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Biological Small-Angle X-ray Scattering at

Taiwan Photon Source

iological small-angle X-ray scattering (BioSAXS) beam-

line 13A of Taiwan Photon Source (TPS), open to
users since September 2020, provides a high flux (4 x 10"
photons/s) for time-resolved and synchronized small- and
wide-angle X-ray scattering (SAXS-WAXS) of biomacromo-
lecular solution structures over wide length and time scales.
This advanced BioSAXS beamline also offers new oppor-
tunities for ultra-SAXS (USAXS) to resolve the hierarchical
structures of bio-machinery assemblies in solution, gel or
condensed forms and anomalous SAXS/WAXS for metal or
mineral distributions and compositions in an organelle or
drug carrier. The beamline application extends to microbe-
am SAXS/WAXS for correlated crystal and nanostructural
mappings in natural fibril tissues and synthetic biomaterials
under tailored environmental controls.

Sensitive to the mean distribution of electron density seg-
regated from a homogenous matrix, SAXS probes global
conformations of scattering objects in flexible sample envi-
ronments, which is particularly advantageous to reveal the
solution structures of biomacromolecules of functioning in-
termediates, even for multiple-domain proteins and protein
complexes. In this sense, SAXS complements X-ray crystal-
lography, NMR and other optical spectroscopic methods

to investigate structural changes of biological macromole-
cules in function. In the recent development of worldwide
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Fig. 1: Layout of BioSAXS beamline TPS 13A, with featured operational modes indicated. Starting
from undulator IU24, the beamline comprises microslits in the front-end zone. The DCM/
DMM monochromators, two sets of vertical/horizontal KB focusing mirrors (VFM/HFM), a
vertical deflecting mirror (VDM) and horizontally collimating four-bounce double-crystal
collimator (4BCC) are in the optical zone. The collimation, sample stage and detecting (Eiger
X 1M for WAXS and Eiger X 9M for SAXS) systems are in the experimental area.
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synchrotron facilities, a dedicated SAXS beamline to study
biological solution structures has become essential. Frontier
biological SAXS (BioSAXS) beamline TPS 13A reported here
has been jointly developed by NSRRC and Academia Sinica
(led by Ming-Daw Tsai and Meng-Chiao Ho). This large col-
laborative team is a successive collaboration of a previous
joint effort to upgrade SAXS beamline TLS 23A for immedi-
ate BioSAXS applications.

Equipped with a 4-m undulator 1U24 for X-rays of energy 4
to 23 keV, biological small- and wide-angle X-ray (BioSAXS/
WAXS) scattering beamline TPS 13A is dedicated to ob-
servations of biomacromolecular solution structures and
kinetics, covering wide length and time scales. The MoB4C
double-multilayer and Si(111) double-crystal monochro-
mators (DMM/DCM), integrated on the same rotating
platform, optionally provide a high flux, up to 4 x 10"
photons/s, and a beam of great energy resolution, AE/E ~

2 x 10™. The monochromatic beam is selectively focused at
the sample position at 40 m from the radiation source for
microbeam SAXS/WAXS, or the farthest detector position
at 52 m for ultra-SAXS (USAXS), based on two parallel sets
of Kirkpatrick-Baez (KB) focusing mirrors placed on a same
granite platform. For USAXS, a horizontally collimated
four-bounce crystal collimator (4BCC) located downstream
further tailors the vertically oriented DCM monochromatic
beam for a minimum scattering vector
q ~0.0003 A", corresponding to
d-spacing resolving power ~2 um. The
4BCC consists of two sets of horizon-
tally oriented double-crystal collima-
tors of Si(111), two sets of Si(311) for
further improved resolution, arranged
in a dispersive configuration for a sig-
nificantly decreased beam divergence
of 30 prad. A set of delicate microslits
(closely shielded by a set of heat-load
slits) located in the beamline front-
end at 15.5 m provides tunable, stable
slit opening of 1-50 pum as a steady
control of microbeam beam size.

The slit position is critical for a set of
microbeam KB mirrors to focus the mi-
crobeam size to the sample position
at 40 m from the 1U24 source, with
small demagnification ratios, near 1.5,
in both vertical and horizontal direc-
tions. All these operational modes of
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Table 1: Features of operational modes of TPS 13A, with 1U24 source sizes 283 x 7.5 um’ (FWHM) and source divergence 45 x 21 prad (FWHM). The
microbeam features are calculated with microslit openings 10 um by 10 pm.

Operational modes High flux (DMM) USAXS Si(111) ASAXS (DCM) p—beam (DMM)
Operation energy range (keV) 7-15 4-15 | 4-23 7-15

Horizontal demagnification 1.36:1 1.61:1

Vertical demagnification 1.43:1 1.45:1

Beam size (um?at 40 m) 190 x 52 190 x 36 190 x 36 7x5at40m
Divergence (prad) 60 x 29 32x29 60 x 29 70x 3.8

Energy resolution ~0.2 % ~0.02 %

Flux (photons/s) @ 500mA ~4x10" ~4x10" | ~2x10" ~1x10"

high flux, USAXS, anomalous SAXS (ASAXS) and microbeam
are designed to have essentially overlapped beam paths, al-
lowing convenient mode conversions. Four diamond X-ray
beam-position monitors (XBPM) are deployed along the
beamline, reporting beam positions at the front-end before
any optical component and in the experimental end-station
before the sample position, in situ and on-line, with beam
position resolution 1 um. Optical designs of the operation-
al modes (Fig. 1) were detailed in a previous report;’ the
corresponding feature parameters are listed in Table 1.

All beamline and end-station components are controlled
with an experimental physics and industrial control system
(EPICS), which governs all interfacing among the electronic
hardware of the beamline through defined process variables

(PV) and a server program of input/output controllers (10C).
At beamline TPS 13A, there are two clients of PV. The first
is the graphical user interface called control-system studio
(CSS), which serves mainly the configured icon display and
remote control of the beamline components (real and
virtual motors) and their current status and historical data
records. The second client is SPEC software that allows
multi-task macros to execute routine procedures, such as
alignments of the beam positions, intensity optimization,
beam energy changes and optical mode conversions.

Shown in Fig. 2(a) are the closely matched calculated and
measured profiles of photon flux of the 3" and 5™ har-
monic modes (HM) of IU24 at gap 8 mm, at 30 mA of the

() 14 : : : : : (b)
o 3HM, Gap = 8.7 mm, E, = 7.376 keV O ettt e
x 1.2 4 5" HM, Gap =8 mm, E, = 4.998 keV r <
2 £ 101 = DMM r
S 1.0*_ r § 1015 » DCM i
2 08 L © 10" g 3
% i R 103 r = L
GNJO.G— [ :w: 12 .‘.‘..I
e X 10 i
£ 04 3 P ol :
o 1 o
zZ 024 L E 101 r
. o 10° . T T T
0.0 2 4 6 8 10 12 14 16 18 20 22 24
Photon Energy (keV)
(c) 1200+ S e L9590 (d) 4001~ L .
11004  Beam Size Beam Divergence} | - « Vertical
1000 weH . e H 3507 « Horizontal ¢
.\ b ; ceten \[ F180 @ ]
_ 9003 " F160 3 =
c . » o g 3
3 .__ F140 =z =
w Lk “ £100 2 n E
€ o oa "L 3 =
I ’ £ h £80 — 3 L
9] - . E 3
om Gmmgc L60 g b
» [40
1004 Aﬂ_;maﬂ..ﬂ oo o; (-) -2 4 6- -8 1.0 1.2
ELD Magk — FM Sample Eocus . -
. T ) : ¢ . 0 Distance from Sample Position (m)
0 10 20 30 40 50

Distance from Source (m)

(a) Measured flux spectra of the 3" and 5" harmonic modes of the undulator [U24 at gap 8.0 and 8.7 mm, centered respectively at 7.376 keV and
4.998 keV; the data are fitted (solid curves) using Spectra software with an electron beam of 30 mA, 3GeV, and a common electron-beam energy
spread of 0.11%. (b) Flux spectra measured 40 m from IU24 at the sample position at e-beam current 400 mA, using the DMM and DCM mono-
chromators, respectively. Also shown are the consistently simulated flux profiles. (c) Simulated beam-size and —divergence evolutions over X-ray
beam path 52 m from the IU24 (origin) to 52 m. (d) Beam sizes measured over 10 m sample-to-detector distance, using the Eiger X 9M detector
(pixel size 75 um).

Fig. 2:



3-GeV electron beam. The measured energy distribution

of the irradiation centers at £, =7.376 keV and 4.998 keV,
with a common energy spread of ~0.7% (full width at half
maximum, FWHM). The consistent results indicate a satis-
factory alignment of the central magnetic field (maximum
~0.86 T at gap 6.8 mm) of IU24 to the 3-GeV electron-beam
trajectory. The corresponding flux profiles measured at

the sample position demonstrate the expected high flux,
above 2 x 10" photons/s in 7-12 keV with DMM, and a
wide X-ray energy range 4-23 keV with DCM, at e-beam
current 400 mA of the 3-GeV storage ring. The calculated
evolutions of beam size and divergence are outlined in Fig.
2(c). The beam sizes (Fig. 2(d)) after the sample position
were measured with the Eiger X 9M detector moving along
the vacuum vessel of length 12 m and diameter 1.5 m. The
vertical beam size decreases to the focusing design target
~50 pum at 50 m (10 m from the sample position), whereas
the horizontal beam size decreases to target size 180 pm at
an earlier position, 45 m. The slowly varying beam size over
beam path 10 m originates from the designed small de-
magnification ratio ~1.5 of the KB focusing mirrors, which is
advantageous for SAXS with a wide range of sample-
detector distance.
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In the USAXS mode operation, the horizontally collimating
4BCC manifests its unique function in significantly suppress-
ing the horizontal parasite scattering, especially near the
direct beam of the critical USAXS low-q region. As shown in
Fig. 3(a), although the main (DCM) beam intensity 8 keV is
decreased about 10 fold by the 4BCC, the overall S/N ratio
can be improved more than 10 fold, because of the highly
suppressed parasite scattering by more than 100 fold. The
corresponding beam size 8 keV (FWHM) at SD distance 9.47
m decreases from 160 to 110 um (FWHM) when the 4BCCis
moved into the beam path for collimation, whereas the ver-
tical beam size maintains ca. 70 um. Inset in Fig. 3(b) shows
the USAXS images measured for a standard nanopattern,
revealing a well resolved 1% lamellar peak at g = 0.00063 A’
under a detecting limit of minimum g ca. 0.0004 AT, with

a Tatum beamstop (4.0 mm dia.). For the microbeam oper-
ation with the microslits opened to 10 um in both V and H
directions, the microbeam KB mirrors could focus the beam
to the sample position for beam dimensions 26 um (H) by
10 um (V) measured, as shown in Figs. 3(c) and 3(d). The
beam sizes were measured using the two diamond X-ray
beam position monitors of Rigi and Civi-2 situated at 37
and 40 m, respectively.
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Fig. 3: (a) Measured horizontal and vertical beam dimensions at a sample-detector distance of 9.47 m, with a DCM 8-keV beam, with and without 4BCC
in the X-ray beam path. The horizontal beam size (FWFM) decreased from 160 to 110 um, and the vertical beam size maintains ca. 70 um. Note
that the background intensity in (a) near the main beam decreased by two orders of magnitude. (b) USAXS profile extracted from the 2D patterns
(inset up, with a left room-in image) of a standard nanopattern (inset, down), measured using a 6-keV beam of DCM further collimated with the
4BCC, resolving a lamellar spacing of 1000 nm with the 1* lamellar peak at g = 0.00063 A" and a minimum detectable g at 0.0004 A" (c) and (d)
are the measured vertical and horizontal beam dimensions of a 15-keV microbeam with the DCM; the corresponding microslits have opening 20
pm in both vertical and horizontal directions. Note that the microbeam was slightly off-focused at 37 m (5 um, FWHM) before the targeted sample

position at 40 m (12 um, FWHM).
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Fig. 4: (a) CSS graphic view of experimental endstation TPS 13A components. (b) A side view of the 12-m long, 1.5 m dia. vacuum vessel for accommo-
dating the (c) in-vacuum Eiger X TM and X 9M pixel detectors that can move independently with multiple degrees of freedom in the vacuum
vessel for simultaneous and coordinated SAXS and WAXS data collections. (d) Also shown is the custom-designed TPS13A Eiger X 1M, with an

opening of dimensions of 30 mm by 60 mm for SAXS traversing.

The first component of the experimental endstation is a
millisecond shutter (with an opening time of 8 ms) that reg-
ulates the exposure of a sample to the beam. Subsequently,
an intensity attenuator, comprising 10 thin foils of various
metals and thicknesses, can selectively suppress the X-ray
beam in 4-23 keV, up to 8 orders of magnitude in intensity.
The X-ray beam is collimated with a set of all-tungsten S3-
slits at position 31.47 m and two sets of JJ-slits situated re-
spectively at ~10 and ~800 mm before the sample position
at 40 m. The beam position and intensity are monitored

in situ with two diamond X-ray beam position monitors
(XBPM) of Rigi (gap 20 um between the quadrants) and
Civi-1 (gap 3 um) situated before and after the attenuator,
with resolution 1 um. A modified high-performance lig-
uid chromatograph (HPLC) is available for on-line sample
purification. The HPLC system is coupled with synchronized
measurements of SAXS/WAXS, UV-vis absorption and
refractive index (RI) arranged along the elution path of

the HPLC (Fig. 5(a)). The combined measurements allow
resolving solution structures and compositions of biomac-
romolecules and their complexes in one sample elution.
Uniquely designed is an integrated detecting system com-
prising an Eiger X 9M detector (active area 233 x 245 mm?)
of the Dectris for SAXS and a custom-designed Eiger X 1M
detector (79.9 x 77.2 mm?) for WAXS. The latter has a large
open slot (30 x 60 mm?) by the edge of the active detector
area for simultaneous SAXS-WAXS without much block-
ing the view angle of the SXAS detector (Fig. 4(c)). These
two X-ray detectors of pixel resolution 75 x 75 um? move

independently with multiple degrees of freedom inside a
large vacuum vessel of length 12 m and diameter 1.5 m,
providing dynamic and quick changes in the detecting con-
figuration for optimized data collections (Fig. 4(a)). Figure
5(b) demonstrates a case of simultaneous SAXS/WAXS
measurements with the on-line HPLC/UV-vis/RI system

for a model protein of bull serum bovine, covering a wide
g-range. The merged data can be described with the crystal
structure of a protein data back (PDB id: 3B03) uptog=1.0
A demonstrating the success of the uniquely combined
BioSAXS-WAXS measurements of TPS 13A, which would
open a new standard and research trend in studying solu-
tion structures of biomacromolecules.

The TPS BioSAXS beamline has shown its facilities that
outperform many worldwide SAXS beamlines through
the unique features demonstrated. These include (1) the
high-flux mode with integrated measurements of SAXS/
WAXS/UV-vis-absorption/refractive-index and an on-line
HPLC system, allowing frontier studies of biomacromolec-
ular solution structures and kinetics over wide length and
time scales, (2) USAXS mode to resolve hierarchical struc-
tures of bio-machinery assemblies up to length scale um,
and (3) microbeam SAXS/WAXS for correlated crystal and
nanostructural mappings. This new dedicated TPS BioSAXS
beamline aims to provide user-friendly routine measure-
ments and cutting-edge research opportunities on biolog-
ical structures for the domestic research community and
overseas users. (Reported by U-Ser Jeng, with the inputs
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Fig. 5: (a) Integrated system of on-line sample purification with coordinated SAXS/WAXS/UV-vis absorption/ refractive-index measurements at BioSAXS
beamline TPS 13A that allows combined measurements to resolve solution structures and compositions of biomacromolecules and their com-
plexes, in one sample elution. (b) Simultaneously measured SAXS-WAXS data of model protein bull serum albumin (BSA). The data are fitted well
up tog=1.0A" using CRYSOL and a PDB structural model shown in the inset.
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