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ABSTRACT
A fourth-generation light source (Korea-4GLS) with 4-GeV electron energy, 58-pm-rad electron emittance, and 400-mA electron current is
under construction at Ochang, Korea. Here, we describe the advantages of the Korea-4GLS compared with the light source at Pohang (Pohang
Light Source: PLS-II) in terms of the geometry of its probing techniques and application materials. In the case of probing laterally homogeneous
specimens where an X-ray size from 10 𝜇m to 1 mm is permissible and the sample is generally larger, then techniques such as X-ray scattering, X-ray absorption spectroscopy, and X-ray photoelectron spectroscopy benefit from flux increase. In this case, the Korea-4GLS is better
than the PLS-II in the energy range of approximately 1–2.5 keV (higher energy spectrum for soft X-ray-based techniques), 2–4 keV (medium
energy-based techniques), and 10–100 keV (higher energy spectrum for hard X-ray-based techniques). When probing laterally inhomogeneous
specimens, the X-ray size must be below 1 𝜇m. Here, nano-probe and spectro-nanoscopy techniques, such as coherent diffraction imaging,
ptychography, scanning type transmission X-ray microscopy, or photoelectron microscopy leverage the increase in brilliance. These techniques
can leverage all photon energy ranges, especially soft X-ray spectro-nanoscopes (>100-fold gain at the focused area) that require an exit slit as a
virtual light source.
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1. Introduction
X-rays from synchrotron radiation facilities or synchrotron light
sources have been widely applied in probing various materials [1–7].
The principle behind synchrotron radiation-based material analysis is
light-matter interaction [1–3], with light or X-rays in the energy range
of approximately 20 eV–100 keV. Here, X-rays can be categorized as
‘soft X-rays’, ‘medium energy X-rays’, and ‘hard X-rays’ corresponding
to the photon energy ranges of 20 eV–2.5 keV, 2–4 keV, and 3–100 keV.
In this context, the relationship between the energy and wavelength of
X-rays are given by 𝜆 ≈ 1240/E, where 𝜆 and E denote the photon
wavelength in nm and photon energy in eV, respectively.
The light-matter interaction results in diverse measurable quantities. X-ray intensity distribution in space resulting from the scattering and interference of X-rays out of the specimen (or sample),
energy changes in the outgoing X-rays, generation of free electrons
from the specimen with specific kinetic energies, spatial distribution
of ejected electrons, and X-ray intensity change through the specimen
are a few examples. Accordingly, diverse types of probing techniques
have been developed to measure these quantities and extract the physical and chemical properties of the specimen [1–7]. Some of these
techniques, such as X-ray scattering (XRS), X-ray diffraction (XRD),
and X-ray absorption spectroscopy (XAS) in transmission, electron
yield, and fluorescence modes are illustrated in Fig. 1. XAS can be further classified into extended X-ray absorption fine structure (EXAFS)
and near-edge X-ray absorption fine structure (NEXAFS). In addi-

Figure 1. Schematic of X-ray techniques. Full names of the acronyms are described in the text.

tion, X-ray photoelectron spectroscopy (XPS), X-ray/photo-emission
spectroscopy (XES), and X-ray fluorescence spectroscopy (XFS) are illustrated in Fig. 1. Furthermore, these techniques can be categorized
into scattering and spectroscopy techniques, where the scattering techniques probe the lattice parameter, atomic, molecular, crystal, and geometrical structure, while spectroscopy techniques probe the valence
state, oxidation number, electronic structure, electron-energy structure, and crystal structure of the specimen. In addition to the developments in these scattering and spectroscopy techniques, significant
technical developments have recently been achieved in X-ray imaging
and X-ray focusing (or X-ray lens) [4,5]. Consequently, X-ray imag-
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ing, X-ray microscopy, X-ray nanoscopy, or a combination of these
techniques with scattering and spectroscopy techniques have become
highly effective methods for probing materials [4,5]. It must also be
noted that X-ray imaging is used to probe the internal structure of
a specimen non-destructively, whereas spectro-nanoscopy is used to
probe the local structure and chemical states of the materials within
the region of interest (ROI) with submicron spatial resolution.
Because synchrotron-based X-ray techniques are widely being accepted as superior or complementary to other probing techniques,
the demand for the adoption of X-ray techniques at the PLS-II has
increased; hence, beamtime applications have become overbooked
[7]. Furthermore, more competitive probing techniques, such as
nanoprobes with improved data quality, are required for exploring
new scientific avenues in the field of energy. Accordingly, the Korea4GLS was developed in Ochang, in which the emittance of the electron
beam in the storage ring is the 100 times less than that of the PLS-II,
and the electron beam energy is 4 GeV [8]. However, the electron current was identical to that in the PLS-II. Consequently, the flux is higher
for certain photon energies and brilliance increases substantially (by
a factor of approximately 100 or greater) for all photon energies [8].
This manuscript describes the advantages of the Korea-4GLS over the
PLS-II in terms of the delivered intensity of X-rays to the ROI of the
specimen.

2. Impact of flux and brilliance on probing techniques
2.1. Flux and brilliance from X-ray sources
The electron parameters inside the storage ring are summarized
in [8]. Briefly, the electron beam energy, emittance, and current are 4
GeV, 58 pm-rad, and 400 mA, respectively. The circumference of the
storage ring is 800 m, and the beam stabilities at the insertion device
are 2.5 and 0.45 um in the horizontal and vertical directions, respectively. The root mean square value of the bunch length is 13 ps. The
flux and brilliance of X-rays are estimated for the bending magnet,
wiggler, and undulators, based on the parameters of these sources, as
summarized in [8]. The flux and brilliance simulated by the SPECTRA code [9] for the Korea-4GLS and PLS-II are presented in Figs. 2
and 3, respectively. In these Figures, the insertion device parameters
(magnetic field, insertion device length, and period) are set to identical
values for both the Korea-4GLS and PLS-II.
In Fig. 2, the unit of flux is photons/s/0.1%BW. The solid and dotted
lines represent PLS-II and Korea-4GLS, respectively. The flux primarily depends on the electron current and energy in the storage ring [10].

Figure 2. Flux estimated with SPECTRA code for Korea-4GLS and PLS-II. The electron parameters are obtained from [8]. The insertion device parameters (length,
period, and magnetic field) are set to identical values for both facilities.
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Figure 3. Brilliance estimated with SPECTRA code for Korea-4GLS and PLS-II. The
electron parameters are obtained from [8]. The insertion device parameters
(length, period, and magnetic field) are set to identical values for both facilities.

The higher electron energy (4 GeV) of the Korea-4GLS results in an
effective energy shift towards a higher-energy spectrum, which manifests in the bending magnet spectrum, as well as the insertion devices
spectra. Compared with those of PLS-II, the flux is increased in the
energy regions marked ‘A’, ‘B’, ‘C’, and ‘D’ where the photon energy
lies in a range of approximately 0.5–2.5 keV (higher energy spectrum
of soft X-rays generated by undulators), 2–4 keV (medium energy Xrays from soft X-ray undulators), 10–40 keV (higher energy spectrum
of hard X-rays from undulators, wigglers, and a bending magnet), and
30–100 keV (higher energy spectrum of hard X-rays from wigglers and
bending magnet), respectively.
In Fig. 3, the unit of brilliance is photons/s/mm2 /mrad2 /0.1%BW.
The solid and dotted lines represent PLS-II and Korea-4GLS, respectively. The brilliance is significantly enhanced, i.e., by a factor of approximately 10–1,000 in all of the energy ranges. This increase can be
attributed to the reduced emittance of the electron beam. In conclusion, Figs. 2 and 3 demonstrate that material-probing techniques that
are sensitive to brilliance will exhibit optimal advantages.
2.2. Advantages of flux gain for probing techniques
The constraints for the beamlines of synchrotron radiation probing
techniques can be classified into two in terms of the delivery efficiency
of X-ray intensity into the ROI of the specimen: i) the size of the X-ray
is permitted to be relatively large, i.e., up to approximately 1 mm at the
sample. and the specimens are laterally homogeneous or uniform and
larger in size than the X-ray size, such as in powder samples. ii) the
size of the X-rays must be less than 1 𝜇m. This is typically used to perform nano-probe or spectro-nanoscopy in the case of heterogeneous
samples or samples of the order of several to tens of micrometers in
size.
The first case is illustrated in Fig. 4, which shows the schematic plan
view of a beamline that delivers loosely focused X-rays to the sample.
In the phase-space concept, all X-rays from the X-ray source are delivered to the specimen. Here, the geometry indicates differences based
on the soft and hard X-ray beamlines. In the case of a soft X-ray beamline guided by blue dotted lines after the beamline optics, an exit slit is
typically situated before an endstation that is equipped with probing
techniques to monochromatize X-rays. To achieve the desired spectral or energy resolution (a spectral resolving power of approximately
5,000), the width of the exit slit is conventionally 10–50 𝜇m along the
direction of dispersion (vertical direction). In the horizontal direction, as illustrated in Fig. 4, the width can be several millimeters or
wider. A condensing mirror set may be positioned between the exit
slit and the sample position with probing techniques to reduce the soft
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Figure 4. Schematic plan view of a beamline that delivers X-rays efficiently to
specimen positions. In this beamline, the size of X-rays is approximately 1 mm
or tens of 𝜇m, and the specimen is laterally homogeneous. In this case, the
beamline performance improves with the flux gain.

X-ray size. In the case of hard X-ray beamlines, a pair of double crystals monochromatizes the X-rays; thus, no narrow exit slit is required
for the beamline. As a result of this geometry, X-rays can be efficiently
delivered to the sample position (guided by the pink dotted lines after the beamline optics). A condensing mirror set, such as the K-B
mirrors set, can be placed between the double crystals and the sample to condense the X-rays. Both the soft and hard X-ray beamlines
deliver X-rays in the millimeter size or of the order of several tens to
hundreds of 𝜇meters in size to the sample. This is achieved without
losing any of the X-rays, provided that the beamline optics (blue box
in the figure) accept X-rays from the source, regardless of their size or
divergence. Therefore, the beamline of the Korea-4GLS with a smaller
X-ray size and emittance exhibits a negligible advantage over a beamline with a larger X-ray size and emittance; that is, in these beamlines,
all the X-rays are efficiently delivered to the sample position. Consequently, the competitiveness of the probe is determined solely by the
flux. This improves the photon energy ranges indicated by the ‘A’, ‘B’,
‘C’, and ‘D’ areas of Fig. 2. It must be noted that X-ray probing techniques such as XPS, XAS, XRD, EXAFS, NEXAFS, protein crystallography (PX), small-angle X-ray scattering (SAXS), and high-resolution
powder diffraction (HRPD) are applied in this case.
2.3. Advantages of brilliance gain for probing techniques
The other case is when the X-rays must be focused down to a size
less than 1 𝜇m or of the order of tens of nanometers to perform nanoprobe or spectro-nanoscopy. A schematic view of the beamline is presented in Fig. 5, in which a typical soft X-ray nanoscope is presented
on the right. A virtual source, an X-ray lens (e.g., a Fresnel zone plate),
and a sample are the basic components of this nanoscope. In the case
of soft X-ray nanoscopy, an exit slit in the horizontal direction is required as a virtual source, along with a vertical exit slit that serves as a
monochromator component. To realize a 10-nm X-ray size or 10-nm
space resolution with a moderate demagnification factor of 1,000, as
illustrated in Fig. 5, the virtual source size must be 10 𝜇m. According
to current conventions, the radius of a zone plate is approximately 100
𝜇m, and the distance from the virtual source to a zone plate is approximately 2 m, which results in a 50-𝜇rad numerical aperture. For practical applications, the virtual source size (or the exit slit width) is required to be small in both the horizontal and vertical directions. In the
vertical direction (elevation view), the exit slit width must of the order
of 10 𝜇m to provide the desired spectral resolution. The exit slit size in
the horizontal direction must also be approximately 10 𝜇m. The X-ray
or electron beam size in the storage ring at PLS-II is approximately 0.5
mm in the horizontal direction of the soft X-ray energy range. Consequently, considering the beamline optics demagnification, required
virtual source size, transmittance at the exit slit, and divergence acceptance at the X-ray lens, less than approximately 1 % of the X-rays
are delivered within the area of the zone plate (blue dotted line in Fig.
5). This inefficiency can be overcome with a lower emittance source
at the Korea-4GLS (red dotted line), where the transmittance through
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Figure 5. Schematic plan view of a beamline that requires X-rays strictly focused
down to the order of submicrometer or tens of nm in size for the nano-probe or
spectro-nanoscopy to investigate heterogeneous samples. In this case, delivery
of X-rays to the ROI of the specimen is inefficient for larger emittance source, and
the beamline performance improves with the brilliance gain.

the exit slit (smaller size) and the delivery of X-rays to the zone plate
are efficient (narrower divergence). Hence, the brilliance gain directly
provides substantial advantages in soft X-ray nanoprobes. In short, it
results in a 100-fold increase or greater in gain of X-ray intensity at the
ROI of the specimen.
In the case of hard X-rays, a double crystal set monochromatizes
X-rays. Thus, no exit slit is required, and the beamline does not need
a tight virtual source (pink dotted line for the PLS-II case) between
the beamline optics and the X-ray lens. The X-rays can be delivered
to the focusing X-ray lens without being tightly focused through a slit.
Considering the size of the hard X-ray lens, Korea-4GLS results in a
gain approximately 10 times greater than that of the PLS-II at the X-ray
lens. Hence, hard X-ray nano-probes also benefit from the increase in
brilliance gain.
When employing a zone plate as the focusing lens, the resulting
coherence improves the zone plate efficiency. The Korea-4GLS exhibits greater coherence than the PLS-II for all energy ranges [8].
Hence, practical improvements in the efficiency of the nanoprobe and
data quality can be achieved. Figure 3 shows that the Korea-4GLS
exhibits increased brilliance in all of the energy ranges compared with
the PLS-II. Furthermore, it provides several practical advantages, especially for soft X-ray nanoprobes that deliver over approximately
100 times gain by only considering the geometry of a beamline and
nanoprobe. In addition, several X-ray techniques such as coherent
diffraction imaging (CDI), coherent X-ray imaging (CXI), scanning
photoelectron microscopy (SPEM), nano angle resolved photoelectron spectroscopy (nano-ARPES), scanning transmission X-ray microscopy (STXM), and ptychography can leverage the features of the
Korea-4GLS to achieve improved performance. Finally, projection
imaging techniques at the Korea-4GLS also derive several benefits
when using an X-ray energy at approximately 100 keV, owing to the
increase in penetration depth and coherence, as well as the reduced
source size.

3. Conclusions
The flux and brightness of X-rays from different X-ray sources, as a
function of photon energy, were estimated from the electron beam parameters of the Korea-4GLS at Ochang and, subsequently, compared
with those of the PLS-II. The advantages that probing techniques derive from a gain in ‘flux’ and ‘brilliance’ were described based on the
X-ray delivery efficiency to the ROI of the specimen, considering the
its lateral homogeneity or uniformity. In summary, i) when X-rays
can be delivered to the ROI of the specimen with negligible loss, and
the specimen is uniform in lateral space, then flux gain influences the
performance of the probing technique used. For instance, XPS, XAS,
XRD, EXAFS, XAS, PX, and SAXS techniques benefit from flux gain
in the photon energy ranges denoted by ‘A’, ‘B’, ‘C’, and ‘D’ in Fig. 2.
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ii) When the X-ray is required to be focused down to a size of the order of submicrons or tens of nm, then brilliance is the deciding factor.
For instance, nano-ARPES, nano-XPS or SPEM, STXM, and Ptychography techniques benefit considerably from brilliance gain in the soft
X-ray region. In addition, CDI, CXI, Ptychography, and STXM in
hard X-rays also benefit, as well as RIXS or XES that prefer to adopt
an X-ray size of the order of tens of 𝜇m. iii) Finally, projection imaging techniques with high-energy (100 keV) X-rays will pave the way
for broader application of X-rays. Furthermore, the Korea-4GLS exhibits greater coherence than the PLS-II [8] for all the energy ranges,
owing to the decrease in X-ray size. Consequently, the techniques
that are sensitive to coherence, such as CDI, CXI, ptychography, and
nanoscopes with zone plates as the focusing lens, derive significant
benefits. Considering these advantages, it can be concluded that 4GLS
significantly enhances the competitiveness of material probing techniques. Thus, several facilities have been constructed, and more are
being planned globally [11–20].

Acknowledgments
HJS would like to acknowledge the support by the research grant
of the Chungbuk National University in 2021, and by ‘Regional Innovation Strategy (RIS)’ through the National Research Foundation of
Korea funded by the Ministry of Education (MOE) (2021RIS-001).

Conflicts of Interest
The authors declare no conflicts of interest.

ORCID
Hyun-Joon Shin

https://orcid.org/0000-0001-5309-4280

References
[1] D. Attwood and A. Sakdinawat, X-rays and Exgtreme Ultraviolet
Radiation: Principles and Applications (Cambridge University
Press, Cambridge, 2016), pp. 514-566.
[2] J. Stohr, NEXAFS Spectroscopy (Springer-Verlag, Berlin, 2002).
[3] J. Shohr and H. C. Siegmann, Magnetism: From Fundamentals
to Nanoscale Dynamics (Springer-Verlag, Berlin, 2006), pp. 221476.

74

http://www.e-asct.org

[4] H.-J. Shin, N. Kim, H.-S. Kim, W.-W. Lee, C.-S. Lee, and B. Kim,
J. Synchrotron Radiat. 25, 878 (2018).
[5] S. Gwo, D.-J. Huang, and D.-H. Wei, AIP Conf. Proc. 2054,
010001 (2019).
[6] Light Sources of the World https://lightsources.org (accessed
Jan. 20, 2022).
[7] PLS-II https://pal.postech.ac.kr (accessed Jan. 20, 2022).
[8] J. Ko, J. Lee, B.-H. Oh, K. Jang, M. Yoon, T. Ha, G. Hahn, D.-E.
Kim, and S. Shin, Nucl. Instrum. Methods Phys. Res. A: Accel.
Spectrom. Detect. Assoc. Equip. 1021, 165941 (2022).
[9] T. Tanaka and H. Kitamura, J. Synchrotron Radiat. 8, 1221
(2001).
[10] X-ray Data Booklet (LBNL/PUB-490 Rev. 3, 2009) https://xdb.
lbl.gov (accessed April 28, 2022).
[11] M. Eriksson, E. Al-Dmour, A. Andersson, M. Johansson, S. C.
Leemann, L. Malmgren, P. F. Tavares, and S. Thorin, Proceedings
of the 7th International Particle Accelerator Conference (Busan,
Korea, May 8-13, 2016), p. 11.
[12] L. Liu and H. Westfahl Jr., Proceedings of the 8th International
Particle Accelerator Conference (Copenhagen, Denmark, May
14-19, 2017), p. 1203.
[13] M. Aiba et al., SLS-2 Conceptual Design Report (Paul Scherrer
Institute, Villigen, 2017).
[14] E. Karantzoulis, Nucl. Instrum. Methods Phys. Res. A: Accel.
Spectrom. Detect. Assoc. Equip. 880, 158 (2018).
[15] C. Steier et al., Proceedings of the 10th International Particle Accelerator Conference (Melbourne, Australia, May 19-24, 2019),
p. 1639.
[16] Advanced Photon Source Upgrade Project https://www.aps.anl.
gov/files/download/Aps-Upgrade/PDR.pdf (accessed Jan. 20,
2022).
[17] S. M. Liuzzo, N. Carmignani, J. Chavanne, L. Farvacque, G. Le
Bec, B. Nash, P. Raimondi, R. Versteegen, and S. M. White, Proceedings of the 7th International Particle Accelerator Conference (Busan, Korea, May 8-13, 2016), p. 2818.
[18] Y. Jiao et al., J. Synchrotron Radiat. 25, 1611 (2018).
[19] C. G. Schroer et al., J. Synchrotron Radiat. 25, 1277 (2018).
[20] H. Tanaka, T. Ishikawa, S. Goto, S. Takano, T. Watanabe, and M.
Yabashi, Proceedings of the 7th International Particle Accelerator Conference (Busan, Korea, May 8-13, 2016), p. 2867.

ASCT Vol. 31 No. 3 (2022); https://doi.org/10.5757/ASCT.2022.31.3.71

