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FinEstBeAMS is a new materials science beamline at the 1.5 GeV storage ring of the MAX IV Laboratory in Lund,
Sweden. It has been built based on grazing incidence monochromatization of synchrotron light, which allows to
cover a remarkably wide excitation energy range from ultraviolet to soft x-rays (4.5-1450 eV). A new mobile
luminescence spectroscopy end station has been commissioned with design benefitting from the advantages of a
high flux elliptically polarizing undulator light source. We report on the design of the luminescence end station,
its technical realization and performance achieved so far. Special attention is paid to the experimental challenges

for luminescence spectroscopy under grazing incidence excitation conditions. The first luminescence results
obtained demonstrate a reliable performance of the advanced setup at FinEstBeAMS.

1. Introduction

The tuneability of synchrotron radiation (SR) in a wide photon
energy range and its inherent well-defined time structure makes it
particularly well suited for time-resolved luminescence spectroscopy. A
pioneering work on luminescence studies of ruby and Cr®* doped MgO
performed at the TANTALUS storage ring (Wisconsin, USA), pointing to
a huge potential of synchrotron radiation based spectroscopy, was
published in 1970 (Yen at al., 1970). This work was followed by lu-
minescence studies at other synchrotron centres all over the world. The
history, highlights and future of luminescence spectroscopy at syn-
chrotron facilities have been discussed in several reviews through the
years (see, e.g., Zimmerer, 2006; and Bel'skii et al., 2016). During the
last three decades from 1982 until 2012, the SUPERLUMI setup at Strahl
I of the DORIS III storage ring of HASYLAB at DESY, Hamburg, Ger-
many (Giirtler et al., 1983) has been the flagship of luminescence re-
search (Zimmerer 1991, 2007). Being a specially designed bending-
magnet beamline equipped with a normal incidence primary mono-
chromator, Strahl I provided favourable experimental conditions for
spectroscopy studies under VUV excitation to a remarkably large user

community. Including the second Strahl I end station CLULU, dedicated
to the fluorescence spectroscopy of atoms and clusters, the SUPERLUMI
station produced as many as 1078 scientific publications in 30 years of
their operation (Kotlov, 2018). Such a high scientific performance has
demonstrated an obvious need for dedicated end stations which are
specially designed for luminescence studies.

The luminescence and fluorescence spectroscopy has been an active
research area also at the 500 MeV storage ring MAX I of MAX Lab
(Lund, Sweden) since its early days in the end of the 80's of the past
century. The first beamline for time-resolved spectroscopy was put into
operation in 1987 and used in fluorescence studies of biological mo-
lecular structures and their dynamics (Rigler et al., 1987). A few years
later a research team from the Institute of Physics, Estonian Academy of
Science, constructed a low-temperature photoluminescence setup at the
bending magnet beamline 52 of the MAX I storage ring providing
photons of 5-30 eV (Kink et al., 1991). A specially constructed cryostat
was equipped with a device for crystal cleavage at ultra-high vacuum
conditions. Utilizing a variety of luminescence methods, the research
has been carried out on the relaxation processes of electronic excita-
tions in simple and complicated oxides (Lushchik et al., 1994; Kisand
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et al., 1996; Nagirnyi et al., 1998), radiation defect formation in the
conditions of the multiplication of electronic excitations (Lushchik
et al., 1995), and the processes of secondary exciton formation in alkali
halides (Lushchik et al., 1996). A linearly polarised VUV synchrotron
radiation in the orbit plane was used to investigate polarization prop-
erties of intrinsic emissions and phosphorescence in tungstates
(Feldbach et al., 2000; Nagirnyi et al., 2001).

The luminescence studies at MAX I continued until the commis-
sioning of the 700-MeV MAX III storage ring in 2007 which, utilizing an
elliptically polarizing undulator (EPU), provided radiation in the VUV-
XUV range (4.6-50eV). A consortium consisting of Estonian (Tartu)
and Finnish (Oulu, Turku and Tampere) universities built the FINEST
branch-line at the I3 beamline of MAX III foreseen for gas phase
(Urpelainen et al., 2010) and luminescence studies (Tuomela et al.,
2016). The mobile low-temperature photoluminescence station was
based on the VUV setup (Vielhauer, 2003), which was developed for
studies of wide gap crystals under XUV excitation at the BW3 undulator
beamline of HASYLAB at DESY (Kirm et al., 2003a). While used in
Lund, two monochromators with different detectors covering a wide
energy range of 1.2-8 eV for luminescence analysis were applied at this
setup. The examples of the luminescence research performed at this
branch line comprise the studies of energy transfer processes in solid
solutions of Zn/Mg tungstates (Spassky et al., 2014), luminescence
properties of intrinsic emissions and rare earth ions in fluorides
(Ogorodnikov et al.,, 2015; Tuomela et al., 2016), luminescence of
transition metal ions in borates (Romet et al., 2017), as well as the
research on two-dimensional semiconductor systems (Pankratov et al.,
2016), and ordinary and core shell nanoparticles (Kuzmanoski et al.,
2015, 2016; Shirmane and Pankratov 2016; Shirmane et al., 2017).

The Finnish-Estonian Beamline for Atmospheric and Materials
Science (FinEstBeAMS) is a new materials science beamline operating at
the 1.5 GeV storage ring of the MAX IV Laboratory inaugurated in 2016
outside of Lund in southern Sweden. The beamline was proposed and
developed by the same consortium of Finnish and Estonian Universities
which had previously constructed the branch-line at I3 of MAX III. The
FinEstBeAMS was the first international beamline of the MAX IV Lab
jointly funded by Estonian and Finnish investments. Due to its ad-
vanced magnetic lattice, the 1.5GeV ring provides excellent beam
quality at low energies covering the spectrum from UV radiation to soft
X-rays. The beamline itself, due to its grazing incidence design, covers a
wide photon energy range 4.5-1450 eV, and is therefore well suited to
probe core and valence levels of matter in all states. One of the three
FinEstBeAMS end stations is designed to perform luminescence studies
of solids. It allows to perform reflection, transmission as well as lumi-
nescence measurements under VUV and XUV excitation in a wide
temperature range. In the current article, we will discuss the design of
luminescence setup, demonstrate its performance based on the results
of the first experiments, and give an outlook of future developments.

2. The FinEstBeAMS beamline

A detailed design and expected performance of the FinEstBeAMS
beamline was recently presented in (Pdrna et al., 2017). In this section,
we discuss only those beamline performance parameters which are
relevant for optical and luminescence spectroscopy research. Currently,
the beamline itself as well as the luminescence and gas phase end sta-
tions are under commissioning.

A long-period EPU is the photon source for the FinEstBeAMS
beamline, providing photons from 4.3 to 1500 eV according to the de-
sign values, which also sets the lowest energy limit for spectroscopic
purposes. The EPU was built at the MAX IV Laboratory using a novel
technique developed in-house and based on gluing permanent magnet
pairs (Parna et al., 2017). The magnet arrays of the EPU can be shifted
with respect to each other in the longitudinal direction, which allows a
full control over the radiation polarization. Table 1 summarizes the
calculated total radiated power and low energy limits for different
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Table 1

Summary of the calculated parameters of the elliptically polarizing undulator in
different modes of operation. hvp,;, is the minimal achievable photon energy.
Total radiated power has been calculated with 500 mA ring current.

Polarization hvpmin (€V) Total power (kW)
Horizontal 4.1 2.4
Vertical 5.7 1.7
Circular 4.9 2.0
Inclined 45° 9.6 0.9

polarization modes. Due to the heat load of the first cooled optical
elements, the total radiated power sets limits to the maximum ring
current for small undulator gaps. Experiments proved that while op-
erating the undulator with the closed gap of 14mm, its radiation
spectrum at higher energies resembles that of a wiggler providing a
continuous spectrum in the range of 1000-1450 eV. In the undulator
mode, photon energies up to 1400 eV can be reached.

The optical layout of the FinEstBeAMS beamline with the main op-
tical elements is shown in Fig. 1. The first optical element is a side-
cooled toroidal mirror M1 situated at a distance 12 m from the source.
The amount of radiation accepted by M1 is controlled by baffles de-
fining its vertical and horizontal acceptance. M1 collimates the beam in
both vertical and horizontal directions. The grazing incidence mono-
chromator of an SX700 type was manufactured by FMB (Feinwerk-und
Messtechnik GmbH, Berlin). It contains an internally cooled plane
mirror M2 and two side-cooled plane gratings (PG1, 6001/mm and
PG2, 921/mm), which cover high and low energy ranges from 15 to
1500 eV and from 4.5 to 60 eV, respectively. A toroidal focusing mirror
M3a focuses monochromatic radiation at the exit slit plane located at a
distance of 6 m. Thereafter, a single ellipsoidal mirror M4a is used to
refocus the photon beam in both vertical and horizontal directions onto
a sample located at the distance of 2.875 m from it. The simulated beam
size on the sample is expected to be about 100 X 100 pm? and it can be
reduced further by closing baffles and the exit slit (see Table 2). For a
more detailed discussion of the expected performance see (Parna et al.,
2017).

The calculated photon flux at a given resolving power (R = 5000) in
the photon energy range of 4-1000 eV is shown in (Pdrna et al., 2017).
It is expected to be in the range from 10'% ph/s at 4.3 eV to 10! ph/s at
1000 eV with the maximum value of 8-10'® ph/s at 150 eV. The real flux
measured with an AXUV-100G diode was of the order of 10'* for PG1
with 70-um slits and 102 ph/s for PG2 with 30-um slits (Fig. 2 (a)). It is
in reasonable agreement with the calculated values. It is important to
point out that no filters reducing higher orders of radiation were ap-
plied in these measurements. Therefore, the recorded flux values con-
tain currently undetermined contribution of the higher undulator har-
monics passing through the primary monochromator in a higher
diffraction order of the grating. The estimation of such contribution at
different energies is not a trivial task because of a grazing incidence
geometry used in a SX-700 type monochromator. Here, the angle of
incidence at the plane mirror M2 can is varied in the range of 90-70°,
the grazing incidence angle is 11.2° for PG1, which provides a more
efficient higher order suppression in respect of PG2 with a grazing in-
cidence angle of 4.4° at 25eV (Parna et al., 2017). Thus, the grazing
incidence optical scheme in combination with an undulator source in-
troduces a serious experimental challenge related to the suppression of
higher order radiation. The same higher order suppression problem has
occurred at the studies of the multiplication of electronic excitations in
alkali halides (Beaumont et al., 1976) and in MgO (Vasilev et al., 1985),
which have also been performed using grazing incidence mono-
chromators. In the case of luminescence studies carried out at normal
incidence instruments (incl. former setups in Lund and in Hamburg), a
low reflectivity of metal coatings of mirrors and gratings set the higher
energy limits to 20 and 40 eV for the Al and Pt coated gratings, re-
spectively (see Fig. 2 (a)). At such setups, the second order radiation is
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Fig. 1. The optical layout of the branch of the FinEstBeAMS beamline where photoluminescence setup will be finally installed. Relevant passive and active optical

elements are shown together with a length scale.

removed by inserting optical windows with transmission edges in the
VUV range (usually SiO,, MgF, and LiF) into synchrotron radiation
beam. In order to suppress high orders of excitation at FinEstBeAMS
beamline, operating in an exceptionally wide energy region, a set of
filters has been chosen to overcome this problem. Fused silica and LiF
filters transparent up to 8 and 10.8 eV, respectively, are chosen for the
low energy region. At higher energies, thin films of Sn (4d BE 23.9 eV),
Mg (2p BE 49.6 eV), Al (2p BE 72.5eV), Si (2p BE 99.2eV), B (1s BE
188 eV) and C (1s BE 284.2eV) can be used as filters with the trans-
parency region edge defined by the binding energy (BE) of the corre-
sponding electronic state indicated in brackets. These filters cover al-
most the whole operation range of the first undulator harmonic. A
specific characterization of each filter will be performed during com-
missioning of the beamline and end stations.

In Fig. 2 (a), photon fluxes for the Al and Pt coated gratings (1200 1/
mm) of the SUPERLUMI station (Zimmerer, 2007) are shown. Despite a
large 50 mrad acceptance of bending magnet radiation the photon flux
available is noticeably lower than that recorded at FinEstBeAMS. This
shows the advantage of beamlines using an undulator source. The use of
an undulator source has been also proposed for upgrade of SUPERLUMI
station by Prof. Zimmerer, but it was never realized at DESY. It is ob-
vious that such powerful high energy radiation sources will enable
combination of different research methods, which require either high
photon flux or high spectral resolution. For example, an even more
complex conceptual design of the setup for luminescence and EPR
spectroscopy has been proposed, where short wavelength radiation
from insertion devices at storage rings or free electron lasers is to be
used (Makhov and Kolobanov 2001). The luminescence spectroscopy of
solids does not need such high resolution in all cases, so an even more
intense photon flux can be used instead to study in materials processes
with low quantum efficiency or to create radiation defects. The defect
formation processes in radiation sensitive alkali halides have been
discussed in a recent review (Lushchik, A. and Lushchik, Ch., 2018) and
such studies can be accomplished using advanced light sources.

In order to provide continuously changing intensity of incident

Table 2
Summary of design parameters of the FinnEstBeaMS beamline.

radiation required in recording excitation, reflection and transmission
spectra, the undulator gap has to be changed together with the incident
photon energy to ensuring the highest flux. This task is realized in the
experiment control program by using a software algorithm, which op-
timizes the insertion device gap based on the desired photon energy,
according to reference values determined earlier experimentally during
the commissioning process. Fig. 2 (b) shows that the undulator peaks
near the low energy limit (recorded without any filter) become nar-
rower and their intensity significantly lowers as the EPU gap is de-
creased. This reduction in intensity and bandwidth of undulator peaks
is caused by the wider divergence of the undulator radiation for smaller
energies and the constant acceptance of the monochromator. Another
significant reason in a remarkable transformation of the peak shape
detected in our experiment is due the presence of undulator higher
order harmonics which possess sufficiently high intensity, and are si-
tuated in the region of enhanced grating efficiency.

The main parameters of the undulator, optical elements, mono-
chromator and the photon beam of FinEstBeAMS in general are sum-
marized in Table 2.

3. Setup for luminescence studies

The FinEstBeAMS beamline is designed for a multidisciplinary re-
search and contains several end stations installed on the two branch
lines. One of these is a compact setup for low temperature luminescence
studies, a schematic view of which is presented in Fig. 3. The designed
luminescence setup is a mobile end station easily useable at other MAX
IV beamlines or operated using external excitation sources. When the
luminescence setup is detached, other user-developed experimental
stations and instruments can be attached to the FinEstBeAMS beamline
instead. A special care is taken in the design of a rail system, which
allows smooth mounting and alignment of the instruments.

The main UHV chamber of the luminescence setup has a spherical
shape 26 cm in diameter. It is evacuated to working vacuum level
10~ ° mbar at room temperature by a turbo pump HiPace 300 (Pfeiffer

Radiation source (EPU)
Energy (wavelength) range
Monochromator (cPGM)
Maximal resolving power
(Re)Focusing optics

Beam size at sample

4.4-1000 eV (288-1.24 nm)

R=E/AE =1 x 10*
Ellipsoidal mirror

end station out of focus

Flux at sample 10" -8 x 10" - ph/s

Elliptically polarizing undulator, 95.2 mm period, 26 periods, 14 mm minimum gap, 2.475 m magnetic length

Plane grating monochromator using collimated light, two plane gratings (92 and 600 mm/1), internally cooled planar premirror

100 x 100 um? (horizontal x vertical), 30 x 20 um? when limiting exit slit and baffles. The beam size can be increased by moving the luminescence
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Fig. 2. a) A recorded photon flux for 92 (PG2, red line) and 6001/mm (PG1,
blue line) grating. For comparison a typical photon flux at the SUPERLUMI
station for the Al and Pt coated gratings are presented. (b) A set of undulator
radiation spectra as a function of its gap width. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the Web version
of this article.)

Vacuum) and ion pump (Gamma Vacuum), which are mounted on the
bottom of the chamber. Since the setup is located behind the end station
for gas phase studies, there is an additional small turbo pump HiPace 80
(Pfeiffer Vacuum) used to prevent potential residual gas contamination
from the gas phase experiment. A residual gas analyser will be installed
to monitor vacuum quality in the main chamber.

The UHV chamber is equipped with a helium cryostat with a cold-
finger type sample holder. The closed-cycle helium cryostat consists of a
ARS DE-204PB cryohead and the ARS-4HW compressor (Advanced
Research System). A LakeShore 335 temperature controller allows to
regulate sample temperature in the region of 6-400K. The cryostat,
mounted on a rotational stage, is installed on a XYZ manipulator
(Thermionics) facilitating the alignment of the sample with respect to
the incident beam. The size (12 X 2 cm?) of the two-sided sample
holder is large enough to accommodate dozens samples on each side.
Mounting numerous samples in one load helps to minimize time for
sample exchange and system bake-out.

The setup is designed for luminescence analysis with two secondary
monochromators (Fig. 3). Luminescence detection in UV-visible-NIR
spectral range (200-1500 nm) can be performed by an Andor Shamrock
(SR-303i) 0.3 m spectrometer equipped with a high resolution grating
(1200 1/mm, 300 nm blaze) and two lower resolution gratings (3001/
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mm) optimized for different spectral regions (300 and 500 nm blaze,
respectively). The Andor Shamrock spectrometer collects luminescence
from samples with the aid of a fibre optic cable. The cable end can be
positioned in the UHV experimental chamber using a 3-axis manip-
ulator to achieve the highest signal intensity. Such solution has been
earlier successfully implemented at luminescence research performed at
the MAX III storage ring (Tuomela et al., 2016). It was shown that
materials with different quantum efficiencies of luminescence can be
successfully studied using such technical approach.

The Andor Shamrock spectrometer has two exit ports equipped with
a CCD detector (Newton DU9 70P-BVF model from Andor) and a pho-
tomultiplier, respectively. Currently there is a set of easily replaceable
photomultipliers (H8259, H8259-01, and H8259-02 Hamamatsu
photon counting heads) covering the spectral range from 185 to 900 nm
and a thermoelectrically cooled infrared NIR PMT Unit H10330C-45
(Hamamatsu) for the spectral range of 950-1400 nm. These detectors
have rather slow time response (tens of ns) and therefore are well-
suited for steady-state luminescence measurements, but not for time-
resolved measurements in the timing conditions provided by the
1.5 GeV storage ring of MAX IV. At present, it operates in multi-bunch
mode (32 bunches of 130 ps duration with 10 ns interval). A single-
bunch mode with a 320 ns time interval of the bunches of 40 ps
duration is also planned for the nearest future (Olsson et al., 2018). In
view of this, the development of a fast sub-ns luminescence registration
system is in progress at the FinEstBeAMS beamline.

The design of the luminescence setup foresees also the possibility of
developing a VUV branch based on a monochromator with the fol-
lowing design parameters: 0.4m focal length, 0.6nm resolution,
1650 I/mm grating, and wavelength range 50-300 nm.

Transmission and reflection spectra can also be recorded at the
FinEstBeAMS beamline. Two AXUV-100G diodes mounted in UHV serve
as detectors of either transmitted or reflected radiation from the sam-
ples in suitable geometry. The angle of incidence in the reflection
geometry is 27.5°. There is also an additional viewport available at the
angle of 45°, which can be utilized for photo-stimulated luminescence
experiments (see, e.g., Lushchik et al., 1996) or for pump-probe spec-
troscopy by means of external light sources. The incident flux used for
normalization of the spectra is recorded with another AXUV-100G
diode alongside with the photocurrent from the M4a mirror as a
function of scanned photon energy. It is corrected with the diode's
quantum efficiency and divided by the M4a photocurrent signal. While
scanning the primary monochromator in the measurements of re-
flectivity and luminescence excitation spectra, the signal from the
sample is also corrected for the spectral distribution of the incident
photon flux and for the photocurrent from the M4a mirror, reflecting
the changes in the flux during the measurement time. This method has
been developed and tested earlier for the luminescence measurements
under the XUV excitation performed at the BW3 beamline of HASYLAB
(Kirm et al., 2003a). Our preliminary tests at the FinEstBeAMS beamline
indicated that sodium salicylate, which is typically used for recording
photon flux under VUV excitation, is not stable under high photon flux
provided by FinEstBeAMS and degrades noticeably during the mea-
surement time. Therefore, the above-described more reliable spectral
correction methods are used at the beamline. Nevertheless, the nor-
malization of the excitation spectra in the whole energy range ex-
tending from 4.5 to 1450eV is a serious challenge and the corre-
sponding methods and reliable procedures have yet to be worked out
during the commissioning process.

4. The first experimental results and future developments at
FinEstBeAMS beamline

The first photoluminescence experiments were carried out in the
early commissioning phase of the FinEstBeaMS beamline. Although the
design value of the low energy limit for the FinEstBeaMS undulator
radiation is 4.3 eV to meet the requirements of luminescence research,
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Fig. 3. A scheme of the luminescence setup at the FinEstBeAMS beamline.

only the PG1 grating setting the lowest photon energy limit to 15eV
was available in first experiments. This condition determined also the
selection of samples which were studied in the commissioning process.
In the photon energy range of 15-35eV, the formation of cation ex-
citations (Rubloff, 1972), the processes of multiplication of electronic
excitations (Lushchik et al., 1996; Lushchik, A. and Lushchik, Ch.,
2018), and the relaxation of hot charge carriers in alkali halides and
simple oxides (Kirm et al., 1999a) have been earlier studied, providing
an accurate comparison material for the results obtained at a new ex-
perimental setup. At this early stage of the experiment development, no
spectral corrections to the measured emission spectra were introduced.

Fig. 4 depicts the emission (a) and excitation spectrum (b) of the
Y3Als0;,: Ce®* crystal at room temperature. The YAG:Ce single crystal
was grown by CRYTUR Ltd. As shown in Fig. 4(a), the emission spec-
trum displays the typical luminescence in the yellow spectral region of
this compound with a high quantum yield, which nowadays serves as a
LED phosphor in “cool” white light LEDs (Krames et al., 2007). Due to
the parity and dipole allowed 5d-4f transitions of the Ce>* ions, this
material serves also as a fast scintillator with a decay time of few tens of
ns (Kirm et al., 2000). The excitation spectrum in Fig. 4 (b) demon-
strates that the intensity of 530 nm emission increases more than twice
in the energy range from 15 to 35 eV. This is to a certain extent due to a
small decrease of the host absorption coefficient (more Ce®™ centres in
the crystal volume become excited), but the main reason is the multi-
plication of electronic excitation since the energy gap value of this
material is 8 eV (Kirm et al., 2000; Pankratov et al., 2008). The origin of
the spectral features in the region of 28-34eV needs further in-
vestigation, as the transitions from the 2p6 (26-29 eV) and 2s? shell
30-37 eV) of the oxygen ion are expected in this region as discussed for
Al,O3 in (Kirm et al., 1999b). A general agreement between the two
excitation spectra recorded for the 530-nm emission in different ex-
periments is good. The main difference that is observed above 27 eV
may be due to the normalization problems in previous measurements at
the bending magnet beamlines, at which the correction of excitation
spectra is less reliable in a high-energy region, where the incident
photon flux becomes weaker (see Fig. 2 (a)).

Rare-earth (RE) ion doped materials are indispensable in many
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modern luminescence applications. The 4f-4f and 4f- 5d transitions of
RE ions cover a wide energy range from IR to VUV, the study of which
requires experimental facilities at storage rings. For instance, the
quantum cutting processes providing more than one low energy photon
per one absorbed VUV photon were studied in the LiGdF4:Eu compound
(Wegh et al., 1999), which is of special interest for mercury-free
lightening based on short wavelength Xe discharge. Alongside with the
identification of the application potential, the fundamental properties
of the 4f-4f and 5d-4f luminescence of RE ions were studied system-
atically at HIGITI (see e.g., Pieterson et al., 2002a and 2002b) and
SUPERLUMI (Becker et al., 1998; Chen et al., 2003; Kirm et al., 2004).
This justifies the choice of a LiYF4:Er crystal as a model system with
well described luminescence properties (see Khaidukov et al., 2002).
The crystal used in this work has the same origin. The emission spec-
trum of the LiYF4:Er (1%) single crystal under 44.2 eV photon excita-
tion at 300K is shown in Fig. 5 (a), and the room temperature excita-
tion spectrum for the *Sz/, - *I;5/, transition recorded at 550 nm is
shown in Fig. 5 (b). There is a good agreement with the results obtained
in (Khaidukov et al., 2002) for the band-to-band excitation of the host,
although the spectra have been recorded at different temperatures.
Fig. 5 (a) demonstrates a high quality of emission spectra recorded in a
wide wavelength range extending from 200 to 1100 nm using the
photoluminescence setup at the FinEstBeAMS beamline.

The coexistence of self-trapped and free excitons is an intrinsic
property of electronic excitations in a number of wide gap solids (Song
and Williams, 1996). Taking the advantage of time-resolved photo-
luminescence spectroscopy under SR excitation, the peculiarities of
formation processes of excitons, their self-trapping, prompt and delayed
formation of secondary excitons have been studied in rare gas solids
(Kirm et al., 2003b) and in alkali halides, in which the relaxation dy-
namics and morphology of self-trapped excitons has been clarified
(Kan'no 1996). The research of these fundamental properties in wide
gap materials of various morphologies (incl. low-dimensional and na-
nomaterials) will fill a significant amount of beamtime available at the
photoluminescence end station at FinEstBeAMS.

Among the intrinsic emissions there is a special kind of emission
resulting from the recombination of an electron in the valence with a
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Fig. 4. (a) The emission spectrum of YAG:Ce (Crytur, Czech Republic) crystal at
300 K excited by 35 eV photons at the FinEstBeAMS beamline. (b) The excitation
spectra of the same YAG:Ce sample for 530 nm Ce®* 5d-4f emission (red [J)
measured at 300 K. For comparison an analogous excitation spectrum of the 5d-
4f emission of Ce®*™ ion (blue 0) from (Kirm et al., 2000) recorded at SUPER-
LUMI is presented. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

hole in the outermost core band, which takes place only in certain
materials in which the forbidden energy gap is larger than the separa-
tion of the valence and the outermost core band (Makhov, 2014). This
luminescence has several names like cross-luminescence (CL), core-
valence luminescence or Auger-free luminescence (Kubota et al., 1988).
Its nature has been proven for BaF, by synchrotron radiation experi-
ments which have shown that the CL is excited after the formation of
the hole in the outermost core band (Aleksandrov et al., 1984). A ty-
pical decay time of CL is in the nanosecond time range and in BaF, its
value equals 0.92 ns (Terekhin et al., 1995). Fig. 6 (a) demonstrates the
emission spectrum of BaF, single crystal under the excitation by the
35 eV photons, recorded in a time-integrated mode at room tempera-
ture. The dominant emission band peaked at 330 nm is due to the ra-
diative recombination of self-trapped excitons. On the long-wavelength
side, it is followed by a defect-related emission centred near 400 nm.
The UV spectrum part displays the CL with a maximum at 230 nm as
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Fig. 5. (a) The emission spectrum of LiYF,:Er crystal excited by 44.2 eV photons
at 300 K recorded with the (300 I/mm blazed at 300 nm) grating without (blue
line) and with the FLG550 filter (red line) at the FinEstBeAMS beamline. (b) The
excitation spectra of LiYF4:Er crystal for 550 nm Er®* 4f S, - *I;5,» emission
(red line) at 300 K at the FinEstBeAMS beamline. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the Web version
of this article.)

expected (Makhov, 2014). Fig. 6 (b) shows the excitation spectra for the
CL emission at 230 nm recorded at the setups in Lund and earlier in
Hamburg (red and blue symbols, respectively). The overall agreement
of both spectra is good and the onset of CL excitation occurs right below
18 eV, which corresponds to the ionization threshold for the 5p Ba**
core band. The maxima in the reflection spectrum (black line) of a BaF,
are correlated with the features in the excitation spectra of CL. Such
comparison provides a solid argument in favour of high beamline
quality and its suitability for the photoluminescence research at the
FinEstBeAMS.

Finally, a few remarks about the upcoming time-resolved mea-
surements at the FinEstBeAMS. As mentioned above, a new sub-nano-
second luminescence registration system is being developed at the
FinEstBeAMS beamline in a configuration especially suited for the re-
duced bunch operation mode with 40 ps pulse width and 320 ns in-
terval between bunches. Taking into account the high brilliance of the
storage ring this new beamline will be especially suitable for the study



V. Pankratov et al.

Energy (eV)
3 4 5 6
T T T L R R BB |
15
E
£ 10
2
2]
8
|
S
0 " " 1 L " " " 1 n " n " 1 L "
600 500 400 300 200
Wavelength (nm)
Wavelength (nm)
80 70 60 50 40
1 T T 4 T T T
6
=]
£ 42
8 g=]
e 8
2z =
172} Q
5 &
=
= 2
" 1 n n n " 1 n n n n 1 n n n L 0
15 20 25 30 35
Photon Energy (eV)

Fig. 6. (a) The emission spectrum of BaF, crystal excited by 35 eV photons at
300 K. (b) The excitation spectrum of CL recorded (red []) at 230 nm of a BaF,
crystal at 300 K (PG2). For comparison a similar excitation spectrum of the CL
(blue o) and the reflection spectrum recorded (black line) recorded at SUPER-
LUMI at 8 K. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

of fast and weak emissions, which are of great importance for upcoming
timing applications. Medical applications such as time-of-flight positron
emission tomography (TOF-PET) and high luminosity experiments in
high energy physics demand novel scintillators, whose characterization
requires sub-nanosecond time resolution and high brilliance due to a
low intensity of the ultra-fast emissions. The FinEstBeAMS provides a
high photon flux in a wide photon energy range, well suited for the
studies of the creation and relaxation processes of electronic excitations
under excitation in the characteristic energy regions (i.e., valence ex-
citations at the edge of intrinsic absorption, inner shell excitation by
high energy photons, etc). Further commissioning experiments will
determine the weakest phenomena which can be studied. Recently,
there has been a strong interest towards an intra-band luminescence
(Lecoq et al., 2014; Omelkov et al., 2016, 2018), which is due to the
transitions between electronic states within the conduction or valence
band with a quantum yield of 10~ “. So far, the investigations of such
weak emissions have been mostly performed using powerful electron
beams (e.g., Omelkov et al., 2018; Grigorjeva et al., 2001). We suppose
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that, due to the sub-nanosecond time excitation pulses, synchrotrons
with high photon flux and free electron lasers can help to reveal the
peculiarities of such ultrafast luminescence phenomena.

5. Conclusions

A new luminescence end station has been developed and success-
fully installed at the FinEstBeAMS beamline at MAX IV Laboratory. It is
designed for the studies of the optical and luminescence properties of
various types of inorganic solids ranging from classical single crystals to
modern nanomaterials and composite compounds. The beamline is
currently under commissioning. Its technical configuration allows to
study the following characteristics of wide gap materials at tempera-
tures 7-400 K under synchrotron radiation generated by an elliptically
polarizing undulator: i) transmission, reflection and excitation spectra
in a wide photon energy range 4.5-1450eV utilizing a grazing in-
cidence plane grating monochromator for high resolution studies; ii)
polarization and dichroism effects using the ability of the undulator to
produce radiation with fully controllable polarization (horizontal,
vertical, circular); iii) emission spectra from UV to NIR spectral range
(200-1500 nm); iv) decay kinetics of emission in both standard multi
bunch (10 ns interval) and single bunch (320 ns interval) modes of the
storage ring.

The above-presented results of the first preliminarily commissioning
experiments at the FinEstBeAMS beamline, although performed in a
relatively small range of excitation energies, demonstrated the high
potential of the photoluminescence setup in time-resolved spectro-
scopic studies of wide gap solids and its ability to attract considerable
attention of the scintillator and phosphor research community.
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