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Table 1: Main operational parameters of TLS storage ring

Taiwan Light Source (TLS)

Operational Parameters
Tables 1 lists the main operational parameters of the TLS storage ring and its associated insertion devices.

Status of TLS and TPS Accelerators

Beam energy (GeV) 1.5
Harmonic number 200
Maximum multi-bunch beam current (mA) 360
Horizontal beam emittance (nm∙rad) 22
Betatron tunes (νx/vy) 7.303 / 4.175
Lifetime at maximum beam current (hour) > 5
RF voltage (MV) 1.6

Taiwan Photon Source (TPS)

To increase the variety of research at TPS, a new operating mode, a hybrid mode with top-up injection, served as 
the user mode since the middle of 2019. In the hybrid mode, an extra and more intense solo bunch was placed 
in the middle of two normal bunch trains.

Fig. 1: Summary of beam availability and MTBF of TLS operation in user mode since 2013.
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Operational Statistics
Figure 1 shows performance indicators for 
the operation of TLS. In 2019, the beam avail-
ability was 97.7% with a scheduled user time 
5187 hours; the mean interval between failures 
(MTBF) was 192 hours; the beam stability was 
93.9%.
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Fig. 2: Summary of beam availability and MTBF of TPS user-mode operation since 2016.

Table 2:  Main operational parameters of TPS storage ring

Hybrid-Mode Operation of Taiwan Photon Source

Operational Parameters
The main operational parameters of the TPS are 
shown in Table 2.

Operational Statistics
In 2019, the beam availability was 98.4% with 
scheduled user time 4635 hours and MTBF 110.4 
hours. Figure 2 shows a summary of the beam 
availability and the MTBF of the TPS user-mode 
operation. (Reported by Chang-Hor Kuo)

Beam energy (GeV) 3.0
Harmonic number 864
Maximum multi-bunch beam current (mA) 500
Horizontal beam emittance  (nm∙rad) 1.6
Betatron tunes (νx/vy ) 26.16 / 14.24

Lifetime at maximum beam current (hour) > 10
RF voltage (MV) 3.2

T he Taiwan Photon Source (TPS) has started the user-mode operation with a beam current up to 500 mA 
since March 2016.1 The circumference of the TPS storage ring (SR) is 518.4 m and the corresponding revolu-

tion period is 1.729 μsec, accompanied with the radio frequency (RF) of 500 MHz, totally 864 bunches are avail-
able in the storage ring.

For routine operation, the stored beam is injected as a 1.3-μs bunch train with 650 buckets. Another operating 
mode, called hybrid mode, is considered with an isolated bunch being placed in the middle of two normal  
bunch trains.

Status of the Hybrid-mode Operation
The test run of hybrid mode with top-up injection has been serving the users in April 2019. This test run is now 
in operation bi-weekly. Figure 1 demonstrates the beam current monitor of the hybrid-mode operation in the 
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TPS. The beam current of the hybrid 
mode was 400 mA with the bunch 
current of 0.6 mA for each bunch 
within the multi-bunch train and 
2.0 mA for the isolated bunch. The 
isolated bunch is located at the cen-
ter of an empty-bucket train, 200 ns 
away from the upstream and down-
stream of the multi-bunch train; the 
signal-to-noise ratio between the 
solo bunch and the neighboring 
empty bucket is more than 9999. A 
higher bunch current for the solo 
bunch is expected to operate in the 
hybrid mode at TPS.

To operate efficiently in the hybrid mode, the sig-
nal of one electrode button of the beam position 
monitor (BPM) located at the transfer line between 
the linear accelerator (Linac) and the booster ring 
was utilized to investigate the behaviors of injection 
beam. The 3-GHz bunch distribution was observed 
through the button’s signal, and helped to control 
the injection bunch precisely at the optimum RF 
phase in the TPS booster ring.

Furthermore, the RF sub-harmonic pre-buncher is a 
cavity of standing-wave type installed in the down-
stream of the Linac for bunch compression as shown 
in Fig. 2. Without the pre-buncher modulation, as 
shown in the blue line in Fig. 3, six bunches with a 
resonance frequency 3-GHz were observed by the 
BPM within a RF bucket (1 RF bucket = 2 ns = 499.654 
MHz). When the pre-buncher concentrates a few 
bunches into a single bunch, the amplitude of a 
single bunch is enhanced substantially, as shown in 
the orange line in Fig. 3.2 Making a comparison of 
beam injection with the pre-buncher in the multi-
bunch and single-bunch modes, the injection timings 
of both cases are mutually consistent, and placed 
under an optimized phase space, as shown in the yel-
low and orange lines of Fig. 3 respectively. Figure 4 
shows the diagrams of the longitudinal phase space 
of the TPS booster ring when the beam is injecting.  
Figure 4(b) indicates that the energy deviation for a 

Fig. 1: The filling pattern for hybrid-mode operation of TPS.

Fig. 2: The layout of TPS Linac beamline.

Fig. 3: The bunch waveform while the sub harmonic 
pre-buncher was turned on (orange) or off (blue) in the 
single-bunch operation mode.

stable phase space is within ± 2%. To have an efficient 
beam capture from the Linac to the booster ring, 
an energy deviation less than 2% is necessary. The 
pre-buncher benefits a short (~350 ps) and intense 
bunch to make the beam injection easily at the op-
timum RF phase. Figure 4(a) indicates that bunches 
(yellow solid circle) placed outside the envelope 
(red), then cause the beam instability and loss in the 
booster ring. On the contract, bunches were captured 
stably inside the envelope as shown Fig. 4(b).
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An isolated bunch, following a multi-bunch train, 
is injected with an increased bunch current in the 
hybrid-mode operation of TPS. The high-current 
bunch might cause severe interactions with its en-
vironment and induce beam instabilities. Operation 
values of high vertical chromaticity could suppress 
vertical instabilities and enhance the bunch current 
in both the TPS booster ring and storage ring, the 
operational currents of sextupole magnets in the TPS 
booster ring and storage ring were then adjusted 
accordingly. Comprehensive improvements of the 
hybrid-mode operation are summarized in Fig. 5. 
Figure 5 illustrates the waveform generated with the 
DC current transformer with ramping cycle 3 Hz in 
the TPS booster ring; an enhancement 400% of the 
beam capture was observed after the improvements. 
The black-dashed line in Fig. 5 represents the timing 
of the beam extraction from the booster ring to the 
storage ring in TPS. Figure 6 shows beam current of 

Fig. 4: The longitudinal phase space of the TPS booster ring. Bunches place at (a) the unstable and (b) stable phase space. 

Fig. 5: Bunch current before and after improvements in the TPS 
booster ring.

Fig. 6: The extracted beam current of the single-bunch oper-
ation mode before and after improvements in the TPS 
booster ring.

Fig. 7: The schema of current TPS operation modes.

the single-bunch mode at the beam extraction, in 
which the bunch current was increased almost 250% 
in the TPS booster ring.

After optimizing the injection scheme for the high- 
current single bunch, the operating mode, as shown 
in Fig. 7, of the TPS storage ring can now be switched 
smoothly among the single-bunch, multi-bunch and 
hybrid modes. (Reported by Chia-Hsiang Chen)
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This report features the project done by the Beam 
Dynamics Group, NSRRC. 
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Technical Challenges of Cryogenic Permanent- 
Magnet Undulators at Taiwan Photon Source

X -ray beamlines of Phase II are under construction at the Taiwan Photon Source (TPS). As the spectral quality 
from cryogenic permanent magnet undulators (CPMUs) can be superior to that of in-vacuum undulators 

(IVUs), a PrFeB-based CPMU with a period length of 15 mm has been constructed to provide highly brilliant 
X-rays. The magnets of the CPMU must be cooled to 80 K to generate an effective magnetic field of 1.02 T at a 
gap of 5 mm. Two cryo-coolers, each with cooling capacity 220 W at 80 K, allow for the removal of external heat 
leaks up to a few hundred watts. An in situ and vacuum compatible field measurement system has been devel-
oped to characterize the magnetic field at cryogenic temperatures and to allow correction of gap errors due to 
temperature variations. The relevant techniques and challenges for the TPS-CPMU are presented here.

Introduction
Brilliant X-rays from undulators are highly desired in third-generation storage rings. The photon flux of coherent 
synchrotron radiation (SR) can be increased by improving the quality of the electron beam or undulator perfor-
mance. Many low-emittance storage rings were recently constructed around the world to improve the quality 
of photon beams, but the construction is costly and a delicate multi-bend-achromat lattice is necessary. An eco-
nomical option to provide more intense coherent photon flux in the hard X-ray region is hence to use undulators 
of short period with small phase errors. Among the most important challenges in the development of a short-pe-
riod undulator is the ability to generate a sufficiently strong magnetic field. A cryogenic permanent magnet 
undulator can meet such goals and is thus suitable for the development of short-period undulators, which have 
become a recent focus of interest because most techniques for CPMU have already been developed for in-vacu-
um undulators.

Ultra-high-vacuum (UHV) compatibility for an undulator is an essential requirement for its installation in a stor-
age ring. One can apply either high-temperature baking of permanent magnets (baking approach) or cool the 
permanent magnets (PMs) to cryogenic temperature (non-baking approach). A cryogenic permanent-magnet 
undulator uses the non-baking strategy while operating the undulator at cryogenic temperatures. The rate of 
outgassing from permanent magnets is very low as the low-temperature magnets and in-vacuum girder act as 
cryo-pumps.

The development project of TPS-CPMU, CU15, began in 2016 in collaboration with NEOMAX Engineering, Japan. 
In 2019, the CPMU has been completed and installed in the storage ring of the TPS; the development of related 
techniques with performance of the CPMU is described below.

Technical Challenges of TPS-CPMU
Several techniques have been developed for the TPS-CPMU, including a new grade PrFeB permanent magnet 
material with high remnant fields, a mechanical frame with force-compensating spring modules, a tempera-
ture-control system on the permanent magnets, a cryo-cooler to compensate for diverse sources of heat loads 
and compatibility with storage ring ultra-high vacuum standards. When PMs are cooled to 80 K, a CPMU can 
generate effective magnetic field of 1.02 T at a gap of 5 mm. The target is a minimum magnetic gap of 4 mm 
with an effective magnetic field of 1.32 T. Table 1 summaries the main parameters of the TPS-CPMU. The expect-
ed brilliance energy spectrum is shown in Fig. 1. Compared to a standard undulator (such as an in-vacuum undu-

Cheng, C. H. Huang, J. Chen, K. H. Hu, C. Y. Wu, C. 
Y. Liao, D. Lee, Y. T. Chang, AIP Conf. Proc. 2054, 
030003 (2019).

2. K. L. Tsai, H. P. Chang, C. S. Fann, C. L. Chen, S. Y. 
Hsu, K. K. Lin, NSRRC-TR0026 (2004).
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lator with period length of 22 mm at TPS), an increased SR brilliance can be expected at photon energies above 
10 keV.

Table 1: Main Parameters for the TPS-CPMU

Items Unit Cryogenic Temperature Room Temperature
Magnet material                                                                        Pr2Fe14B (NMX-68CU)
Remanence (Br) T 1.67 1.40
Coercivity (Hcj) kA/m 6200 1689
Period length mm 14.945 15.000
Min. magnet gap (Gmag) mm 5.00                                                                     –
Min. vacuum gap (Gmag) mm 4.80                                                                     –
Effective magnetic field Tesla 1.02 0.86
Deflection parameter (K) 1.42 1.20
Magnetic force kN 18.8 13.5
Number of periods 133                                                                      –
Operating temperature K 80 300

Fig. 1: Comparison of spectral brilliance between CPMU-2m 
and IU22-3m evaluated with SPECTRA. The parameters 
used for the calculation were EGEV = 3 GeV, βx = 5.3 m, βy = 
1.7 m, coupling parameter 0.001, emittance 1.6 nm∙rad  
and energy spread 10-3.

Permanent Magnets
The performance of permanent magnets generally 
improves (increase in flux and coercivity) as tempera-
ture decreases. Permanent magnet materials, includ-
ing NdFeB and PrFeB, are thus suitable for CPMU to 
operate at cryogenic temperatures. The operation of 
NdFeB is limited by temperature 140−150 K because 
of the magnet spin-orientation transition. In con-
trast, the remnant flux density of PrFeB increases as 
temperature decreases; a low temperature is suitable 
for the operation of a PrFeB PM. When the magnet 
temperature decreases, the increase of coercivity 
is higher than that of the remnant field. One can 
hence choose a magnet grade that is less resistant at 
room temperature but that presents a higher rem-
nant field.

Based on the above reasoning, the material PrFeB, 
NMX-68CU (Hitachi Metals, NEOMAX Engineering), 
was chosen because sufficiently low temperatures 
can be achieved with cryo-coolers. When these PrFeB 
magnets were measured at 77 K, the remnant flux 
density was 1.67 T; the coercivity was 6211 kA/m. 
The remnant field of NMX-68CU at 77 K is 35% high-
er than that of NdFeB PMs (NMX-38EH) used for the 
TPS in-vacuum undulators at room temperature.

Spring Force-compensating Modules
To operation with a small phase error is desired 
for an undulator to allow the generation of higher 
harmonics without significant degradation of the SR 
brilliance. Behaving with a small phase error is hence 
an important consideration to evaluate the quality 
of an undulator magnetic field. Phase errors de-
scribe the fluctuation of phase difference between 
an electromagnetic wave from an undulator and a 
reference wave.

In a CPMU, phase errors are derived from gap errors 
caused by mechanical deformations and thermal ef-
fects in magnet arrays. Gap errors caused by mechan-
ical deformations are gap-dependent coming from 
strong magnetic forces at small gaps. The magnetic 
forces increase exponentially with decreasing undu-
lator gap. As a result, a conventional two-support 
configuration is no longer sufficiently rigid to keep 
the mechanical deformations small enough. A count-
er-force system (spring modules) in a four-support 
configuration of the mechanical frame was devel-
oped, as shown in Fig. 2, not only to compensate for 
the magnetic forces but also to obtain a mechanical 
frame mostly free of stress. Nevertheless, an opti-
mized four-support configuration can maintain gap 
errors of the magnet arrays small.
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Temperature Control System
The temperature of PM varies with beam-induced 
heat load, which includes resistive wall heating, SR 
from upstream bending magnets and absorption 
of scattered SR in the vacuum chamber. A constant 
temperature of a PM is desired to maintain the sta-
bility of the magnetic field and to obtain reproduc-
ible energy spectra of a CPMU under varied beam 
currents, fill patterns and gaps. A system to control 
temperature, including eight heaters, was installed 
along the magnet array with high-speed proportion-
al-integral-derivative (PID) controllers to stabilize the 
PM temperatures. Moreover, the heaters can com-
pensate a residual temperature gradient to eliminate 
field errors both from gap errors caused by material 
deformations dependent on temperature and from 
variations of remanent fields along the PM magnet 
arrays.

Cooling System
Most CPMU at other light sources use liquid nitro-
gen (LN2) for cooling, which can provide a cooling 
power up to several kW. Direct cooling with either 
LN2 or cooler-heads can be used for the PrFeB-CPMU 
because the PM temperature can be at or below 80 
K. Cooler-heads were chosen for the CU15 at TPS 
because the initial investment for the cooling system 
is small; a suitable supply fo LN2 is unavailable at the 
laboratory. Another important advantage is to avoid 
a vacuum risk because no weld seam exists nor is 
there an UHV pipe connection in the vacuum cham-
ber of a CPMU. The two cryo-coolers are connected 

to the magnet arrays via flexible thermal straps and 
thermal conductance feedthroughs, as shown in Fig. 
3. The cryo-cooler vacuum is designed to be separat-
ed from the vacuum of the storage ring, so that an 
annual maintenance of cold-heads can be performed 
without breaking the ring vacuum and completed 
within a brief interval. Prospective disadvantages as-
sociated with cryo-coolers include, for example, large 
operating costs and required annual maintenance; 
a cryo-cooler must be selected with low vibration. 
Commercial low-vibration cryo-coolers with cooling 
capacity 220 W at 80 K (Leybold 250MD) can serve to 
ensure stable operation of a storage ring.

Measurement System in Situ for the CPMU
A main task in the development of a CPMU is to allow 
the characterization of the magnetic field to correct 
gap errors due to assembly tolerances and tempera-
ture variations. Field corrections and measurements 
in a CPMU are typically performed outside the vacu-
um chamber at room temperature for easy access to 
the magnet array gap. PMs are cooled followed by 
the reassembly of magnets into a vacuum chamber; 
as a result, the field errors at cryogenic temperature 
might lead to temperature variations along the 
magnet arrays. A field-measurement system in situ is 
desirable to verify accurately the magnetic field and 
to correct errors. A Hall sensor is cooled with nearby 
cold magnets, therefore, a temperature-dependent 
calibration is necessary. All components of the system 
must be UHV-compatible to avoid contamination.

Fig. 2: A mechanical frame with spring force-compensating 
modules.

Fig. 3: Inner structure of the CU15.
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The measurement system in situ 
developed at TPS, as Fig. 4 shows, 
is based on laser-positioned com-
ponents and includes a feedback 
system. The Hall-probe carrier is 
moved along a customized rail 
located in the vacuum chamber 
between the undulator magnet 
arrays; its longitudinal position is 
determined with a laser interfer-
ometer. The transverse position of 
the Hall probe can be determined 
with laser beams in two sets and 
position-sensitive detectors (PSD). 
The probe sits on a rail, which is 
movable in the vertical/transverse 
direction with motorized stages; 
the offset of the probe from the 
proper position can be corrected 
automatically. Except for the laser 
system and PSD, the measurement system is enclosed 
in the vacuum chamber. A multiple-axis rotatable 
table allows movement in all degrees of freedom (ori-
entation and displacement); the duration of system 
assembly in the CPMU chambers is brief. 

Installation of CU15
Since 2019 September, the CPMU has been installed 
in the TPS tunnel, as shown in Fig. 5. The first cooling 
proceeded satisfactorily with no electron beam. After 
cooling for 30 h with two cryo-coolers, magnet tem-
perature 80 K was attained.

The temperatures of the magnet array are controlla-
ble within 80 ± 0.4 K; the vacuum pressure reached  
10-8 Pa. The undulator has been tested with electron 
beam 300 mA showing satisfactory performance, but 
some adjustments are necessary to allow operation at 
a greater beam current. (Reported by Jui-Che Huang)

Fig. 5:  CPMU installed at TPS storage ring.

Fig. 4:  In situ measurement system developed for CPMU.

Construction of a 500-MHz, 80-kW RF Transmitter 
with Solid-State RF Power Modules

A n electrical impulse generated with a radio frequency (RF) cavity, which is a metallic chamber containing 
an electromagnetic field oscillating at a radio frequency, drives the acceleration of charged particles within 

the particle accelerators. The associated RF power provided by the RF power amplifier is transmitted to the RF 
cavity to create a high-voltage (HV) AC accelerating electric field. The RF power required for an electron beam 
to circulate inside the vacuum chambers of the booster and storage rings of NSRRC is at present generated with 

This report features the work of Magnet Group, NSRRC.
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in an appropriately cooled environment. To operate 
two transistors in an opposite period of one cycle, the 
single-end input signal must be transferred to two-
end differential signals. For this purpose, a special RF 
component called a balance-to-unbalance converter 
(Balun) is added at both input and output ports for a 
proper push-pull operation, as shown in Fig. 1.   

An additional impedance matching network,1 not 
shown in Fig. 1, can transfer a small impedance at 
the transistor side to a larger impedance at the Balun 
side. The maximum swing voltage at the transistor 
side is merely 50 V; to deliver RF power at 1 kW, the 
impedance must be as small as 2.5Ω excluding the 
reactive part, and be capable of generating high RF 
power with low RF voltage and high RF current at the 
drain side. This key feature of solid-state technology 
conquers the position of vacuum tubes in the wireless 
communication market.

As discussed above, the RF circuits play with imped-
ance transformation magic to transform and to trans-
mit RF power under various conditions. This principle 
is the key technique to manipulate the RF power from 
numerous RF modules for power division and com-
bination. The topology to integrate 100 RF amplifier 
modules with a two-stage parallel combination to 
generate output power 80 kW is shown in Fig. 2.

First, the milliwatt power unit outputs limited RF 
power to a two-way power splitter, followed by two 
identical 100-W preamplifiers; two split RF powers 
are amplified to be 100 W respectively, and merged 
to become output power 200 W with an isolated 
power combiner. The single 200-W RF power is divid-
ed equally to ten output ports with the first ten-way 
power splitter. Ten individual output powers, each 20 

Fig. 1: Schema of push-pull operation of two identical transis-
tors.

klystrons, which are vacuum tubes driven with a high 
direct current (DC) voltage, used for radio-broadcast-
ing stations or telecommunication systems in general.

With the growth of small base stations in the semi-
conductor and mobile-telephone industries, the 
market of high-voltage vacuum tubes is gradually 
shrinking and being replaced with RF transistor chips; 
a vacuum-tube HV RF power amplifier, such as a 
klystron or inductive output tube (IOT), has hence 
became rare and expensive. A klystron delivers RF 
power amounting to tens or hundreds of kW with a 
single high-power HV DC power supply; the opera-
tion of a klystron requires severe protection of both 
the vacuum tube and the HV DC power supply due to 
possible instant damage caused by the high voltage 
or RF power.

In contrast to a klystron, a solid-state RF power 
generator combines in parallel tens to hundreds of 
small and low-voltage RF power units to fulfill the 
requirement of RF power. The solid-state RF power 
generator also benefits from a low voltage, no vacu-
um, no X-ray, high redundancy, low sideband noise, 
a brief maintenance period and a capability for fu-
ture upgrade. To ensure the long-term operation of 
particle accelerators at NSRRC with no impact from 
gradually missing klystrons, the RF group of NSRRC 
began the solid-state RF power-generator project in 
2009. The system architecture and the construction 
of a solid-state RF power generator are described in 
the following.

The overall performance of a solid-state RF power 
generator is dominated by the architecture of a sin-
gle solid-state power-amplifier module. To achieve 
high efficiency, small sideband noise and minimal 
interference from harmonics, a push-pull operation 
was determined to serve as the working principle of a 
solid-state power-amplifier module. A schema of the 
selected architecture is shown in Fig. 1; two posi-
tive-bias transistors operate at the opposite period 
of one cycle. The class-AB bias point can improve its 
DC-to-RF conversion efficiency with a small quiescent 
current (standby current) and little cross-over distor-
tion. At present, a laterally diffused, metal-oxide semi-
conductor (LDMOS) is the most powerful metal-ox-
ide-semiconductor field-effect transistor (MOSFET) 
that can handle a DC voltage up to 110 V, compara-
ble with a CMOS or GaAs process transistor. Also, the 
LDMOS has a switching speed greater than 1 GHz.

A commercial transistor operating at 500 MHz can 
typically deliver RF power more than 1 kW contin-
uously with a DC-to-RF efficiency greater than 60% 
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al units and non-equivalent power distributions 
of splitters, the final output power is diminished. 
Because of the non-equivalent power distribu-
tion, some SSPA modules might operate near 
the margin. To avoid overdriving, the input pow-
er must be limited. The final RF output power is 
eventually about 80 kW and having the maxi-
mum output power of 85 kW is achievable.

Figure 3 shows a picture of the designed and 
manufactured SSPA module. It includes a 1000-
W RF power transistor, input and output match-
ing network and Baluns, a 1000-W circulator, 
an output directional coupler and a 1200-W 
microstrip line load. The available and stable RF 
output power of SSPA module is typically about 
900 W, limited by a commercially available 
circulator. The performance of a SSPA module is 
shown in Fig. 4. The circulator is used to protect 
the RF power transistor while some reflected 
power comes from the output port. Under these 
conditions, the circulator would be unable to 
handle both forward and reverse power at a full 
power level as they would both flow through 
the same port of the circulator.

The operation of a SSPA module requires wa-
ter cooling for appropriate heat dissipation of 
the transistor and the microstrip line load. The 
base of the circuits has a water-flow channel for 
direct cooling with least thermal resistance. The 
nominal rate of water flow is about 10 L/min 
per module. As it is not practical to supply simul-
taneously 1000 L/min for 100 modules, both 
serial and parallel connections of water-cooling 
channels are necessary to decrease the total 
water volume.

Considering the pressure drop of water chan-
nel for each SSPA module, the water pipes of 
six modules are connected in series to have a 
pressure drop about 3 kgf/cm2 for flow rate 10 
L/min. As shown in Fig. 5, each SSPA module 
contains four straight water-cooling channels in 
the cooling base; the cooling channels are con-
nected in serial between modules. Four cooling 
channels of each SSPA module have both wa-
ter-flow directions to eliminate a temperature 
difference between modules. The coincident op-
eration temperature of a SSPA module helps to 
stabilize the RF performance and to extend the 
lifetime; both serial and parallel connections can 
also decrease significantly the number of water 
pipes from the main tube to each SSPA module.

Fig. 2: The topology of a high-power SSPA system comprises 100 
power units.

Fig. 3: 500-MHz SSPA module of output power at 900 W.

W, are fed separately into ten drive amplifiers to generate 
ten 300-W output powers. After another ten sets of ten-
way power splitters and ten 900-W solid-state power am-
plifier (SSPA) modules, 100 ports of saturated RF power at 
900 W are generated. Every ten ports of 900-W RF power 
are merged with a single ten-way power combiner2 to 
attain single output power 9 kW. Another ten-way power 
combiner integrates 10 ports at 9 kW to have final output 
power 90 kW – theoretically, but, because of transmission 
loss, non-coincident output power and phase of individu-
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SSPA modules are arranged as two 6 x 10 arrays 
with ten water channels; the RF combiner is placed 
between two SSPA arrays as shown in Fig. 6. In total 
120 slots are available for the installation of the 
SSPA modules. 112 slots are occupied by the devices 
shown in Fig. 2, including preamplifiers, drive ampli-
fiers and final-stage power amplifiers. In the remain-
ing slots are installed spare modules, so that, when 
a module malfunctions, a simple cable switching to 
the spare module can quickly resume the operation. 
A picture of a SSPA tower is shown in Fig. 7, two DC 
power-supply racks can be seen on the right hand 
side.  Each power-supply rack contains 45 2-kW 50-V 
DC power supplies; nine DC power supplies connect-
ed in parallel can deliver maximum DC power 90 kW 
to the SSPA tower.

Fig. 5: Connection of the water-cooling channel for an accept-
able total water volume, pressure drop, flow rate and 
complexity.

Fig. 6: Layout of the SSPA modules. 
Inlet/outlet water pipes and RF 
dividers/combiners also work as 
a SSPA power-amplifier stand.

Fig. 4: The left plot shows RF output power as a function of drive power under varied drain voltage; the right plot shows DC-RF effi-
ciency as a function of drive power with varied drain voltage.

As the SSPA is assembled, integrated and tested for its connection of wa-
ter pipes, electric power and RF phases, the RF output power can attain 
the desired level 80 kW under a specified DC voltage above 50 V.3

As mentioned above, the unbalanced power distribution directly limits 
the maximum available RF power. To prevent a short lifetime of a SSPA 
module resulting from overdriving, the RF output power can be about 
80 kW under a specified DC voltage above 50 V.3 With the inconsistency 
occurring at RF cables, power splitters, drive amplifiers or SSPA modules, 
the RF combination efficiency would be less. The larger is the inconsis-
tency, the less is the combination efficiency. The characteristics of a SSPA 
module would be tuned to be similar during manufacturing while the 
power distribution can be measured and adjusted to have an even power 
distribution. Typical defects of SSPA modules can generally be identified 
from continuous operation for 48 hours in the power-saturation mode. A 
long-term reliability test is successfully performed with continuous oper-
ation for two weeks in the full-power mode after excluding the defected 
modules. The redundancy can be tested on switching off a few modules 
manually. The combined RF power and the DC-RF efficiency would be 
degraded by 11.2 kW and 4% respectively on switching off seven mod-
ules. A malfunction of an individual SSPA module has no impact on the 
overall operation of a SSPA tower while a single defective SSPA module 
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Fig. 7: SSPA tower with its power supply racks.

Fig. 8: RF output power vs. DC voltage of a constructed SSPA 
module.

Fig. 9: Sideband noise as a SSPA module operates at output power 80 kW.

merely decreases the total RF output power by twice 
the nominal output power of a single module. The 
decreased efficiency results mainly from the power 
reflected toward the power-off modules, while the 
reflected power is almost equivalent to its nominal 
power of a single SSPA module either.

The 80-kW SSPA stand has proved its reliability and 
redundancy with smooth RF power and degradation 
of efficiency as particular SSPA modules become 
faulty earlier. The RF output power as a function of 
drive power on sweeping the drain voltage is shown 
in Fig. 8. The sideband noise is also shown in Fig. 9 
to be -77.8 dB, one tenth that of a klystron-type RF 
power source. The test results have proved that the 
developed SSPA can deliver stable and reliable 80-
kW saturation RF power with 100 SSPA modules and 
appropriate redundancy. Since the results are satisfy-
ing, the adoption of this SSPA technology to replace 
klystrons would improve the availability of the beam 
time of Taiwan Photon Source and decrease the 
maintenance effort of the related staff. (Reported by 
Tsung-Chi Yu)

This report features the Solid-state RF-power Module 
Project led by Tsung-Chi Yu.
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Protein Crystallography at TPS

The fruitful results from protein crystallography (PX) 
that yielded six Nobel prizes in the past two de-

cades have shown the importance of this technique. 
The major developments of advanced hardware and 
software have facilitated the entry of both academic 
and industrial researchers into this field. Nevertheless, 
when facing challenging projects related to viruses or 
membrane proteins, researchers must still overcome 
many experimental difficulties, such as crystals with 
large unit cells or small sizes, or both.

The small divergence, small beam size and large 
flux-density features of protein micro-crystallography 
beamline TPS 05A offer an excellent opportunity for 
research with crystals of large unit cells. Generated by 
an IU22 undulator (length 3 m), with a double-crystal 
monochromator (DCM) cooled with liquid nitrogen 
and Kirkpatrick-Baez (K-B) mirrors (Fig. 1(a)), the 
beam properties at the sample position attain a beam 
size 65 × 36 μm2 (H x V), energy range 5.7−20 keV 

Fig. 1: Layout of beamlines (a) TPS 05A protein microcrystallog-
raphy and (b) TPS 07A micro-focus protein crystallogra-
phy.

Fig. 2: Comparison of diffraction patterns 
between TLS 15A1 (left) and TPS 05A 
(right).

(2.175−0.62 Å), beam divergence 500 × 100 μrad2 (H x V), energy 
resolution ~2.2 × 10-4 and flux 1.0 × 1013 photons/s. Opened to users 
in 2017, TPS 05A has become a powerful tool for research on pro-
tein complexes and viruses that typically suffer from massive over-
laps of diffraction spots caused by large unit cells. This issue can be 
solved when the diffraction data are collected at TPS 05A (Fig. 2). 

To maintain a small divergence, the flux density of TPS 05A is com-
promised to be the same when selecting smaller beam sizes with 
apertures; this condition greatly affects the efficiency of raster scan 
and multi-crystal data collection for crystals of size a few microme-
tres. A micro-focus beamline, TPS 07A, for protein crystallography is 
hence currently under construction, to provide beam sizes from 30 to 1 microns. Using focusing instead of defin-
ing apertures, TPS 07A will be able to provide a higher flux density for much smaller beam sizes.

The main difference between TPS 05A and TPS 07A is the focusing method. On top of the Kirkpatrick-Baez (K-B) 
mirrors, TPS 07A adopts a two-stage focusing method in the horizontal direction on adding a first horizontal 
focusing mirror at 36 m and placing slits opening 2.5 microns as a secondary source (Figs. 1(b) and 3). The beam 
properties at the sample position are expected to include beam sizes 1.76 × 0.67 μm2 (H x V), energy range 
5.7−20 keV (2.175−0.62 Å), beam divergence 660 × 560 μrad2 (H x V), energy resolution ~1.7 × 10-4 and flux 1.0 × 
1012 photons/s for beam size 1 micron. Also, exploiting the greater divergence property, larger beam sizes up to 
30 microns become achievable by adjusting the opening of secondary slits and moving the diffractometer down-
stream along the beam axis (Fig. 4).

To handle crystals with large unit cells, the endstation of TPS 05A is equipped with a detector (MX300HS) of 
high speed and large area, a diffractometer (MD2) of high speed and high precision, an automatic sample 
changer (ISARA), and an adjustment table of high loading and precision (Fig. 5). Under these conditions, users 
have now routinely used shutterless data collection. Not only is the efficiency of data collection increased but 
also the data quality is improved because the systemic errors from shutter jittering and rotation-axis synchroniza-
tion are greatly decreased. At TPS 05A, only a few tens of seconds are required to collect a single data set.
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Fig. 3: Schematic diagram of two-stage focusing at TPS 07A.

Fig. 4: Adjustable beam size of TPS 07A.

Fig. 5 Endstation of TPS 05A.

Designed to treat tiny crystals in 
large amounts, the endstation of 
TPS 07A will be equipped with 
an even faster detector (Eiger 2X 
16M), a diffractometer (MD3) of 
the greatest precision, an auto-
matic sample changer (ISARA) and 
a precision adjustment table. 

According to simulation, TPS 07A 
will be at third and fourth places 
worldwide in beam size and flux 
density, respectively. The time 
to the Henderson limit (i.e., the 
duration of exposure that attains 
an X-ray dose at which the crystal 
diffraction power decreases by 
half) is 0.05 s, which falls behind 
only 0.004 s of MicroMAX, 0.017 s 
of FMX and 0.02 s of SP8 BL32XU 
(Table 1). The high flux density 
decreases the duration of data 
collection for tiny crystals, which 
increases the efficiency of data 
collection. That condition makes 
TPS 07A one of the first choices in 
Asia for research projects with tiny 
crystals.

At both TPS 05A and TPS 07A, 
the smaller beam size, faster 
detector and high-speed precision 
diffractometers enable advanced 
methods of data collection, such 
as raster/grid scan and helical 
scan. Scanning with X-rays directly, 
the raster scan function could not 
only locate the crystal positions 
of crystals barely visible with an 
optical microscope but also probe 
for the region of best quality of inhomogeneous large 
crystals. For homogeneous large or needle-shaped 
crystals, the helical scan can make use of the entire 
crystal volume to mitigate the influences of radiation 
damage. With these methods, diffraction data are 
obtained of enhanced quality.

One must bear in mind that it is difficult to collect a 
complete data set from a crystal of size less than 10 
microns because of radiation damage; an approach 
of multi-crystal data collection is hence required to 
address this problem. Both TPS 05A and TPS 07A 
provide new automatic sample changers that change 
samples within tens of seconds to increase the effi-
ciency of data collection for many tiny crystals. More-
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Table 1 Performance comparison of high-demagnification-ratio micro-focus PX facilities worldwide

Energy range (keV)
Beam size (µm2)
(H x V)

Flux density (ph s-1 µm-2) Henderson limit (s)

MAX IV/MicroMAX 5.0−30.0 1.0 × 1.0 1.0 × 1013 0.004
NSLS II/FMX 5.0−30.0 1.0 x 1.5 2.3 x 1012 0.017
SP8/BL32XU 9.0−15.0 1.0 x 1.0 2.0 x 1012 0.02
NSRRC/TPS 07A 5.7−20.0 1.76 × 0.67 8.5 × 1011 0.05
PETRA III/P14 6.0−20.0 5.0 × 10.0 2.0 × 1011 0.2
SLS/X06SA 5.7−17.5 2.0 × 1.0 1.0 × 1011 0.4
DLS/ID24 6.4−20.0 7.0 x 6.0 7.1 x 1010 0.56
ESRF/ID23-2 14.2 10.0 x 4.0 6 x 1010 0.67
Sources:
Max IV/MicroMAX: https://www.maxiv.lu.se/accelerators-beamlines/beamlines/micromax/
NSLS II/FMX: https://www.bnl.gov/ps/beamlines/beamline.php?r=17-ID-2
SP8/BL32XU: http://www.spring8.or.jp/wkg/BL32XU/instrument/lang-en/INS-0000001513
NSRRC/TPS 07A: http://tpsbl.nsrrc.org.tw/bd_page.aspx?lang=en&port=07A&pid=1118
PETRA-III/P14: http://www.embl-hamburg.de/services/mx/P14/
SLS/X06SA: https://www.psi.ch/en/sls/pxi
DLS/ID24: https://www.diamond.ac.uk/Instruments/Mx/I24.html
ESRF/ID23-2: https://www.esrf.eu/UsersAndScience/Experiments/MX/About_our_beamlines/ID23-2

over, TPS 07A will be embedded with powerful software that automatically determines the results of the raster 
scan from a loop with many tiny crystals. A strategy of whether and how to collect those crystals will be provid-
ed. The ultimate objective is to provide an automatic workflow to make multi-crystal data collection even more 
efficient.

Since 2017 January, TPS 05A has been in full user operation. 72 user groups, comprising 68 academic user 
groups and four pharmaceutical companies, have collected diffraction data using this beamline. Until now, this 
beamline has produced 76 PDB depositions and 52 publications. Some of these results are highlighted below. 
One outstanding example in the evolutionary field is the structure of Asgard profiling (an ancient protein) in 
complex with Rabbit actin that has provided vital and critical clues to elucidate the possible origin of the eu-
karyotic cell.1 Some examples in the immunology area are the complex structures of BTN3As (one of immune 
checkpoint proteins) with HMBPP (a potent microbial phosphoantigen) that have offered new strategies for the 
treatment of future T-cell immunotherapy2 or the structures of echinomycin and Actinomycin D (two potent 
anticancer antibiotics) in complex with a DNA duplex containing a single T:T and G:G mismatch, respectively, 
that have illustrated the mechanism of how small-molecule ligands recognize these DNA mismatches and lead 
to potential applications in cancer diagnosis as well as the development of a novel therapeutic protocol.3,4 Other 
examples in cell or DNA partitioning are the structures in the nuclear transport factor (Importin-α-GM130 com-
plex) or in the partitioning system (HpSoj-DNA complexes) that are required for chromosome or DNA mainte-
nance during cell division.5,6

Regarding industrial applications, two such highlights are the structure of ZHD (a α-ZOL-hydrolyzing enzyme) in 
complex with α-ZOL (an estrogenic mycotoxin derivative) and the structure of PET (polyethylene terephthalate) 
hydrolase in complex with a PET analogue (HEMT). In the former case, α-ZOL is a major issue for farm animals 
and human beings; it hence causes significant economic loss. The structural information provides a key clue for a 
mycotoxin-biodegradation strategy. In the latter case, PET accounts for about 18% of the total plastic polymer in 
the world, so that PET is a large part of plastic pollution. According to the complex structure, it indicates that the 
enzymatic activity of PET hydrolase can be enhanced via protein engineering for future industrial application.7,8

In conclusion, TPS 05A is a workhorse for the crystallographic communities in Taiwan and other Asian countries, 
indicated by abundant structures deposited and high-impact papers published. In addition, with TPS 07A open 
to general users in 2022 January, the high-flux and special features of two TPS beamlines will be particularly use-
ful for the most demanding crystallographic projects, such as those crystals with large unit cells (TPS 05A) and 
those with many tiny crystals (TPS 07A). (Reported by Chien-Chang Tseng and Chun-Hsiang Huang).
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A beamline for micro-crystal X-ray diffraction 
(µ-XRD) is a dedicated beamline designed for ad-

vanced and non-ambient crystallography of chemical 
crystal research. This beamline, TPS 15A, is scheduled 
to be a Phase-II beamline at Taiwan Photon Source 
(TPS), and its construction began in 2019. 

The layout of TPS 15A is shown in Fig. 1. It consists 
of a tapered cryogenic undulator source (CUT18) 
that will generate highly brilliant X-rays in designed 
energy range 9–35 keV. The photon flux of this ener-
gy range is 1013–1014 photons/s (0.1% bw), shown in 
Fig. 2. X-ray beam modes of two types, monochro-
matic and pink beams, are selected with a coupled 
double-crystal monochromator (DCM)/double-mul-
tilayer monochromator (DMM) system. The energy 
bandwidth of the pink beam is designed to be 3 and 
5% according to the multilayer coatings Pd/B4C and 
W/B4C, respectively. Three focusing mirrors (toroidal 
FM, VFM and HFM) are designed to focus the X-ray 
beam spot, first focused with the FM, then delivered 
to the VFM and then the HFM, down to diameter 10 
x 10 µm2 (FWHM). Two endstations (ES1 and ES2) 
will be installed; one locates after FM and another 
locates at the focused beam spot. The beam spot size 
is adjustable in the range 200 x 200–100 x 100 µm2 
at ES1 and 70 x 70–5 x 5 µm2 at ES2. Experiments 
can be conducted in either monochromatic (with 
the DCM) or pink (with the DMM and selected band-
width 3 or 5%) beam mode in both endstations. A 
home-built diffractometer will be installed at ES1; a 
highly precise microdiffractometer (MD3UP) and a 
large-area detector (EIGER 2X CdTe 9M) will be in-
stalled at ES2, shown in Fig. 1(a).

Advanced Micro-Crystal Chemical Crystallography 

Fig. 1: (a) Microdiffractometer MD3UP and detector EIGER 2X 
CdTe 9M. (b) Layout of TPS 15A.

Single-crystal X-ray diffraction is a mature and routine 
technique that provides structural information from 
a single crystal. This information is important for the 
development of new materials through the relation 
with its physical and chemical properties. For exam-
ple, graphite and diamond consist of carbon atoms, 
but their physical and chemical properties, such as 
shape, color, hardness etc., differ markedly. Those dif-
ferences can be explained by their structure–carbon 
atoms in graphite connect to each other with trigonal 
coordination, but in diamond all carbon atoms bind 
to each other with tetrahedral coordination. 
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In past decades, researchers tried diligently to synthe-
size novel materials of crystals with specific function-
alities such as mechanical motion, gas absorption and 
desorption, shape memory, property change with ex-
ternal stimuli etc. To determine the crystal structures 
of these materials is, however, difficult in some cases 
for reasons such as too small crystal size, easy drying, 
experimental setting for external stimuli and so on. 

A structural determination of even a powder sample 
is possible on taking advantage of second-generation 
synchrotron-radiation (SR) sources since the 1990s. 
The third-generation high-energy SR sources, such as 
European Synchrotron Radiation Facility (ESRF), Ad-
vanced Photon Source (APS) and SPring-8, at present 
provide stable beams of superior quality that allow 

2. Multi-wavelength X-ray source (pink beam)–Laue 
diffraction;

3. Tunable energy–small absorption, small extinction, 
high data resolution (X-ray energy available up to 
35 keV), great redundancy;

4. Highly brilliant–brief duration of data collection, 
large ratio of signal to noise;

5. Micro-focus beam size–5 x 5 µm2 (with a pin hole 
of size 5 µm);

6. Time-structure–dynamic structure and structural 
determination of excited states.

The great flux and fine focus of synchrotron X-rays 
enable the study of tiny crystals, complicated molecu-
lar structure, insufficient quality, easily decomposing 
crystal, which are impracticable with a conventional 
laboratory source. The beam of size ~5 µm not only 
makes it possible to study a tiny crystal and struc-
tural mapping, but also benefits the study under 
various non-ambient conditions, such as ultra-low 
temperature with gas flow from liquid helium, high 
pressure in a diamond anvil cell, photo-excitation 
crystallography etc. Taking advantage of the temporal 
structure of synchrotron radiation allows the conduct 
of time-resolved studies to investigate the chemical 
dynamics and excited-state structure. A set of X-ray 
beam pulse selectors will be synchronized to the 
storage-ring clock, which will serve to isolate a single 
X-ray pulse ~25 ps in FWHM) (hybrid-injection mode) 
and delivered to a sample at ES2. These conditions 
benefit the fields of chemistry, mineralogy, material 
science and so on. The scientific opportunities of TPS 
15A  are shown in Fig. 3.

Fig. 2: Photon flux of CUT18 in designed energy range 9–35 keV.

Fig. 3: Scientific opportunities of TPS 15A.

microanalyses of many types, including the 
structural determination of crystals of µm 
size; well developed focusing mirrors apply 
a highly brilliant X-ray beam that enables a 
determination of a crystal structure from a 
single powder grain (< 1 µm). 

Nowadays, researchers can routinely use 
synchrotron radiation as an X-ray source 
for single-crystal X-ray diffraction tasks. The 
continuing development of synchrotron 
radiation sources, detectors, software and 
precise positioning control are essential 
to establish a knowledge of the function 
and properties of complicated chemical 
systems and materials. Several advantages 
(according to the design of TPS 15A) can 
hence be taken of such highly brilliant 
X-ray sources (relative to a conventional 
laboratory source):
1. Monochromatic X-ray source–no con-

tamination of Kα2;
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TPS 15A is currently under construction; the schedule appears in Fig. 4. The construction of a radiation safety 
hutch was completed at the end of 2019. In 2020, the main construction will focus on the beamline optical com-
ponents and utilities. The entire beamline is expected to be commissioned at the beginning of 2022. (Reported 
by Lai-Chin Wu)

Fig. 4: Construction schedule of TPS 15A.

Soft X-ray Nano-Spectroscopy for Advanced  
Material Sciences 

S ymmetry is one of the most general and fundamental concepts in physics, yet sometimes what novelty needs 
is to break it. Take two-dimensional (2D) materials as an example, their reduced size and broken symmetry 

have led to many exotic properties. To unravel the electronic origins of these emergent properties, however, 
conventional spectroscopy along with microscopy is better, allowing the location and dimension of the specimen 
can be taken into account.

Beamline TPS 27A hosts two soft X-ray microscopy stations; a scanning transmission X-ray microscopy (STXM) 
station at the A1 branch and a photoelectron related imaging and nano-spectroscopy (PRINS) station at the A2 
branch. The photon source powering TPS 27A is a four-meter long elliptically polarized undulator (EPU) with a 

Fig. 1: (a) Mechanical frame of EPU 66. (b) Optical layout of TPS 27A soft X-ray nano-spectroscopy beamline.
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magnetic period of 66 mm. Figure 1(a) shows the mechanical frame of EPU delivered to NSRRC recently. After 
going through an in-house designed active-mirror plane grating monochromator (AM-PGM), the photons reach 
A1/A2 branch at an estimated flux of 3 x 1012 ph/s before the zone plate (for STXM) and 1 x 1012 ph/s at the 
focal point of Kirkpatrick-Baez mirror (for PRINS), respectively. Figure 1(b) is the optical layout of TPS 27A.

STXM located at TPS 27A1 is an in-house designed, with the constructed microscope developed jointly by Way-
Faung Pong at Tamkang University (TKU) and NSRRC scientists. The microscope is assembled inside a chamber 
made of 304 stainless steel for UHV compatibility. All of the components, including the stepping/piezo motors, 
mechanical supports, and adaptors, are carefully chosen for their UHV compatible as well. The initial test has 
shown that the microscope can easily reach a pressure of 5 x 10-7 Torr without baking. For experiments that need 
no UHV, the chamber will be filled with He gas to ensure the photon and thermal stability during measurements. 
The key components inside the STXM chamber are shown in Fig. 2(a) which includes the vacuum window, zone 
plate (ZP) optics, stepping/piezo motors, sample stage, photomultiplier, and laser interferometers. During the 
raster scan, the sample position is feedback controlled by the laser interferometers monitoring the displacements 
between ZP and sample in V and H directions. In addition, due to the nature of multitasking during image acqui-
sition, we have a field-programmable gate array (FPGA) board to control the timing, data counting, triggering 
and shutter voltage in the STXM.  Figure 2(b) is the first X-ray image taken by the STXM during its commission in 
November 2019 at TLS 08B1. The test sample is a Cu 1000 mesh with a hole and the bar measuring 19 x 19 mm2 
and a width of 6 mm, respectively.

The PRINS station hosted at TPS 27A2 is a microscope based on photoelectron related imaging and spectrosco-
py techniques. With an imaging type electron column integrated with a hemispherical electron energy analyzer 

Fig. 2: (a) Major components inside the STXM. (b) First STXM image recorded at TLS 08B1.

Fig. 3: Working principle of the photoelectron related imaging 
and nano-spectroscopy (PRINS) station.

and an imaging spin filter, the 
microscope is able to conduct 
full-field imaging by collecting 
photoelectron in either real-space 
or momentum-space with spin 
contrast. The concept of the 
working principle and chamber 
geometry of the PRINS station 
is shown in Fig. 3. Spin-resolved 
images are recorded by introduc-
ing a spin polarizing mirror into 
the electron optical path after the 
energy analyzer. Spin contrast is 
obtained due to the spin-depen-
dent reflectivity of low energy 
electrons at the non-magnetic 
surface of the scattering target, 
which is an Au passivated Ir(100) 
surface. Taking advantage of the EPU photon source, 
i.e. the energy and polarization of the X-ray are both 
tunable, the PRINS microscope has multiple capa-
bilities, such as (1) XAS or X-ray magnetic circular 
dichroism (XMCD)-based real-space imaging to ob-
tain element-resolved mapping or spin-texture infor-
mation, (2) XPS-based real- and k-space imaging to 
obtain spatially-resolved chemical state mapping and 
band-structure imaging, (3) spin-resolved band struc-
ture measurement when the imaging spin filter is 
introduced, and (4) micro-area spectroscopy (XAS and 
XPS) and angle-resolved photoelectron spectroscopy 
(ARPES) extracted from a series of images measured 
at different kinetic energies of the electrons. The 
microscope including a liquid helium-cooled sample 
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manipulator, imaging spin filter system, two UV light sources (mercury and helium), and the main UHV-chamber. 
The microscope is expected to arrive at NSRRC in December 2020.

In summary, TPS 27A is scheduled to start its commission in September 2020 after the completion of the beam-
line optics and EPU 66 installation. Both microscopy stations are to routinely record the images at a few 10’s nm 
spatial resolution and the soft X-ray spectrum from a sub-micrometer area. With STXM’s flexibility in sample 
manipulation and PRINS’s diversity in image contrast, the TPS 27A soft X-ray nano-spectroscopy beamline will 
be a new platform bringing innovation and breakthrough to the material sciences. (Reported by Hung-Wei Shiu, 
Tzu-Hung Chuang, and Der-Hsin Wei)

nanoARPES Beamline 

A ngle-resolved photoemission spectra (ARPES) 
have emerged as a cardinal experimental tool 

to elucidate the emergence of many interesting 
physical properties in advanced materials, because 
of their unique capability to probe directly their mo-
mentum-resolved electronic structures. It allows the 
researchers not only to map the band dispersion and 
Fermi surface topology but also to understand com-
prehensively complicated phenomena dependent 
on momentum and energy in advanced materials. A 
central challenge in condensed-matter physics is to 
investigate the many-body systems in which strong 
interactions lead to novel ordered ground states. 
Examples include complex oxides, graphene-based 
materials, transition-metal dichalcogenides (TMD), 
topological insulators (TI), unconventional super-
conductors etc. These materials typically contain, 
however, domains or structural patterns or chemical 
inhomogeneities due to spontaneous phase separa-
tion or dopant or defect segregation or sample-sur-
face mosaicity. The sizes of most such new crystals 
and thin films are generally smaller than several tens 
of micrometres. For even a crystal of millimeter size, 
its homogeneity is still a crucial issue. The small size 
of a beam spot might provide a chance to probe the 
electronic structure of these samples that consist of 
small domains. This proposal calls for the construc-
tion of a high-resolution and high-flux nanofocusing 
ARPES beamline. 

The designs of a focusing optical system at nanoARP-
ES beamline TPS 39A based on Kirkpatrick-Baez (KB) 
mirrors and zone-plate techniques, and of a new end 
station with a scanner stage, aim to enable high-res-
olution ARPES on a micrometre and nanometre scale. 
At TPS 39A, an elliptically polarized undulator (EPU) 
of period length 168 mm serves as a photon source. 
The operational photon energy is from 20 to 650 eV, 
which covers most of the VUV and soft X-ray photon 
energy range. The source parameters of EPU168 are 
listed in Table 1. Figure 1 shows the optical layout of 
TPS 39A. The total length of the nanoARPES beam-
line is about 45 m from the center of the undulator 
to the hallway. An active- mirror plane-grating mono-
chromator (AM-PGM) of a novel type developed at 
NSRRC is applied to increase the energy-resolving 
power across all photon energies. The idea originates 
from setting a bendable optic in front of a grating 
to expand the footprint of the incident beam on the 
grating. An increased coverage of the ruling num-
ber of the grating can increase the energy-resolving 
power. Also, a design of a bendable mirror can cor-

Table 1: Specifications of EPU168

Mode Magnetic field (T) K E1st
Partial power within 
4.4 sigma (kW)

Partial power on B1 chamber
Miss steering 2 mm/0.2 mrad (W)

Horizontal linear By ≤ 0.516 Ky ≤ 8.1 ≥ 15 0.568 ~0
Circular By = Bx ≤ 0.223 Ky = Kx ≤ 3.5 ≥ 39 ~0 40/16
Vertical linear Bx ≤ 0.223 Kx ≤ 3.5 ≥ 72 0.237 3.6/2

Table 2: Parameters of VLS gratings

Energy range (eV) 20−200 50−650
N0 (l mm-1) 600 1200
2θ (°) 155 160
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rect the aberration and slope error 
of the optics. Two varied plate 
gratings with line spacings 600 
and 1200 lines/mm will be used 
to meet the goal of a great resolv-
ing power. The resolving power 
at low photon energies exceeds 
100,000, which can satisfy the 
requirements of ARPES. After the 
monochromator, the nanoARPES 
beamline has two branches; one 
has KB mirrors focusing ARPES 
branch with minimum spot size 

For TPS 39A2 nanoARPES branch with a zone-plate- 
focusing method, the design of the end station be-
gan in mid 2019. A pair of KB mirrors with a bendable 
mechanism is placed behind the exit slit. On varying 
the curvature of the KB mirrors, two focusing points 
can be chosen arbitrarily: one focal point is set at the 
sample position with beam size 40 um for wide-range 
scanning; another focal point is set at the ZP-slit to 
meet the requirement of zone-plate focusing. With 
a zone plate of diameter 1 mm, the size of the inci-
dent beam of focal length 6 mm can be decreased 
to 100 nm for photon energy 150 eV and 200 nm for 
photon energy 50 eV. The design of the zone plate, 
order-sorting aperture (OSA) and sample stages was 
completed in 2019 December. Figure 3 displays the 
design of all scanning stages in the analysis chamber 
of the nanoARPES endstation. The commission of all 
scanning stages will begin in mid 2020. (Reported by 
Cheng-Maw Cheng)

Fig. 1: Optical layout of nanoARPES beamline TPS 39A.

Fig. 2: Assembled endstation in the micro-ARPES branch.

Fig. 3: Design of the zone plate, OSA and sample stages in the 
nanoARPES branch.

about 10 µm2 and the other is a zone-plate-focusing 
ARPES branch with minimum spot size 100 nm. These 
two branches are separated with a deflection mirror 
(HPM) before the exit slits. A beamline specification 
of the two branches is listed in Table 2.

For micro-ARPES branch TPS 39A1 (μARPES) with the 
KB mirror-focusing method, the endstation was led 
and constructed by Deng-Sung Lin (National Tsing 
Hua University) from a user community. The endsta-
tion was assembled in early 2018; commissioning 
began at the end of 2018. Figure 2 displays the 
assembled end station located at port 39 of TPS. A 
2D-VLEED spin detector was equipped for the end-
station for spin-resolved ARPES. An energy analyzer 
(Scienta DA30L) with deflection mode and five-axis 
low-temperature manipulator can effectively satisfy 
the requirement for Fermi surface mapping. Before 
the connection to the beamline, a He-discharge lamp 
as a light source was used by users to undertake con-
ventional ARPES experiments. This novel end station 
can allow users to conduct spin-resolved ARPES and 
conventional ARPES in the near future.
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Fig. 1: Construction schedule of TPS phase-III beamlines.

Plan of TPS Phase-III Beamlines

T he third phase of the Taiwan Photon Source (TPS) beamline project is being officially launched in 2021 after 
completion of the second phase of the project in 2020. After completion of the second phase of the beam-

line construction project, more than sixteen beamlines are operational in TPS, including thirteen insertion devices 
and three bending magnets. At present, TPS is generally operated at 500 mA with high stability.

The third phase of the beamline construction project includes four insertion devices and five bending magnets, 
for nine beamlines in total. In these nine beamlines, three are soft X-ray beamlines, one is a tender beamline, and 
the other five are hard X-ray beamlines. The primary objective of the third-phase beamlines is to move the beam-
lines of the present Taiwan Light Source (TLS) to TPS, and also to serve users and to provide the most updated 
technology. 

The TPS phase-III beamlines include:
1. TPS 11A In-situ Serial Protein Crystallography
2. TPS 14A Small-angle X-ray Scattering 
3. TPS 18A Powder X-ray Diffraction
4. TPS 34A Soft X-ray Absorption Spectroscopy 
5. TPS 35A Dragon
6. TPS 36A Tender X-ray Absorption Spectroscopy
7. TPS 38A X-ray Absorption Spectroscopy
8. TPS 43A Ambient Pressure X-ray Photoemission Spectroscopy
9. TPS 47A High Resolution X-ray Absorption Spectroscopy 

The current construction schedule of the TPS phase-
III beamlines is shown in Fig. 1. It is estimated to take 
six years to complete the construction of these nine 
beamlines, scheduled from 2021 to 2026. The floor 
map of the TPS beamlines is shown in Fig. 2. 

The main purpose of the third phase of the beamline 
is to relocate the beamlines of the present TLS and to 
continue to develop and to achieve the most im-
portant scientific topics. It includes more challenging 
protein crystallography on site, mainly for proteins 

that cannot be successfully resolved at present. The 
other eight beamlines include small-angle scattering, 
powder diffraction, a dragon beamline, X-ray absorp-
tion spectra, soft X-ray absorption spectra, chamber 
pressure/vacuum photoelectron spectra, soft X-ray 
absorption spectra etc., all transferred from the pres-
ent TLS. The functions of these eight beamlines in op-
eration are expected to replace the scientific research 
and development capabilities of TLS in the least time. 
(Reported by Gung-Chian Yin) 
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Fig. 2: TPS phase beamline map; phase I is shown in orange, phase II in blue and phase III in green. 
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