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Scientific and engineering research on soft materials requires precise structural analysis to understand their hierarchical and
fluctuating nature. A new beamline, the BLO3XU frontier soft-material beamline, that is dedicated to scattering experiments
on soft materials was recently installed at the third-generation synchrotron facility, SPring-8, in Japan. The BLO3XU uses an
in-vacuum undulator, and the photon flux of the obtained X-ray can reach 1013 photons sec—1, with an energy resolution of
AEIEx~2x10~% at 12.4 keV. The BLO3XU has two experimental hutches: a front one that is used for grazing-incidence
scattering experiments and a second one for transmitting scattering experiments, which enables simultaneous small- and
wide-angle X-ray scattering. The present paper introduces details about the instrument and some of the first scattering data
measured at BLO3XU, which reveals its cutting-edge design and high level of performance.
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INTRODUCTION

Soft materials represent a wide range of organic compounds that
include polymers, colloids, surfactants and membranes. They exist in a
variety of physical states that include semicrystallite, amorphous and
glassy states, as well as liquid, thin film and micelle states. They are
indispensably important materials in our daily lives as well as in
modern industry. From a morphological point of view, they all share
common features: fuzziness and hierarchy, which originate in the
assembled structure of their constituent molecules and the time-
dependent fluctuations of their structure. Understanding the physical
properties of soft materials and thus controlling and providing
functionality requires accurate characterization of their fuzziness and
hierarchy. Their constituent molecules are organized into mesoscopic
structures that are larger than atoms and molecules, but much smaller
than the macroscopic scale of the materials. The required observation
scale can therefore range from ~ 107! to 10* nm. The X-ray scattering
technique, which has a combination of wide- and small-angle
measurements, is one of the best tools to use in characterizing
such systems. In addition, the fragile and hierarchical objects generally

emit obscure, weak and complicated signals when compared with
crystalline materials. Synchrotron light sources provide a great advan-
tage in investigating these objects because they can detect very weak
signals and enable us to carry out time-dependent experiments.

The new BLO3XU beamline was recently constructed at SPring-8.
It is dedicated for use in simultaneous small- and wide-angle X-ray
scattering (SAXS/WAXS) measurements, small- and wide-angle
X-ray scattering under grazing incidence (GISAXS and GIWAXS),
X-ray diffraction (XD) and X-ray reflectivity from soft materials. The
construction of the beamline was directed by an industrial and
academic joint organization called the frontier soft-material beamline
(FSBL) consortium and with the profoundly kind technical coopera-
tion of the Japan Synchrotron Radiation Research Institute (JASRI)
and RIKEN Harima Institute. FSBL is an abbreviation of ‘frontier
soft-material beamline, a literal translation from a Japanese phrase
meaning ‘advanced soft-material beamline. The consortium has rather
distinctive features: there is no direct funding from the government, it
consists of 19 Japanese corporations and academic members, the
companies shared all of the expenses involved in the construction
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and operation of the FSBL, each academic member was encouraged to
collaborate with one of the industrial members to form 19 research
groups before joining the consortium, and all the research groups
provide two delegates (one an industrial and the other an academic
member) to serve on the FSBL steering committee. The chair of the
committee is an academic member, and the president of the FSBL
consortium is elected from the industrial members. To advise the
consortium and provide long-range insight from a broader perspec-
tive, the advisory committee consists of emeritus professors in the
field. The consortium was first organized in 14 February 2008.
Construction of the beamline commenced the same year and was
completed at the end of March 2010.

SPring-8 is one of the largest third-generation synchrotron radia-
tion facilities in the world. The third-generation synchrotron X-ray
sources are characterized by the exceptionally high brilliance of the
photon beam, generally > 5 GeV, which is accomplished with the use
of insertion devices. In 2006, a top-up operation was carried out at
SPring-8, and a stable X-ray beam was then provided for users.! The
FSBL consortium decided to construct a new beamline dedicated to
soft materials by taking advantage of that brilliance and the stability of
the X-ray source. The present paper introduces the performance of the
new beamline, reveals the features of the system and describes
possibilities for future soft-material research in Japan using the new
BLO3XU beamline.

OPTICS

Insertion device: undulator

Undulators consist of two sets of permanent magnet arrays that face
each other to generate ‘quasi-monochromatic’ electromagnetic radia-
tion. Kitamura et al.? developed a new undulator known as an ‘in-
vacuum undulator’ in which the magnet arrays are inserted in a
vacuum.? With this design, the gap between the magnet arrays can be
adjusted to be very narrow because there are no obstacles between
them, and the undulator can thus generate a much stronger magnetic
field than conventional insertion devices. The in-vacuum undulators
were first installed in the storage ring at SPring-8 in 1996, and the first
radiation was achieved in April 1997 at the BL47XU beamline.
The FSBL uses a standard SPring-8 in-vacuum undulator (magnet
material: NdFeB, periodic length: 32 mm, number of periods: 140,
total length: 4.5m, available energy (first harmonic): 5-18keV).

Optics hutch
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Double crystal
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shutter

The minimum and maximum gap sizes are 8.1 and 45mm, respec-
tively. The maximum magnetic field is 8.7kG at the minimum gap
size. The pressure of all the devices reached below 1x 1078 Pa after the
bakeout process of the undulator.

Monochromator

The FSBL is equipped with a standard SPring-8 double-crystal
monochromator that uses a pair of Si crystals and provides a beam
in the energy range of 6-35keV and a band pass of AE/E~10~*
through use of Si (111) diffraction. Because of the high-radiation
power (ca 580 Wmm™2), two copper blocks cooled with circulated
liquid nitrogen are attached to the silicon crystal for thermal regula-
tion. The monochromator is located 42.0m from the light source, as
presented in Figure 1.

Focusing mirror

Two sets of perpendicularly aligned elliptical mirrors known as
Kirkpartrick-Baez mirrors are used to focus the X-ray beam and
eliminate its higher harmonics.* At 6-16keV, the glancing angles of
both mirrors are adjusted to 4mrad, and an Rh coat is used to
eliminate the higher harmonics. At 16-20keV, a Pt coat is used at the
same glancing angles. At 20-35keV, the angles are 2mrad and a
Pt coat is used. The mirrors are located 53.2m from the light source.
By independently adjusting the elliptical curvatures of the two mirrors,
the X-ray focus point can be located anywhere along the optical axis in
the first and second hutches. For example, in the case of the front-end
slit being 0.5x0.3 mm (horizontal x vertical: HxV) and with 12.4keV
of X-ray energy, the mirror can focus a beam 0.170x0.08 mm HxV in
size at the full-width at half maximum of the peak in the standard
detector position of 69.5m in the second hutch. Figure 2 presents an
example of the beam image and its intensity profiles.

Experimental hutches

The FSBL has two experimental hutches: the first one is 6-m long and
is designed for GIWAXS and GISAXS experiments that use a two-
dimensional (2D) detector, such as a cooled charge coupled device
(CCD; additional details are given elsewhere), and the second is 10-m
long and 4.5m high and is designed for SAXS and WAXS measure-
ments. The second hutch has an additional large door (3 m wide and
4m tall) that enables the installation of a large kinematic mount or

61 71

1 st 2nd

-b—o—-r—-f;w—b—c-—o—i:&'i}-u-

Kirkpatrick-
Baez mirror

Beryllium window

Figure 1 The optical layout of the BLO3XU beamline at SPring-8. An overhead view of the optical hutch. The first and second experimental hutches are at
the top. A side view of the optical hutch is at the bottom. The numbers attached to the devices are the distance from the light source.
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Figure 2 An image of the X-ray beam measured with a beam monitor AA40
12m from the KB mirror. The size of the first slit is 0.35x0.35mm HxV.
The X-ray focus sizes are ~50x50um HxV.
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Figure 3 A typical setup for small-angle X-ray scattering (SAXS) and wide-
angle X-ray scattering (WAXS) measurements in the second hutch. A CCD
camera used as the SAXS detector and an sample-to-detector distance of
4.1m.

processing instrument for in situ studies such as spinning and
extruding. In the second hutch, a 3.0x3.0m space for kinematic
mounts is positioned in front of the optical bench (Figure 3). A large-
capacity exhaust air duct (ca 1m area per sec) is joined to both
hutches to enable organic solvents to be used inside them. The first
hutch has an ion chamber (Ohyo Koken Kogyo, Tokyo, Japan,
S-1329A) for measuring the intensity of X-rays, absorbers to attenuate
the intensity, an X-ray shutter (Vincent Associates, San Francisco, CA,
USA, UNIBLITZ XRS6) and a quadrant XY slit (Kohzu Precision,
Kanagawa, Japan, GHM-13B) installed between the first and second
hutches.

X-ray characteristics

Use of the in-vacuum undulator and high-brilliance light source
enables the photon flux to reach 10'3 photonssec™!, and an energy
resolution of AE/E~10"* is achieved with a front-end slit of
0.5x0.3mm HxV and a source energy of E=12.4keV. Tuning the
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Figure 4 The scattering profile from SiO, particles with a diameter of
570nm measured with (A) sample-to-detector distance (SDD)=9.3m and
4=0.2067 nm, (B) SDD=2.2m and 4=0.1033nm, and (C) SDD=0.25m
and 2=0.775nm. For greater convenience, the intensities were shifted
vertically.

front-end slit and the two mirrors then enables the X-ray beam size to
be altered to suit the different experiments. In most experiments, the
first slits are used with an aperture of 0.35x0.35 mm HxV. The X-ray
focus size was observed to be ~50x50um HXV at the full-width
at half maximum in optimized conditions, as presented in Figure 2.
When the second hatch is used, parasitic scattering can be eliminated
by use of a combination of the second and third slits and pinholes in
front of the samples.

Detectors and vacuum chamber in the second hutch

The second hutch is equipped with a 2D X-ray image intensifier with a
cooled CCD (Hamamatsu Photonics, Shizuoka, Japan, V7739P+
ORCA R2) and an imaging plate (IP) system (Rigaku, Tokyo, Japan,
RAXIS VII) for measurements, as well as a beam monitor (Hama-
matsu Photonics AA40). In most experiments, the detector position is
fixed at 69.5m from the light source. The three detectors are set on an
X-stage platform that can be moved horizontally in the direction
perpendicular to the beam; thus, it takes several tens of seconds to
exchange the detectors. Both the CCD and IP can be moved forward
along the rails on the optical bench (4.5-m long) to adjust the sample-
to-detector distance (SDD), as well as to move the guard pinholes,
sample stages and the beam-stopper holder. This capability is of
particular importance when kinematic mounts are used because the
sample position cannot then be moved. The rails were constructed to
be exactly parallel to the optical axis, and thus the position from the
beam can be maintained within 100 um after being moved along the
rails. This dimensional repeatability of the optical system can save
enormous amounts of time when the SDD and other settings are
changed. This has become increasingly important for the SAXS setup
because the SDD is changed for almost every measurement.
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The choice of a suitable SDD should be determined by the
characteristic length of the system to be studied. Except for a very
short SDD, such as 10cm for WAXS, the path behind the sample
should be in an evacuated chamber to maintain the scattered X-ray
intensity. One of the most important technical aspects of operating
the new instrument is providing rapid and effortless reconfiguration
of the vacuum chamber. All the vacuum tubes in the second hutch
are stored in an optical bench and are retrieved mechanically.
It generally takes several tens of minutes to change an SDD, including
adjustment of the beam stopper. There are eight standard SDD
setups that range from 6 to 0.25m. When a longer SDD is needed,
the user can set a sample in the first hutch and locate the detector in
the second hutch. In this case, the SDD can be elongated up to 10-m
long. The angle resolution (or g-resolution defined by Ag/q, where
q is the scattering vector) is determined by the divergent angle
of the X-ray, the X-ray size at the detector surface, the scattering
angle and the pixel resolution of the detector. With the FSBL and
an SDD of 4.1m, a Ag/q~0.1 for the small-angle region near the

beam stopper is used; this can be decreased by increasing the
scattering angle to Ag/q~6x107> in the wide-angle region. With
simultaneous SAXS and WAXS measurements, a flat-panel detector
(Hamamatsu Photonics C9827DK-10)° is used to make WAXS
measurements. The flat panel is set several centimeters downstream
of the sample® so as not to obstruct the SAXS measurements. This
then results (Figure 3) in an SAXS measurement of the g-range
of 0.04-0.8nm~! and a WAXS measurement of the g-range of
5-30nm~ .

Figure 4 provides the scattering profiles of silica particles with a
diameter of 570 nm (Nippon Shokubai, Osaka, Japan, KE-P50) dis-
persed in epoxy resin and measured with a combination of three
different SDDs and wavelengths (A: SDD=9.3 m and 4=0.2067 nm, B:
SDD=2.2m and A=0.1033nm, C: SDD=0.25m and A=0.775nm).
The g-range covers 5x1073 to 30 nm™!. Because of the difference in
angular resolution, profile A showed a clear amplitude of approxi-
mately g=10"!nm™!, whereas B shows a rather smeared one in the
same g-range. It can be seen that the intensity, I(g), satisfies the Porod
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Figure 5 A two-dimensional small-angle X-ray scattering (SAXS) pattern from a collagen sample (a) and its profile (b) compared with one obtained with

a conventional laboratory SAXS instrument.
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Figure 6 Small-angle X-ray scattering (SAXS) (b) and WAXS (c) patterns of a single Vinylon monofilament (a) 15um in diameter produced in the late 1950s
to early 1960s. The long period of the crystallites was determined from the arrayed peaks in the SAXS pattern. The precise crystal structure was determined

from the diffraction patterns in WAXS, as illustrated in d.
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relationship of I(q) ocq™* at 0.05 <g<0.9nm~!. The broad peak at
g=15nm~! is a reflection from the atomic structure of the SiO,,

INSTRUMENTAL CAPABILITIES AND SCATTERING WITH
STANDARD SAMPLES

Collagen

Figure 5a shows a 2D SAXS pattern from dry chicken tendon collagen
with 2=0. SDD=4.25m and 100nm and an exposure time of 10s

I(g) (a.u.)
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with use of IP. An intensity profile was created by azimuthally
averaging the indicated sector. The results are plotted in Figure 5b.
With this setup, the smallest experimentally achieved q for this SDD
was 9.0x 107> nm~". The first reflection of the collagen (d=653 A)is
clearly separated from the beam stopper, thus indicating excellent
angular resolution. The present results are compared in Figure 5b with
a profile from the same sample obtained with a conventional labora-
tory SAXS instrument, where 4=0.154nm (CuKo), generated with
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Figure 7 The temperature dependence of small-angle X-ray scattering (a) and WAXS (b) profiles of polypropylene upon cooling at a rate of 5°C min~—1.
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a rotating anode X-ray tube (50kV and 100 mA), SDD=1.14m, the
exposure time was 600s, and the intensities were measured with a 2D
position-sensitive detector (PSPC Hi-STAR). As expected, the FSBL
profile has much narrower peaks and higher orders of diffraction than
the conventional instrument, which demonstrates the high g-resolu-
tion of the FSBL. For example, the widths of the 6th peak are 0.018
and 0.09nm~! with the FSBL and the conventional instrument,
respectively.

Vinylon fiber

Figure 6 shows the SAXS (B) and WAXD (C) patterns measured from
a ‘Vinylon® prototype monofilament (A). ‘Vinylon’ is the trade name
of poly(vinyl alcohol) (PVA), and the present sample was made in
1955 at one of the first production plants in Japan. The SAXS pattern
was measured using a CCD camera with SDD=3m, and a WAXD
pattern with IP and an SDD of 0.3 m. Combining the SAXS and
WAXS data allows the hierarchical fiber structure to be determined, as
presented in panel D. The long-period peak was detected quite clearly
with SAXS, revealing the existence of stacked lamellae at approxi-
mately the period of 18.5nm, and thus indicating that the fiber
consists of a perpendicularly aligned crystalline and amorphous
domain at the mesoscopic level. The WAXD data provided detailed
information on the packing state of the planar-zigzag PVA chains in
the crystalline lamellae. Analysis then revealed that the Vinylon
structure at both the micro- and mesoscopic levels had been well
controlled in the spinning and drowning processes so as to adapt it to
particular uses or needs. It is quite amazing that the scientists and
engineers involved in the industrialization of Vinylon somehow
managed to discover how to tune its micro- and mesomorphology
in the production process without even having directly observed them.
The FSBL took just 20 's to reveal the orderly microstructure of the first
proprietary Vinylon to have been manufactured half a century ago and
demonstrated the high level of technology used to produce polymer
fibers in those days.

PVA fiber was invented in Japan in 1939 by Prof Ichiro Sakurada,’
who is also well known as having discovered Mark-Houwink-Sakurada’s
equation, which describes the intrinsic viscosity of polymer solutions.
The industrialization of PVA was first conducted independently by
Kurashiki Rayon (now Kuraray) and Kanegabuchi Boseki (later
Kanebo and then Kracie). The total amount of Vinylon produced
worldwide has now reached over one million metric tons. The major
markets for PVA include textile sizing agents, architectural and paper
coatings, fibers and adhesives. Resin and films are produced from it,
and it is primarily used in Asian countries, including Japan and China.
PVA is a memorial material to the Japanese polymer community, and
we selected it as a historical Vinylon fiber and used it as the first
scattering sample in the FSBL. The sample was kindly supplied by the
Institute for Chemical Research of Kyoto University via a recent
author (T Kanaya), who is one of the descendants (member of the
Takatsuki-kai group) of Prof Ichiro Sakurada.

In situ measurement of polymer crystallization

The crystallization process involved with isotactic polypropylene
(Japan Polychem Corporation, weight-average molecular weight=
2.9x10°). was investigated by performing simultaneous SAXS and
WAXD measurements using the FSBL with an SDD of 1.5 and
0.0758m and a CCD for the SAXS and an flat-panel detector for
the WAXD. The isotactic polypropylene sample (thickness=0.7 mm)
was heated to 215 °C to melt it in advance, and it was then cooled at a
rate of 5°Cmin~! using a Linkam CSS450X. The SAXS and WAXD
data were measured during the continuous cooling process (non-
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isothermal crystallization). The exposure times were 100 and 1000 ms
with the SAXS and WAXD, respectively. The interval time was 6s.
Typical 2D SAXS and WAXS patterns are presented in Figure 7. In
spite of the rather short exposure times, quite clear scattering images
were successfully observed. Sector-averaging the data then provided
the temperature dependence of the profiles, as presented in the figure.
As has been reported previously,® the SAXS showed a broad peak of
approximately g=0.2nm~! because of the density fluctuation in
the molten state at 130 °C. This broad peak then developed into
a long-period peak after crystallization and shifted to a higher g, at
which point the WAXS pattern then began to display crystalline peaks.
As has already been reported, domain structures were created in the
cooling process after melting, and this resulted in the development of
crystalline domains with regular helices. For a more detailed discus-
sion, it would be more useful to perform simultaneous SAXS and
WAXD measurements and use vibrational spectroscopic data.

PERSPECTIVES OF FSBL

The FSBL consortium held a ceremony on 4 February 2010, to
celebrate the completion of the beamline. Beginning in April, we
also made time available for use of the FSBL. In addition, a new type
of business—academia collaboration was launched for each group. This
powerful structural analysis tool can be expected to tighten the
relationship between scattering and soft-material research and to
expand our scientific and technical horizons in this field. The FSBL
enables more elaborate structural analysis and thus more explicit
visualization of structures at the molecular level. The strong X-ray
power should enable us to observe dynamic structural changes that
take place in soft materials at the micro- and mesoscopic levels and
could reveal new principles and rules to use in controlling them. These
new insights could also then suggest new directions and ideas to be
used in the molecular design of soft materials.

CONCLUSIONS

Construction of the FSBL was carried out as a joint project between
industrial and academic members of an FSBL consortium, with the
technical support of JASRI and the RIKEN Harima Institute. It was
completed at the end of March in 2010. Because of the in-vacuum
undulator and the highly brilliant light source, the photon flux of the
obtained X-ray can reach 10'3 photons sec™!, and an energy resolution
of AE/Ex2x10~* has now been achieved. There are two experimental
hutches: the front one is for GISAXS and GIWAXS measurements, and
the second is for simultaneous SAXS and WAXS measurements.
Preliminary measurements on collagen, Vinylon and polypropylene
revealed the high performance of the BLO3XU FSBL beamline.
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