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Abstract: Serial crystallography (SX) enables the determination of room-temperature structures
with minimal radiation damage. The photon flux of the pink beam of 1.2% bandwidth (BW) is
one order higher than that of the monochromatic beam from a silicon crystal monochromator, and
the energy resolution of 1.2% BW is enough to solve the structure; therefore, it is useful to use
the pink beam for time-resolved serial synchrotron crystallography (SSX). Here, we demonstrate a
pink-beam serial synchrotron crystallographic study at the 1C beamline at the Pohang Light Source
II. Lysozyme crystals embedded in a beef tallow injection matrix were delivered through a syringe
into the X-ray interaction point. Pink-beam SSX was performed with different X-ray exposure
positions to the injection stream (center and edge) and X-ray exposure times (50 and 100 ms). All
lysozyme crystal structures were successfully determined at a high resolution of 1.7 Å. Background
analysis showed that X-ray diffraction data exposed to the edge of the injection stream could improve
the signal-to-noise ratio. All the diffraction data and room-temperature lysozyme structures were
comprehensively compared. The data collection strategy and analysis will be helpful in further
pink-beam SSX experiments and their applications.

Keywords: serial crystallography; pink-beam; synchrotron; room-temperature; crystal structure

1. Introduction

Serial crystallography (SX) using an X-ray free electron laser (XFEL) or synchrotron
X-ray enables the determination of the room-temperature structure of macromolecules
while minimizing radiation damage [1–4]. The SX with pump-probe or mix-and-inject
experiments envisages the time-resolved molecular dynamics of the target molecule [5–7].
Collectively, the SX technique provides a more reliable biological macromolecular structure
and detailed molecular mechanism than conventional macromolecular crystallography [8].

XFELs generate intense X-rays with ultrashort pulse widths; therefore, serial femtosec-
ond crystallography (SFX) using XFEL is very useful for time-resolved studies of short time
delays (fs–ns). However, XFEL does not provide sufficient beam time for users to conduct
research. As an alternative, serial synchrotron crystallography (SSX) using a synchrotron
source has been applied [9].

At the Pohang Accelerator Laboratory (PAL), SFX experiments were performed using a
nanocrystallography and coherent imaging (NCI) experimental hutch at PAL-XFEL [10,11].
SSX using a monochromatic beam was performed at the microfocusing beamline 11C at the
Pohang Light Source II (PLS-II) and successfully demonstrated the SSX with the fixed-target
scanning method [12,13] or viscous medium-based sample delivery approaches [14,15].
Extended SSX scientific programs, such as pump-probe or mix-and-inject experiments, are
conducive for observing time-resolved molecular dynamics at ps to µs at the synchrotron.
However, this experiment may not be easily conducted at the 11C beamline due to the
limitations of the photon flux.
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The energy bandwidth of a monochromatic beam (∆E/E ≈ 10−4) from a silicon
monochromator, which is mainly used in synchrotron radiation, is five times narrower
than the bandwidth of XFEL pulses (∆E/E ≈ 2 × 10−3) [16]. The monochromatic beam
of higher energy resolution has a lower chance of meeting the diffraction conditions in
the crystal [17], which results in a higher sample consumption than XFEL. To overcome
this problem, pink-beam serial crystallography with a wide energy bandwidth has been
performed [16,17]. Pink-beam X-rays have a broad bandwidth and a better chance to
provide a greater number of reflections in the same image than monochromatic beams. As
a result, it effectively reduces sample consumption. Additionally, its higher photon flux,
compared to that of the monochromatic beam, allows for a shorter X-ray exposure time,
which reduces the radiation damage and improves the time resolution.

The 1C beamline at the PLS-II is in operation for time-resolved X-ray absorption,
emission, and solution-scattering experiments. Its source is an in-vacuum undulator, and it
provides monochromatic and pink beams from the Si (111) crystal and Mo/B4C multilayer;
the available X-ray energy ranges are 2.3–23 keV and 5–23 keV (1.2% BW), respectively. Its
laser system is designed to provide 5 kHz femtosecond laser pulses for various sample
environments. The pink beam and time-resolved capability can potentially make the SSX
experiment in the beamline applicable for time-resolved macromolecular crystallographic
studies. Accordingly, demonstrating the SSX study at the 1C beamline will not only extend
the application of scientific programs at this beamline, but it will also provide a platform
for various SX applications using optical lasers.

Here, we report pink-beam serial synchrotron crystallography at the 1C beamline at
the PLS-II. Room-temperature lysozyme structures were collected using four different data
collection strategies depending on the X-ray exposure positions at the injection stream
and the X-ray exposure time. We successfully determined four crystal structures and
comparatively analyzed the dataset. We also discussed what needs to be improved for
future time-resolved pink-beam SSX.

2. Materials and Methods
2.1. Sample Preparation

Lysozyme powder (cat. L0036, Sigma-Aldrich, St. Louis, MO, USA) was dissolved
in a solution containing 0.1 M Na-acetate (pH 4.4) and 200 mM NaCl. Lysozyme solution
(100 mg/mL, 500 µL) was mixed with crystallization solution (1 mL) containing 0.1 M
Na-acetate (pH 4.4), 5% (w/v) PEG8000 and 4 M NaCl in a 1.5 mL microtube. This mixture
was vortexed at 3000 rpm for 20 s and incubated at room temperature for 1 min. The
dimensions of the cubic-shaped lysozyme crystals were approximately 20–40 µm. The
beef tallow injection matrix, as a sample delivery medium, was obtained from a previous
study [18]. Lysozyme crystals embedded in the beef tallow injection matrix were delivered
in a dual-syringe setup using a 1 mL BD Luer-Lok™ syringe (Sunderland, UK). The syringe
containing the sample was connected to a blunt-tip stainless-steel syringe needle (inner
diameter: 260 µm) and was installed in a syringe pump.

2.2. Data Collection

Data collection for the pink-beam serial synchrotron crystallography experiment was
performed at the 1C beamline at the PLS-II (Korea). The X-ray energy, X-ray bandwidth
(∆E/E), and photon flux were 15.48 keV, 1.2%, and ~5 × 1012 phs/s, respectively. The
vertical and horizontal beam sizes of the X-rays were 70 µm and 80 µm (full width at half
maximum, FWHM), respectively. Crystals embedded in the beef tallow injection matrix
were delivered using a syringe pump-based sample delivery method [13]. A Fusion Touch
100 syringe pump (Chemyx, Stafford, TX, USA) was installed on the laboratory jack. The
position of the injection stream extruding from the syringe needle tip was aligned with
the X-ray interaction point. The crystal embedded in the beef tallow injection matrix was
extruded to the X-ray interaction point using a syringe pump at a flow rate of 1 µL/min.
Four different data collections were performed depending on the X-ray exposure time
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(50 ms or 100 ms) and the X-ray exposure position on the injection stream (center or edge,
which was 50 µm away from the stream edge). The X-ray was continuously exposed to the
injection stream without the shutter mode. The diffraction patterns were recorded on a
Pilatus3S 2M with a 10 or 20 Hz readout and at 26 ± 0.5 ◦C.

2.3. Data Processing and Analysis

The hit images containing Bragg peaks were filtered using Cheetah [19]. The diffraction
patterns were processed using CrystFEL [20] with XGANDALF [21] algorithms. Diffraction
was visualized using ADXV software (https://www.scripps.edu/tainer/arvai/adxv.html
(accessed on 1 October 2022)). Statistical analyses were performed using CrystFEL [20].

2.4. Structure Determination

The phasing problem was solved using molecular replacement methods with Phaser-
MR in PHENIX [22] using the lysozyme crystal structure (PDB code: 7WUC) [23] as
the search model. The models were built using COOT [24]. Structure refinement was
performed using phenix.refinement in PHENIX [22]. The quality of the final structures
was validated using MolProbity [25]. The structural figures were generated using PyMOL
(https://pymol.org/ (accessed on 1 October 2022)).

3. Results
3.1. Experimental Setup for Pink-Beam SSX

Pink-beam SSX data collection was performed at the 1C beamline at the PLS-II. A
syringe and syringe-pump-based sample delivery approach was applied to deliver the
microcrystals to the X-ray interaction point. The syringe pump and syringe were installed in
the vertical direction on three manually adjustable laboratory jacks (Figure 1a,b). Lysozyme
crystals were used as model samples to demonstrate and evaluate diffraction quality. To
reduce the sample consumption, a viscous medium-based sample delivery method was
applied. Lysozyme crystals were embedded in a beef tallow injection matrix to deliver
crystals to the X-ray beam path in a stable and serial manner and at a low flow rate.
This beef tallow produced a stable injection stream, even at a flow rate of <1 nL/min.
However, if microcrystals were delivered to the X-ray interaction point at a low flow rate,
the microcrystals were exposed to X-rays several times and for long durations due to
the X-ray beam size. To reduce the multiple exposures of the microcrystals, these were
delivered to the X-ray interaction point at a flow rate of 1 µL/min (Figure 1c). The width of
the injection stream was approximately 300 µm. The sample injection stream was aligned
to the X-ray beam path using a visual camera (Figure 1c).
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Figure 1. Experimental setup and sample injection for pink-beam serial crystallography. (a) Experi-
mental setup of pink-beam serial crystallography at the 1C beamline at the PLS-II. (b) A close-up view
of the sample environment. (c) Injection of lysozyme crystal embedded in the beef tallow injection
matrix. The X-ray position is denoted by the white arrow.

https://www.scripps.edu/tainer/arvai/adxv.html
https://pymol.org/


Crystals 2022, 12, 1637 4 of 11

3.2. Pink-Beam SSX Data Collection

X-rays were exposed to the injection stream, and the lysozyme diffraction pattern and
background scattering of the injection matrix were observed. The lysozyme diffraction
pattern was successfully indexed during the data processing step; however, the higher back-
ground scattering from the beef tallow injection matrix was approximately 400–600 analog-
to-digital units (ADUs), which was higher than the previous background scattering of the
beef tallow injection matrix (approximately 40 ADU) [18]. The high background scattering
of beef tallow in this experiment could deteriorate the signal-to-noise ratio (SNR).

The injection stream has a cylindrical shape; therefore, the background scattering from
the beef tallow could differ depending on the X-ray exposure positions to the injection
stream. When X-rays are exposed to the center of the injection stream, background scatter-
ing from beef tallow can be maximized. However, when X-rays were exposed to the edge of
the injection stream, the background scattering from the beef tallow was lower than at the
center position of the injection stream. To investigate the effect of X-ray exposure location
on background scattering, pink-SSX was performed depending on the X-ray exposure
positions at the injection stream. Furthermore, to investigate the variation of the diffraction
quality with the exposure times, pink-SSX was performed with a 50 ms or 100 ms X-ray
exposure time.

Four different datasets were collected as follows: (1) X-ray exposure to the edge
of the injection stream for 50 ms (named LysEdge50), (2) X-ray exposure to the center
of the injection stream for 50 ms (LysCenter50), (3) X-ray exposure to the edge of the
injection stream for 100 ms (LysEdge100), and (4) X-ray exposure to the center of the
injection stream for 100 ms (LysCenter100). The total amounts of hit images obtained for
LysEdge50, LysCenter50, LysEdge100, and LysCenter100 were 22,181, 27,346, 17,532, and
28,579, respectively (Table 1).

Table 1. Data collection statistics.

Data Collection LysEdge50 LysCenter50 LysEdge100 LysCenter100

X-ray source 1C, PLS-II 1C, PLS-II 1C, PLS-II 1C, PLS-II

X-ray energy (eV) 15,860 15,860 15,860 15,860

X-ray exposure (ms) 50 50 100 100

Hits images 22,181 27,346 17,532 28,579

Indexed images 17,987 20,064 14,410 23,708

Indexed patterns 31,109 31,376 27,453 43,357

Used patterns 25,000 25,000 25,000 25,000

Space group P43212 P43212 P43212 P43212

Cell dimension (Å)
a, b, c 78.88, 78.88, 38.05 78.88, 78.88, 38.05 78.88, 78.88, 38.05 78.88, 78.88, 38.05

Resolution (Å) 80.6–1.70 (1.76–1.70) 80.6–1.70 (1.76–1.70) 80.6–1.70 (1.76–1.70) 80.6–1.70 (1.76–1.70)

Unique reflections 14,189 (1380) 14,189 (1380) 14,189 (1380) 14,189 (1380)

Completeness (%) 100.0 (100.0) 100.0 (100.0) 100.0 (100.0) 100.0 (100.0)

Redundancy 925.4 (503.9) 551.7 (300.5) 1256.7 (687.5) 830.0 (455.6)

SNR 6.78 (1.76) 6.13 (1.50) 6.73 (1.79) 6.51 (1.88)

CC 0.9880 (0.4404) 0.9881 (0.4314) 0.9891 (0.4787) 0.9876 (0.5542)

CC* 0.9969 (0.7820) 0.9970 (0.7763) 0.9972 (0.8046) 0.9968 (0.8445)

Rsplit (%) a 11.99 (71.60) 12.43 (82.83) 12.23 (64.22) 12.35 (59.72)

Values for the outer shell are given in parentheses. a Rsplit =
(

1√
2

)
·∑hkl |Ieven

hkl −Iodd
hkl |

1
2 |Ieven

hkl −Iodd
hkl |
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The Bragg peaks showed a slightly stretched shape for all diffraction datasets while
using pink-beam X-rays (Figure 2a,b). Background scattering signals of beef tallow were ob-
served at 14.5, 4.8–4.2, and 3.8 Å (Figure 2a), which are identical to our previous report [18].
Statistical analyses of 25,000 diffraction patterns from the four datasets were performed. In
the low-resolution region (beam center to 3.5 Å), where beef tallow injection background
scattering is observed, the SNR of the data of the edge exposure was 10–20% higher than
that of the data of the center exposure (Figure 2c). This indicated that exposing X-rays to
a thin area in the injection stream reduced the background scattering and improved the
SNR. However, no significant difference in the SNR was observed between the exposure
times of 50 ms and 100 ms (Figure 2c). In contrast, the exposure time of 100 ms showed
improved CC within a 2 Å resolution compared to the exposure time of 50 ms (Figure 2d).
Meanwhile, the statistical analyses of the entire dataset revealed that there is less than a
10% difference in the SNR, CC, CC*, and Rsplit among the data.
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Figure 2. Analysis of pink-beam SSX data. (a) Typical diffraction images. (b) Close-up view of Bragg
peaks. Comparison of the (c) SNR and (d) CC from four different pink-beam SSX data.

3.3. Structure Determination

The phase problems of LysEdge50, LysCenter50, LysEdge100, and LysCenter100
were solved using the molecular replacement method, and all the data were refined with
1.7 Å (Table 2).

Table 2. Data refinement statistics.

Refinement LysEdge50 LysCenter50 LysEdge100 LysCenter100

Resolution (Å) 55.78–1.70 55.78–1.70 55.78–1.70 55.78–1.70

Rwork
a 21.14 (28.18) 21.77 (30.01) 22.55 (27.90) 22.73 (25.82)

Rfree
b 23.15 (33.21) 23.41 (37.84) 25.63 (34.56) 25.64 (29.94)

R.m.s. deviations

Bonds (Å) 0.008 0.015 0.004 0.009

Angles (◦) 1.100 1.473 0.758 2.383
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Table 2. Cont.

Refinement LysEdge50 LysCenter50 LysEdge100 LysCenter100

B factors (Å2)

Protein 22.17 21.02 20.40 19.45

Ligand 26.28 26.33 23.55 22.37

Water 35.43 32.06 32.27 32.23

Ramachandran plot

Favoured (%) 99.21 99.43 99.21 99.21

Allowed (%) 0.79 0.57 0.79 0.79

PDB 8H8T 8H8U 8H8V 8H8W
Values for the outer shell are given in parentheses. a Rwork = Σ||Fobs|−|Fcalc||/Σ|Fobs|, where Fobs and Fcalc
are the observed and calculated structure-factor amplitudes, respectively. b Rfree was calculated as Rwork using a
randomly selected subset (10%) of unique reflections not used for structure refinement.

All the amino acids, including the lysozyme side chains, from the four datasets were
almost clearly observed in the electron density maps (Figure 3a), showing that there was
no difference in the quality of the visually observed electron density maps (Figure 3a). The
Rwork and Rfree values of the data exposed to X-rays for 50 ms (Rwork/Rfree, 21.14/23.15 for
LysEdge50 and 21.77/23.41 for LysCenter50) showed lower values than the samples exposed
to X-rays for 100 ms (22.55/25.63 for LysEdge100 and 22.73/25.64 for LysCenter100) (Table 2).
In the lysozyme structure, eight cysteine residues form four disulfide bonds (C24–C145,
C48–C133, C82–C98, and C94–C112). The sulfur in cysteine is relatively sensitive to radiation
damage because of its high atomic number compared to other amino acid atoms [26]. In
particular, when a specific X-ray dose limit was exceeded for lysozyme crystals, specific
radiation damage was observed, in which a negative electron density peak appeared in
the Cys6-Csy127 disulfide bond at cryogenic or room temperature [26,27]. To determine
whether radiation damage occurred, electron density maps for 2mFo-DFc and mFo-DFc for
the disulfide bond of lysozyme were analyzed. No significantly negative electron density map
was observed for the disulfide bonds of all lysozyme datasets (Figure 3b).
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1.0 σ) and mFo-DFc (green mesh 3.0 σ, and red mesh −3.0 σ) electron density maps for the disulfide
bonds (C24–C145, C48–C133, C82–C98, and C94–C112) of lysozyme.
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3.4. Structure Analysis

The number of reflection intensities using a non-monochromatic broad-bandpass
beam is significantly higher than those using monochromatic radiation, indicating that
pink-beam SSX reduces the data collection time and sample consumption when compared
to SSX using monochromatic radiation [16,28]. We examined the minimal images to obtain
reliable structures by reprocessing the collected LysEdge50 dataset. Data resolution was cut
off when overall CC* and SNR were >0.9 (high resolution shell: >0.4) and >1, respectively.
When the diffraction pattern was <600, the overall CC* did not reach 0.9.

A 700, 1000, 2000, and 3000 diffraction pattern were processed to a resolution of 2.30,
2.10, 2.00, and 1.90 Å, respectively (Table 3). As the number of diffraction pattern images
increased, the resolution, SNR, CC, CC*, and Rsplit values improved (Table 3). Next, using
the processed data, molecular replacement (MR) was performed to solve the phasing
problem, and all the data provided a clear MR solution with a high log likelihood gain
(LLG) of 1313.431–3253.941 and a translation function Z score (TFZ) of 34.0–47.3 (Table 3).

Table 3. Data collection and refinement statistics.

Data Processing LysEdge50

Diffraction Patterns 700 1000 2000 3000

Resolution (Å)
80.6–2.30

(2.38–2.20)
80.6–2.10

(2.17–2.10)
80.6–2.00

(2.07–2.00)
80.6–1.90

(1.97–1.90)

Unique reflections 5903 (572) 7674 (742) 8847 (854) 10264 (997)

Completeness (%) 99.95 (99.65) 99.97 (98.87) 100.0 (100.0) 100.0 (100.0)

Multiplicity 42.2 (29.8) 52.8 (37.1) 88.0 (61.9) 127.6 (83.4)

SNR 1.92 (1.35) 2.05 (1.09) 2.58 (1.21) 2.95 (1.32)

CC 0.7082 (0.4656) 0.7628 (0.4447) 0.8499 (0.4072) 0.8944 (0.5011)

CC* 0.9106 (0.7971) 0.9303 (0.7846) 0.9585 (0.7607) 0.9717 (0.8171)

Rsplit (%) 53.61 (90.40) 48.99 (117.90) 37.08 (102.33) 31.48 (92.34)

MR solution

Top LLG 1313.431 1857.711 2603.237 3253.941

Top TFZ 34.0 39.2 43.7 47.3

Refinement

Resolution (Å) 55.78–2.30 55.78–2.10 55.78–2.00 55.78–1.90

Rwork 0.2671 0.2691 0.2552 0.2466

Rfree 0.3452 0.3607 0.2890 0.2960
Values for the outer shell are given in parentheses.

Structure refinement was performed on the MR solutions, and all data showed a
clear electron density map for all amino acids (Figure 4). When LysEdge50 data using
700 and 1000 diffraction patterns were refined at 2.3 Å and 2.1 Å, respectively, Rwork/Rfree
were 0.2671/0.3452 and 0.2691/0.3607, respectively. The high R values of LysEdge50 from
700 and 1000 patterns were considered insufficient for the complete dataset in terms of
SNR, CC, and Rsplit values (Table 3). Meanwhile, when LysEdge50 data using 2000 and
3000 diffraction patterns were refined at 2.0 Å and 1.9 Å, respectively, Rwork/Rfree were
0.2552/0.2890 and 0.2466/0.2926, respectively, which are considered acceptable R values.
Nevertheless, the 2000 and 3000 diffraction pattern data have lower overall data collection
and refinement statistics compared to the complete dataset (Tables 1 and 2), indicating that
more reliable data can be obtained with more images. As the number of diffraction patterns
increased, the quality of the electron density map improved because more diffraction
patterns resulted in a more complete dataset and improved resolution.
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4. Discussion

Pink-beam SSX experiments have the advantage of being able to determine the room-
temperature structure using fewer image numbers because of the corresponding wide
bandwidth when compared to monochromatic beams [16,17,28]. Moreover, because the
photon flux of a pink-beam X-ray is at least one order higher than that of a monochromatic
beam, short X-ray exposure can be used to collect diffraction data, which has the benefit of
reducing the data collection time and time-resolved crystallography study in terms of short
time delay [16,17].

The successful demonstrations of these pink-beam SSX experiments enable the ex-
tension of the scientific program of the 1C beamline designed for time-resolved absorp-
tion/emission and solution-scattering studies. During data collection, a beef tallow injec-
tion matrix was used to deliver a crystal sample. The collected diffraction images showed
background scattering from the beef tallow injection medium, which was higher than that
in our previous experiments performed on microfocusing beamlines with monochromatic
beams [18]. The reasons for the high background scattering in the beef tallow injection
matrix in this experiment were as follows: (1) High photon flux—background scattering
with high intensity could be generated from the viscous medium by a high photon flux.
(2) Large pink X-ray beam size (70 × 80 µm, FWHM)—the pink X-rays exposed a large
area of the injection stream, thereby generating a higher background scattering than that of
the microfocusing beam (4.5 × 8.5 µm, FWHM). (3) Thick syringe needle (inner diameter:
260 µm)—the thickness of the viscous medium was wider than that of the previously
used syringe needle (inner diameter: 168 µm), which may have increased the background
scattering from the viscous medium.

Despite this high background scattering, no remarkable problems were observed
in data processing and structure determination, which may be due to high-diffraction-
intensity lysozyme crystals being used. If a crystal sample with weak diffraction intensity
was applied, the diffraction quality in terms of SNR would have deteriorated because of
background scattering. Accordingly, it is necessary to reduce the background scattering
in future studies. The background scattering can be reduced by modifying the beam size
and viscous medium. Further improvement of the beamline focusing system could in-
crease the diffraction intensity and reduce background scattering and sample consumption.
Our results show that when X-rays are exposed to the edges and centers of the injection
stream, X-rays exposed at thin edges exhibit relatively good SNR (Figure 2). Hence, if the
syringe needle has a narrow inner diameter and the injection stream thickness is narrow,
background scattering can be dramatically reduced. This includes the benefits of reducing
sample consumption and background scattering. Furthermore, viscous materials with
low background scattering, such as LCP [29], polyacrylamide [30], wheat starch [31] and
alginate [31], can be used as the sample delivery medium.

In the current study, considering the flow rate of the injection stream and X-ray beam
size, the crystal samples were exposed to X-rays multiple times. Although no significant
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radiation damage was observed on the electron density map of the disulfide bond, it
is possible that global radiation damage occurred. To minimize radiation damage, it is
necessary to minimize the size of the X-rays as much as possible, and samples should be
delivered at a flow rate that does not expose the crystal to X-rays multiple times. In this
experiment, we collected four datasets based on the X-ray exposure time and injection
stream location. All the data showed similar statistical values, but as a result of refinement,
the 100 ms exposure data had slightly higher R values compared to the 50 ms exposure
data. Further study will be necessary to determine the correlation between X-ray exposure
time, radiation damage, and R values suitable for pink-beam SSX.

We also investigated the minimum image number required for structure determination
using pink-SSX. The merged 700 diffraction patterns are not high-quality data in terms of
SNR, CC, and Rsplit, but the MR solution and a clear electron density map were successfully
obtained. However, this is not unique to pink-SSX, because in previous XFEL studies with a
lard injection matrix [32] and fixed-target SSX with a polyimide mesh-based sample holder
with irregular crystal mounting holes [13], MR phasing and electron density maps could be
obtained even with 956 and 1000 diffraction patterns, respectively.

The wider the X-ray bandwidth, the more reflection information is produced [28],
which reduces the data collection time and has a significant advantage in terms of sample
consumption [16]. Currently, the 1C beamline uses X-rays with 1.2% bandwidth, but this
is to be increased to 5% bandwidth for other scientific applications. When applying the
pink-beam SSX using a 5% bandwidth X-ray, the sample consumption was drastically
reduced. Collectively, we demonstrated the feasibility of pink-beam SSX experiments on
the 1C beamline. This indicates that research on the determination of the macromolecules
of room-temperature structures using the pink-beam and SSX experimental techniques of
the 1C beamline can be routinely conducted. Since the 1C beamline is coupled with a laser
system designed to provide 5 kHz femtosecond laser pulses, time-resolved pink-beam SSX
research on photoactive proteins or photocages containing the ligands is possible.

Furthermore, to perform time-resolved pink-beam SSX experiments on this beamline,
it is necessary to investigate the minimum X-ray exposure time at which the diffraction
signal can be observed using focused X-rays, which will provide the time resolution for
time-resolved pink-beam SSX.

5. Conclusions

Here, we successfully demonstrated the feasibility of pink-beam SSX experiments
at the 1C beamline at the PLS-II. This not only extends the scientific program of the 1C
beamline but also provides SSX researchers with new beamline information that can be
performed on the SSX experiment. This result will serve as a starting point for the possibility
of conducting time-resolved studies on photoreaction-related macromolecules in the PLS-II
in the future.
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