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Abstract. Recent improvements to the synchrotron ultraviolet radiation facility led to unprecedented perfor-
mance. High injection currents and beam stability, as well as tunable electron energies over a wide range make
this storage ring a prime source for synchrotron radiation from the extreme-ultraviolet to far-infrared spectral
regions. We will discuss plans to capitalize on this unprecedented performance through implementation of new
experimental stations and extension of existing ones. It also will be shown that for applications using extreme-
ultraviolet to infrared synchrotron radiation a low electron energy storage ring has distinct advantages.

INTRODUCTION

FIGURE 1. Calculated radiant power for SURF at several
operating energies compared to a 3000 K blackbody source.
Note that above about a 180 MeV the radiant power in the
ultraviolet to infrared spectral regions does not depend on the
electron energy.

In recent years the number of synchrotron radiation
sources has increased considerably worldwide. Most of
these new machines are third generation synchrotron ra-
diation sources [1] based on very low emittance storage
rings to maximize the available brightness of the emit-
ted photon beam. Several third generation storage rings
optimized for the soft or hard x-ray spectral regions are
currently in operation. However, a very low emittance
storage ring can be realized only for electron energies of
1 GeV or higher.

The very successful application of synchrotron in-
frared radiation in spectro-microscopy [2, 3, 4, 5]
sparked much interest in the long wavelength end of the
spectrum. There are, however, difficult technical prob-

lems to solve at third generation synchrotron radiation
sources in order to use photons in the infrared, visible
or ultraviolet spectral regions. The very high brightness
results in very high power densities on optical elements
that lead to complex and expensive beamline configura-
tions, e.g., at the first infrared beamline built at the Ad-
vanced Light Source in Berkeley [6]. Also, an extremely
small transverse source size makes the application of
novel infrared imaging techniques impossible.

Recent studies using ultraviolet photoelectron emis-
sion microscopy (UV-PEEM) have shown promise in
imaging of dopant concentration [7, 8, 9, 10, 11] and
magnetic structures [12, 13, 14, 15, 16]. UV-PEEM pro-
vides very high spatial resolution, because threshold
electrons are imaged, which is otherwise only reachable
by scanning electron microscopy (SEM). SEM has two
disadvantages compared to UV-PEEM: The image ac-
quisition takes several minutes and the high energy elec-
trons cause damage to the sample. PEEM, however, is
an imaging technique, which has been used to study dy-
namic processes, e.g. surface catalytic reactions [17, 18]
in realtime. In addition, since fairly low energy photons
are used, the damage to the sample is limited. UV-PEEM
does not in general allow the fine tuning of the excitation
energy, but by using tunable ultraviolet synchrotron ra-
diation the contrast in UV-PEEM could be significantly
enhanced.

As can be seen in Fig. 1, the radiant power output
of a synchrotron radiation source from the ultraviolet to
infrared spectral regions does not increase if the elec-
tron energy is raised past a threshold level. For the syn-
chrotron ultraviolet radiation facility (SURF) this energy
is about 183 MeV. Thus, all the x-ray power a third
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generation synchrotron radiation source emits is wasted
when doing experiments at longer wavelengths. Getting
rid of this higher energy radiation is difficult since a lot
of power will be concentrated in a very small area. At
a low energy storage ring no significant power will be
emitted in the x-ray range, thus eliminating the need for
high-power optics.

At SURF many problems can be eliminated through
its flexibility: The electron energy is tunable from 10
MeV to about 400 MeV, allowing the fine-tuning of
the output spectrum for different applications and the
vertical electron beam size can be manipulated from a
few 10 µm to several mm. The tunability in energy has
advantages for the calibration work done at SURF in
the extreme-ultraviolet spectral region, where it helps
to reduce higher-order contaminations [19, 20, 21, 22,
23, 24]. Because of the bigger source size at SURF,
it is possible to use infrared focal-plane arrays, thus
enhancing capabilities for infrared spectro-microscopy.

INFRARED SYNCHROTRON
RADIATION IMAGING

SPECTRO-MICROSCOPY

FIGURE 2. Infrared absorption spectra of different
molecules taken from the NIST Chemistry WebBook [25].

The main interest in infrared spectro-microscopy is fo-
cused on the mid-infrared spectral region, which spawns
the wavelength region from about 2.5 µm to 20 µm
(wavenumber region 500 cm−1 to 4000 cm−1). This is
also called the "molecular-fingerprint" region, because of
the distinguishably of important molecular groups in this
region by their absorption spectra (see Fig. 2 for exam-
ples). As can be seen in Fig. 1, the radiant power does not
change much in this region with the electron beam en-
ergy. Only for very low energies, below 100 MeV, does
the spectrum slowly cut-off in the infrared. There is no
gain, other than beam stability [26], from operating a
storage ring at high energies when utilizing infrared radi-
ation. In fact, the high radiant power in the x-ray spectral

region is going to cause trouble in beamline design, thus
the optimal infrared synchrotron radiation source oper-
ates at low electron energies to minimize heat load and
radiation damage problems.

Conventional infrared spectro-microscopy generates
spatial information by scanning the sample [2, 3, 4, 5].
This can take more than a day for a large sample. The use
of synchrotron radiation instead of a blackbody radiator
as a light source reduces these scanning times easily by
an order of magnitude. Furthermore, the higher bright-
ness of the synchrotron radiation source enables the col-
lection of images with better spatial resolution. This high
brightness results into a small source size, which forbids
the application of focal-plane detector arrays for parallel
detection.

At SURF the transverse electron beam size can be
manipulated in different ways [27]. In standard operation
the vertical betatron oscillation is excited [28] and the
vertical beam full-width-at-half-maximum (FWHM) is
increased to 1 mm. The horizontal beam FWHM is left
unchanged by this procedure, except for small coupling
effects. In order to increase the brightness and generate a
nearly square source the accelerator can be operated with
full-coupling instead, resulting in a beam about 1.5 mm
wide and 1 mm high [27]. This source is nearly perfect
for infrared spectro-microscopy with a focal-plane array
and also delivers more photons than a blackbody radiator.
At third generation synchrotron radiation sources this
is impossible, because of the small transverse electron
beam size (e.g., at ELETTRA the source size is 0.140
mm by 0.03 mm [29]).

ULTRAVIOLET SYNCHROTRON
RADIATION PHOTOELECTRON

EMISSION SPECTROSCOPY

Photoelectron emission microscopy (PEEM) became
popular with the introduction of bakable, ultrahigh vac-
uum compatible instruments suitable for the stringent re-
quirements of surface science [30, 31, 32, 33]. The sam-
ples in the microscopes were generally illuminated with
ultraviolet (UV) lamps, lacking selectivity in the exciting
photon energy. However, using UV light to emit photo-
electrons results in very high spatial resolution, below 10
nm [34], because of the low kinetic energy of the thresh-
old photoelectrons, effectively limiting the chromatic fo-
cal shift.

Ultraviolet photoelectron emission spectroscopy (UV-
PEEM) uses photons for illumination and directly im-
ages photoelectrons, thus image acquisition is done in
real-time, opening the door for studies of dynamic pro-
cesses [35]. The "photoelectron-image" is magnified by
electron optics and projected onto a screen, which is then
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TABLE 1. Imaging techniques for magnetic domains (from [15]). Chem. spec.: Chemical specification; AF-spec.: Anti-
ferromagnetic specification. The remark "Real samples" means that no special preparation is needed.

Method Excitation Resolution (nm) Chem. spec. AF-spec. Probing depth (ML)∗ Remarks

US-PEEM SR UV 30 (7) Some Yes — Real samples
UV-PEEM UV 30 (7) No Yes — Real samples
X-PEEM SR X-ray 100 (20) Yes Yes 0.1 Real samples
XSM SR X-ray 500 Yes Yes 0.5 Magn. Field
XTM SR X-ray 20 Yes Yes 100 Magn. Field

Transmission
X-TOPO SR X-ray 1000 No Yes Volume Magn. Field

Transmission
SEMPA Electrons 50 (10) No No 30

∗ ML: Monolayer

observed with a charged-coupled device (CCD) cam-
era [36]. The extreme surface sensitivity of UV-PEEM
makes it a prime tool for surface science.

The main contrast mechanism is variation of the elec-
tron yield [35], which is caused by changes in the elec-
tron work function [31]. These changes can be caused
by the elemental composition, crystal orientation, and
dopant concentration [7, 8, 9, 10, 11]. Contrast can
be induced as well by deflection or focusing by topo-
graphic relief [37], shadows cast by surface features [35],
deflection by surface magnetism [12, 13, 14], and by

FIGURE 3. Illustration of contrast mechanisms in UV-
PEEM. Top: Composite surface with electron work function Φ,
magnetic field B and illumination hν . Middle: PEEM Image is
dark for Φ > hν . On the left a step and a depression simulate
topographical contrast [35]. On the right non-zero magnetic
fields cause Lorentz-contrast by deflecting the photoelectrons.
Bottom: Expected intensity distribution along the horizontal
line cutting through the image.

dichroism in the photoelectron emission [16].
The topography of the sample is the main contrast

mechanism for PEEM with broadband excitation [37].
To extract information on the magnetic state, the topo-
graphic signal has to be removed. The different contrast
mechanisms are illustrated in Fig. 3.

For similar reasons as in the infrared, a low energy
storage ring has advantages in the ultraviolet. Again heat-
load problems are absent and there is no need for high-
powered optics. Also radiation damage to optical ele-
ments will be small. In the UV different window ma-
terials with high transmission can be used to eliminate
higher orders of the monochromator.

In a recent review article [15] on magnetic imag-
ing several methods were compared: Ultraviolet photo-
electron emission microscopy (UV-PEEM), x-ray pho-
toelectron emission microscopy (X-PEEM), x-ray scan-
ning microscopy (XSM), x-ray transmission microscopy
(XTM), x-ray topography (X-TOPO), and scanning elec-
tron microscopy with polarization analysis (SEMPA).
The results of that comparison are summarized in ta-
ble 1 and in addition the properties for ultraviolet syn-
chrotron radiation photoelectron emission microscopy
(US-PEEM) are shown. Using tunable ultraviolet radi-
ation is the preferable technique, as long as no depth in-
formation is sought.

EXTREME-ULTRAVIOLET OPTICAL
PROPERTIES

For work on extreme-ultraviolet (EUV) optical proper-
ties the flexibility of SURF to run at different energies
has become essential. It is not possible to completely
eliminate higher-order contributions of monochromators,
but it is possible to deduce their strength by use of several
electron energy and filter material combinations [24].
Only through this flexibility can we fulfill the stringent
requirements of EUV lithography in measurement of op-
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tical properties. This has become very important in the
calibration of photodiodes and measurement of multi-
layer reflectivities in the EUV spectral range.
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