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Introduction

Electron storage rings as synchrotron radiation
sources had first been used for the generation

of highly brilliant radiation from the vacuum

UV to the X-ray spectral range. Due to this high
brilliance (or spectral radiance) — which even in
the infrared (IR) range is higher by two to three
orders of magnitude than that of thermal sources -
and the broadband of the synchrotron radiation
spectrum, storage rings have, since the begin-
ning of the 1980s, also been used as IR radiation
sources [1]. In addition to the high brilliance, the
high degree of polarization and the time struc-
ture of the synchrotron radiation (SR) with pulse
durations in the ps range are also of advantage in
the IR range. Today, SR in the IR range is being
used at approximately 30 storage rings world-
wide [2]. Based on the high brilliance, particularly
microspectroscopy with a spatial resolution up to
the diffraction limit is performed in the mid infra-
red (MIR) and in the far infrared (FIR). Many of
the applications lie in the field of material sciences,
biology or medicine [2-4].

In the course of more than 30 years, PTB has
gained experience in the use of SR for metrology
at the storage rings BESSY I and II (not, however,
in the IR range) [5, 6]. The IR range has been
made accessible to PTB only at the Metrology Light
Source (MLS), where two dedicated beamlines
have been installed for the IR and the tera-
hertz (THz) range [6, 7]. Already in the planning
phase, the MLS itself has — as the first storage ring
worldwide - been optimized to generate coherent
radiation in the THz range with radiant powers of
up to 60 mW in the special operation mode with
particularly short stored electron bunches [8-10].

In the following, selected fields of work at these
beamlines will be presented.

FTIR microspectroscopy and secondary
structure analysis on biomolecules

In Fourier Transformed Infrared (FTIR) Spec-
troscopy, a measured interferogram is converted
into a spectrum by means of Fourier transforma-
tion [11]. At the MLS, bioanalytical investigations
with a vacuum FTIR spectrometer (BRUKER Ver-
tex80v), among other things, are performed. The
spectral resolution of the Vertex80v amounts to
0.07 cm™’. The attached HYPERION 3000 micro-
scope has been optimized for the MIR range and
is equipped with a 128%-Pixel-Focal-Plane-Array
detector for spatially resolved spectroscopy. With
a 15x-Cassegrain objective, a resolution of approx.
3 um is achieved. The MIR range is particularly
well suited to excite valence and deformation
vibrations of the molecule groups contained in
proteins [12, 13]. These MIR signatures, which are
also called molecular fingerprints, allow a distinct
identification of biomolecules. In addition, IR
radiation is not ionizing and allows a non-destruc-
tive chemical analysis of biological samples.

At the MLS, FTIR-spectroscopic investigations
can also be carried out in the FIR and in the THz
range. Here, molecular information, such as rota-
tional bands of the carbon skeleton and hydrogen
bonds which occur, for example, in biomolecules,
become accessible, in addition [14]. Although the
bands occurring there are less complex compared
to the modes in the MIR range and, in addition,
thermally broadened, they, too, provide informa-
tion about the structure of biomolecules.

In the MIR range, the group frequencies which
are characteristic of proteins (e.g. specific amide
bands) are of particular interest for the second-
ary structure analysis of biomolecules. Thereby;,

a distinction can be made between different
structure types: the a-helix, whose best-known
representative is the deoxyribonucleic acid (DNA),
and the B-sheet or the f-loops. If all forms occur
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with approximately the same frequency, or if the
protein has no recognizable secondary structures,
one speaks of a random-coil structure [15]. The
cause of these different secondary structure motifs
inside a protein is hydrogen bonds and character-
istic bond angles between the peptide bonds via
which the amino acid sub-units of the primary
structure are interlinked.

The amide-I-band, which results from C=0
stretching vibrations of the peptide skeleton inside
a protein, is particularly suited for secondary
structure analyses [16]. Changes to the external
parameters (pH value, temperature) and interac-
tions with other biomolecules thus allow investi-
gations of conformational changes® that can be
detected with high sensitivity with the help of IR
spectroscopy [17, 18]. As an example, Figure 1 (a)
shows the measured IR signature of a protein - in
this case of the bovine serum albumin (BSA) -
which exhibits a-helical secondary structure ele-
ments. Characteristic of this secondary structure
motif is the amide-I-band at 1654 cm™.

For the structure analysis, different mathe-
matical procedures such as, for example, 2D
correlation analysis, are used [19]. This analysis
serves to simplify complex data sets of a mostly
hyperspectral nature, to unfold overlapping bands,
and to increase the spectral resolution by plot-
ting the bands against each other over the second
dimension. As an example, Figure 1 (b) shows the
2D correlogram ®? associated with the data in
Figure 1 (a).

In the 2D correlation plots, so-called auto-
peaks can be seen along a virtual diagonal which
illustrate the spectral range of the highest absorp-
tion changes caused by temperature influence
on the sample system. In contrast to this, values
close to zero indicate a low spectral temperature
dependence. Peaks outside the diagonal represent
simultaneous changes in the absorption which are
observed at two different wavenumbers v, and v,
and, thus, suggest the same origin of the change.

At the MLS, SR-based FTIR spectroscopy is used
for the fundamental structure analysis on peptides
within the scope of a project® of the European
Metrology Research Programme (EMRP) from
the MIR up to the THz spectral range. Amino
acids, and the peptides based on them, open up
new diagnostic possibilities, for example in cancer
research. Furthermore, if the properties of the
active substances of peptides, which are based on
molecular interaction mechanisms, are exactly
known, drugs can be developed which allow
illnesses to be treated more effectively. The project
deals with the investigation of secondary struc-
ture motifs of model peptides which may exert
different interaction mechanisms with artificial
membrane systems (here: liposomes). It is the
main objective of this research project to intro-

duce all results obtained from diverse bioanalytical
methods for molecular-dynamic simulations in
order to validate the properties of the active sub-
stances of peptides.

Another EMRP project is aimed at charac-
terizing biomedical products (stent systems,
implants) under process-analytical aspects. The
determination of the elementary composition
of implant materials as well as the detection of
surface contaminations are further aspects of the
project. In addition, a method validation based on
investigations on model systems and on real-mate-
rial systems is being aimed at.

Infrared near-field microscopy and
nano-FTIR-spectroscopy

The achievable spatial resolution of conventional
optical methods is limited by diffraction so that
structures smaller than half the wavelength of the
incident light can no longer be resolved. In the
case of near-field microscopy, the resolution limit
given by the wave nature of light is avoided by
also using the so-called evanescent waves — and
not only the propagating waves - close to the
sample surface. These waves also contain infor-
mation about surface structures which may be
clearly smaller than the wavelength of the incident
radiation. This makes optical investigations with a
spatial resolution at the nanoscale possible.
Scattering-near-field optical micro-
scopes [20, 21] are mostly based on the func-
tional principle of scanning force microscopy, by
which spatially resolved optical information is

(v.0,)=——

1 This relates to
the change in the
spatial structure of a
protein.

2 The amplitude @ is
calculated via

m—1 /:‘A/(Ul)A/(UZ) 4
with Aj(v,) being the
spectral absorp-
tion related to the
absorption averaged
over the tempera-
ture, for m spectra
in a specific tem-
perature interval.

3 http://projects.npl.
co.uk/HLT10-BiOri-
gin/

(retrieved:
2015-07-07)
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Figure 1:

(a) Signatures of BSA in the MIR (top) and FIR (bottom). (b) 2D correlation dia-
grams ®(v,,v,), showing the temperature dependence of the bands in the amide |

(top) and amide VII ranges (bottom).
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gained due to the interaction of the probe with
the electromagnetic near field of the sample. For
this purpose, a near-field probe is brought into a
focused light beam, and the light scattered on it
is detected. The achievable spatial resolution is
determined mainly by the tip radius of the near-
tield probe used which is typically below 50 nm
and, thus, clearly below the optical diffraction
limit. In addition to the spatial resolution, the
detection sensitivity can be increased so that both
weakly absorbing materials and samples with a tiny
scattering volume can still be investigated [21]. By
lateral probing of the sample one now obtains — in
addition to the topographic image — also informa-

Electron storage ring
e —————

g Bending magnet

MCT detector
Parabolic
mirror

Au-coated

Parabolic AFM cantilever

Broadband synchrotron
radiation
Sample

ZnSe beamsplitter

Reference mirror

Figure 2:

Schematic representation of the scattered light near-field microscope at the MLS
using broadband SR of a bending magnet of the MLS. The radiation is directed
via several mirrors (not shown here) to the near-field microscope and focused
onto the AFM cantilever. The focused IR beam has a diameter of approx. 80 um
(see microscope image top right). The signal scattered on the tip is detected by an
IR-sensitive detector (MCT = mercury cadmium telluride).
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Figure 3:

Decrease in the signal amplitude as a function of the distance between the

tip and the sample surface. The scattered signal is demodulated at the higher

harmonics of the oscillation frequency of the cantilever to separate the intensive

far-field signal from the weak near-field contribution. In the case of a high near-

field fraction, the signal decays within less than 50 nm.
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tion about the optical properties of the surface with
precisely this improved spatial resolution in the
nanometer range.

As a rule, monochromatic IR light sources - in
most cases lasers (e.g. tunable CO or CO, gas
lasers) — are used for near-field microscopy in
order to image the optical properties of a sample
surface at a fixed wavelength. In most cases, com-
mercially available Au- or Pt-coated Si cantilevers
are used as near-field probes which are excited
to oscillations in the frequency range of a few
hundred kHz vertically to the sample surface. To
separate the intensive far-field signal from the rel-
atively weak near-field contribution, the near-field
signal is detected by demodulation of the signal in
the higher harmonics of the cantilever’s oscillation
frequency. Thereby, the strongly exponential decay
of the near-field signal, compared to the compara-
tively constant far-field signal, is exploited.

In 2012, PTB started to establish, in cooperation
with the Freie Universitit Berlin (Working Group
of Prof. E. Riihl), a commercially available scatter-
ing-type scanning near-field optical microscope
at the IR beamline of the MLS (Figure 2). The
fundamental aim was to utilize the high brilliance
and the defined polarization of the broadband IR
SR for performing nano-FTIR spectroscopy in an
extended spectral range.

As early as in September 2012 it could be
clearly demonstrated worldwide for the first time
that a spatial resolution below 100 nm can also
be achieved with broadband SR and that nano-
FTIR spectroscopy is possible. Figure 3 shows the
exponential decrease in the signal amplitude at
the higher harmonics of the cantilever’s oscillation
frequency which is typical of the near-field signal
detection. Whereas in the case of the 1* har-
monic, the signal decays to the noise level only at a
distance of about 200 nm between the tip and the
sample surface, the signal amplitude of the 2", 31
and 4" harmonic strongly decreases already after
approx. 50 nm.

As a first step towards nano-FTIR spectroscopy,
several near-field scans were carried out on an
Au layer or across an Au/SiC edge (as summa-
rized in Figure 4). Slight contaminations on the
Au surface (diameter: less than 100 nm) can be
clearly seen in both the topography image and in
the simultaneously recorded optical image. During
the scanning across the Au/SiC edge, the optical
signal changes within less than 100 nm [22]. By
a further optimization of the set-up, a spatial
resolution of less than 40 nm has meanwhile been
achieved [23].

In a second step, the device was equipped with
the Michelson interferometer shown in Figure 2
for the recording of near-field spectra. The refer-
ence arm contains a movable mirror to detect the
intensity change as a function of the optical path
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length difference. The second arm of the inter-
ferometer contains the near-field probe and the
sample. In the resulting nano-FTIR-spectrum -
recorded, for example, of a SiC surface — the char-
acteristic phonon resonance appears at approx.
920 cm™! (Figure 5). As this pronounced phonon
resonance can be seen only in near-field spectra,
the observation is regarded as a clear demon-
stration of successful nano-FTIR- spectroscopy.
Figure 5 shows the interferograms (5a) and the
corresponding nano-FTIR spectra (5b) recorded
from differently thin layers [23].

In principle, the use of broadband SR allows
the characterization of thin layers and nano-
structures in a broad wavenumber range from
700 cm™ to 3400 cm™! by near-field spectroscopy.
Possible applications of near-field microscopy and
nano-FTIR-spectroscopy are currently investigated
within the scope of EMRP projects. For example,
within the scope of the EMRP Nanostrain project,
SR-based nano-FTIR spectroscopy is evaluated for
the characterization of the intrinsic strain in semi-
conductor and piezoelectric nanostructures®.

Characterization of radiation detectors by
ultra-short pulses of
coherent synchrotron radiation

In a special operation mode, the MLS can be used
to generate coherent SR (CSR) in the range of
THz radiation, whereby the pulse lengths of the
radiation pulses lie in the range from 10 ps to the
sub-picosecond range. In the case of this special
operation mode, the THz spectrum covers a useful
wavenumber range from 1.4 cm™' to 50 cm™ (cor-
responding to a wavelength of 7 mm to 200 pm).
The ratio of the intensities from coherent to inco-
herent SR amounts to 10° at maximum, while the
stability amounts to up to 0.3 % [7]. The CSR can
be optimally used on the dedicated THz beamline
which has been designed for the wavelength range
from 100 um to 7 mm.

CSR is used in the following projects: Trans-
mission spectroscopy of peptide films on an FTIR
spectrometer, lifetime measurement of excitations
of different dopant atoms on a THz pump-
probe arrangement of the Deutsches Zentrum fiir
Luft- und Raumfahrt (DLR, German Aerospace
Center) [24], as well as characterization of the
spectral sensitivity and temporal resolution of
radiation detectors on a detector testing set-up.
The latter allows us to perform investigations
such as linearity measurements, determination of
the polarization dependence as well as measure-
ments of the time-dependent response of novel
THz detectors [25]. As possible detectors for the
time-dependent characterization of CSR-THz
pulses, superconducting bolometers or Schottky
diodes come into consideration. With an YBCO-

based bolometer, CSR-THz pulses with a tem-
poral resolution of better than 20 ps could be
demonstrated on this set-up [25]. YBCO detectors
have, however, the disadvantage that they must

4 http://www.piezo-

institute.com/

resources/

emrp-nanostrain/
(retrieved: 2015-07-07)
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Figure 4:

Topography (a) and simultaneously recorded optical image (b) of an Au surface.
Due to the different optical properties, the contaminations appear on the Au sur-
face as dark areas. A scan performed across a SiC/Au edge shows that a spatial

resolution d of clearly below 100 nm can be achieved (c).
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Figure 5:

Interferograms, recorded from different layers: "solid" 6H-SiC, SiO, (30 nm in thick-
ness), 10 nm TiO, (anatase) and 50 nm Si,N,. The associated nano-FTIR- spectra
are obtained by subsequent Fourier transformation (b). For better comparability,
the spectra of SiO, and TiO, have been scaled. The numbers in the color of the
respective curve indicate the wavenumbers (in cm~") of the respective peak inten-

sities [23].
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ZIM (Zentrales In-
novationsprogramm

Mittelstand) is a pro-

motion program of
the Federal Ministry
of Economics and
Energy for SMEs.

be cooled with liquid nitrogen and are, therefore,
usually installed in a larger dewar. Here, Schottky
diodes offer a possible alternative, as they work
under room temperature conditions and are
characterized by a compact design [26]. Within
the scope of a ZIM project® for the development
of an ultra-broadband compact detector for the
characterization of THz synchrotron radiation,
these Schottky detectors are currently being inves-
tigated. The objective is to improve the response
time and to increase the spectral bandwidth. The
Schottky diode detector is intended to combine
the advantages of planar diode technology with
the broadband coupling efficiency of planar anten-
nas. This allows the dimensions of the interface
surface between the diode and the antenna to be
reduced and, thus, the upper frequency limit of the
detection band to be extended. It is expected that
these detectors will cover a frequency range from
0.01 THz to 5 THz and have a response time of
less than 25 ps [26]. In addition to the THz storage
ring diagnostics, further possible applications lie
in the field of ultrafast spectroscopy.
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