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The coherent X-ray scattering beamline at the 9C port of the upgraded Pohang
Light Source (PLS-II) at Pohang Accelerator Laboratory in Korea is
introduced. This beamline provides X-rays of 5-20 keV, and targets coherent
X-ray experiments such as coherent diffraction imaging and X-ray photon
correlation spectroscopy. The main parameters of the beamline are summarized,
and some preliminary experimental results are described.
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1. Introduction

Since Sutton et al. (1991) observed X-ray speckles with a synchrotron
X-ray source, there have been numerous studies and developments
for utilizing X-ray coherence. Coherence-based techniques devel-
oped so far include X-ray photon correlation spectroscopy (XPCS)
(Mochrie et al., 1997; Wochner et al., 2009), coherent X-ray diffraction
imaging (CDI), Bragg CDI (Miao et al., 1999; Chapman & Nugent,
2010; Williams e al., 2003; Shapiro et al., 2005) and Fourier transform
holography (FTH) (Eisebitt et al., 2004; Stadler et al., 2008). XPCS is
mainly used for studying the dynamics of materials, and CDI and
FTH for static imaging. Rather recently X-ray cross-correlation
analysis (Wochner et al., 2009) was developed to classify the hidden
local order within disorder.

Several beamlines worldwide have been used for coherent X-ray
experiments: 8-ID [Advanced Photon Source (APS), USA] for
XPCS, 34-ID-C (APS) for coherent X-ray scattering, BL29 (SPring-8,

Japan) for coherent X-ray optics, sector 7 (P10) (Petra III, Germany)
for XPCS and CDI, I13L (Diamond, UK) for X-ray imaging and
coherence, TROICA (European Synchrotron Radiation Facility,
France) and so on. Pohang Accelerator Laboratory (PAL) upgraded
PLS to PLS-II in 2012 increasing the electron energy from 2.5 to
3.0 GeV in the storage ring (Shin et al., 2013). With this upgrade the
9C port at PLS-II was assigned for coherent X-ray experiments and
has been open to domestic and international users.

2. Beamline overview

The 9C beamline at PAL is optimized to preserve the hard X-ray
beam coherence from its undulator source. Fig. 1 shows a schematic
diagram of the beamline. The photon source is a hybrid- and asym-
metric-type in-vacuum undulator of length 1.3 m with 20 mm period
and 130 poles. The magnet blocks are composed of Sm,Coy;. Its
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Layout of the 9C beamline: (1) movable masks; (2) vertical and horizontal slits; (3) Si(111) double-crystal monochromator; (4) Rh-coated focusing mirror; (5) aperture;
(6) six-axis diffractometer. The drawing at the top is the top view and the drawing at the bottom is the side view of the beamline. The numbers below the main components

are the distances from the undulator source in metres.
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Table 1

Photon energy and highest brilliance/flux/coherent flux with corresponding undulator parameters (a target ring

current of 400 mA is used).

undulator gap using measured magnetic fields
(e.g. 0.92T at a gap of 5mm) (D.-E. Kim,

private communication). Using the informa-

Brllhancn-i2 » Coherent qlfx tion in Fig. 2, we summarize the highest

Energy Gap (flux mm Flux [photons s [photons s . . .

(keV) Harmonic ~ (mm) K mrad ?) (0.1% bandwidth) '] (0.1% bandwidth)™']  {lux values for various photon energies with
corresponding undulator parameters in

6 3 5.80 1.51 9.74 x 10" 524 x 10" 1.04 x 10" Table 1

8 3 7.60 1.10 493 x 10" 233 x 10" 2.96 x 10%° : o

10 5 5.80 151 437 x 10* 219 x 10" 1.68 x 10 The X-ray beam as shown in Fig. 1 passes

12 7 5.01 1.73 337 x 10" 175 x 10™ 8.99 x 10 through the movable mask which reduces

14 7 5.80 1.51 1.95 x 10'® 9.49 x 10" 3.82 x 10° h load in th ical d

16 9 519 168 157 x 10" 792 x 10" 2.36 x 10° cat load in the optical components down-

18 9 5.80 1.51 8.71 x 10" 4.18 x 10" 1.03 x 10° stream and also passes through slits (16.18 m

20 1 531 164 722 x 107 3.58 x 10" 6.94 x 10° from the undulator) in the optical hutch.
The pink beam is monochromated by the

Table 2 liquid-nitrogen-cooled double-crystal mono-

Main parameters of the coherent X-ray scattering beamline at PLS-IT (Welnak et
al., 1994; Tanaka, undated).

Beamline name Coherent X-ray scattering beamline

Port 9C

Source type In-vacuum undulator, IVU20 (period 2 cm, gap 5-20 mm)
Mirror (toroidal) 1.1 m Si substrate with 40 nm coated Rh

Monochromator Liquid-nitrogen-cooled DCM, Si(111)
Energy range (keV) 5-20

2,/Z, (pm) 12/198

/%, (pm) 13/48

Source beam size (jtm)
Unfocused beam size (um)
Focused beam size (pm)
Detectors

12 (V) x 200 (H)

590 (V) x 2950 (H) at 30 m

15 (V) x 190 (H) at 30 m

APD, PIXIS-XO 1024B, Pilatus 1M

physical gap range is 5-20 mm, and the available X-ray energy range
is 5-20 keV. The estimated source size of the photon beam is esti-
mated to be 200 um (H) x 12 pm (V) in FWHM (full width at half-
maximum) using the SHADOW program (Welnak et al, 1994).
Figs. 2(a) and 2(b) show calculated energy and brilliance, respectively,
using SPECTRA (Tanaka, undated) for odd harmonics versus the
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Figure 2

Calculated (@) energy and (b) brilliance curves for odd harmonics as a function of

the undulator gap. (A target ring current of 400 mA is used.)

chromator (DCM) with Si(111) crystals with ~2 x 107 energy
resolution. The two crystals have a variable gap, which moves the
beam up after the DCM by a fixed value, 25 mm. The monochromatic
X-ray beam is focused by a 40 nm rhodium-coated silicon toroidal
mirror. Its reflective direction is downward and the beam is focused
into 190 um (H) x 15 pm (V) at the sample position (30 m). When
the beam bypasses the mirror, its size is 2.95 mm (H) x 0.59 (V) mm.
Then users can choose other optics such as the Fresnel zone plate
in the experimental hutch. Main beamline parameters are listed in
Table 2.

Fig. 3 displays a typical set-up for CDI in transmission geometry
mode. A sample chamber is designed to mount on the diffractometer,
and its inside is shown in the inset. The centre of the six-axis
diffractometer is located at the mirror focal point. A pinhole defines
the size of the coherent X-ray beam. Two guard slits reduce the
parasitic scattering from the pinhole, and also reduce the background

Figure 3

Typical transmission geometry set-up for CDI in the 9C experimental hutch. The
X-ray beam passes into the sample chamber as shown by the red arrow and
illuminates the sample, and the diffracted X-rays fly through the flight path. The
direct beam is blocked at the beam-stop (not shown) and the signals are detected by
the CCD. The inset displays the inside of the chamber, but the beam direction is
from top to bottom (opposite to that in the main panel) for a clearer view.
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of the scattered signals to the charge coupled device (CCD) detector.
A Uniblitz X-ray shutter, XRS16 (16 mm-diameter opening, Ptlr
shutter blade, and 25 ms opening time), is installed in front of the
pinhole and is synchronized to the CCD enable-signal-out. By
controlling the shutter opening time, one can acquire unsaturated
signal near the direct beam, i.e. signal for low momentum transfers
having the shape information of the sample. We plan to upgrade the
shutter to an XRS6 with 5 ms opening time. Two flight paths of
lengths 1.7 m and 1.9 m are connected to the sample chamber and a
beam-stop chamber. The beam-stop chamber, with kapton windows,
is in front of the CCD detector and is installed with the beam-stop
with two translational motions. This transmission geometry is useful
not only for CDI but also for XPCS depending on the samples.

The beamline provides two two-dimensional detectors: Princeton
Instruments PIXIS-XO CCD (pixel size 13 pum x 13 pm, image area
13.3 mm X 13.3 mm) and Dectris Pilatus 1M (pixel size 172 pm X
172 pm, image area 169 mm x 179 mm). Two flight paths allow users
to choose the position of the detectors depending on the interests of
the wavevector region and the required resolution of the experi-
ments. The beam path, the sample chamber and the beam-stop
chamber are under vacuum (1072 torr) to reduce air scattering. Bragg
CDI has been also carried out in the beamline with the six-axis
diffractometer.

The diffractometer and all motors in the experimental hutch are
controlled by the SPEC software (Swislow, 2004). For the general
X-ray scattering users, SIXC in SPEC software is installed to
manipulate the diffractometer. Two sets of XHA filters and Huber
slits, ion chambers as intensity monitors, and a Cyberstar 2000 scin-
tillation detector are available. A 100 MHz FMB Oxford avalanche
photodiode (APD) has also recently been made available for possible
XPCS measurements with the reflection geometry.

For coherence preservation of X-ray beams, the beamline avoids
graphite filters or diamond windows which are useful for reducing
heat load in the photon transfer line; it only comes with a polished
beryllium window at the entrance of the experimental hutch. General
scattering experiments usually use the six-axis Huber diffractometer
with the focused X-ray beam. The diffractometer and optical tables at
the downstream end are used for coherent X-ray experiments
depending on the experimental geometries; X-ray beam can bypass a
focusing mirror. The longest sample-to-detector distance available is
~6m.

The design performance of the 9C beamline can be estimated using
equation (3.2.1) of the National Synchrotron Light Source-II (NSLS-
II) Conceptual Design Report (Podobedov, 2006); the equation
shows that photon intensity for imaging is inversely proportional to
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Figure 4

measurement time and (spatial resolution)®. Because PLS-II 9C has
10° times less coherent flux than that of NSLS-11, it could have either
a spatial resolution of about ten times worse or measurement time 10°
times longer than that of NSLS-II. For example, while NSLS-II has
1 nm resolution for internal imaging of 1 pm® amorphous gold with a
4 min (unfocused) X-ray exposure, PLS-IT 9C has 10 nm resolution
for the same amount of time.

3. Facility access

PLS-IT accepts user beam time proposals (two terms before summer
and one term after summer every year) through its web site (http:/
pal.postech.ac.kr). Three kinds of proposals are available: (i) general
proposals, which can only be effective for one term and must be open
to the public; (ii) long-term proposals, which last for six terms and are
also open to the public [general proposals and long-term proposals
should be applied at designated times (three times per year)]; (iii)
urgent request proposals, which can be applied at any time; after
submitting a request, users should contact the corresponding beam-
line managers to explain the urgency and to check the availability of
the beamline.

4. Highlights

CDI with transmission geometry on a star-shaped Au test sample was
carried out to demonstrate the performance of the beamline. The
micrometre-sized Au sample was prepared with electron beam
lithography on a SiN membrane, and its thickness was 70 nm. The
sample was put in the sample chamber, shown in Fig. 3. The storage-
ring current was 125 mA for the experiments in this section. An X-ray
beam of 5.36 keV was defined by the slits at 16.18 m (Fig. 1) to
300 pm x 300 pm and focused (but not fully optimized) by the
toroidal mirror to 200 um (H) x 80 um (V) at the sample position
(30 m) or the focal point. A pinhole of diameter 10 um was placed at
the entrance of the sample chamber to define the final clean-cut
beam. The pinhole was made by focused ion beam on 25 pm-thick
tantalum foil. The guard slits of thickness 127 pum positioned between
the sample and the pinhole reduced the background signal and
allowed a better signal-to-noise ratio to be obtained. Their edges
were polished.

The measured coherent X-ray diffraction data are illustrated in
Fig. 4(a). One quarter of the two-dimensional image was blocked by
the beam stop, and the final data were obtained by patching the data
in the other areas centrosymmetrically. A user detector, Princeton

=== 1000 nm

(a) Patched coherent X-ray diffraction data from a star-shaped Au sample (see text). (b) Reconstructed image and (c) SEM image of the Au sample.
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Bragg CDI of a ZSM-5 single crystal at (200) Bragg angle.

Instrument PI-LCX, of pixel size 20 ym x 20 pm and chip size
26.8 mm Xx 26 mm, was used for this experiment. The image recon-
struction was performed using a hybrid input-output algorithm
(Fienup, 1982, 1987; Elser, 2003), and its result is shown in Fig. 4(b).
The reconstructed image agrees well with the scanning electron
microscopy (SEM) image in Fig. 4(c). Its half-period resolution is
about 25 nm.

The Bragg coherent X-ray diffraction experiment was carried out
in reflection geometry mode with the six-axis diffractometer. The
sample, a 2 pm-sized ZSM-5 zeolite crystal, was attached to a silicon
substrate by chemical bonding (Cha et al., 2013). An X-ray of energy
9.2 keV illuminated the isolated sample and gave the coherent
diffraction pattern at (200) Bragg angle shown in Fig. 5. The PI-LCX
detector was set about 2 m away from the sample and measured the
image for 480 s. The fringe patterns on the sides of the central peak
are related to the sample shape and its size.

5. Conclusions

The PLS-II 9C beamline at PAL was designated for coherent X-ray
scattering experiments in 2012 and is currently in operation with
domestic user groups for CDI and XPCS. Its capability has been
demonstrated by the experimental results shown above. PLS-II
currently operates its top-up mode with <150 mA, and it will increase

its ring current to 400 mA in 2014, which will reduce data acquisition
time and offer better resolution for CDI and XPCS.
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