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Table 2: Main parameters of the insertion devices installed in TLS

Table 1: Main operational parameters of the TLS storage ringTaiwan Light Source (TLS)

Operation Parameters
Tables 1 and 2 show the main opera-
tional parameters of the TLS storage ring 
and the associated insertion devices.

Status of TLS and TPS Accelerators

Beam energy [GeV] 1.5
Number of buckets 200
Maximum multi-bunch beam current [mA] 360
Horizontal beam emittance [nm-rad] 22
Betatron tunes [νx/νy] 7.303 / 4.175
Lifetime at maximum beam current [hour] > 7 
RF voltage [MV] 1.6

Insertion device W200 U50 U90 EPU56 SWLS SW60 IASWA IASWB IASWC
Type Hybrid Hybrid Hybrid Pure SC SC SC SC SC
Period (mm) 200 50 90 56 250 60 61 61 61
Photon energy (eV) 800–15k 60–1.5k 5–500 80–1.4k 2k–38k 5k–20k 5k–20k 5k–23k 5k–20k

Operation Summary
The performance indicators for the TLS operation are shown in Fig. 1. In 2018, the beam availability is 98.7% 
with a scheduled user time of 5,111 hours; the mean time between failures (MTBF) reached a historical high, 
340.7 hours.

Fig. 1: The summary of the beam availability, beam stability (∆I/I0) and MTBF of the TLS user-mode operation since 2006.
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Fig. 2:  The summary of the beam availability and MTBF of the TPS user-mode operation since 2016 Q4.

Table 3:  Main operational parameters of the TPS storage ring

The TPS Digital Low-Level Radio Frequency System

Taiwan Photon Source (TPS)

Operation Parameters
The main operational parameters of 
the TPS are shown in Table 3.

Beam energy [GeV] 3.0 
Number of buckets 864
Maximum multi-bunch beam current (design) [mA] 400 (500) 
Horizontal beam emittance [nm-rad] 1.6
Betatron tunes [νx/νy] 26.16 / 14.24

Lifetime at maximum beam current [hour] > 15 
RF voltage [MV] 3.2 

Operation Summary
In 2018, the TPS successfully operated at the designed beam current of 500 mA with the beam lifetime of more 
than 8 hours during a machine study. NSRRC has initiated the paper work for the operation license of 500 mA, and 
expects to operate the TPS storage ring in user mode with 500-mA beam current in the near future. The summary 
of the beam availability and MTBF of the TPS user-mode operation is shown in Fig. 2. (Reported by Chang-Hor Kuo)

T he purpose of a Low-Level Radio Frequency 
(LLRF) system is to manipulate the amplitude 

and the associated phase of the accelerating field 
provided by the RF cavity. Before this project, both 
the Taiwan Light Source (TLS) and the Taiwan Pho-
ton Source (TPS) were using analog LLRF systems to 
manipulate the RF system. The analog LLRF system 
enables the accelerating field inside the RF cavity to 
achieve the amplitude stability, ∆VC/VC , of 1% and 

the phase stability, ∆φ, of 1 degree by controlling the 
implemented cavity voltage in TLS and TPS. To have 
higher field stability, more precise field control and 
better noise reduction for the accelerating field is 
required. A digital LLRF (DLLRF) control system based 
on the platform of the Field Programmable Gate Ar-
rays (FPGA) was proposed and developed at NSRRC. 
With the prototype of the DLLRF accelerating voltage 
controller, the accelerating field reaches the stabilities 
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of ∆VC/VC  < 0.2%) and ∆φ < 0.2°. Also, the sidebands 
of the 60-Hz noise and its high-order harmonics can 
be suppressed to be -70 dBc. The analog LLRF system 
of the TPS booster ring was replaced by the DLLRF 
system at the beginning of 2018, and the other ana-
log LLRF systems installed in the TPS storage ring will 
be replaced by the DLLRF system in the near future. 
An introduction to the DLLRF control system and its 
operation status at the TPS booster ring are described 
in this report.

The schema of the DLLRF controller is shown in Fig. 1, 
where the master clock inside the frequency standard 
module generates a 550 MHz local signal (LO) for 
the Up/Down converter of the controller and an 80 
MHz (LVTTL) working clock for the FPGA. The cavity 
transmitted power and the master signal are down 
converted to the intermediate frequency (IF) band 
of 50 MHz by mixing a 500 MHz RF signal with a 550 
MHz LO signal. Then, the IF band signal is digitized by 
an analog-to-digital convertor (ADC) with a 40 MHz 
clock generated by a FPGA phase-locked loop from 
the 80 MHz working clock. After data processing by 
the FPGA, a signal for the cavity control is generated 
by a digital-to-analog convertor (DAC) with the 80 
MHz working clock and then up converted to a 500 
MHz RF signal.

As shown in Fig. 2, the DLLRF control system includes 
a FPGA control core, an input/output (I/O) controller, 

an Up/Down converter, and a linear power source. 
The FPGA control core consists of two commercially 
available boards. The Altera DE3-260 is a develop-
ment FPGA platform (Stratix III) carrying 260k logic 
elements while the DCC-HSMC is an AD/DA Data 
Conversion Card (DCC) based on the High Speed 
Mezzanine Card (HSMC). Both ADC and DAC have the 
resolution of 14 bits, and the updating rates are up 
to 150 mega samples per second (MSPS) for the ADC 
and 250 MSPS for the DAC. The DE3-260 can com-
municate with the DCC-HSMC via a small form factor 
connector. The RF signal of the cavity is transformed 
from 500 MHz to 50 MHz by the Up/Down converter. 
After that, the 50 MHz signal was digitized by the 
DCC-HSMC and processed by the DE3-260, and then 
up converted back to 500 MHz for the cavity control.

A Raspberry Pi (RPi) is chosen as the I/O controller 
of the DLLRF system and utilizes general-purpose 
input/output (GPIO) pins for communications with 
the FPGA. It also allows the controller to be hosted 
and operated from a local or remote PC. Application 
programs can be developed with python. Remote 
operation, data acquisition and the monitoring can 
all easily be implemented through the Experimental 
Physics and Industrial Control System (EPICS) pack-
age. The maximum GPIO I/O speed accompanied 
with a python library, RPi.GPIO, is about 70 kHz. Such 
an access speed is sufficient for the process of the 
basic command function of the DLLRF controller. 

Fig. 1:  The schema of the DLLRF controller. The tuner loop is not included.
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The software architecture for the 
communication and the function 
architecture for the remote op-
eration are shown in Fig. 3 and 
Fig. 4, respectively. During the 
long-term test of 90 days with 
uninterrupted communications, 
the RPi I/O controller works very 
well, indicating that the RPi works 
well as the I/O controller for the 
DLLRF system with good reliability 
and stability.

The analog LLRF system previously 
installed in the TPS booster ring 
consists of the interlock protec-
tion function and three feedback 
loops: the amplitude, the phase 
and the tuner loop. All functions 
are controlled by the Program-
mable Logic Controller (PLC). 
The newly developed DLLRF also 
contains four functions as those 
within the analog LLRF system, 
however the manipulation of the 
amplitude and the phase will be 
supervised by the FPGA, while the 
tuner loop and the interlock pro-
tection system are still operated 
by the PLC. The modules in the RF 
path are replaced by the digital 
modules, as shown in Fig. 5. The 
tuner loop and the interlock pro-
tection will be involved in the next 
version of the DLLRF controller. 

The LLRF system has three opera-
tion modes: off mode, tune mode 
and operation mode. The “Off 
Mode” indicates the RF system 
was shut down. While running the 
LLRF system in the “Tune Mode”, 
the tune loop controlled by the 
PLC will be activated, and will lock 
the resonant frequency of the RF 
cavity with the fixed drive power. 
Because of the fixed drive power, 
no feedback was implemented 
in the Tune Mode and the cavity 
voltage cannot be kept on the set-
ting value. The feedback function 
was implemented in the “Opera-
tion Mode” of the LLRF system to 
retain the cavity voltage on the 
setting value by manipulating the 
drive power. In case of the DLLRF 

Fig. 2:  The DLLRF controller where the FPGA control core is composed of the DE3-260 
and the DCC-HSMC, and the RPi is an input/output controller.

Fig. 3:  The architecture of the communication software.

Fig. 4:  The function architecture for the remote access.
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system, while the DLLRF controller receives the operation command from 
the local/remote operator, the operation command will be passed to the 
PLC module for the activation of the tuner loop. Also, the DLLRF control-
ler will monitor the status of the PLC module to prevent the damage from 
the unexpectedly status change of the PLC module, such as the failure 
of the tuner scan. Once the interlock was triggered, the PLC module will 
pass the DLLRF controller the interlock signal, and switch the DLLRF sys-
tem to be “Off Mode” immediately.

Figure 6 shows the DLLRF system with a RPi I/O controller inside the DLL-
RF controller and the local operation panel. A frequency standard module 
generates the clock required for the DLLRF system. The cavity simulator 

Fig. 5:  The hardware architecture of the DLLRF system installed in the TPS booster ring.

Fig. 6:  The DLLRF control system for the TPS booster ring.

is prepared for the functional test 
of the DLLRF controller. All mod-
ules are integrated into a 19-inch 
cabinet rack.

Figure 7 shows the graphical 
user interface (GUI) displayed on 
the DLLRF local operation panel 
for the TPS booster ring. To be 
an easy, simple and friendly user 
interface, only the basic functions 
and indicators will be displayed on 
the operation panel. All additional 
functions, such as the ramping 
waveform generator and the 
cavity voltage calibration, can be 
initiated from the menu bar.

To generate the ramping wave-
form, a 1024-point ramping table 
is written into Random Access 
Memories (RAMs) in the FPGA via 
an I/O controller. The injection 
repetition rate of the TPS booster 
ring is 3 Hz. Therefore, the corre-
sponding time interval for these 
1024 points is 1/3 second. The 
setting points of the cavity voltage 
are changed to fit the ramping 
waveform in a particular ramping 
mode. Figure 8 shows the ampli-
tude and the phase of the cavity 
voltage measured by the analog 
and digital LLRF systems during 
the routine operation of the TPS 

booster RF. Significant better performance was 
achieved by the DLLRF control system than the 
analog LLRF system.

Figure 9 shows the field spectrum of the RF 
cavity operated by the analog LLRF system and 
the DLLRF system with the cavity voltage of 905 
kV during the operation mode. The sidebands 
of the 60 Hz noise and its harmonics can be im-
proved by about 20 dB with the DLLRF system.

At the TPS, the DLLRF system can save 70% 
electricity consumption for the RF system with 
an energy saving function. This function is real-
ized by controlling the klystron cathode current 
and the cavity voltage according to the injec-
tion timing signal. However, to operate the RF 
system in the energy-saving operation mode 
might cause instabilities due to the phase shift 
in the RF loop resulting from the variation of 
the klystron cathode current. In order to have 
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Fig. 7:  The RF GUI for the TPS booster ring.

Fig. 8:  The amplitude and the phase of the cavity voltage measured 
by the analog and digital LLRF systems.

Fig. 9:  The field spectrum of the RF cavity operated by (a) the analog LLRF system and (b) the digital LLRF system.

a stable energy-saving operation mode, the PI 
gains must be optimized. Therefore, an offline 
model of the LLRF system will be studied for 
the optimization of the PI gains. The optimized 
gain is determined by minimizing the RMS errors 
during the ramping process in the stable region. 
The difference between setting points and mea-
sured values during the ramping process with the 
energy-saving function and optimized PI gains 
can be controlled within 0.05 ± 0.28 % and 0.14 
± 0.21 degrees for the cavity voltage amplitude 
and phase, respectively. With the tuned PI gains, 
the DLLRF system in TPS booster ring performs a 
stable operation with the active energy-saving 
function.

A DLLRF control system with the higher RF field 
stability, more precise field control and better 
noise reduction has been developed at the NSR-
RC. The operation of the DLLRF control system for 
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NSRRC High Brightness Photo-Injector System and 
Light Source Development

A high brightness photo-injector test facility, as shown in Fig. 1, has been built in the Accelerator Test Area 
(ATA) at NSRRC for R&D of novel light sources, such as free electron lasers and inverse Compton scattering 

sources etc., in the past few years. This photo-injector is equipped with a laser-driven photocathode RF gun as 
a high quality electron source and a 5.2-m long S-band traveling-wave linac for beam acceleration. A few tens 
MeV, ultrashort bunches of ~100 fs bunch length can be produced from the injector by velocity bunching tech-
nique. Intense coherent THz radiation sources driven by this photo-injector has been developed to demonstrate 
the capability of this injector since demands of intense radiation sources in the THz range have been encoun-
tered in some applications like spectroscopy, elementary (e.g., phonon) excitations, NMR spectroscopy, etc. 
Tunable narrow-band THz coherent undulator radiations (CUR) can be generated from a U100 planar undulator 
when it is driven by such a beam. In addition, broadband THz coherent transition radiations (CTR) can be gener-
ated by passing this beam through a metallic foil. CTR is also used for the determination of the bunch length by 
autocorrelation technique.

NSRRC High Brightness Photo-injector
Commissioning of the photo-injector has been carried out in 2016.1 The 2,998 MHz RF gun with the Cu cathode 
has been operating at the accelerating gradient of 70 MV/m. It is followed by a short solenoid electromagnet 

the TPS booster ring is successful. The stability of the 
cavity voltage and the ability of the noise suppression 
are improved significantly by using the DLLRF control 
system. The present storage ring analog LLRF systems 
will be replaced in the future. (Reported by Zong-Kai 
Liu, Fu-Yu Chang and Meng-Shu Yeh)

This report features the TPS DLLRF System Project led 
by Zong-Kai Liu, Fu-Yu Chang and Meng-Shu Yeh.

References
1. F. Y. Chang et al., Proc. IPAC’17, 4077 (2017).
2. Z. K. Liu et al., Proc. IPAC’17, 4083 (2017).
3. Z. K. Liu et al., Proc. IPAC’18, 2298 (2018).
4. F. Y. Chang et al., Proc. IPAC’18, 2295 (2018).
5. Z. K. Liu et al., Proc. PCaPAC’18, 30 (2018).

Fig. 1:  NSRRC High Brightness Photo-Injector Test Facility.
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Fig. 2:  The layout and the photo of the NSRRC photo-injector and the coherent THz sources.

which is used to compensate the emittance growth 
induced by linear space charge force of the beam. 
A Ti:sapphire laser system delivering 800 nm, 100 fs 
pulses with energy of 4 μJ, is used as the drive laser 
system to produce 266 nm UV pulses for the photo-
cathode through a third harmonic generation unit. 
Synchronization electronics are employed to ensure 
the laser is locked to the 2.998 GHz RF master clock. 
A 5.2-m-long, 156-cell, DESY-type constant gradient 
traveling-wave linac is used for beam acceleration as 
well as RF bunch compression. In order to provide the 
additional focusing magnetic field required to control 
the beam envelope and reduce the emittance growth 
during velocity bunching, two solenoid coil sets em-
bedding the first two meters of this linac structure are 
installed. Both the RF gun and the linac are powered 
by a single 35 MW pulsed klystron operating at 10 Hz 
RF pulse repetition rate. A power splitter and a phase 
shifter allow us to adjust the power delivered to the 
gun and the phase of the linac accelerating field inde-
pendently. 

Diagnostic tools are installed downstream of the linac 
to characterize the electron beam. Both the charge 
and the current are measured by an integrating cur-
rent transformer (ICT). The beam energy is measured 
by the dipole magnet spectrometer, and the beam 
position is measured at various positions along the 
beam line with the YAG:Ce screen imaging systems. 
The layout and a photo of the NSRRC high brightness 
photo-injector and coherent THz sources are shown 
in Fig. 2.

Ultrashort Electron Bunches via Velocity Bunching
The concept of RF bunch compression, through the 
velocity bunching in photo-injector, was first sug-

gested in 2001.2 This method is a one-step scheme 
that beam acceleration and bunch compression are 
accomplished simultaneously in the accelerating RF 
structure. The propagation of microwave in a typical 
traveling-wave linac has a constant phase veloci-
ty equal to the speed of light. An electron moving 
slower than the phase velocity of the RF wave slips in 
phase until it is accelerated to higher energy. In gen-
eral, the amount of electron phase slippage depends 
on the RF phase at the beam injection. Therefore, it 
is possible that a bunch of electrons with different 
initial phases being injected into the linac at certain 
nominal RF phase will slip backward to the crest of 
the accelerating field such that bunch compression 
can be achieved. Velocity bunching is attractive be-
cause less space is required in comparison with the 
magnetic bunching scheme; and the deterioration 
effects of electron beam quality resulted from the 
coherent synchrotron radiation (CSR) during mag-
netic bunch compression can be avoided. However, 
it should be emphasized that velocity bunching is 
effective only for lower beam energy; and the trans-
verse beam emittance and the beam size have to be 
controlled carefully.

Accelerator-based Coherent THz Sources
Coherent radiations can be generated when the 
designed radiation wavelength is longer than the 
bunch length. Once the bunch length is compressed 
to a few hundred or few tens femtoseconds, coherent 
radiations in the THz range can be produced. In gen-
eral, the radiation power from a bunch of N electrons 
can be described as:

P(ω) = P0(ω)[N(1 - f(ω)) + N2 f(ω)],
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where P0(ω) is the radiation power of single electron 
and

f(ω) = |∫eikn∙r S(r )d3r|2

is the bunch form factor which is the Fourier trans-
form of the temporal distribution of the electrons in 
the bunch. S(r ) is the 3D particle distribution func-
tion. In the square bracket of the equation, the first 
term is the incoherent component and the second is 
the coherent one, which is related to the square of 
the electron number and the bunch form factor. The 
power of coherent radiation will be about N2 times 
larger than that of one electron.

There are several mechanisms to produce the coher-
ent radiation in accelerator-based sources. One of 
them is the coherent transition radiation3 (CTR). The 
transition radiation (TR) is emitted while a charged 
particle passes through the boundary of two media 
with different dielectric constants. When the bunch 
length is much smaller than the radiation wave-
length, CTR is produced. Since CTR carries the infor-
mation of the bunch distribution, it can be used to 
measure rms electron bunch length with a THz inter-
ferometer. Another way to produce intense coherent 
THz radiation is from an undulator. Just like the co-
herent synchrotron radiation from bending magnets, 
undulators can be used to produce synchrotron radia-
tion with significantly higher brightness and a narrow 
spectral bandwidth, so called the coherent undulator 
radiation (CUR). The radiation wavelength of CUR can 
be determined by the undulator equation

where λu is the undulator period length, K is the un-
dulator parameter, γ is the Lorentz factor and θ is the 
observation angle from the beam.

THz Setup and Measurement
The setups of CTR, CUR and the THz diagnostics sta-
tion for THz measurements is shown in Fig. 3 and 
described below.

A. Coherent Transition Radiation
A 20-mm diameter aluminum foil with 45° with 
respect to the beam path was used as a CTR radiator. 
The backward TR is emitted perpendicular to the 
beam axis and then collected and collimated by a 
gold-coating 90° off-axis parabolic mirror (OAP) with 
9-inch focal length. Then the CTR is further trans-
ported to the THz diagnostics station by another 
gold-coating mirror. The aluminum foil and the YAG 
screen are mounted on the same motorized linear 
motion feed-through. By moving the feed-through to 
different positions, the YAG screen or the aluminum 
foil is moved to the beam axis and the beam status or 
the CTR signal can be observed.

B. Coherent Undulator Radiation
The planar undulator U100 with the period length of 
10 cm, the number of periods of 10 and the physical 
length of 2.2 m was designed and fabricated by NSR-
RC magnet group more than 20 years ago. The U100 
was installed downstream of the photon-injector 
system for the generation of coherent THz radiation. 
The gap is fixed at 40 mm, corresponding to the un-
dulator constant, K, of 4.6, for the CUR experiments. 
The ultrashort electron beam from the photo-injector 
and the THz photon beam coexist in the undula-
tor vacuum chamber. While the THz radiation goes 

Fig. 3:  Schematic of the THz measurement for (a) the CTR, (b) the CUR and (c) the photo of THz diagnostics station.

λ =       (1 +     + γ2θ2 )λu
                         K2

2γ2             2
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straight ahead to the THz output window, a dipole magnet bends 
the electron beam to the dump. Unlike the CTR, a THz Tsurupica lens 
(Broadband Inc.) with 2.5-m focal length is used to collect and colli-
mate the THz radiation, and three gold mirrors are used to transport 
the THz radiation to the THz diagnostics station.

C. THz Diagnostics Station
The THz diagnostics station is built for characterizing the THz signal. 
Once the collimated THz radiation is transported into the station, 
an off-axis parabolic mirror (OAP) with a 15-cm focal length, mount-
ed on a translation stage, is used to focus the signal onto the THz 
detector (Golay cell detector) to measure the THz power. Once the 
OAP is moved away, the THz radiation can be directed into a bunch 
length interferometer system, which is an in-air Michelson interfer-
ometer setup for power spectrum measurement. The interferogram 
of the recombined signal coming from two optical arms is detected 
by another Golay cell detector. With this information the THz spec-
trum and the information of the bunch length can be found. The 
THz diagnostic station is purged with dry air to prevent the propaga-
tion loss of THz radiation in air and covered by palladium sheets for 
radiation shielding.

Current Status of Coherent THz Sources
Currently a 2.8-MeV electron beam with bunch charge up to 460 
pC is generated from the photocathode gun. The electron beam is 
further accelerated to the energy of 62 MeV through the linac with 
a RF accelerating gradient of 11.5 MV/m. The injection phase of the 
electron beam is tuned for bunch compression until the CTR signal 
reaches a maximum and then the injection phase is fixed for all 
measurements. Figure 4 shows the measurement of the THz out-
put as a function of electron number for CUR and CTR. The results 
confirm the quadratic dependence of the THz output signal on the 
electron number as expected both for CTR and CUR. Measured in-
terferograms by the Michelson interferometer for CUR (red line) and 
CTR (blue line) sources are shown in Fig. 5(a). As mentioned earlier, 
the electron bunch length can be determined from the measured 
CTR interferogram. As shown in the inset of Fig. 5(a), the measured 
FWHM for the bunch is 346 μm. Assuming that the electron bunch 
is the Gaussian distribution, the bunch length is estimated to be 
490 fs rms. The measured bunch length is longer than the calculat-
ed results of sub-hundred fs. This may be caused by the lower linac 
field of 11.5 MV/m whereas the field used for the calculation is 15 
MV/m. However, these results show that electron bunches in the 
linac can be accelerated and compressed simultaneously by veloci-
ty bunching. The radiation spectra for CUR and CTR retrieved from 
interferograms in Fig. 5(a) by fast Fourier transform are shown in 
Fig. 5(b). In contrast, the CUR spectrum shows a narrow bandwidth 
and the central frequency is measured to be 0.62 THz, correspond-
ing to the electron beam energy of 17.7 MeV. In order to produce 
THz radiation at higher frequencies (e.g. 1–10 THz), the operation 
parameters of the photo-injector system have to be optimized for 
shorter electron bunch lengths. Excluding the energy loss caused 
by the response of the Golay cell detector, transmittance of high 
density polyethylene (HDPE) and Teflon plates, and throughput of all 
optics the estimated THz pulse energies for CTR and CUR are 6.7 and 
26.4 μJ under the electron charge of 210 and 280 pC, respectively. 

Fig. 4:  THz output signal as a function of the 
electron number for (a) CUR and (b) 
CTR.

Fig. 5:  (a) Measured interferograms for CUR 
(red line) and CTR (blue line) sources. 
The inset shows the enlargement of 
the central part of CTR signal. (b) THz 
spectra retrieved from the interfero-
grams in (a).
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Performance of the coherent THz sources for CTR and 
CUR are summarized in Table 1.

Accelerator-based coherent THz sources have been 
studied to demonstrate the capability of the NSRRC 
high brightness photo-injector. Pilot user experiments 
aimed to explore optical properties of materials 
under the influence of intense THz radiation field are 
being planned. Furthermore, based on the existing 
photo-injector, the plan of establishing a free elec-
tron laser test facility is under intensive discussion. 
An upgraded photo-injector system, generating an 
electron beam with 250 MeV beam energy and sub-
100 fs bunch length by a dogleg bunch compressor, 
will be used to drive a 50-nm VUV FEL seeded at 200-
nm lasers. The possibility of higher repetition rate of 
this photo-injector system is also under consideration. 
(Reported by Wai-Keung Lau and Ming-Chang Chou)

This report features the project developed by the 
members from the High Brightness Injector Group.

References
1. A. P. Lee, et al., Proc. IPAC’16, 1800 (2016).
2. L. Serafini, M. Ferrario, AIP Conf. Proc. 581, 87 

(2001).
3. C. Settakorn, SLAC -Report-576 (2001).

Parameters CUR CTR
beam energy (MeV)                     17.7
bunch charge (pC) 280 210
bunch length (fs)                     490
repetition rate (Hz)                     10
undulator strength K 4.6 --
THz pulse energy (μJ) 26.4 6.7
central frequency (THz) 0.62 --
bandwidth 15% --
THz peak power 530 kW 9.4 MW

Table 1:  Performance of coherent THz sources

T he storage ring of the Taiwan Light Source (TLS) is operated in top-up injection mode at a stored beam 
current of 361 mA. The beam lifetime is about 7 hours and the refill occurs every minute. The TLS booster 

ring has been operating in the ramping mode to 1.3 GeV except for the kicker pulser since the top-up injection 
started in 2005. While operating an injector in the synchrotron light source, the energy efficiency is an import-
ant issue. An energy saving operation mode for the booster RF system has been developed and is now operat-
ed routinely.1 The families of the dipole magnets and the quadrupole magnets of the booster synchrotron are 
resonantly excited by three White circuits at the rate of 10 Hz2 and running nonstop because the power supply 
of the magnets could not respond cycle-by-cycle. Minimizing the duration of the magnet excitation without 
interfering with the beam injection and the beam extraction to save electricity during the top-up operation was 
implemented in late 2018.3

The TLS booster synchrotron consists of three magnet families: the dipole magnets, the focusing quadrupole 
magnets (FQ) and the defocusing quadrupole magnets (DQ), and each family includes 12 magnets. The main 
excitation circuit is configured by three independent White circuits which are resonantly excited at the rate of 
10 Hz. A White circuit involves two coupled parallel resonant circuits connected by a bypass capacitor, where the 
first circuit consists of a magnetic choke and a capacitor bank, and the second circuit is made up of the boost-
er magnets and parallel capacitor banks. A DC power supply in parallel to the bypass capacitor makes up for 
the losses. All three White circuits have the same configuration, but the AC and DC power supplies work inde-
pendently. Both the operating precision of the AC and DC power supplies must be well manipulated and smaller 
than 5 × 10-4 to ensure stable ramping. The variation of the betatron tune during the energy ramping can be of 
the order of 10-2 but the focusing error needs to be within 5 × 10-4. This indicates that the performance of DC 
and AC components for both families of quadrupole magnets must be stabilized within the same tolerances. 
The amplitude and phase of the power supplies might drift due to a shift in the resonant frequency caused by 
the ambient temperature variations or the heat resulted from the capacitors in the White circuit. It takes several 

Operation of the TLS Booster Synchrotron in  
Energy Savings Mode
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hours to achieve thermal equilibrium. The tolerable phase drift is estimated to be 0.1°, corresponding to a shift 
of the current wave by 30 μsec at the 10-Hz operation.

A control system synchronizes both the amplitude and the phase for the 10-Hz sinusoidal waveforms of the 
White circuit AC power supplies. A block diagram of the White circuit power supply interface is shown in Fig. 1. 
It consists of an amplitude and phase detector module, a high purity 10-Hz generator, an amplitude regulator 
module, a digital delay generator (DDG), a time-to-digital converter (TDC), an interlock and protection module 
and 16 bit digital-to-analog converter (DAC) and analog-to-digital converter (ADC) modules.

The major control function of the White circuit is a low noise phase-reference signal at the rate of 10 Hz to regu-
late the amplitude and phase of the AC currents of the magnet power supplies.4 The amplitude/phase detection 
modules measure the AC peak current for the analog PID amplitude regulator in the high purity 10-Hz sine-wave 
generator, where the PID stands for proportional, integral and derivative terms. The purpose of the amplitude 
regulation loop is to keep the peak current of the magnet power supply constant. The DAC modules set the 
amplitude reference for the DC/AC power supplies, and the high purity 10-Hz sine-wave generator module is 
controlled by the amplitude reference signal to generate a 10-Hz sine-wave for the AC power supplies, which 
drives the current amplitude of the White circuits. The purpose of the phase regulation loop, as shown in Fig. 2, 
is to synchronize the phases between the families of quadrupole magnets and dipole magnets.

The operational sequence of the White circuits is as follows.
1. Three DDG modules create the 10 Hz trigger signals for three high purity 10-Hz sine-wave generator modules 

which produce synchronized phases for the three 10-Hz sine-wave output signals.

Fig. 1:  The TLS booster synchrotron AC power supply diagram and the associated control interface.
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2. The direct constant current 
transformer (DCCT) senses the 
output amplitude of the mag-
net currents for the amplitude/
phase detection modules that 
directly detect the current 
phases of the power supplies 
and feeds them back to the TDC 
module for the manipulation 
of the software and PID phase 
regulation to rectify the phases 
of the DDG modules.

In the phase regulation loops, a 
zero-crossing signal is connected 
to a digital converter to detect 
the zero-crossings of the dipole 
AC currents, where the dipole AC 
currents means the AC currents 
provided by the power supply of 
the dipole magnet. The respective 
zero-crossing time signals from 
the FQ and DQ power supplies are 
measured relatively to the zero 
crossings of the dipole AC cur-
rent, and are regulated by the PI 

Fig. 3:  (a) Dipole AC current amplitude, (b) the relative phase difference of the FQ/DQ 
supplies and (c) booster beam current.

Fig. 2:  The phase regulation loops of the magnet excitation.
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controller that adjusts the phase of the 10 Hz driving signal for the FQ and DQ power supplies. A digital PI regu-
lator is used to keep the phase difference constant between both families of quadruple magnets and the dipole 
magnets. The input for the regulation loop comes from a TDC, and its output is fed to a digital delay generator. 
Figure 3 shows the amplitude of the dipole AC current and the phase difference between FQ/DQ AC currents 
while the amplitude and phase regulation loops are enabled. When the amplitudes and phases reach a stable 

Fig. 4:  Amplitude/phase regulation loops and accelerated beam current after improve-
ments in September 2018. All power supplies are enabled for 18 seconds before 
the time of injection in order to stabilize the system.

Fig. 5:  The dipole AC current relative to FQ/DQ phase and booster beam current.

level, the beam can be accelerated 
(ramped) in the booster ring after 
the amplitude or phase pertur-
bation caused by the transient 
response of the PI regulation is 
damped out. The PI regulator 
minimizes the effect of a slow drift 
to support the working conditions 
for the injecting beam and the 
ramping energy in the TLS boost-
er synchrotron. It takes about 10 
seconds to reach relative phase 
differences of less than 0.1° (~30 
μsec) and amplitude errors of less 
than 10-4 of the nominal current.

The White circuits run the full 
power operation during the beam 
injection period, and run the en-
ergy-saving mode after the beam 
injection. In the top-up operation 
mode, the electron beam is in-
jected every minute. It takes only 
a few injection cycles (0.1 sec/
cycle) in the last two seconds of 
the injection period to supply the 
desired beam to the storage ring. 
After nominal values are set to the 
AC/DC power supplies, it takes a 
few seconds to stabilize the am-
plitude and phase tracking loops. 
The requirement of time duration 
depends on the time constants of 
the loads (White circuits), control 
rules and resonance frequency 
drifts due to thermal effects. After 
injection, the power supplies are 
set to zero to save electricity. In 
other words, the current output 
of the AC/DC power supplies are 
enabled then disabled in ener-
gy-saving operation mode.

Before the regulation loops of the 
White circuits are optimized, the 
regulation loops need to be kept 
running continuously to assure 
the stable performance between 
the injection interval of 60 sec-
onds. After the PI parameters of 
the regulation loops are opti-
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mized, the On/Off operation of the White circuits has no impact on the beam injecting or the beam extracting, 
as shown in Fig. 4. It takes about 18 seconds to stabilize conditions for the efficient beam injection. The typical 
dipole current and relative phases among magnet families and beam currents in the booster synchrotron in ener-
gy saving mode are shown in Fig. 5.

The electrical power to drive the White circuits is about 275 kW as shown in Fig. 6, and the annual booster elec-
tricity consumption is about 1,512 MWh (275 kW * 5,500 hours), which is based on 5,500 hours of operation. 
With the energy savings mode of operation, the total power consumption is reduced to one-third of this, or a 
67% reduction of power consumption. That translates to more than 1,000 MWh annual electrical energy sav-
ings.

The energy savings scheme for the TLS booster synchrotron with resonant magnet excitation to support the top-
up injection for the TLS has been implemented in October 2018. Various limitations to operate the booster syn-
chrotron in energy saving mode were explored. The magnet excitation can be suppressed by about 40 seconds 
within each 60 seconds of top-up injection intervals, resulting in about two-third of electricity savings without 
sacrificing operation performance. (Reported by Jenny Chen and Demi Lee)

This report features the project led by Jenny Chen and Demi Lee.

References
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Fig. 6:  The electricity consumption of booster main power supplies of TLS booster synchrotron.
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In 2018, in order to improve the overall beam injec-
tion performance in Taiwan Photon Source (TPS), 

the Linac Group installed two types of the pulsed 
power supply, an IGBT-switch kicker power supply 
and a full-sine septum power supply, at the TPS 
booster ring and the TPS storage ring respectively, 
where the IGBT stands for the insulated gate bipolar 
transistor.

IGBT-Switch Kicker Power Supply
An on-axis injection scheme is designed to inject the 
electron beam from the linac-to-booster (LTB) trans-
fer line to the orbital center of the TPS booster ring by 
utilizing the injection kicker magnet with the pulsed 
current. The pulsed current, however, has two essen-
tial requirements in the TPS booster ring. The long 
flat top is to kick the bunch train as long as possible 
within one revolution time of 1,660 ns; and the sharp 
falling edge without the following ripple is to avoid 
twice kicks on the same bunch train after the injected 
bunch train travels one revolution.

Before implementing the IGBT-switch kicker power 
supply (IGBT pulser), the TPS booster ring used the 

Implementing IGBT Kicker Pulser and Full-Sine 
Septum Pulser to Improve the TPS Beam Injection

pulse-forming-network (PFN) pulser to generate the 
pulsed current for the beam injection. As illustrated 
in Fig. 1(a), the PFN pulser has a 300-ns flat top to 
carry the bunch train,1 followed by a falling time of 
1,360 ns and an extended long-tail ripples. To make 
a comparison, as shown in Fig. 1(b), the delivering 
current from the IGBT pulser has a falling time of 460 
ns, so that the length of injection bunch train can be 
set up to 1,200 ns. Also, the flat top provided by the 
IGBT pulser has the better uniformity to generate the 
uniform magnet field for kicking.

The information given in Fig. 2 demonstrates that 
the available length of the bunch train for the beam 
injection is significantly enhanced after implement-
ing the IGBT pulser. The longer capability of the 
bunch train provided by the IGBT pulser can be used 
as a handy tuning knob to optimize the filling pat-
tern in the top-up operation mode.

Table 1 lists the major operation parameters for easy 
comparison between the PFN pulser and the IGBT 
pulser.2,3 The typical operation voltages for the IGBT 
pulser and the PFN pulser are 1.5 kV and 15 kV re-

Fig. 1:  (a) The long-tail PFN pulser is a compromised solution of an impedance mismatch unit. Only the bunch train of 300 ns is avail-
able within one revolution time, 1,660 ns, of the TPS booster ring. (b) The 460-ns falling time of the IGBT pulser provides 1,200-
ns bunch train tuning capability.
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spectively. The low operation voltage of the IGBT 
pulser still provides a comparable environment 
to that of the PFN pulser. The IGBT pulser also 
requires drastically less space in the TPS tunnel, 
as shown in Fig. 3.

Full-Sine Septum Power Supply
An orbit disturbance of 13 μs was observed 
while the beam was excited by the injection sep-
tum in the TPS storage ring.4 This un-negligible 
orbit disturbance results from the effect of the 
eddy current induced by the leakage field of the 
injection septum, and could not be suppressed 
effectively by the orbit feedback system. In order 
to diminish the effect of the eddy current, there-
fore, a full-sine septum power supply replaced 
the existing half-sine septum power supply for 
the beam injection in the TPS storage ring,5 as 
shown in Fig. 4.

As illustrated in Fig. 5, the effect of the eddy cur-
rent caused by the leakage field of the injection 
septum with the half-sine power supply gives 
a prolonged orbit disturbance of about 13 ms, 
whereas the disturbance duration is reduced to 
0.7 ms after implementing the full-sine septum 
pulser. Notice that the 0.7 ms orbit disturbance 
duration matches with the full-sine period. On 
the other hand, this improvement also provides 
an opportunity to re-examine a more stringent 
criterion concerning the pulse-shape matching 
among four kicker pulses.5

In 2018, with the installation of the IGBT-switch 
kicker power supply and the full-sine septum 
power supply in the TPS booster ring and the 
TPS storage ring respectively, the overall beam 

Pulser
Parameter

PFN IGBT

Pulse shape Flat-top Flat-top
Pulse length (s) used for bunch 
train*

0.3 1.2

Nominal current (A) 280 280
Inductance (μH) 3 3
Falling time (μs) 1.36 0.46
Pulse-to-pulse stability (%) 0.1 0.02
Flatness (%) ±0.2 ±0.1
Postpulse ripple (%) ±0.2 ±0.1
Repetition rate (Hz) 3 3

* The available pulse length for bunch-train tuning is limited by the 
TPS booster revolution time and the pulser falling time. Fig. 3:  The comparison of the space occupation between 

the IGBT pulser (green rectangle) and the PFN 
pulser (red rectangle) in the TPS tunnel.

Fig. 2:  The comparison of the capability of the bunch train carrying 
between (a) the PFN pulser and (b) the IGBT pulser. The tuning 
capability of the bunch train carrying is greatly enhanced by 
utilizing the IGBT pulser.

Table 1: The major operation parameters of the PFN pulser and the  
   IGBT pulser
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injection performance in TPS is significantly 
improved by carrying longer bunch train and 
having a smaller orbit disturbance. (Reported 
by Chyi-Shyan Fann and Kuang-Kung Tsai)

This report features the performance improve-
ment of the TPS beam injection led by Chyi-Shy-
an Fann and Kuang-Lung Tsai.
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Fig. 5:  The comparison of the orbit disturbance during the beam injection between the full-
sine septum (top plot) and the half-sine septum (bottom plot). After implementing the 
full-sine power supply for the injection septum, the disturbance amplitude was reduced 
from 50 μm to 25 μm on the horizontal beam position, and the disturbance duration 
was drastically decreased from 13 ms to 0.7 ms

Fig. 4:  The current durations of the TPS injection septum driven by 
the half-sine power supply (blue) and full-sine power supply 
(light-blue) are 350 μs and 700 μs respectively.
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Fig. 1:  The brilliance (left) and the flux (right) emitted by a bending magnetic source at ring current 500 mA.

Fig. 2:  The source size (left) and divergence (right) as a function of energy.

High-Resolution X-ray Imaging for Brains 

X -ray microscopy explores the 
3D structure of materials with 

high lateral and spatial resolution 
and has many applications in 
materials and life sciences. Thanks 
to the high brightness of the 
NSRRC synchrotron X-rays, im-
portant questions in biology can 
be answered with unprecedented 
structural detail. The high photon 
flux of TPS 02A beamline offers 
a unique opportunity to explore 
the complicated microstructure 
of biological specimens with high 
enough throughput so it is possi-
ble, for the first time, to examine 
the whole large specimen, such as 
an animal brain, in reasonable time. 

The TPS 02A beamline is designed 
to perform fast projection imag-
ing and tomography with hard 
X-rays photons generated from a 
1.2 Tesla bending magnet (BM). 
Operation at the 3 GeV energy 
of the TPS storage ring, the criti-
cal energy (Ec) of the BM source 
is ~7.17 keV ideal for imaging 
biology specimens with metal 
impregnation. The beamline can 
provide, however, energy > 25 
keV, and photon with energy < 5 
keV are blocked by the beamline 
windows.

Taking 1.2 mrad span of the hori-
zontal central radiation area, the 

source spectra is calculated by 
the software SPECTRA, shown 
in Fig. 1. The spectra, in energy 
range 5–25 keV, exhibit the bril-
liance 1015–1016 photons/s/mrad2/
mm2/0.1%BW and photon flux 
1012–1013 photons/s/0.1%BW. In 
addition, the horizontal source 
size and the vertical source size 
vary insignificantly around 92.8 
μm and 38.3 μm in the energy 
range 5–25 keV. The horizontal 
source divergence is 1.2 mrad with 
a mask aperture, and the change 
in vertical source divergence over 
the energy range is from 0.286–
0.128 mrad, shown in Fig. 2. At 
the sample position located 30 m 
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from the source, it provides the 
photon flux > 4.2 × 1011 photons/s 
with energy resolution < 1.72 × 
10-3, the beam size 35.5 (H) × 8.5 
(V) mm2 and beam divergence 1.2 
(H) × 0.3 (V) mrad2. 

The endstation of TPS 02A con-
sists of two main modules, one 
sample stage module and one 
detector module. The microscope 
is shown in Fig. 3. This beamline 
uses a channel-cut monochroma-
tor (CCM) to select the energy of 
the transmitted X-ray photons. 
The microtomography is capable 
of fast imaging of the detailed 
internal structure, such as the neu-
ral network of an animal brain, at 
sub-micrometer resolution in 3D. 

Fig. 3:  X-ray microscopy consists of two modules, one is for imaging and the other is for 
adjustment of sample position (a). The channel-cut SI (111) crystal monochro-
mator (b) secured in a vacuum chamber connected to a fly tube coupled to a Be 
window.

Fig. 4:  X-ray micrograph of a test pattern taken by the micro-
scopic system in the TPS 02A. 

Fig. 5:  X-ray micrographs of Drosophila head imaged by the 
microscopic system in the TPS 02A. (a) Projection image 
of the sample. (b) Cross section of the sample after re-
constructing the tomography. The tomography is taken 
at the energy of 12 keV. The scale bare is 100 μm.

Figure 4 shows a micrograph of a test pattern ob-
tained with 40X objective, using an X-ray microsco-
py in the TPS 02A. The calculated pixel resolution 
is 0.156 μm. In Fig. 4(b), the grid line of 300 nm in 
width is significantly distinguished. Table 1 sum-
marizes the optical parameters currently recorded 
in the TPS 02A. To investigate the imaging quality 
for bio-specimen with the X-ray microscopy in the 
TPS 02A, a Drosophila brain is studied and the brain 
structure is resolved (Fig. 5). Our test demonstrat-
ed the resolution of 0.3 μm is adequate for general 
mapping. Further work is needed to image segmen-
tation and analyze the  critical information required 
to identify of functional-related structure. (Report by 
Yeu-Kuang Hwu)

Table 1: Visible optical parameters recorded for the microscopy 
in the TPS 02A. The field of view of CMOS camera of 
Hamamatsu is 2048 × 2048 pixels. Due to the pinhole 
size of shutter installed, the beam spot size may limit 
the FOV in the low magnification, for example, with 4X 
objective.

Magnification FOV (mm2)
Pixel resolution 
(μm)

4X 3.19 × 3.19 1.56
20X 0.64 × 0.64 0.312
40X 0.32 × 0.32 0.156
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Frontier TPS 13A Biological Small Angle X-ray Scat-
tering Beamline

D uring the past ten years, biological small-an-
gle X-ray scattering (BioSAXS) beamlines were 

built in nearly all advanced synchrotron facilities 
worldwide. The impact of BioSAXS beamlines on the 
research of structural biology has been well demon-
strated with the fruitful results published in high-im-
pact journals. To follow this trend, a dedicated, state-
of-the-art bio-SAXS/WAXS beamline at TPS (TPS 
13A) was proposed by Ming-Daw Tsai and Meng-
Chiao Joseph Ho in 2014, which develops into a joint 
project between the NSRRC and Academia Sinica.

This dedicated TPS BioSAXS beamline will outperform 
the current SAXS beamline, TLS 23A1, and aim for 
advanced bio-structural researches. There are four 
major operation modes for the new beamline, includ-
ing :
1. High flux mode for integrated measurements of 

SAXS/WAXS/UV-Vis-absorption/Refractive-index/
Multi-angle-light-scattering (MALS) with an online 
high-performance liquid chromatography (HPLC) 
instrument, suitable for exploring biomacromolec-
ular solution structures of a wide length scale and 
structural kinetics down to microsecond time scale.

2. Ultra SAXS (USAXS) mode for resolving hierarchical 
structures of bio-machinery assembly up to 1-μm 
length scale.

3. Anomalous SAXS (ASAXS) mode for metal or min-
eral distributions (including calcium) in bio organ-
elle or drug carriers. 

4. Microbeam SAXS/WAXS (μSAXS) mode for struc-
tural mapping of the textures or specific infected 
cells in natural/synthetic bio-tissues, organelles, or 
biomaterials. 

With these features, the frontier TPS BioSAXS beam-
line will cover both the needs of academic research 
and bio-industrial applications. 

With a IU24 undulator as the source of 4–23 keV 
X-rays, the major beamline optical system (Fig. 1) 
contains integrated double crystal/multilayer mono-
chromators (DCM/DMM) for options of high energy 
resolution mode (∆Ε/Ε = 1.5 × 10−4) and high flux 
mode ( ~5 × 1014 photon/s) at the sample position for 
time-resolved structural studies. This is followed by a 
beam focusing system with vertical focusing (VFM), 
horizontal focusing (HFM), and vertical deflection 
(VDM) mirrors, located 30 m, 30.6 m and 33 m from 
the photon source, respectively. The focus point of 
the K-B system of the high flux mode is set to the end 
of experimental hutch at ca. 52 m for a maximum 
sample-to-detector distance of ~12 m.

Fig. 1:  TPS 13A-BioSAXS beamline layout, with the feature operation modes indicated. 



Facility Status

A
CTIV

ITY
 REPO

RT  2018

099

USAXS with an ultra-high collimated beam is achieved with the optics utilizing the DCM of the DCM/DMM 
monochromators, the same focusing K-B system of the high flux mode, and the four-bounce crystal collimator 
(4BCC) (comprising two sets of horizontal Si-111 or Si-311 double crystals for even better collimation) selectively 
moved into the beam path, subsequently the beam is leveled by the same VDM. The measured minimum scatter-
ing wavevector, q = 0.0003 Å-1, allows for the resolving of length scale up to a few micrometers. A set of high pre-
cision, high heat-load slits located at 15.5 m from the IU24 source can provide a virtual source of the microbeam 
down to 1-10 μm. A unique microbeam at the sample area with a small beam divergence is then achieved with 
~1 : 1 demagnification optics, comprising the DCM, the second set of K-B focusing mirrors (VFM2 and HFM2 for 
a focus at the sample position), the 4BCC, and the VDM (Fig. 1). The microbeam mode provides scanning SAXS/
WAXS structural mapping capability. 

For the detecting system, two area pixel-detectors (Eiger X 9M & 1M) are housed in a 12-m long and 1.5-m diam-
eter vacuum chamber for flexible changes of the sample-to-detector distance and low air-scattering background 
(Fig. 2). For integrative measurements with an online sample purifying environment, an HPLC/SAXS/UV-vis/RI/
MALS system (Fig. 3) is developed for the beamline.

Fig. 2:  The feature detecting system of the TPS 13A BioSWAN 
beamline for BIOlogical Small- and Wide-ANgle X-ray 
scattering.

In summary, the frontier TPS 13A BioSAXS beamline 
provides high flux for time-resolved, simultaneous 
SAXS/WAXS down to 1 μs for biological structures 
and structural kinetics, microbeam SAXS/WAXS for 
structural mapping, and USAXS for hierarchical struc-
tural assemblies up to 1 micrometer length scale. 
With these unique features, the TPS 13A BioSAXS 
beamline provides a new platform to domestic and 
international users for innovation and breakthrough 
researches in structural biology. (Reported by U-Ser 
Jeng)

Fig. 3:  The integrated system of HPLC/SAXS/UV-Vis absorption/Refractive index/
multi-angle laser light scattering (MALS) for the TPS 13A BioSAXS beamline.
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High Resolution Powder X-ray Diffraction

S tructural characterization is a principle way to 
understand the correlation between molecular 

structure and physical properties. To investigate the 
crystal structure in non-ambient sample environ-
ments, structure determination/refinement from 
high-resolution powder diffraction has been devel-
oped for several years and become more and more 
mature. A dedicated high-resolution powder X-ray 
diffraction beamline, TPS 19A, was designed not only 
for studying static structure but also structure dy-
namics. To fit the purpose, TPS 19A was designed to 
have a high flux X-ray source and high efficiency data 
acquisition system. Moreover, to reduce the absorp-
tion problem caused from Debye-Scheerer geometry, 
a higher X-ray energy source was taken into consid-
eration. For static structure determination, a new 
fine-tunable mechanism design for a multi-crystal 
analyzer was included. This will make alignment of 
the analyzer crystals more reliable and precise. Three 
multi-crystal analyzer stages including twenty-sev-
en crystals were installed, the offsets and channel 
efficiencies were calibrated using a LaB6 standard 
material. The design value of peak resolution was ca. 
0.005 degree, which is beneficial to obtain accurate 
diffraction intensity of individual reflection. For struc-
ture dynamics, the MYTHEN 24K detector provides 
fast data acquisition during in-situ experiment. A new 
refinement strategy, sequential Rietveld refinement, 
was also introduced. 

The source of TPS 19A is a 2.0-m long undulator 
called CU15. Compared with our standard undulator 
IU 22, CU15 has a shorter magnet period that will 
benefit the throughput of X-ray powder diffraction at 
high energy.

Items Unit
Cryogenic  
Temperature

Room  
Temperature

Magnet material Pr2Fe14B (NMX-68CU)
Period mm 15
Min. magnetic gap (Gmag) mm 4.00
Effective magnetic field Tesla 1.30 1.13
Deflection parameter 1.81 1.58
Magnetic force kN 31.8 23.0
Number of periods 133
Total cooler capacity Watt 400 
Operating temperature K  80 300

Table 1:  Main characteristics of the TPS CPMU, CU15

A PrFeB-based cryogenic permanent magnet undu-
lator (CPMU) with a 15 mm period length has been 
constructed for TPS Phase-II beamlines to become 
one of the standard undulators. The minimum mag-
netic gap is 4 mm to achieve an effective K value of 
1.81. The main characteristics of the TPS CU15 are 
shown in Table 1. Compared to a standard undulator 
(like the in-vacuum undulator with period length of 
22 mm at TPS), an increased SR brilliance can be ex-

pected at photon energies above 
10 keV. Among the main features 
of the CU15 are the use of (1) 
a new grade PrFeB permanent 
magnet material (PM) with high 
remnant fields; (2) a mechanical 
frame with force-compensating 
spring modules; (3) a temperature 
control system on the permanent 
magnets; (4) a cryo-cooler to 
compensate for diverse sources of 
heat loads (5) compatibility with 
vacuum regulations of storage 
rings. Figure 1 shows the overall 
structure of the TPS-CPMU.

Fig. 1:  TPS CPMU, CU15.
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The performance of CPMU has been demonstrat-
ed that when the temperature of the PMs are set 
to about 77 K, an effective field of 1.32 Tesla was 
measured at a gap of 4 mm. A temperature control 
system is used to reduce gap errors and temperature 
variations along the magnet arrays and the PMs are 
within ±0.4 K. The cooling performance of the CU15 
has been demonstrated with two cryo-coolers. The 
lowest temperature is 60 K that provides a sufficient 
cooling margin for the CU15 at 80 K.

The main optics composes of a cryo-cooled double 
crystal monochromator(DCM) and a pair of horizontal 
focusing mirrors. Because the instrumental equip-
ment including diffractometer, detectors and robots 
requires large space, the optics is laid out as compact 
as possible and we try best to reserve a cozy envi-
ronment for experimental hutch. The total length of 
beamline is 57 m. The optical hutch is limited to 33 m. 
The beamline layout is shown in Fig. 2.

High resolution powder X-ray diffraction requires a 
low divergent beam with a small energy bandwidth. 
In a conventional design, a collimating mirror placed 
prior to DCM and used to reduce the input beam 
divergence. However, TPS is a low emittance storage 
ring. Its vertical divergence reaches the diffraction 

limit. Any optics will deteriorate the beam divergence 
due to its manufacturing defects. Thus, the collimat-
ing mirror is omitted in our design. Considering the 
limited space in upstream fan at the beamline, the 
DCM is plated at 25 m from the source. Considering 
the working energy range and mechanical feasibility, 
two switchable crystal sets are installed in the DCM. 
One is Si(111) and the other is Si(311). In order to op-
timized the energy bandwidth, a cryo-cooled system 
is applied to minimize the thermal deformations of 
the crystals.

After the DCM, a pair of horizontal focusing mirrors 
(HCM, HFM) are utilized to condition the beam size 
for the capillaries at the sample position of 46 m. The 
pair of mirrors is composed of two identical cylindri-
cal mirrors. Their curvature is 22.44 km with a slope 
error better than 0.5 μrad. According to optical sim-
ulations, the two mirrors should be placed at 28.05 
m and 28.95 m respectively to produce a spot of 390 
μm × 422 μm (H × V) at the sample position. In prin-
ciple, the contribution of mirror’s defects to beam 
divergence equals the slope error/aberrations multi-
plied by sin(θg) in the sagittal direction. For hard X-ray, 
the grazing angle of θg is a small value of few mini-ra-
dians. Based on the above principle, the two mirrors 
are placed horizontally and face-to-face. Therefore, 
the deterioration of vertical beam divergence can be 
minimized. Considering the photon flux, the working 

Fig. 4:  Fine-tunable multi-crystal analyser stage: (a) top view 
and (b) side view. 

Fig. 3: The instrument resolution function of multi-crystal analy-
ser, MYTHEN 24K and 2D area detector. 

Fig. 2:  Beamline layout of TPS 19A High Resolution Powder X-ray Diffraction. 
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energy and realistic mirror length, the grazing angle of the mirror is set at 
2.5 mrad. Additionally, both mirrors have three reflection coatings, Pt, Rh 
and Si, to minimize high harmonics contamination. From optical simula-
tions, the expected flux is 2.98 × 1012 photons/s with energy bandwidth 
of 2.34 eV at 30 keV when the above optical parameters are taken into 
account.

In the endstation, three different detection systems will be installed at 
TPS 19A: (1) multi-crystal analyzer (MCA); (2) 1D position sensitive de-
tector, MYTHEN 24K; (3) 2D area detector. The full peak at half maximum 
(FWHM) of LaB6 standard from MCA, MYTHEN 24K, 2D area detector are 
0.005, 0.02 and 0.06 degree respectively using 15 keV and 0.2 mm cap-
illary. The instrument resolution function is shown in Fig. 3. Obviously, 
MCA has the best resolution. However, MYTHEN 24K can also provide 
great data quality within minutes. Although the resolution of the area 
detector is not as good as others, but when anisotropic information from 
materials like thin film or fiber diffraction, is needed it will be a great tool. 
For unknown or electron density study, MCA is undoubtedly the best 
choice. However, in most of the global powder diffraction beamlines, to 
simplify the design of the MCA no alignment mechanism for the crystals 
is provided. We try to introduce a fine-tunable mechanism to make the 

Fig. 6:  Difference Fourier map of LaB6, 
blue ball = La; brown ball = B.

Fig. 5:  (a) Powder diffraction pattern for NIST standard material LaB6 (660c) measured 
with multi-crystal analyser; (b) peak resolution of (110) reflection. 

alignment of every crystal more 
precise and faster, as shown in Fig. 
4. The final powder pattern of the 
standard material LaB6 is shown in 
Fig. 5. An extremely narrow peak 
width, high S/N ratio and low 
background data was obtained. 
The d-spacing resolution is up to 
0.5 Å, after detail structure analy-
sis, a difference Fourier map shows 
clear bonding density distribution. 
It proves the high quality data 
required not only for structure 
determination but also electron 
density distribution studies.  (Re-
ported by Yu-Chun Chuang, Chi-Yi 
Huang, and Jui-Che Huang)

Soft X-ray Tomography at TPS

S oft X-ray tomography (SXT) is constructed at TPS 24A, which is an emerging technique to image an ultra-
structure of 3D frozen-hydrated cells and tissue. Particularly, SXT images present a natural contrast of individ-

ual organelles inside the cells in a nearly native state without the need of staining and sectioning. This technique 
can visualize an entire 3D cell, which makes some bio-medical studies possible and sometimes easy, such as the 
cellular reaction with antifungal peptoids,1 immune T cells communication with bacteria,2 degranulation of gran-
ule-containing vesicles in mast cell,3 and virus-induced endoplasmic reticulum alterations.4 In addition, SXT can 
be correlated with fluorescence 3D-structured illumination microscopy (3D-SIM) to provide the bio-sample with 
structural and functional information. 

SXT beamline is a transmission full-fill microscopy, it covers the energy range of 260-2,600 eV at the Taiwan 
Photon Source (TPS) and is shown in Fig. 1. The photon beam from bending magnet source is collected by a 
pair of Kirkpatrick-Baez (KB) mirror and a refocusing vertical mirror. The beam is focused to the exit slit position, 
or secondary source position. This is the source for a condenser in microscopy. The optic of the plane-grating 
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monochromator (PGM) with varied line spacing is 
adopted to provide secondary source in a fixed posi-
tion at different energies for a condenser in soft X-ray 
microscopy.5 This beamline has been installed com-
pletely in the low energy part, between 260-1,200 
eV. Commissioning started at the end of 2017. During 
the beamline commissioning, a photodiode and gas 
ion chamber are placed in downstream of the exit slit 
for photon flux and photoabsorption spectrum mea-
surement, respectively. The results suggest that the 
photon flux is above 3.0 × 1010 photons s-1 at a mo-
no-energy of 520 eV, and the resolution from K-edge 

photoabsorption spectrum of N2 gas is at least 2,000; 
it meets the beamline design specifications. The mi-
croscopy is designed with an association of capillary 
condenser and an objective Fresnel zone-plate as the 
objective lens. In addition, two alternatively objective 
zoneplates with the width of outermost zone 25 nm 
and 40 nm are provided to achieve a spatial resolu-
tion of 15–30 nm for 2D imaging and 50 nm routinely 
for 3D tomography. Moreover, a charge-coupled 
device (CCD) detector is applied to acquire the im-
ages from different projections. Due to the variable 
focusing positions of the images from zoneplate at 

Fig. 1:  Photography of SXT beamline. Fig. 2:  TPS 24A soft X-ray tomography.

Fig. 3:  Schematic diagram of SXT correlation with fluorescence 3D-SIM. 
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Fig. 4:  Images of (a) 2D and (b) 3D of tungsten pin sample were 
acquired at TPS 24A.

different energies, the detector is designed to be 
moveable, traveling to meet the required distance at 
the focusing position. Figure 2 shows the photogra-
phy of SXT endstation at TPS 24A. 

The microscopy with some optics in the vacuum 
chamber is located downstream of the secondary 
source, sequentially with the optics of a stopper, 
capillary condenser, sample, zoneplate and a detec-
tor. Moreover, the location of sample is 43 m from the 
bending magnet source. To assist studying bio-sam-
ple in the region of interest, this endstation is also 
equipped with a high resolution fluorescence 3D-SIM 
which is located 70° off from the beam of SXT on-line 
correlated with SXT. Figure 3 shows a schematic dia-
gram of SXT correlation with fluorescence 3D-SIM. In 
commissioning, the photons with 520 eV are provid-
ed to image the sample. Before the image measure-
ment, the position of capillary condenser and zone-
plate has to be optimized by adjusting the movement 
of the stages. A phosphor screen, which is placed in 
the downstream of zoneplate, is adopted to monitor 
focused photons, those photons are collected by cap-
illary condenser and zoneplate. Following, a spatial 
resolution of 50 nm Half-Pitch for standard Nested L’s 
sample was obtained, and around 45 nm in 2D image 
of tungsten pin was achieved. Currently, tomography 
of tungsten pin sample was acquired by rotation the 
sample stage, and the images were reconstructed. 
Figure 4 displays the 2D and 3D images of a tungsten 
pin sample. Soft X-ray beamline at TPS has performed 
preliminary commissioning results with photon en-
ergy of water window at 520 eV. To avoid radiation 
damage, bio-sample and its environment should be 
kept under cryo-condition. Therefore, some challeng-
ing missions, such as cryo-sample transferring system, 
cryo robot system and cryo-sample rotation, will be car-
ried out in the coming year. (Reported by Lee-Jene Lai)
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Quick-Scanning X-ray Absorption Spectroscopy 
Beamline at TPS

T he newly constructed beamline, TPS 44A, conducts X-ray absorption spectroscopy (XAS) experiments, col-
lecting X-ray absorption near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) 

spectra. It is equipped with a new quick-scanning monochromator (q-mono) which provides the conventional 
step by step scan (s-scan) but also an on-the-fly scan (q-scan). The q-scan experimental technique facilitates the 
collection of XAS spectra on the millisecond timescale. This opens up the possibility of experimental measure-
ments under in-situ/in-operando environments to monitor such things as the charging/discharging of batteries 
and the chemical processes within catalysts.
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The constructions of TPS 44A was completed at the 
end of 2017 and opened to users in September 2018. 
The banding magnet with a magnetic field 1.19 T is 
used to produce a beam spot approximately 250 (H) 
× 750 (V) μm2 in size with a photon flux of 3 × 1011 
photons per second. The Ni K-edge EXAFS spectra of 
a Pt/Ni nanocomposite was used to test the perfor-
mance of the q-scan experimental technique. Figure 
1 displays the normalized Ni K-edge EXAFS spectra 
obtained via both the s-scan and q-scan respectively, 
in transmission mode. The q-scan data were collected 

with the q-mono oscillating at 1 Hz for 2 min-
ute. Two spectra were completed every second 
which means that 120 spectra were averaged 
to produce Fig. 1 with its improved S/N ratio. 
The s-scan mode took about 30 minutes for 
one spectrum (compared to 1 minute for q-scan 
mode). The resultant spectra perfectly overlap in 
both the XANES and EXAFS regions, indicating 
the reliability and reproducibility of the q-scan 
method. The data collection time has therefore 
drastically decreased due to the successful de-
velopment of q-scan technique, improving the 
operating efficiency of the beamline. The very 
fast data acquisition rate also reduces radiation 
damage seen in biological research opening up 
new possibilities in this area of science. The right 
inset of Fig. 1 shows the Ni K-edge k-space os-
cillation data of Pt/Ni nanocomposite. The spec-
tra collected via q-scan is much smoother than 
s-scan, particular at the region of k value larger 
than 8, indicating that the q-scan experimental 
technique is not only a faster way to acquire 
data but it also improves the data quality. The 
conventional measurement methods for higher 
and lower concentration samples are transmis-
sion and fluorescence XAS respectively. Typically, 
the transmission mode is not suitable for a sam-
ple with a white line edge-jump smaller than 
0.1. Figure 2(a) presents the Cu K-edge XANES 
spectrum of Cu doped Pt/Ni nanocomposite 
after 2 minutes at transmission mode using the 

Fig. 1:  The Ni K-edge XANES and EXAFS spectra of Pt/Ni nanocom-
posites.

Fig. 2:  The Cu K-edge (a) XANES and (b) 
EXAFS spectrum of Cu doped Pt/
Ni nanocomposites.

Fig. 3:  The Pt L3- and Ru K-edge XANES and EXAFS spectrum of Pt and Ru stan-
dard foil.
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q-scan collecting method. The 
spectrum is very smooth in the 
XANES region although the white 
line edge-jump of absorption co-
efficient was only 0.03. The clear 
phase and strong amplitude of 
EXAFS oscillations can be seen in 
Fig. 2(b) makes the data suitable 
for EXAFS data processing. This 
study indicates that the q-scan 
experimental technique improves 
the detection limit of XAS trans-
mission measurement.

The most important reason to 
develop the q-scan experimental 
method was to provide a time 
resolution technique for the study 
of chemical processes on the 
millisecond timescale. The studies 
of chemical reactions, such as 
oxidation/reduction process, ion 
exchange/absorption and so on 
are important to those studying 
pure and applied sciences. The Pt 
L3- and Ru K-edge XANES/EXAFS 
spectra of Pt and Ru standard 
foils are used to demonstrate 
the stability of the q-scan exper-
imental technique, see Fig. 3. 
The up/down spectra collected 
at frequencies up to 10 Hz have 
excellent reproducibility in both 
the XANES and EXAFS regions 
proving that TPS 44A can now 
provide a time resolution of 50 
milliseconds to users. An in-situ 
test case measurement of a Zn/
Cu battery during its charging/
discharging cycle was carried out 
with a 1 Hz oscillating frequency, 
and the results are shown in Fig. 
4. Bing-Joe Hwang’s group, from 
National Taiwan University of Sci-
ence and Technology, designed 
the Zn/Cu battery for this study. 
To measure the Cu K- and Zn 
K-edge XAS spectra, the range of 
photon energies scanned can go 
up to 2,000 eV and by optimizing 
the oscillating range of the q-mo-
no, both the Cu K- and Zn K-edge 
spectra can be collected in one 
scan. Clear features relating to 

Fig. 4:  The in-situ measurement of Zn/Cu battery at the Cu K- and Zn K-edge 
XANES spectra.

copper metal were found in the Cu K-edge XANES spectra (Fig. 4(a)), but 
the Zn K-edge XANES spectra (Fig. 4(d)) shows an increase in unoccu-
pied 4p states of the Zn atoms during charging/discharging. Figure 4(c) 
shows the time dependence of the Zn K-edge XANES region after a back-
ground from the Cu atoms has been subtracted. The monotonic increase 
in intensity contains three different slopes, indicating that there are three 
different states at the Zn electrode. The first region is the original elec-
trode, the second is that when Zn atoms are deposited at the electrode 
from the electrolyte, and the third is the releasing of Zn atoms. The atoms 
are released faster than they are deposited.

This test case showed that the states of Zn electrode can be observed in 
real time under charging/discharging conditions via the in-situ/in-op-
erando XAS measurements. The experimental result provided critical 
information on the dynamics within the battery device not possible with 
the conventional XAS measurement methods. The q-scan experimental 
technique is therefore a new powerful tool, provided by TPS 44A for 
energy material research and chemical reactions in general. This instru-
ment brings new opportunities for scientific research to the academic 
community in Taiwan and has become a very important facility for the 
study of both basic science and industrial/applied research. (Reported by 
Chih-Wen Pao)




