus optical aberrations, we
block hard radiation in front of the mirror with an X-ray blocker, a
water-cooled copper tube which cuts out the central + 0.2 mrad
of the vertical radiation responsible for 80% of the overall heat
load. Due to the characteristic distribution of bend magnet
radiation as a function of photon energy and vertical angle, most
of the hard X-rays are cut out, while only 15% of the VUV flux is
lost. The 12° grazing incidence angle on the first mirror yields a
high reflectivity in the VUV range and cuts off the flux for photon
energies above 150eV. From the estimated 53 W which hit the
internally cooled first mirror, 51.8 W are absorbed and only 1.2 W
reach the grating. Therefore no cooling is necessary for the grating
and other optics downstream. We can regulate the flux, which is
transmitted through the beamline, by moving two motorized sets
of slits in the front end. The beamline serves two endstations, one
directly and one via a 1in. aluminum flip mirror (New Focus,
model 5108 UV-VIS) located 1.5 m in front of the exit slit. Without
the mirror the light travels straight into the gas filter and
endstation 1. [18] With the mirror in the beam, the light is
deflected by 90° towards endstation 2.

4. Gas filter

Higher harmonics (A=Ao/|m| with |m|>2) will contribute to
the monochromatized beam according to the grating Eq. (1).
Laminar gratings are used in the monochromator because they
introduce, when properly designed, a lower harmonic contamina-
tion than blazed gratings. They suppress the 2nd harmonic by
about 80% and the 3rd harmonic by more than 95%. For
experiments, further suppression by a factor of 10°-107 is
desired. Since there is no suitable solid window material available
above 10eV, a gas filter is used at the SLS-VUV beamline.

The photoabsorption efficiency in the gas filter for the
suppression of higher harmonics is determined by pl, where p is
the gas pressure and [ the effective absorption length. Efficient
differential pumping is achieved by placing very small apertures
between several differentially pumped chambers. Gas filters at
undulator beamlines [13,14] profit from the brightness of the

XB E2 topview
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Fig. 1. Beamline layout (not to scale) with bend magnet (BM), vertical and horizontal slits (Sv, Sh), X-ray blocker (XB), collimating mirror (M1), grating (G), refocusing
mirror (M2), flip mirror (M3), gas filter (GF), exit slit (Se), endstations 1 and 2 (E1, E2).
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Optical elements of the beamline.

M1 M2
Grazing 12.02 12.55
incidence
angle (°)
Focal distance  12.23 12.00
(m)
Active area 218 x 94 270 x 95
(mm?)
Shape Toroidal Toroidal
Tangential radius 117.4 m Tangential radius 108.1 m
Sagital radius 5.098 m Sagital radius 5.104 m
Slope error Tangential 2.32, Sagital 2.54 Tangential 2.61, Sagital 4.15
(prad)
Material Cu with Kanigen Silica Herasil III
Binding layer Cr Cr
Reflective Pt Pt
coating
Cooling Internal None
G1 G2
Groove density 600 1200
(lines/mm)
Groove profile  Laminar, h=80nm, ¢/d=0.50  Laminar, h=40nm, c/d=0.55
Active area 100 x 100 100 x 100
(mm?)
Shape Planar Planar
Slope error Tangential 0.93, Sagital 0.82  Tangential 1.03, Sagital 1.02
(prad)
Material Si Si
Reflective None None
coating

source - with emphasis on the small divergence ( < 2 mrad) of the
beam. In these beamlines the apertures can be spaced further
apart without significantly increasing their diameters. For a given
pl, the gas pressure can, thus, be kept low, which in turn mitigates
differential pumping requirements. The SLS-VUV beamline works
with an 8mrad divergent beam, which means that a more
compact design is required. The necessary higher pressure is a
challenge for efficient differential pumping.

As shown in Figs. 2a and b, the SLS-VUV gas filter has a total
length of 0.90 m incorporating 9 differentially pumped sections, 7
of which are identical (elements 2-8 in Fig. 2a). The identical
sections are 90mm long DNG63-CF flanged tubes with two
orthogonal 33mm tubes onto which DN40-CF flanges are
welded. One DN40-CF port is used for pumping and the other is
fitted with a vacuum gauge. The DN63-CF flanges are modified to
hold a standard DN63 copper gasket as well as a special copper
aperture within a precision of 100 um. The apertures were bored
with diameters 0.5 mm larger than the calculated horizontal size
of the VUV beam at each position to accommodate for a slight
misalignment. There is a reference hole for external alignment on
top of each section. The aperture diameters range from 1 mm
closest to the focus (located at the monochromator exit slit) to
3.9 mm between sections 1 and 2. Most apertures are 9 mm long.
The two apertures containing the gas inlet section are about twice
as long (20 mm). Due to the lower conductance, the gas flow from
section 6 with the highest gas pressure can be reduced by a factor
of 2. Section 1 has a viewport to facilitate the alignment of the gas
filter with visible light, which is obtained by setting the
monochromator to Oth order. Section 7 is rotated by 90° along
the photon beam axis and the top DN40-CF flange is used to

mount a micrometer linear feedthrough and a stainless-steel
sheet with four rectangular exit slits (height 0.12, 0.2, 0.5 or 1 mm
and width 2 mm). The slits can be moved into the monochromator
exit focus. Section 9 is a differential pumping section and an
adapter to an ISO40-KF flange, which connects to endstation 1.
The gas filter is pumped by two 751/s TMU 071 P turbopumps
(sections 1+2) and a TMH 261-250-010 P SplitFlow turbopump
(2801/s sections 3+9, 2051/s sections 4+8, 101/s sections 5+7)
from Pfeiffer Vacuum. The effective pumping speed will be lower
than the diffusion-limited pumping speed at the pumps because
the compact design of the gas filter requires connectors which are
smaller than the pump flanges. The gas filter can be operated at up
to 30mbar inlet pressure of Ne before it reaches the operating
limit of the SplitFlow pump. The gas filter consumes 3 normal 1/h
of Ne when operated at 10 mbar inlet pressure.

Since there is no window between the gas filter inlet and the
storage ring safety systems are in place to prevent gas from leaking
into the storage ring. The maximum allowed gas pressure in the
transfer line to the storage ring is 10~®mbar. Two extra safety
valves are incorporated between front end and the gas filter. The
first safety valve is an automated pneumatic valve 1 m in front of
section 1, which can be opened if the pressure in section 1 is below
5 x 10~ 7 mbar. The pneumatic valve is opened once the second
safety valve, a VAT Series 75.2, DN40 fast valve, is armed. The fast
valve is located 3 m and its sensor 0.5 m upstream before the gas
filter. The sensor triggers the valve if the pressure increases above
10~ mbar and the valve closes within 10 ms. This means that the
fast valve is able to stop a gas front which advances slower than
250my/s. If the fast valve fails to close soon enough, a sensor in the
transferline triggers a second fast valve to close in the front end.
The vacuum requirement towards the endstation (after section 9) is
less stringent. A vacuum of better than 5 x 10~ mbar is desired in
order to maximize the mean free path in the endstation. Table 2
shows the gas filter performance with a 1:3 Ar:Ne mixture at three
different inlet pressures. At 10 mbar inlet pressure, the vacuum
requirements are met both upstream and downstream of the gas
filter. In fact, there is no measurable pressure increase in the
endstation. At 30 mbar Ar:Ne inlet pressure the gas charge into the
endstation becomes measurable but remains well within our
requirements. Upstream, however, we approach the safety limit
(10~ 8 mbar) defined for safe operation of the storage ring.

Fig. 3 shows the calculated absorption for 2 mbar Ar (dashed
line) and 6 mbar Ne (thin solid line) in the gas filter. Ar absorbs
strongly between its first ionization energy of 15.76 and 40eV.
Since the beamline optics transmit light up to 150eV (Fig. 4c), it is
not sufficient to operate the gas filter with Ar alone when taking
data below the Ar M3 edge and it is necessary to add Ne to the gas
filter. Ne absorbs strongly above its first ionization energy of
21.56 eV and has a rather long-tailing absorption edge. With 6 mbar
Ne in the gas filter higher harmonics up to 90 eV will be suppressed
by a factor of at least 10°. Beyond 90eV the combination of gas
filter absorption and beamline optics reflectivity provide sufficient
suppression. The gas filter still contributes at least one order of
magnitude to the suppression and we measured the beamline
optics reflectivity to drop 2 orders of magnitude at 100 eV and 3 at
140eV compared to 10eV. Another factor is certainly the higher
harmonic suppression of the laminar grating itself, but since the
suppression by the gas filter and the different reflectivities already
fulfill our requirements, the grating effect was not quantified.

The gas filter is filled with a mixture of 1:3 of Ar and Ne when
measuring below the Ar M3 edge ( < 15.76eV), and pure Ne when
measuring below the Ne L3 edge (<21.56eV). Fig. 5 shows the
measured photoabsorption in the gas filter as a function of Ne
pressure at 22 eV. We see a linear increase of the absorption with
Ne pressure, which is expected from the Lambert-Beer law. The
measured absorption agrees quite well with calculations. The
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Fig. 2. (a) Gas filter, side view showing the individual sections, each 90 mm long. VUV light enters from the left. Endstation 1 is attached to the right after section 9.
Section 6 is connected to the gas inlet. Section 7 holds the monochromator exit slit. (b) Photograph of the gas filter.

Table 2
Gas filter performance as a function of gas inlet pressure.

Section 1 Section 6 (inlet) Endstation 1 (after section 9)
p/(mbar) 2.2x10-'° 0 51 %1077

7.4x107° 10 51x10~7

34x107% 30 55x1077

calculated absorption shows a slightly different slope as a function of
photon energy, which is probably due to the difficulty of estimating
an effective absorption length in a differentially pumped system.

Extension of the higher harmonics filter to the photon energy
range beyond 21 eV is envisioned. Helium has an absorption edge
at 25 eV but cannot be injected directly into the beamline gas filter
because it is difficult to pump and would contaminate the storage
ring vacuum. Thus, a different scheme (ultrathin absorption films
or reflection filters) is required.

5. Photon flux

The photon flux was measured with the photodiodes SXUV100
and AXUV100 from International Radiation Detectors Inc. (IRD) in
endstation 1, about 60cm behind the focus. The front-end
apertures were open and the exit slit removed, so that the flux
was limited by the gas filter throughput. [19] The signal was
amplified with a low-noise current amplifier from FEMTO (DLPCA

absorption
S

0 50 100 150
photon energy / eV

Fig. 3. Calculated VUV absorption in the gas filter with 2 mbar Ar (dashed line) or
6mbar Ne (solid line). A=log;o T' where A is the absorption and T the
transmission.

100) and normalized with the responsivity curves as provided by
the manufacturer [20]. Fig. 6 shows that the flux curves, which
were measured with the SXUV (open squares) and AXUV (solid
circles) diodes differ from each other. The SXUV diode measures a
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Fig. 4. (a) Calculated grating efficiency, (b) squared reflectivity of Pt mirror at
12.5°, (c) measured beam intensity with the SXUV photodiode and the 6001/mm
grating in negative first order, the inset shows the calibrated flux in the harmonic-
free region of the spectrum, (d) responsivity of the SXUV100 photodiode [20].
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Fig. 5. Measured (dots) and calculated (line) VUV absorption of Ne in the gas filter
as a function of pressure at a photon energy of 22 eV.

larger flux at higher photon energies than the AXUV diode for both
gratings (600 1/mm in Fig. 6a and 1200 /mm in Fig. 6b). The fact that
the ratio between the SXUV and AXUV measurements for either

1.E+13 13 =
optimized energy range
16412 L—="" S o
Mo ’_,/
(2} S-S
g R e
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E \\\f{
[
1.E+10 f
e
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photen energy / eV
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1200 /mm optimized energy range
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Fig. 6. Calculated (dashed line) and measured flux with the SXUV100 (open
squares) and AXUV100 (filled circles) diodes for 400 mA ring current for the
600line/mm grating (top) and 1200line/mm grating (bottom). The calculated
curves yield the flux at 0.04% BW, which is the expected resolution with the
monochromator exit slit removed at 10eV for the 600line/mm grating and at
20eV for the 1200line/mm grating.

grating differs with photon energy suggests that the responsivity
curve of one or both photodiodes does not correspond exactly to the
one provided in Ref. [20]. We repeated the flux measurement for the
600 1/mm grating with a photomultiplier tube (PMT) which detects
fluorescence from a sodium-salicylate window and found the shape
of the curve (not displayed in the graph) to match that of the
measurement with the SXUV diode.

The absolute photon flux measured with the SXUV diode is below
the calculated ideal beamline efficiency values. In the energy range of
5-15eV, for which the 6001/mm grating is designed, we measure a
quite constant flux of about 10" photons/s with an estimated
resolution of 0.04% BW. The resolution is given by the vertical
acceptance of the gas filter with the exit slit removed. The calculation
predicts a maximum in the photon flux of 2 x 10" photons/s at 11 eV.
The 12001/mm grating is designed for the photon energy range of 15—
30eV. At 15 eV we measure a factor of 10, at 21 eV roughly a factor of
2 less than the calculated value. Vignetting of the photon beam in the
beamline would account for an overall lower flux independent of
energy. The photon energy-dependent minima of the flux are most
likely due to a reduced reflectivity of the optics caused by surface
contamination.

Although the 6001/mm grating is optimized for the energy
range of 5-15eV an energy scan up to 200eV was carried out in
order to see how much flux is available at higher photon energies.
Fig. 4c shows a photon energy scan obtained with the SXUV
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photodiode without the use of gas in the gas filter. The beamline
transmits photons up to 150 eV. With the current grating in place,
experiments could make selective use of the flux, wherever the
flux curve shows maxima. However, an extra optimized grating
should be added to the monochromator in order to make this
photon energy range truly useful.

The photon energy dependent oscillation of the grating
efficiency is typical for laminar gratings and can be calculated by

) 2
n;inz sin® {nTh [cos a+1/1— (% —sin oc) } )

Eq. (2) implies that the first harmonic contribution can be
optimized with the proper choice of the groove depth h within a
photon energy range of interest while higher harmonics are
minimized. [21] Fig. 4a presents the grating efficiency calculation
according to Eq. (2), which nicely predicts the oscillations in the
measured spectrum. Fig. 4b plots the square of the calculated
reflectivity curve of Pt at 12.5° grazing incidence angle represent-
ing the two mirrors. [22] The Pt reflectivity covers the measured
spectrum in Fig. 4c like an envelope, which suggests that it has the
main impact on the cut-off energy of this beamline.

Since the beamline cuts out photons above 150eV the
spectrum between 75 and 150eV is free of higher harmonic
radiation. The signal in this range was normalized with the
responsivity of the SXUV photodiode (Fig. 4d) and the flux plotted
in the inset of Fig. 4c.

6. Photon energy resolution

The energy resolution of the beamline depends on the vertical
source size, the diffraction limit of the focus, slope errors and
alignment of the optics, aberrations, vibrations on the whole system
and the size of the exit slit. We calculated the spot size at the exit slit
with the ray-tracing programs SHADOW [23] and CyberRay [24]. The
calculations include the geometry of the source, the shape of the
optics and slope errors (see Table 1). Ray tracing disregards the effect
of the diffraction limited size of the beam at the focal position. This
can in principle lead to an overestimation of the photon energy
resolution, but because of optical aberrations, i.e. slope errors (see
Table 1), the VUV beamline is not diffraction limited. The vertical
spotsize g, obtained by ray tracing, is used in Eq. (8) together with
Eqgs. (3)-(7) to calculate the best possible photon energy resolution
E |AE: [25]

. . mi

incident angle : o = arcsin (m> +0, 3)

diffraction angle : § = arcsin _mi N ® 4)

ge-p= 2d cos © ’

constant deviation angle : 2@ = o. — ff = constant, (5)

angular dispersion : D = _m_ and (6)
J p "7 dcos B’

linear dispersion : D; = Df with f being the focal length, (7)

. E D
energy resolution : AE= oy (8)

The calculated vertical spotsizes decrease from 380 to 170 pm
for photon energies between 5 and 30eV for the 600 lines/mm
grating and from 380 to 200 um for the 1200lines/mm grating.
Fig. 7 plots the calculated resolvable energy difference AE versus
the photon energy E in diffraction order m=—1. The energy
resolution with the 12001/mm grating is expected to be 1 meV at
16 eV, which is slightly better than the design goal of 0.01%BW,

which corresponds to 1.6 meV. A photoion yield measurement on
Ar gas was carried out with the iPEPICO (imaging photoelectron
photoion coincidence) endstation [18] (E1 in Fig. 1) to verify the
specifications. With full beam (front end apertures fully open) and
a 0.2 mm exit slit, a resolution of 8 meV was obtained. Using just
the upper or lower half of the beam enhances the resolution
slightly, which suggests that the exit slit is not exactly at the
vertical focal point of the beam. The energy resolution improves
further by closing the horizontal slits down to 2 mrad. The total
ion yield spectrum in Fig. 8 was obtained with a 2 mrad horizontal
and 2 mrad vertical section of the beam. An energy resolution of
2meV at 16 eV was obtained. It does not matter which horizontal
part of the beam is used for the experiment, e.g. picking out
different horizontal sections all yield the 2 meV resolution, but the
spectrum will slightly shift on the energy scale. This indicates a
misalignment of the monochromator, most probably a yaw error
and not an uncorrectable aberration. At present, however, the
mechanical design of the grating cradles does not allow an in-
vacuum yaw adjustment. The monochromator will soon be
modified in order to correct the beam path and - as a final goal
- to obtain the highest possible resolution at full flux.

-+ 600 I/mm /

-=- 1200 I/mm

resolution / meV

5 10 15 20 25 30
photon energy / eV

Fig. 7. Calculated resolvable energy difference for the 600 line/mm (circles) and
1200line/mm (squares) grating.
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Fig. 8. Autoionization states of Ar measured by photoion yield with the 1200 line/mm
grating.
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7. Conclusion

The VUV beamline at SLS has been in user operation for one
year. Its in-house designed gas filter works according to the
specifications and thus the beamline can offer pure monochro-
matic light up to the Ne L;-edge of 21.6eV. The photon flux is
lower than predicted, but with 10! photons/s and better the
current experimental needs are suitably covered. The target
photon energy resolution of 0.01% BW can be met with a
vignetted beam at reduced flux. Depending on the experimental
requirements, one can switch between high flux and high
resolution. However, in the long run both options should be
available at the same time. Hardware changes, such as an in-
vacuum yaw alignment of the gratings are expected to improve
the performance. These upgrades are currently in progress.
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