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A high-repetition-rate pump—probe experiment is presented, based on the
asynchronous sampling approach. The low-a mode at the synchrotron ANKA
can be used for a time resolution down to the picosecond limit for the time-
domain sampling of the coherent THz emission as well as for hard X-ray pump—
probe experiments, which probe structural dynamics in the condensed phase. It
is shown that a synchronization of better than 1 ps is achieved, and examples of
phonon dynamics of semiconductors are presented.

© 2011 International Union of Crystallography

Printed in Singapore — all rights reserved coherent phonons.

1. Introduction

By reducing the so-called momentum compaction factor «
(thus called low-a optics), electron pulses as short as 500 fs
(root mean square) can be achieved. The electromagnetic
emission of these short pulses occurs in a coherent wave
up to frequencies considerably above 1 THz. An efficient
mechanism for the emission of coherent and also for inco-
herent radiation is the synchrotron radiation emission at the
entry point of the electron beam into the field at the magnetic
dipoles of the ring. This so-called edge radiation is used for a
number of experiments at infrared beamlines around the
world. ANKA, BESSY (Berlin, Germany) and the SLS
(Villigen, Switzerland) regularly offer beam time in low-o
mode for users.

Within the coherent regime all electrons in the pulse radiate
in phase, which has several important consequences: the
emitted power scales with the square of the pulse charge while
incoherent emission only scales linearly (Carr ef al., 2002). A
strong gain in power is expected for the coherent emission
with typical bunch charges being in the range of 100 pC (Abo-
Bakr et al, 2002; Karantzoulis et al, 2008). At ANKA a
coherent flux of 0.2 mW is extracted in a spectral region from
0.2 to 2 THz (Miiller et al., 2008a) at the diagnostics port of the
IR1 beamline. A detailed discussion of the ring parameters at
which pulse compression can be achieved can be found by
Hiller et al. (2010). In particular, the electron energy is
lowered at ANKA from 2.5 to 1.3 or 1.6 GeV to reduce c.
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Another consequence of the coherence is the phase-stable
emission relative to the pulse position. This means that the
oscillation phase of the electrical field is fixed relative to the
pulse envelope (carrier-envelope stability).

At the same time the ultrashort pulses will emit incoherent
radiation up to the hard X-ray range with the same time
duration. A time resolution in the picosecond range represents
a particularly valuable tool for structural studies, for example
of solids. Compared with the typical pulse length at a
synchrotron of about 100 ps (full width at half-maximum,
FWHM) this improved time resolution allows structural
dynamics to be addressed beyond the thermalization limit.
The thermal equilibration time of the electron and phonon
system is typically of some 1-10 ps. Being able to resolve this
time scale will enable us to investigate different kinds of
coherent processes, such as coherent phonon excitation or
non-thermal structure formation.

In conventional time-resolved experiments a femtosecond
oscillator of typically 80 MHz repetition rate is synchronized
to the bunch clock of synchrotrons by a piezoelectric feedback
loop (Schotte et al., 2002; Plech et al., 2009a). A typical short-
term stability of some 3-5 ps is achieved routinely. This jitter is
clearly too large to resolve coherent THz radiation and also
for the envisaged pump-probe experiments. Very recently
large efforts have been devoted to synchronizing lasers to the
free-electron laser FLASH, achieving a sub-100 fs precision by
using a master oscillator to drive the photo-gun of the injector
(Loehl et al., 2008). At the synchrotron, in contrast, a
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continuous dynamic feedback from the ring current has to be
used to correct for drifts in repetition rate and for dynamic
excitations with the synchrotron frequency.

In this communication we show that, by using a high-
frequency femtosecond oscillator and establishing a feedback
control at the 2.5 GHz overtone of the repetition frequency, a
high precision of the synchronization can be achieved. By
additionally introducing the asynchronous sampling tech-
nique, a very sensitive detection of the electro-optical (EO)
modulation owing to the THz field from the synchrotron is
possible, as well as a time-resolved experiment in the X-ray
range.

2. Set-up

The goal of the set-up is to use the full repetition rate of
500 MHz in order to obtain a high signal-to-noise ratio for the
THz-field sampling and for detection of laser-induced lattice
changes in the photo-excited samples. The peak brightness in
the X-ray regime suffers from the reduction of the electron
energy from 2.5 GeV to 1.3 or 1.6 GeV and a lower ring
current. This makes a low-repetition-rate experiment unfa-
vorable. The central demand for a high temporal stability of
the laser source is achieved by using a Ti:sapphire oscillator
(Gigaoptics, 2 nJ pulse energy, 800 nm center wavelength,
50 fs pulse length) at the synchrotron repetition rate. Its
frequency is stabilized by means of a fast feedback loop to the
synchrotron by using the pick-up from a stripline detector in
the ring. A set of two piezo-actuated cavity mirrors provide a
long stroke adjustment on the time scale of seconds and a fast
feedback with a 8 kHz frequency cut-off. The fast feedback
reacts on the fast modulations and dynamics of the electron
beam.

We employed the recently developed asynchronous
sampling in order to avoid the usage of mechanical or elec-
tronic delay lines with their sensitivity to drifts and the diffi-
culties in defining the temporal overlap. In the optical regime
this ASOPS (asynchronous optical sampling) has been
demonstrated as an extremely sensitive tool for femtosecond
spectroscopy and THz sampling (Bartels ez al.,, 2006, 2007
Plech et al., 2007). Inspired by this we call our approach the
optical-X-ray sampling ASOXS.

The working principle is that both sources of radiation are
detuned in frequency by a very small amount, which shifts the
mutual time delay from pulse pair to pulse pair by a tiny
increment, such that a femto- to picosecond delay between the
pulses is mapped onto a nano- to microsecond time scale of
the detection system. Therefore a detector fast enough to
resolve the beat frequency is required, which translates into
the modulation of the ultrafast delay. In practice a detuning of
10 kHz is used, which, at a pulse spacing of 2 ns, translates to
a delay shift of 40 fs or equivalently 1 ps/50 ns record length
between subsequent pulse pairs. This is easily resolved by
optical detectors and X-ray avalanche diodes.

For the feedback the fifth overtone of the signal from a laser
pick-up photodiode is frequency shifted by an analog mixer
and then compared with the related pick-up signal from the
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Figure 1

Schematic layout of the THz sampling (@) and the ASOXS set-up for the
asynchronous X-ray probe set-up. In the THz set-up (a) the IR beamline
part is strongly simplified. The laser beam is focused onto the ZnTe
crystal (1) between two almost crossed polarizers (2) and a half-wave
plate (4) and registered by a photo-receiver (3). A second photo-receiver
(5) monitors the laser pulse frequency, which is shifted by a frequency
mixer (6) and compared with the synchrotron pulse frequency from the
strip line. The phase difference acts as error signal for the feedback loop,
which actuates two cavity mirrors. The same loop stabilizes the laser for
the ASOXS set-up (b), while the laser excites the sample, which is probed
by the X-ray pulses and registered in an APD.

synchrotron. The error signal is transduced via a PI (propor-
tional-integral) controller to the high-voltage amplifiers of the
piezo-actuators. A trigger signal is generated from the beat of
the two input frequencies and used to start the data acquisi-
tion interval.

The exact coincidence of both sources at the sample, with
respect to the EO crystal, is arbitrary relative to the trigger
event, but can be tuned by an electronic phase shifter or
adapted cable lengths. The jitter for this trigger is lower than
100 ns at the end of a 100 ps real-time delay span. This
amounts to less than 2 ps at maximum. The coincidence point
is then directly taken from the time-resolved data. This
procedure is common to almost all laser X-ray techniques, as
cross-correlators are difficult to implement.

A scheme of the set-up is shown in Fig. 1 for both cases of
THz sampling and time-resolved X-ray scattering.

3. THz emission

The THz electrical field can be sampled by an optical laser
pulse with duration much shorter than the THz frequency,
given that both are synchronized to better than the period.
The method of detection is the EO effect, by which the
polarization of the laser is slightly rotated within a crystal (zinc
telluride, ZnTe) when applying an electrical field, in this case
from the THz pulse. Thus a direct time-domain trace of the
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electric field oscillation can be reconstructed. Earlier experi-
ments have used Fourier-transform infrared spectroscopy set-
ups to determine the field autocorrelation function, which,
however, does not give the full phase information. The EO
approach is therefore well suited as a diagnostics tool for the
emission and consequently for the electron charge distribution
and dynamics of the stored electron bunches.

In order to probe the optical rotation through a detectable
intensity variation, a ZnTe crystal is placed between a polar-
izer/analyzer combination for the femtosecond laser beam
(Bartels et al., 2006) at almost crossed orientation. As a result
any rotation of the laser polarization in the crystal results in an
intensity modulation at the optical detector. As the polarizers
are not fully crossed, the transmitted intensity is finite and the
modulation can be both positive and negative. It mirrors the
electric field polarization. A quarter-wave plate removes any
static circular component of the optics. Orthogonal polariza-
tions of laser and THz field are used at the (110) surface of the
ZnTe crystal (0.5 mm thickness) (Planken ef al., 2001). The
linearity of response to the electrical field is sufficient for the
detected intensity changes of 10~ (Casalbuoni et al., 2008).

The THz pulses are extracted at the direct diagnostics port
of the IR1 beamline at ANKA (Miiller er al, 2008a). The
beam is guided via refocusing gold-coated mirrors and a
diamond vacuum window to the experiment with a 6 mm z-cut
quartz window at the exit. There the radiation enters ambient
atmosphere and is focused onto the ZnTe crystal by an off-axis
paraboloid mirror (50 mm diameter, 75 mm focal length) to a
diameter of about 2 mm. The laser beam is overlapped with
this spot by focusing with a 100 mm lens through a coaxial hole
in the paraboloid. A photo-receiver with a bandwidth of
100 MHz plus a 200 MHz digitizer (GaGe Applied) finally
record the time-resolved intensity of the probe laser beam.

Fig. 2 displays the change in laser intensity after passing
through the Glan-Laser prism analyzer. For this curve a
number of 10° individual traces were recorded (Plech et al.,
2009b). This is equivalent to a total integration time of 100 s.

1260 1270 1280 1290

3
3 EO
- 0
> 21
= FTIR
= L
5 1 N
(7]
%))
@]
o o
=1 <
0 500 1000 1500 2000
delay [ps]

Figure 2

Electro-optical AC signal within the ZnTe crystal within the complete
2 ns pulse-to-pulse separation. The inset shows a magnification of the
prompt signal together with a comparison with the FTIR delay trace.

The noise level is at 1077 of the incoming laser intensity and
displays a modulation of 3 x 1077,

A large oscillating signal is recorded at a given (arbitrary)
delay relative to the trigger, which is generated by the beat
frequency between laser and synchrotron radiation. The first
oscillation is followed by a number of subsequent ringings.
Looking closer at the strongest cycle one recognizes the
picosecond variation of the field in accordance with the pulse
length at this synchrotron setting. The subsequent oscillations
have a slightly longer period. A comparison is shown in the
inset with the intensity trace of the FTIR spectrometer, whose
delay scan can be interpreted as an autocorrelation function of
the electrical field. It is of the same time scale.

The ideal emission from a symmetric electron pulse should
be a single cycle of the electrical field (Sannibale et al., 2004;
Miiller et al., 2008b), which is not the case here. Several effects
contribute to the deviation. Firstly, the THz pulse propagates
in air for a short distance of about 60 cm after exiting the
quartz viewport. The absorption in humid atmosphere adds
absorption bands from water vapor, some of which are located
at around 0.57, 0.76 and 0.96 THz. These bands are respon-
sible for subsequent oscillations after the first field pulse
according to the Fourier theorem at the resonance frequency.
Secondly, the THz propagation can no longer be described by
geometrical optics if the numerical aperture is small. The
beamline has been designed and optimized for IR extraction.
However, in the THz region, diffraction effects and reflections
on the beam tubes cause a distortion of the wavefront. This is
seen as multiple oscillating signals and delayed emission that
are recorded for some hundred picoseconds. A similar
observation has been reported by an intensity-based detection
with high time resolution (Hiibers et al, 2005) at the
synchrotron BESSY II. Finally, wake fields in the ring
chamber are responsible for bunch-to-bunch feedback in
multibunch filling modes. These fields (or whispering-gallery
modes) could contribute to the signal pattern. This latter
effect is a matter of current investigations.

A comparison of the Fourier transform of the time-domain
signal with a FTIR spectrum that has been acquired at the
same time is shown in Fig. 3. A Bruker IFS 66v/S FTIR
(Bruker Optics) was used with a 0.05 mm mylar beam splitter
and a silicon bolometer as detector. The spectral content of
both curves is quite similar, which proves that the synchroni-
zation of the laser is indeed precise enough to resolve about
1.4 THz, which in turn translates to a precision better than
0.7 ps. The fine structure of the spectrum will be governed by
the above-mentioned contributions. Thus the THz spectra
allow us to follow the bunch modification with tuning the
beam optics. The EO sampling even shows stronger contri-
butions below 0.5 THz than the FTIR curve, which is due to an
artifact of the performance of the beam splitter in the Fourier-
transform spectrometer at low frequency.

In Fig. 4 the spectral content of the THz emission is shown
for two accelerating voltages of the high-frequency (HF)
cavities. When the voltage is raised from 150 kV to 400 kV per
cavity the bunches are compressed longitudinally, and thus
become shorter. As a consequence the cut-off for coherent
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Fourier transform of the electro-optical signal (EOS) within 15 ps around
the main maximum in comparison with a parallel spectral measurement
of the radiation in a Fourier transform IR spectrometer (FTIR).

emission (which is solely detected here) shifts to shorter
wavelength or equivalently to a higher frequency. During a
stepwise increase of the high voltage one can see a transition
in the emitted intensity, which correlates with the so-called
bursting threshold. At this threshold the pulses start to
develop a dynamic fine structure owing to the interaction with
the wake fields. As the pulse envelope starts to deviate from a
Gaussian charge distribution the THz emission is enhanced.
For the higher voltage the spectrum extends to above 1 THz,
while for the lowest voltage the spectral power decays to
below 0.5 THz.

The EO sampling can therefore deliver complementary
information on the coherent emission to detection schemes
with spectroscopy means of bolometric detection (Miiller et
al., 2009b; Probst et al., 2011).

The role of the averaging process on the signal shape may
be questioned when taking into account the beam dynamics.
Therefore we have performed a stepwise reduction of the
number of averages from 10> down to a single trace. A single
trace can be recorded within one trigger interval. This still
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Figure 4
Fourier spectra of the electro-optical signal as in Fig. 3, but recorded at
different accelerating voltages in the HF cavities of the synchrotron. The
inset shows the time domain amplitude of the electro-optical signal as a
function of the accelerating voltage.
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Figure 5

Electro-optical signal around the pulse arrival delay for a different
number of sampling averages from a single 100 ps trace to a 1024-fold
average. The curves are displaced for clarity.

means that a complete series of laser pulses samples subse-
quent THz pulses at an increasing delay, but any given pulse
is only sampled once. Assuming that the bursting dynamics
is variable on a sub-millisecond time scale, this single trace
should reflect the instantaneous emission. We find (within the
limits of noise level) that the transient THz signal is preserved
in shape even during such a single sweep. Only the amplitude
of the electrical field is about twice the averaged signal.
Already after averaging ten traces the signal is of the same
amplitude as the average shown in Fig. 5. As a result the signal
is influenced by the averaging procedure to a certain extent,
for example by longitudinal oscillations of the pulses in the HF
field. These oscillations are, in any case, not detrimental to
detecting the THz field.

Therefore the coherent part of the THz radiation, which is
phase stable to the laser pulses, can be recorded by the EO
sampling with high sensitivity. Averaging reduces the instan-
taneous emission signal, e.g. from bursting bunches, but
preserves the overall spectral content. Therefore this method
can be a valuable tool for following electron beam dynamics
either by sampling the THz emission (i.e. in the far-field)
(Miiller et al., 2010) or in the near-field close to the electron
beam (Berden et al., 2006; Steffen et al., 2009).

4. Asynchronous sampling for time-resolved X-ray
diffraction

In low-a mode the bunch length can be reduced to the pico-
second scale, which is attractive for ultrafast structural inves-
tigations. Such experiments follow the pump—probe scheme,
whereby a laser pulse acts as excitation source and creates a
non-equilibrium state in the sample. Subsequently this state
decays with characteristic time scales and intermediate states,
which give deeper insight in the interactions that determine
the material properties.

The X-ray experiment can be performed with the same
scheme as shown earlier (see also Fig. 1). While the laser
pulses excite the sample at the 500 MHz repetition rate, the
X-ray pulses probe the structural changes asynchronously.
Two critical issues have to be solved for this purpose. First,
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an X-ray detector with a sufficient time resolution has to be
used to follow the asynchronous sampling. Here we employ
an avalanche photodiode detector (APD) (Baron, 1994)
(Cyberstar, FMB Oxford), which shows an excellent time
resolution of less than 5 ns (FWHM) and consequently also
allows for high count rates in the photon-counting mode. The
counts are sorted according to their arrival time in a multi-
channel scaler with 4 ns bin width (Nanoharp, Picoquant).
Second, the pulses of the laser are necessarily quite weak
owing to the high repetition rate. Therefore a strong focusing
has to be applied in order to achieve a fluence on the sample,
which is sufficient for significant amplitudes of structural
changes. In coherent phonon motion, for example, the fluence
for achieving large changes of the Bragg scattering of semi-
conductor crystals is typically in the range 1—5 mJ cm™* (Reis
et al., 2001; Bargheer et al., 2004; Sondhauss et al., 2005). The
laser fluence is maximized by focusing both laser and X-ray
beams down to a 35 pum (FWHM) spot size.

The whole set-up is accommodated at the SUL-X beamline
at ANKA, which is optimized for microfocus absorption
spectroscopy and scattering (see Fig. 6). A wiggler source
delivers 5 x 10° (1.6 GeV) or 1.8 x 10°photons s™*
(100 mA)~" (1.3 GeV) in low-a mode [magnetic gap at 20 mm,
Si(111) bandwidth] at 5.5 keV. The X-rays are focused by a
Kirkpatrick-Baez (KB) mirror pair onto the laser-irradiated
spot. A slit at an intermediate focus position allows the spot
size to be reduced further. A miniature diffractometer is
added onto the multi-axis sample stage to allow for diffraction
in vertical geometry. For this demonstration of ASOXS we
investigated a (111) germanium and a (100) GaAs crystal
surface, where the laser absorption depth is close to the X-ray
extinction depth for the Bragg reflections. The synchrotron
settings were 1.6 GeV, 200kV per cavity, four trains of
30 bunches each filled in the ring, and a synchrotron frequency
of 7.3 kHz.
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Figure 6

Design of the time-resolved set-up at SUL-X within the vacuum chamber.
An independent miniature goniometer for a vertical scattering plane
together with the APD detector arm. A motorized lens stage provides the
means for aligning the laser focus relative to the X-ray focus. The laser is
coupled in via the vacuum windows.
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Figure 7

Time-resolved intensity change at the expansion side of the Ge(111)
Bragg reflection as a function of delay between laser and X-ray pulses.
The open symbols represent data taken during normal optics of the
synchrotron (shifted upwards for clarity), while data with full symbols are
acquired during low-a operation. The lines are fits with a sigmoidal rise
and exponential decay and the gray bars mark the 10 to 90% signal
change.

The X-ray extinction depth for the Ge(111) reflection,
0.6 pm, is closest to the laser absorption depth, thus the
excited and probed volume should match best. In Fig. 7 a
typical trace of the change of scattered intensity as a function
of delay is shown for normal operation and for the low-«
optics. An X-ray scattering of about 6 x 10’ photons s~ was
used at the maximum of the Bragg reflection (35 pm spot size
at an intermediate focus of 0.15 x 0.15 mm). As the incidence
angle was detuned to the low-angle side from the Bragg
position, an intensity increase reflects the excitation of
acoustic phonon modes with a fast expansion of the lattice. It
is clearly seen that the rise time of the signal shortens from
28 ps (r.m.s.) to 6.5 ps (r.m.s.) in low-o mode. This time scale is
in agreement with the calculated bunch lengths of 5.5 ps from
the used compaction factor (Hiller et al., 2010). In Lindenberg
et al. (2000) the lattice excitation through femtosecond laser
irradiation is described by two mechanisms: a thermally
induced lattice expansion through the -electron—-phonon
coupling followed by a rarefaction wave propagating into the
bulk, and a quasi-instantaneous displacive force through hot
carriers. While the thermal pathway is slow owing to the finite
electron—phonon coupling time and the sound propagation,
the second mechanism is faster than the present pulse lengths
and causes coherent phonon motion. At an angular shift of
0.002 A™" one would expect a phonon period of about 11 ps,
which should result in a rise time of the scattering change of
some 5ps (10-90%). Thus the observed rise time is still
governed by the X-ray pulse length and oscillations are
washed out. The decay on the longer time scale reflects the
propagation of the expansion into the bulk.

The accuracy of the signal is dominated by the photon
statistics. The reflectivity at 0.002 A~!deviation from the (111)
peak was only 5%, which results in 3000 photons per time bin
per second. At integration times of 40 s the Poisson noise can
be predicted to be 0.3%. The observed noise level is about
0.5% and thus close to the predicted one.
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A further compression of the X-ray pulses is possible, but
the optimum has to be found for the transversal size of the
electron beam with possible wiggler gap settings and the
reduction of the lifetime on the one hand and reduction of
momentum compaction factor on the other.

The change in diffracted intensity amounts to only 2.5%.
This corresponds to a Bragg angle change of 7.4 x 10™° and is
equivalent to a temperature rise of 0.9 K assuming thermal
expansion. This demonstrates that even small shifts or inten-
sity changes of the peaks can be resolved.

A full map of the transient intensity change has been
derived for the GaAs (400) reflection by detuning the incident
angle stepwise relative to the Bragg angle and recording the
ASOXS signal at each position. Shown in Fig. 8 is a color-
coded map of the relative change of scattering intensity. At
the low-angle side a transient intensity increase indicates
the expansional motion subsequent to the excitation. This
expansion relaxes back within hundreds of picoseconds owing
to heat diffusion and phonon propagation. The excitation of
coherent acoustic phonon modes will additionally cause a
modulation of the intensity at a frequency which increases
with the shift from the Bragg position. This behaviour reflects
the linear dispersion of the acoustic phonon branch close to
the zone center.

The data show a clear increase of the steepness of lattice
expansion to the left side with distance from the Bragg peak
center at 54.05°. The subsequent modulation is, however,
smeared out. This smearing is caused by several effects. First,
the KB focusing optics introduce a beam divergence, which
reduces the angular resolution. Second, the spot sizes of laser
and X-rays are comparable, which introduces a gradient of
excitation amplitude across the X-ray footprint. Therefore the
quasi-static shift of the Bragg reflection (owing to the laser
heat deposition) is broadened and mixes phonon-induced
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Figure 8

False-color map of of the intensity change of the scattering close to the
(400) Bragg reflection of a GaAs surface. The Bragg profile is shown in
the lower graph.

modulations of different wavevectors. While the beam angular
acceptance was set to about 0.014°, the broadening amounts to
another 0.02°. One should note that the quasi-static shift of the
reflection reaches 0.075°, which is equivalent to a temperature
rise of 175 K.

The typical total exposure time for the map shown in Fig. 8
is in the range of less than 1 h, which covers 40 angular settings
and the complete time span of 2000 ps. A detector slit or
analyzer was not used for the shown data. The data show that
ASOXS is capable of deriving complete maps of scattering
intensity changes down to a confidence level of 0.5% for the
given parameters. This is equivalent to a temperature change
(or phonon amplitude) lower than 0.2 K per laser shot.

5. Conclusions and outlook

In conclusion, a reliable method for detecting coherent
synchrotron radiation in low-o mode at ANKA is described
by phase-locking a femtosecond high-repetition laser to the
synchrotron repetition rate. The electrical field is detected in
amplitude and phase by the electro-optical effect. This infor-
mation may allow for a more detailed diagnostics of the
electron pulses stored in the ring. The THz radiation can be
used in time-domain spectroscopy as has been demonstrated
for laboratory-based THz sources. The complex dielectric
function in this spectral region can be obtained without the
use of the Kramers—Kronig relation.

The synchronization of the laser to the synchrotron emis-
sion is better than 0.7 ps as seen by the resolution of the
coherent electrical field oscillation of the THz field for
frequencies above 1 THz.

The main goal of the set-up was to perform time-resolved
X-ray scattering on crystalline samples with high time reso-
lution. We could show that the acoustic phonon motion in
semiconductor crystals can be addressed within a reasonable
exposure time both in delay and angular dependence. At the
realised set-up the resolution is limited by the angular
acceptance of the focused X-ray beam and the non-uniformity
of the laser excitation amplitude across the X-ray footprint.
The latter can be relaxed at the expense of overall excitation
amplitude. An analyzer crystal or a narrow slit at the detector
position could increase the sensitivity further. One important
aspect for the development of the set-up will be the use of an
APD array, which will take advantage of the beam divergence
to cover the entire peak region with one setting of the inci-
dence angle. Thus a parallel detection will increase the
counting statistics and resolution. Structural signals other than
peak shifts from acoustic modes will be less sensitive on the
beam divergence, for example optical phonon modes or
spectroscopic signals. We expect that a more brilliant X-ray
source, such as a superconducting undulator, will increase the
signal-to-noise contrast.

The ASOXS method can be of interest when studying
small-amplitude motion through reversible excitation, such as
phonon motion, in order to determine elastic properties, e.g.
near phase transitions (Dougherty et al, 1994; Plech et al.,
2007). Nanostructured crystalline systems show modulated
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phonon signatures, such as breathing modes or zone folding
(Bartels et al., 2007), which can be studied with atomic reso-
lution by this approach (Bartels et al., 1999; Bargheer et al.,
2004; Sondhauss et al., 2005).

Finally, the asynchronous sampling may be applicable for
other high-repetition-rate machines, where a very precise
detection of small transient scattering changes is required. A
repetition rate down to a few MHz may still take advantage
of the ASOXS set-up, for example at linear accelerators
(TBONE; Miiller et al., 2009a) or energy-recovering machines
(Abo-Bakr et al., 2009).
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