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ABSTRACT
We present a novel experimental setup for performing a precise pre-alignment of a hard X-ray split-and-delay unit based on low coherence
light interferometry and high-precision penta-prisms. A split-and-delay unit is a sophisticated perfect crystal-optics device that splits an
incoming X-ray pulse into two sub-pulses and generates a controlled time-delay between them. While the availability of a split-and-delay
system will make ultrafast time-correlation and X-ray pump-probe experiments possible at free-electron lasers, its alignment process can
be very tedious and time-consuming due to its complex construction. By implementing our experimental setup at beamline P10 of PETRA
III, we were able to reduce the time of alignment to less than 3 h. We also propose an alternate method for finding the zero-time delay
crossing without the use of X-rays or pulsed laser sources. The successful demonstration of this method brings prospect for operating the
split-and-delay systems under alignment-time-critical environments such as X-ray free electron laser facilities.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5089496

I. INTRODUCTION

Ultrashort, extremely bright, and spatially coherent pulses from
hard X-ray free-electron laser (XFEL) sources such as LCLS (USA),1
SACLA (Japan),2 PAL-XFEL (South Korea),3 and European XFEL
(Germany)4 allow probing dynamics at atomic length and time
scales.5–9 For techniques such as X-ray photon correlation spec-
troscopy (XPCS),10 the intrinsic time-resolution available at syn-
chrotrons is limited by the bunch separation between successive
X-ray pulses. However, since typical pulse delivery rates at FEL
sources range between tens of hertz to megahertz,11 dynamics
occurring at nanosecond to femtosecond time scales cannot be
accessed by using conventional methods.12–15,34,35 This limitation
can be overcome by using the double-pulse speckle contrast cor-
relation approach,16–20 in which a characteristic time scale of
the sample dynamics is measured as a function of time delays
between two probing pulses. In order to implement this approach
at FEL facilities, one needs either an accelerator based double-pulse

technology21 or optical split-and-delay systems at the experimen-
tal stations. In particular, the latter one can provide continuous
time-delays from femtoseconds to nanoseconds allowing us to probe
ultrafast dynamics in various condensed matter systems.22 The first
optical split-and-delay systems have been operated at visible to soft
X-ray wavelengths.23–26 Equivalent devices for hard X-rays have
been discussed over many years. The first hard X-ray split-and-delay
system, based on the perfect crystal optics and fixed scattering geom-
etry, has been developed at DESY.27–29 This pioneering work paved
the way to the further development and construction of split-and-
delay devices at SACLA30,31 and LCLS.32,33 Recently, a split-and-
delay system has been employed in measurements of nanosecond-
equilibrium-structural dynamics of a colloidal liquid, marking the
first demonstration of ultrafast XPCS.20

In this work, we make use of low coherence light interfer-
ometry and high-precision penta-prisms to pre-align a hard X-ray
split-and-delay unit and characterize the optical path length differ-
ences between two split beams. Implementing this method allowed
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us to align the split-and-delay unit in less than 3 h. We also show an
alternate method for finding the zero-time delay crossing as a novel
diagnostic tool for online monitoring of the time-delays between the
split-pulses without the use of X-rays.

II. SPLIT-AND-DELAY LINE SETUP
The basic concept of the hard X-ray split-and-delay unit (SDU)

is similar to that of a conventional optical interferometer; however,
its operational principle is quite unique. Instead of using optical
beam splitters (BSs) and mirrors, it utilizes combinations of single
crystal Bragg reflector (BR) crystals and Bragg beam splitters (BSs)
to split an incoming X-ray pulse into two parts and recombine them
after introducing a controlled time-delay.27,28 More specifically, the
X-ray pulse is split by the first beam splitter crystal into two sub-
pulses that propagate along two different rectangular paths, as
shown in Fig. 1(a). One sub-pulse is guided via the upper optical
path (referred to as upper branch), which is defined via the BR-I,
BR-II, and BR-III crystals (see the inset of Fig. 1). The second sub-
pulse of the beam travels through the path that is determined by the
BR-IV, BR-V, and BR-VI crystals. Finally, both pulses are recom-
bined at the beam mixer (BM) crystal and co-propagate downstream
the device on the same path in the sample direction. The manipula-
tion of the light in the hard X-ray regime is achieved by selecting
appropriate crystal reflections. The pulses are reflected inside the
split-and-delay unit by using perfect silicon crystal optics in a fixed
90○ vertical-scattering geometry.27,28 In order to ensure the stability
of the crystal optics, a 380 kg granite support structure is constructed

to hold various optical components above [see Fig. 1(a)]. An addi-
tional support structure is also built to provide a horizontal transla-
tion range of 330 mm to move the split-and-delay device in and out
of the X-ray beam path.

The delay time between the two sub-pulses is given by ∆t =
∆L/c, where ∆L is the path length difference between the upper and
lower branches and c is the speed of light. It is controlled by trans-
lating a single aluminum plate, i.e., main translation unit (MTU)
along the vertical plane on the axis perpendicular to the incoming
beam. The MTU consists of four Bragg crystal holders mounted on
the aluminum plate [see the inset of Fig. 1(a)]. The whole assem-
bly is mounted on the translation unit, which is fixed to the granite
support. For the proper operation of the split-and-delay device, X-
ray beam paths inside the device need to be parallel to the plane of
the MTU movement. Therefore, prior to the alignment of the crys-
tal optics, it is necessary to adjust the entire split-and-delay granite
structure with respect to the incoming beam [see Fig. 1(a)]. The
use of the multiple crystal-based optical elements (6 silicon reflec-
tors and 2 beam splitters) and relatively long path lengths inside the
device require effective tools to pre-align it without X-rays and test
its performance prior to the start of an actual experiment.

III. EXPERIMENTAL SETUP
The primary approach of pre-aligning split-and-delay with-

out using X-rays is based on the idea that one can trace a virtual
X-ray beam path using laser light. For this purpose, we used a HeNe
laser operating at a central wavelength of 633 nm and its output is

FIG. 1. (a) Illustration of the split-and-delay system in an FEL experiment together with the laser based time-delay online monitoring system. Inset: Schematic layout of
the split-and-delay unit with optical components arranged in a fixed scattering geometry. (b) Custom made mount for the silicon crystal and penta-prism. (c) Optical beam
propagation reflected from a penta-prism making a 90○ angle between the incoming and exiting beams.
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collimated via a fiber coupled optical collimator (Newport Model
F-C5-F2-543) such that the precise alignment can be performed with
a well defined beam size of 2 mm in diameter. Once the optical laser
beam propagates co-linearly along the X-ray beam path, we adjust
the split-and-delay unit such that the beam propagates on the ver-
tical plane parallel to the surface of the granite, i.e., the distance
between the beam and the granite surface at the input and output of
the split-and-delay unit is kept the same. This procedure ensures that
the laser beam propagates through the optics while keeping the uni-
form distance from the granite to the beam. As for making the 90○
angles with respect to the incoming beam in the vertical plane, we
use high precision optical penta-prisms (Redoptronics). The penta-
prism is mostly made of glass material (fused silica/BK-7) but has a
metal coating on the reflecting surfaces. It is geometrically cut such
that an incoming beam always exits the crystal at 90○ [see Figs. 1(b)
and 1(c)]. We can emulate the X-ray beam path given that the penta-
prisms are installed at appropriate crystal locations. As shown in
Fig. 1(b), we built a crystal mount that holds the silicon reflector
crystals and the prism at the same rotation axis but displaced apart
horizontally such that we can translate the beam in and out of both
the sample surface and center of the prism rotation by moving the
split-and-delay unit along the horizontal axis perpendicular to the
incoming beam.

IV. TEMPORAL ALIGNMENT
In order to utilize the split-and-delay unit in ultrafast time-

correlation experiments, it is very crucial to find the zero-time delay
(i.e., where the path length of the upper branch is equal to that of the
bottom branch). In our work, we employed a low coherence inter-
ferometry technique to achieve this temporal alignment. The source
in the setup is a broad bandwidth modulated red diode (Schäfter +
Kirchhoff 51nanoFCM) operating at a central wavelength of 637 nm.
The longitudinal coherence length of our modulated light source
is about 300 µm, which corresponds to a coherence time of about
1 ps. If the path length difference ∆L is sufficiently greater than the

coherence length of the source, no interference fringes will be
detected. The interference pattern appears on the detection plane
only when the path length difference between the two branches is
within the longitudinal coherence length of the light source. In our
measurement [see the inset of Fig. 1(a)], we translated the MTU
stage and consequently changed the path-length differences between
the two branches ∆L. Upon a change in ∆L, we observe gradual
emergence and subsequent disappearance of the fringe pattern, as
shown in Figs. 2(a)–2(d). To analyze the visibility of the fringes, we
extracted the oscillatory component from the interference patterns
by selecting 1D intensity profile Ip from the 2D fringe pattern [see
Figs. 2(d) and 2(e)] and by applying a low pass filter If [see Fig. 2(e)]
to the intensity profile Ip, according to Ip/If. The fringe spacing is a
measure of the spatial alignment of the two beams and is described
in detail in Sec. VI. The fringe visibility was calculated from the
extracted fringe pattern [see Fig. 2(f)] according to

V = Imax − Imin

Imax + Imin
, (1)

where Imax and Imin denote the global maximum and minimum
intensity in the entire fringe pattern, respectively. Figure 2(g) shows
the visibility V as a function of the path length difference ∆L. A
Gaussian curve fit to the data yields a peak visibility of 0.95 and a full-
width half maximum (FWHM) of 311 ± 7 µm which is consistent
with the coherence time of 1 ps. The resolution of the measurement
can be improved by replacing the current laser source with a much
broader band source.

V. REMOTE TIMING-CALIBRATION
While our current setup allows a viable pre-alignment of

the split-and-delay unit for experiments at storage rings and FEL
sources, it also offers a precise option for zero time-crossing mea-
surements, which is highly beneficial for having a capability to mon-
itor the time-delays between the split beams without interfering with
on-going experiments. In this section, we present a novel scheme,

FIG. 2. [(a)–(d)] Selected interference patterns at various positions of MTU and corresponding path length differences ∆L. (e) The intensity profile (solid black line) Ip is
extracted from the 2D interference pattern according to the line profile [dashed white line in (d)]. The low pass filter profile If is denoted by a dashed red line. (f) Extracted
oscillatory component (Ip/If) of the recorded fringe pattern. (g) Fringe visibility as a function of the path length difference ∆L between the upper and lower branches.
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which allows the measurement of the imparted time-delays with-
out moving the main delay stage of split-and-delay. This imple-
mentation requires splitting the output from the light source and
constructing an independent interferometry setup [see Fig. 3(a)].
A fraction of the modulated laser beam (hereafter referred to as a
reference beam) is fed into a fiber optics and transported to the inter-
ferometry setup that is installed on a remote optical table. The rest of
the beam is delivered to the split-and-delay as described in Sec. IV.
However, instead of making the fringe measurement directly at the
output of split-and-delay system, the exiting beams are fed into fiber
optics. Typically, the most difficult part of this temporal calibration
procedure is the efficient fiber coupling, which can be extremely
challenging due to a small core diameter of the single mode fiber.
Thus, we employ a multi-mode optical fiber which carries a relatively
large core diameter of 400 µm to facilitate the light-coupling process.
Here, it is important to adjust the length of the optical fiber for the
reference beam such that the length of path 1 matches the length
of path 2 in Fig. 3(a). Ultimately, by scanning the translation stage
on the new interferometry setup, we characterize the found path-
length differences between the reference beam and the two beams
from the SDU. The difference between these path length differences
(∆t) is equivalent to the path-length difference between the upper
and lower branches. We note that the spatial beam profile after the
multimode fiber will have extra interference patterns “speckle” due
to propagation of multiple spatial modes. Nevertheless, we confirm

FIG. 3. (a) Schematics for the remote path-length difference calibration. ML: RF-
modulated laser, VRC: variable ratio coupler, FC: fiber coupler, and TS: translation
stage. (b) Interference pattern image on CCD after propagating through multimode
fiber.

FIG. 4. An image of the throughput X-ray beams from both branches on an
X-ray CCD, which was installed 17 m downstream of the split-and-delay unit at
P10 beamline at PETRA III.

that this effect is marginal as we can still obtain a clear interference
pattern on CCD after the multimode fiber [see Fig. 3(b)].

VI. SPATIAL ALIGNMENT
Following the preliminary alignment procedure described in

Sec. III, we were able to generate Michelson fringes on an optical
CCD camera with a pixel size of 5.2 µm2 (Thorlabs CMOS camera)
that is positioned after the split-and-delay-unit. By measuring the
fringe spacing of the interference pattern, we were able to determine
the degree of the spatial overlap between the beams exiting from
both branches. More specifically, the separation between the fringe
peaks corresponds to 0.4 mm in real space. In a collinear geometry,
the angular misalignment between the two beams can be calculated
from the fringe spacing as follows:23,31

α = sin−1( λ
∆D
), (2)

where λ and ∆D are the laser wavelength and the fringe spacing,
respectively. We measure α = 1.6 mrad, which provides a very good
starting point before making the final adjustment with X-rays.

Once the optical pre-alignment procedure is completed, the
split-and-delay unit is aligned to the X-ray beam. We note that it
only takes minor optimization of the Bragg crystals to fine-tune
X-ray diffraction intensity to finalize the alignment process. Figure 4
shows an image of two X-ray beam spots on the X-ray eye detector
that is installed 17 m downstream of the split-and-delay. Centroids
of the beam spots are separated by 600 µm along the y-axis, which
corresponds to an angular misalignment of ∆θ = 35 µrad. We were
able to achieve the required precision typically within 3 h.

VII. CONCLUSION
We report the development of an effective procedure for pre-

aligning the split-and-delay unit without using X-rays. We find that,
after the alignment procedure, two-exiting beams from the upper
and lower branches of the split-and-delay unit are spatially over-
lapped at the output and co-propagating with a marginal angular
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deviation of 35 µrad. We also demonstrate the full characteristics
of the path-length difference between the two branches as well as
a way to find a zero time-crossing within a temporal resolution of
1 ps. The performance of the apparatus has been successfully con-
firmed at PETRA III with X-rays. The capability to tune the device
prior to taking X-rays greatly enhances the efficient use of expensive
beam times at synchrotron facilities and more importantly at X-ray
FELs such as LCLS, SACLA, or European XFEL. To improve the per-
formance of the device for an actual experiment, it will be highly
beneficial to implement the remote-timing calibration scheme that
was described in Sec. V of this work.
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