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A prototype device capable of splitting an X-ray pulse into two adjustable fractions, delaying one of them
with the aim to perform X-ray Photon Correlation Spectroscopy and pump - probe type studies was designed,
manufactured and tested. The device utilizes eight perfect silicon crystals in vertical 90◦ scattering geometry.
Its performance has been verified with 8.39 keV synchrotron radiation. The measured throughput of the device
with a Si(333) pre-monochromator at 8.39 keV under ambient conditions is 0.6%. Time delays up to 2.62 ns
have been achieved with a time resolution of 16.7 ps. c© 2009 Optical Society of America
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Forthcoming X-ray Free Electron Laser (XFEL) sources
will produce ultra-short, coherent and very intense X-
ray pulses enabling one to probe ultra-fast dynamics in
condensed matter on the sub nanometer length scale.
The time structure of XFEL machines however compro-
mises the accessible time windows for some experimental
techniques. In X-ray Photon Correlation Spectroscopy
(XPCS) [1], or X-ray pump X-ray probe experiments the
shortest time scale that can be traced is set by the pulse
duration and the minimum bunch spacing of the source.
The time structure of the European XFEL facility in
Hamburg, Germany [2] consists of 100 fs short single
pulses separated by 200 ns arranged into bunch trains
of 3000 pulses arriving with a repetition rate of 10 Hz.
The Linac Coherent Light Source (LCLS) at Stanford,
USA [3], will provide 100 fs short X-ray pulses with a rep-
etition rate of 130 Hz. Studying dynamics with XPCS or
X-ray pump X-ray probe technique at time scales shorter
than 200 ns at European XFEL or 8.3 ms at LCLS will
be experimentally not feasible. The availability of photon
time delay lines will allow one to adapt the time struc-
ture of the source to the needs of the experiment. It this
way time scales close to the pulse length can be accessed
independently of the minimum bunch spacing. Photon
delay lines are known for visible radiation down to the
soft x-rays spectral range [4]. Equivalent devices for hard
X-rays have been discussed for many years [2,3,5,6], but
up to now only one attempt to delay X-ray pulses at
high photon energies has been reported [7]. In this Let-
ter, we report on the performance of the first hard X-ray
delay line unit, that is continuously tunable between 0
and 2.62 ns with a (detector limited) time resolution of
16.7 ps. The device opens up new possibilities for fast
time domain X-ray diffraction [2, 3, 8] and pump-probe

ΔΘBM

BS

BR−I 3

3L

L

1L1L

2L2L

BR−IV

BR−VIBR−V

BR−III

BR−II

movable delay stage

1

2

2

1

BR−III

BM

Fig. 1. Basic concept of the X-ray delay line. Eight opti-
cal components arranged in 90◦ scattering scheme. BR-I,
BR-II, BR-III, BR-IV, BR-V, BR-VI: Bragg reflectors,
BS: beam splitter, BM: beam mixer. L1, L2, L3: path
lengths inside the delay line. Inset: Angular mismatch
∆Θ between the two exit beam paths for Laue-Bragg
optics.

experiments at XFEL sources.
The concept of the delay line is based on splitting a

X-ray pulse into two fractions, delaying one of them and
recombining both pulses on a common path. A schematic
scheme of this concept is shown in Fig. 1. The device
consist of 8 single crystals arranged in 90◦ vertical scat-
tering geometry. The incoming pulse is split by a first
crystal (BS) into two, that propagate along two unequal
rectangular paths. For one part of the pulse the optical
path is defined by Bragg crystal reflectors BR-I, BR-II
and BR-III (called ’upper branch’). The second part of
the beam is guided via the BR-IV, BR-V, BR-VI crys-
tals, (’lower branch’). Both beams are recombined with
the help of BR-III and the beam mixer (BM). The beam
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Fig. 2. Tree-dimensional model of the de-
lay line. (1,2,4,7,10,11): Bragg Reflector (BR)
stages, (3): Beam splitter (BS) stage, (9): Beam
mixer (BM) stage, (5): Aluminum plate, (6): Granite
support. The X-ray beam path is denoted by a yellow
line.

is reflected inside the delay line by using perfect Si(511)
crystals oriented in symmetric Bragg geometry (called
’Bragg crystals’) [9]. The peak reflectivity and the an-
gular acceptance of the Si(511) crystal at 8.39 keV is
0.89 and 8.6 µrad, respectively [10]. The beam splitting
and mixing is accomplished by wedge shaped Si(511)
perfect crystal oriented in Laue geometry (called ’Laue
crystal’). Due to the Pendellösung effect [9], which is a
unique diffraction phenomena for Laue geometry, the in-
tensity ratio of the two outgoing X-ray pulses (i.e. main
pulse and its delayed replica) can be easily controlled
and selected appropriately for pump-probe and XPCS
experiments. For XPCS studies a splitting ratio of 1:1 is
desirable, which can be achieved by using an 27 µm thin
Laue crystal. By combining Bragg and Laue optics in
the delay line one modifies the scattering path of the X-
ray beam inside the device leading to deviation from the
perfect 90◦ scattering geometry. This causes the pulses
delayed by the upper and lower branches to exit the de-
lay line with an angular mismatch ∆Θ, as shown in the
inset of Fig. 1. The mismatch at an energy of 8.39 keV
and Si(511) optics is 54.5 µrad. This mismatch can be
remedied by using a Bragg beam splitters, by tempera-

ture tuning of the laue optics or, as applied here, by
appropriately tilting the crystals of the upper and lower
branch.

The delay time between the two split pulses is given
by

τc = ∆L/c (1)

where ∆L is the path lengths difference between the up-
per and lower branches, respectively, and c is the speed
of light. By examination of Fig. 1 one can find that the
path lengths difference ∆L is given by 2 · (L1 − L2).
The delay τc can be simply changed by varying ∆L. This
is achieved by a simultaneous vertical movement of the
BR - I, BR - II, BR - V, and BR - VI crystals, mounted
on a single translation unit. The other four crystals (i.e.
BS, BR - III, BR - IV, BM) are fixed to the rigid gran-
ite support. This is illustrated in Fig. 2. The translation
unit (5) allows for a 300 mm movement of the BR -
I(1), BR - II(7), BR- V(10), BR - VI(11) crystals in
the vertical plane, providing a maximum accessible de-
lay time of 2.66 ns in the current setup. When L1 = L2

the path lengths difference ∆L is 0 and consequently τc

as well. Accessing τc = 0 is of particular interest, since
it allows one to calibrate the delay line independently
to the precision of the employed mechanics. To maintain
the reflection conditions the experimental setup, shown
in Fig. 2, was equipped with very high precision me-
chanics. High (µrad) angular resolution and stability was
achieved by mounting piezo actuators on every crystal
stage. To align the beam to the scattering plane and
compensate for the angular mismatch of the exit beams,
all crystals were placed on tilt stages. The translation
unit (5) was equipped with a microstepper, which allows
one to set the delay time with a delay time step of 7 fs.

The results, which we present here were obtained
at the beamline ID10C(Tröıka) at the European Syn-
chrotron Radiation Facility (ESRF). The preliminary
performance tests of the delay line were carried out
at the beamlines C and W1 of the DORIS III stor-
age ring at DESY. The performance of the delay unit
optics has been verified with 8.39 keV X-rays. The
overall throughput of the delay line obtained with a
Si(333) pre-monochromator and a photon beam diver-
gence of 17 µrad was measured by comparing inci-
dent and exit intensities yielding a measured through-
put TM = 0.6%. The calculated performance (based
on ray traycing and including absorption) gives a com-
parable value TCALC = 0.62%, indicating a very good
performance of the delay line optics.

Fig. 3 shows a graph of pulse patterns recorded during
4 bunch mode operation of the ESRF storage ring. In this
mode 125 ps long electron bunches in the storage ring are
separated in time by 704 ns. The time interval between
detected photons and the synchrotron bunch clock signal
was measured in a stroboscopic manner [11] at different
settings (i.e. paths lengths differences ∆L) of the delay
line. Each measured time pattern was normalized to the
number of monitor counts measured upstream the delay
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Fig. 3. Time patterns measured as a function of paths
lengths difference ∆L between the two branches of the
delay line. Inset: Time patterns recorded when either the
upper (red curve) or the lower (blue curve) branch of the
delay line was blocked, respectively.

line. For clarity reasons the pulse delayed by the lower
branch was offset to t = 0. The peak shape and the in-
tensity varies for all time delay patterns. This is due to
a non ideal alignment procedure of the delay line. De-
lay times were extracted by fitting asymmetric Gaussian
function [12] to each time pattern. A maximum delay
time of 2.6256 ± 0.0034 ns was achieved in the experi-
ment. The minimum delay time achievable by the setup
is not limited by the pulselength. The analysis showed
that pulses separated by more than about 36 ps can be
easily separated (as shown in the inset of Fig. 3). Fig. 4
shows a plot of the measured delay time as a function
of the paths lengths difference ∆L. The solid line (red)
is a least square fit to the data which yields a slope of
3.35± 0.01 · 10−3 ns/mm and an offset of −4.3± 3.2 ps.
The delay time error ∆ts = τm − ∆L/c was extracted
for every data point and the results are shown in Fig. 4
by blue triangles. The mean error is 16.7 ps. Since the
uncertainty of setting ∆L is only 0.5 µm (i.e. 7 fs) the
main contribution to the measured error is the time res-
olution of the detection system (i.e. detector and bunch
clock electronics). The achieved time resolution of 16.7 ps
thus does not represent an intrinsic property of the de-
lay line. Much better time resolutions could be achieved
with a higher resolution detection system. The linearity
between the paths lengths difference ∆L and the meas-
ured delay times τm shows that the delay line can be
operated without the need for higher order correction
terms when setting the path lengths difference.

In conclusion, we have developed the first hard X-ray
delay line unit, a unique tool for conducting ultra-fast
XPCS and X-ray pump X-ray probe studies. The device
was commissioned at 8.39 keV. The throughput of the
setup at the aforementioned energy is 0.6%. Delay times
up to 2.62 ns has been achieved with a time resolution
of 16.7 ps, a value determined by the detection system.

Fig. 4. Left axis: Measured delay time τm vs paths differ-
ence ∆L. Negative values of τm and ∆L denote inversed
photon pulse arrival times. The solid line is the linear fit
to the data. Right axis: Difference between the set and
measured delay time, ∆ts.

The obtained results have shown the X-ray delay line is
operational for first experiments with XFEL radiation.
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