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Status of Taiwan Light Source

Introduction

Taiwan Light Source (TLS) has a storage ring of 
circumference 120 m which operates an electron 
beam with current up to 360 mA at energy 1.5 
GeV. Being a third-generation light source, its 
storage ring has six-fold symmetry with 6-meter 
straight sections for injection, RF cavity and inser-
tion devices. As this machine has been in opera-
tion for more than two decades, a greater effort 
for maintenance is required, and high availability 
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Fig. 1: TLS accelerator layout.

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

W200 U50 U90 EPU56 SWLS SW60 IASWA IASWB IASWC

Type hybrid hybrid hybrid pure SC SC SC SC SC

λ (mm) 200 50 90 56 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

Bmax (Tesla) 1.8 0.64 1.245 0.67(0.45) 6 3.2 3.1 3.1 3.1

Installation 12/1994 03/1997 04/1999 09/1999 04/2002 01/2004 12/2005 06/2009 02/2010

Location sec. 5 sec.3 sec.6 sec.2 sec.1 sec.4 arc sec.6 arc sec.2 arc sec.4

and stability are more difficult than previously. 
However, it still works excellently to deliver high-
quality synchrotron light to users, thanks to top-
up injection, a SRF module free of high-order 
modes, traditional and SC insertion devices, and 
continuous effort from all NSRRC staff.

Machine parameters

Table 1 lists the major beam parameters of the 
TLS storage ring. To accommodate the demands 

for increased beam time and increased brightness 
from the growing user community, not only an 
SC wavelength shifter located between injection 
kickers K3 and K4 at the injection section and an 
SC wiggler situated downstream from the SRF 
module but also three in-achromat SC wigglers 
(IASW) have been squeezed in between the bend-
ing magnets at the bending sections. Along with 
traditional insertion devices EPU56, U50, U90 and 
W200, amazingly nine insertion devices are thus 
equipped inside the compact storage ring of TLS as 
the layout in Fig. 1 shows. Table 2 also lists the main 
parameters of these insertion devices.Table 1: Beam parameters of the TLS storage ring.

Energy (GeV) 1.5
Number of buckets 200
Current (mA) 360
Bunch length (ps) 31
Horizontal emittance (nm rad) 22
Vertical emittance (pm rad) 88
Tunes (νx/νy) 7.30/4.17
Vertical (rms) orbit stability (μm) 1
Coupling (%) 0.4
RF voltage (MV) 1.6
Lifetime (h) 6
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Statistics of machine operation

Taiwan Light Source began operations with top-
up injection 200 mA in October 2005; the stored 
beam current was subsequently raised to 300 mA, 
raised again to 360 mA in 2010 and was main-
tained there in the succeeding years. The next aim 
was to improve the performance of the facility 
as indicated by availability, mean time between 
failures (MTBF) and beam stability index. Avail-
ability is defined as the ratio of delivered user time 
to the scheduled user time; MTBF as the ratio of 
scheduled user time to number of faults, and the 
beam stability index as the variation of photon 
intensity shot to shot of the diagnostic beamline 
with a ratio better than 0.1 %. Together with the 
scheduled user time and the operating mode, 
these performance indicators for TLS operation 
from 2002 to 2015 are summarized in Table 3.

In 2015, the total delivered user time was 5256 h, 
while the delivered user beam time was 5327 h; 
the beam availability was thus 98.7 %. Not only 
the beam availability, but also the MTBF 84.6 h 
and beam stability index 87.7 % are all worse than 
the previous two years as the summary year by year 
shows in Fig. 2. Mostly, some old components 
aged or even failed in the first three operational 
months of that year, which adversely affected the 
operation. They were then either replaced with 
spares or upgraded to new models so that the 
beam performance gradually recovered. Table 4 
presents the monthly beam- stability index. Figure 
4 shows the scheduled user time, beam availabil-
ity, beam stability index 0.1 %, and MTBF in each 
month of 2015. The beam performance of the 
machine in the second half year is obviously much 
improved.

Table 3: Summary of performance indicators for TLS operation.

Year Scheduled user 
time (h)

Availability 
(%)

MTBF 
(h)

Operation 
mode

Beam stability (%)
ΔI/I0 < 0.1%

2002 4785 95.8% 154.4 Decay 47%

2003 5017 97.2% 313.6 Decay 86%

2004 4235 97.5% 132.3 Decay 85%

2005 4576 96.8% 81.7 Decay/Top-up 76%

2006 5552 96.7% 40.8 Top-up 81.3%

2007 5219 98.1% 85.6 Top-up 98.1%

2008 5726 97.9% 112.3 Top-up 98.5%

2009 5402 97.9% 77.2 Top-up 89.2%

2010 5286 97.4% 81.3 Top-up 82.1%

2011 5818 95.9% 55.4 Top-up 89.4%

2012 5197 98.1% 44.8 Top-up 91.4%

2013 5178 99.5% 140 Top-up 95.5%

2014 5645 99.4% 182.1 Top-up 94.1%

2015 5327 98.7% 84.6 Top-up 87.7%

Fig. 2: Summary of the beam-stability index at 0.1 %, beam availability and MTBF from 2006 to 2015.

Table 4: Monthly beam-stability index of the TLS. The power supplies of three quadrupole families were attached to a power regulator in July and thus improved the beam stability.

Month < 0.2 % < 0.1 % Month < 0.2 % < 0.1 %

1 7 99.1 % 98.6 %

2 90.2 % 75.1 % 8 99.2 % 98.5 %

3 93.8 % 70.5 % 9 99.6 % 97.2 %

4 97.4 % 67.7 % 10 99.6 % 97.7 %

5 97.9 % 82.6 % 11 99.8 % 97.9 %

6 97.9 % 84.4 % 12 99.9 % 97.9 %
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Table 5: Summary of major trip events. 

Subsystem Event Beam trips

others partial beam loss without clear reason 19

others sag of electric power 4

others earthquake 2

others multiple events at the same time 2

Linac incorrect firing of kickers 9

Linac aged thyrotron tube and cathode 4

I&C transverse and longitudinal feedback 5

Fig. 3: Monthly user time and beam performance indicators of the TLS in 2015.

Fig. 4: Downtime of each subsystem in 2015.

Replacement and improve-
ment of main components in 
2015

Linac:
1. The cathode and thyrotron tube were replaced 

with new components.
2. The circuit performance for noise rejection of 

the TL kicker was improved.
Power supplies of magnets:
1. Some crates for power supplies of correctors 

were replaced with new ones.
2. Quadrupole power supplies (QPS) of families 

1, 2 and 3 were upgraded to a new model.
Instruments and controls:
1. The power amplifier of the transverse feed-

back system was refreshed to a new model. 
2. The control interfaces of QPS were updated.

Downtime and failure analysis

In 2015, in total there were 63 beam trips with 
an average recovery time 1.13 h for each trip 
event. As Table 5 illustrates, 27 beam trips were 
attributed to others, including partial beam loss 
and sag of electric power, 13 faults to the injection 
system, including incorrect firing of kickers and 
aged cathode and thyrotron tube, and four to the 
transverse feedback system because of parameter 
optimization at the beginning of 2015.

The downtime of each subsystem is shown in 
Fig. 4. In a comparison with the trip events listed 
in Table 5, some subsystems are shown to have 
a low trip rate but a long recovery period. For 
example, there were only two trips on the super-
conductivity magnets, but nine-hour downtime 
was required. Another case is the power-supply 
system that took 15-hour downtime after four 
trips.

In 2014, TLS suffered much from 20-Hz vibra-
tion during refilling of liquid helium to supercon-
ducting wiggler SW6, which perturbed or even 
tripped the SRF system. This effect was temporar-
ily solved on modifying the control algorithm 
of the RF tuner through applying a stepping 
frequency less than 20 Hz on the tuner motor. In 
2015, the SRF module was processed at various 
tuning angles for large beam currents before the 
TLS was opened to users. This action completely 
solved the gas-loading problem on the SRF cav-
ity; the 20-Hz perturbation is thus no longer a 
problem for TLS operation. (Reported by Chang-
Hor Kuo)
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The downtime analysis in 2015
The downtime is 71.235 hours.
Major failures are
(1) Other: 20.13 hours
(2) PS: 15.45 hours
(3) Magnet: 9.68 hours
(4) I&C: 8.13 hours
(5) Linac: 8.00 hours
(6) Vacuum: 3.26 hours
(7) RF: 2.7 hours
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Cryogenic, 1.92, 3%

BD, 0, 0%

Operation, 0, 0%

Vacuum, 3.26, 4%Utility, 1.25, 2%
Safety, 0.72, 1%

RF, 2.70, 4%

I&C, 8.13, 13.11%

Magnet, 9.68, 14%
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corrected and alignment of the beam corrects the 
engineering errors, which might have come from 
alignment error, accelerator components or a field 
error of the magnets. Beam parameters are com-
pared between measured and designed values. 

 To accommodate a beamline hutch, the enclosure 
of the liquid-nitrogen pipe, and installation of the 
beamline end stations, the radiation dose regula-
tion was set to 2μSv/4 h. This setting ensures the 
radiation safety of all workers in the experimental 
hall during the beam commissioning in phases I 
and II.

Commissioning in phase I

The beam parameters of the 150-MeV Linac and 
the booster are shown in Table 1.

The booster beam commissioning began on 
August 12, 2014; it was delayed for three days be-
cause of a fire in the power supply of the booster 
dipole during AC-mode testing. The resistor of 
the leakage-current detector of the booster dipole 
PS was designed as 100 Ω with an insufficient 
safety margin, such that it became heated to more 
than 1000 oC and caused nearby circuits to burn 
during AC-mode testing. The resistance of the 
resistor was increased to 1 MΩ and extra cool-
ing fans were added to take heat away from the 
cabinet of dipole power supply.

It took three months of struggle to bring the 
stored beam to 150 MeV, which was the first step 

Taiwan Photon Source Towards User Operation
During the commissioning of a new light source, 
the measured beam parameters and functions of 
components are verified or tested according to the 
specifications of the lattice design and hardware. 
If tests show the results to be matched satisfac-
torily to the designed values, they are deemed 
acceptable and installation is completed without 
problem. This paragon seldom appears because 
foresight is incomplete. To diminish the difficulty 
and uncertainty caused from an extremely tight 
schedule of installation, the commissioning of 
the TPS was divided into phase I and phase II. In 
phase-I commissioning, the main goals were to 
measure the beam parameters and to accomplish 
vacuum cleaning to be ready for installation of 
two SRF cavities, and to gain sufficient experi-
ence for TPS commissioning in phase II. In that 
commissioning, ten insertion devices, two SRF 
cavities and seven beamlines had to be tested and 
verified to achieve their designed performance.

The TPS accelerator tunnel includes a storage 
ring and a booster ring; a transfer line connects 
the storage ring and the booster (BTS). Located in 
an independent room, a pre-injector comprises a 
90-keV thermionic electron gun, 150-MeV Linac 
system and a Linac-to-booster transfer line (LTB). 
A safety metal shutter with interlock to the dipole 
current of the LTB prevents scattered electrons 
from entering the accelerator tunnel during the 
Linac commissioning period.

The 150-MeV electron beam is injected from the 
pre-injector through an injection septum to the 
booster ring; the injection kicker imposes a right-
angle kick on the injected electron beam into 
the on-axis trajectory, and a five-cell RF cavity 
accelerates the electron beam with a synchronized 
magnetic field at repetition rate 3Hz. The two 
extraction kicker give the e-beam an angle kick 
through two extraction septum into BTS while 
the energy of electron beam reached 3 GeV. The 
BTS transfer line matches the beam parameters 
of the booster and the storage ring to ensure 
great efficiency of injection. The 3- GeV e-beam 
is injected through two injection septa to kick-
ers 3 and 4 of the storage ring, incorporating the 
off-axis stored beam; the stored beam current 
accumulates.

During the beam commissioning, it is essential 
to obtain a stored beam and to minimize its 
closed-orbit distortion. Then linear optics are 

of the booster beam commissioning. Several ef-
forts were required, including improving the field 
uniformity of the injection kicker from 2 % to 0.4 
%, re-aligning the booster vacuum chamber from 
± 6 mm to less than ± 1 mm in the vertical plane, 
and improving the field uniformity with fixtures 
installed at both sides of the dipole magnets and 
the quadrupoles to ensure the accuracy of the gap 
between the chamber and the magnets. Roughly 
30,000 cycles of the injected e-beam were 
achieved, as Fig. 1 shows; it seemed that the in-
jected beam could not form a closed orbit, which 
means a stable motion of the electron beam. Fig-
ure 2 shows that the distribution of the radiation 
dose was measured in every dipole of the booster 
ring, which might be a possible explanation of the 
problem.

On using a strong magnet to touch the vacuum 
chamber of the booster ring on November 12, 
2014, the vacuum chamber was found to be 
magnetic. It took one month to cut the vacuum 
chamber of the booster, for de-magnetization at 
1050 oC and re-installation of the booster and 
pumping down.

The 150-MeV stored beam was obtained within 
two days; the injected beam survived 50 ms on 
December 11 and the stored beam was obtained 
after turning on the RF system the next day. To ap-
preciate the stored beam in DC mode, the closed-
orbit distortion was corrected from 1.3 mm rms 
to 0.84 mm rms in the horizontal plane, and from 
0.047 mm rms to 0.031 mm rms in the vertical 

Table 1: Beam parameters of the Linac and booster.

Beam parameters of Linac

Linac energy (MeV) 150

Beam emittance at 150 MeVεnx (πmm • mrad) 36

Energy spread at 150 MeV (% rms) multi-bunch 0.35

Beam parameters of booster

Maximum energy (GeV) 3

Circumference (m) 496.8

Repetition rate (Hz) 3

Betatron tune νx/νy 14.38/9.302

Beam emittance εx  (mm • mrad)

RF frequency (MHz) 499.654

Synchrotron tune νs at 3 GeV 0.00861

Energy spread at 3 GeV (%) 0.095174

Horizontal/vertical beam clearance (mm) 17.5/10
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Fig. 1: The injected beam survived 35 ms with the RF on; the survival period was 
sensitive to the launching condition of the injected beam; the beam steering condition 
was irreproducible.

Fig. 2: Beta function of the booster in DC mode; a red star indicates the distribution of 
hot spots with a large radiation dose rate (> 10 mSv/h), implying that the linear optics 
were incorrect such that the injected electron beam could not attain a closed orbit. Fig. 3: It shows the synchrotron light profile from the booster electron beam during 

energy ramping; the 150-MeV beam profile is shown at top left and 3-GeV beam profile 
was showed at the bottom-right corner.

plane. The measured tuning and designed tuning were well matched; mea-
sured tuning νx = 14.381 and νy = 9.268, compared with designed tuning νx = 
14.380 and νy = 9.302. After measuring beam parameters in the DC mode, 
commissioning of the energy ramping mode of the booster stored beam be-
gan on December 15, and the booster stored beam was successfully ramped 
up to 3 GeV on December 16. A proportional and time-shift compensation 
method was applied to the ramping waveform of the power supplies of the 
booster magnets, which included one dipole power supply, two families of 
sextuple power supplies, and four families of quadrupole power supplies. The 
working tuning compensation during energy ramping was also taken into 
account, and included in the waveform of the Q1 and Q2 power supplies. 
Figure 3 shows the variation of the beam size of the stored beam from 150 
MeV ramped to 3 GeV.

The leakage field of the booster DC extraction septum became an obstacle in 
commissioning the storage ring; it affected the beam injected from Linac and 
the beam extracted from the booster. To test the functionality of the storage 
ring before installing the compensated correctors nearby the DC extraction 
septum, 1.5-GeV mode commissioning began on December 26; the stored 
beam was accumulated when beam parameters tuned to match the energy 
and storage ring circumference on December 29. After replacing several 
silicon-controlled rectifiers of the pulser of the injection septum, the commis-
sioning of the storage ring at 3 GeV began on December 31; the stored beam 
accumulated to 5 mA only a few hours later. The machine parameters of the 
3-GeV storage ring are presented in Table 2.

Table 2: Beam parameters of the storage ring.

Beam energy (GeV) 3

Circumference (m) 518.4

Beam current (mA) 500

Harmonic number 864

Beam emittance εx/εy (nm • rad) 1.6/0.016

Betatron tuning νx/νy 24.18/13.28

Natural chromaticity (ξx/ξy) -75/-26

Momentum compaction(α1,α2) 0.0024/0.0021

RF frequency (MHz) 499.654

RF voltage (MV) 2.8

Synchrotron tuning νs 5.42x10-3

Radiation loss per tune (dipole only) (keV) 853.05

In commissioning in phase I, the maximum stored beam current attained 
100 mA, which was nearly the safe maximum working power of the ceramic 
windows of the two five-cell PETRA cavities. The 35 A•Hour accumulated 
beam dose, an index of measurement of the vacuum cleaning, provided a 
satisfactory vacuum environment for installation of the two SRF cavities.

(1)Delay: 15 msec (0.150 GeV)

(3)Delay: 55 msec (0.800 GeV)

(5)Delay: 95 msec (1.848 GeV)

(7)Delay: 135 msec (2.735 GeV)

(2)Delay: 35 msec (0.395 GeV)

(4)Delay: 75 msec (1.307 GeV)

(6)Delay: 115 msec (2.347 GeV)

(8)Delay: 155 msec (2.955 GeV)
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Phase-II commissioning

Three major improvements of the accelerator 
components were made, including replacing the 
DC extraction septum with an AC extraction 
septum, decreasing the field strength of the injec-
tion septum and reinforcing the local shielding in 
the injection section, to diminish the obstacles on 
the way to phase II commissioning and toward 
user operation. The phase II beam commission-
ing began on September 14, 2015, on cleaning the 
vacuum chamber with photon-stimulated desorp-
tion with stored beam current 30 mA. 

The re-measured beam parameters coincided 
with the beam parameters measured in March 
2015. The ten insertion devices dedicated for 
seven beamlines were installed in seven straight 
sections. Table 3 shows details of the ID param-
eters and related positions.

To protect ID and the vacuum chamber from 
upstream synchrotron radiation because of a mis-
steered electron beam, an orbit interlock was 
required. The orbit interlock criteria are shown 
in Table 4, which imply that the radiation slot in 
chamber B1 was too small. The radiation from 
EPU48 in the vertical polarization mode directly 
struck the radiation slot, depositing an enormous 
heat load on vacuum chamber B1 during high-
current operation. Four B1 chambers required to 
be modified; it was decided to enlarge the radia-
tion slot from 9 mm to 18 mm in October 2015.

A local problem of abnormal pressure occurred on 
October 4; the pressure in cell 2 increased expo-

nentially once the stored beam current exceeded 
180 mA. The vacuum leakage tests had been 
performed several times, including helium leak-
testing with the stored beam; no leak was found, 
even on replacing the crotch absorber of chamber 
B1. An in-line replacement of cell 2 chamber B1 
was performed in late November, which included 
in-line chamber cutting and welding. As a result, a 
tiny foreign matter was found inside the removed 
B1 chamber. This in-line replacement demon-
strates satisfactory control of dust contamination, 
and the state-of-the-art vacuum cleaning approach 
without baking out. The stored beam current was 
raised to 520 mA on December 12, proving that 
the two RF systems and two SRF modules fully 
satisfied the power requirement for operation 
of the stored beam at current 500 mA. Figure 4 
shows that the injection period was about 10 min 
to attain a stored beam current 520 mA.

Commissioning of the ID had to be postponed 
for two weeks because an unknown intense scat-
tered light emitted on a YAG screen prevented 
aligning the upstream dipole with the ID by the 
synchrotron light, because the synchrotron light 
from the ID was hidden behind the unknown in-
tense scattered light at the YAG screen. To prevent 
the aligned synchrotron light from bending and 
the ID from deflecting the electron beam orbit, 
the image provided alignment information about 
the ID before closing to its minimum gap to mea-
sure the feed-forward tables. YAK screen monitors 
are also placed in port 9 front end to visualize the 
relative location of bending magnet and ID..

To compensate the linear optical perturbations of 
insertion devices (ID), which included orbit feed-
forward and tuning feed-forward for all ID, the 
coupling feed-forward was effected for EPU46, 
EPU48A and EPU48B only. The orbit distur-

Table 3: Major parameters of ID for third-harmonic photons; only linear horizontal polarization mode is considered for EPU.

Port ID E (keV) λ (mm) Period Gap (mm) By (T)

05 IU22 5.7~20 22 140 5.6~10 1.02~0.48

09
IU22A 5.6~25 22 140 5.5~10 0.96~0.45

IU22B 5.6~25 22 95 7~10 0.72~0.45

21 IUT22 7~25 22 140 5.5~10 0.98~0.46

23 IU22 4~15 22 140 5.5~10 0.95~0.45

25
IU22A 5~20 22 140 5.5~10 0.98~0.46

IU22B 5~20 22 95 7~10 0.72~0.45

41
EPU48A* 0.22~1.5 48 68 13~40 0.84~0.14

EPU48B* 0.22~1.5 48 68 13~40 0.84~0.14

45 EPU46* 0.28~1.5 46 82 14~37 0.79~0.16

* Horizontal linear mode.

Fig. 4:  It shows that it took about 10 min to accumulate stored beam current 520 mA.

TPS Beam Current

Time
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Table 4: Criteria for the orbit interlock of various ID; a two-stage strategy was selected because of the large noise of BPM during injection. The orbit interlock windows of the upstream 
dipole of the IVU were set to ± 1 mm and ± 0.1 mm for horizontal and vertical planes respectively.

Port Horizontal
 (mm)

Vertical (mm)
first stage

Vertical (mm, mrad)
second stage

5, 21, 23 ± 1 ± 0.1 (± 5, ± 0.4)

09(B), 25(B) ± 1 ± 0.1 (± 5.5, ± 0.5)

09(A), 25(A) ± 1 ± 0.1 (± 4.4, ± 0.24)

46, 41(B) ± 1 ± 0.1 (± 3.7, ± 0.34)

41(A) ± 1 ± 0.1 (± 1.15, ± 0.06)
(A) Upstream ID.
(B) Downstream ID.

Table 5: Comparison of orbit disturbance of ID without and with a feed-forward table. The reason for the poor performance of the feed-forward table for IU22A-09 is under investigation 
and requires further improvement.

Port ID Reference Gap 
(mm)

Minimum Gap 
(mm)

Max COD X/Y rms 
(um) before correc-

tion

Max COD X/Y rms 
(um) before correc-

tion

Max current of cor-
rector [A]

05 IU22 40 5.6 39/6 0.5/0.1 0.33

21 IUT22 40 5.5 10/4 0.4/0.3 0.2

23 IU22 40 5.5 41/15 0.4/0.2 0.43

09
IU22A 40 5.5 75/6 0.5/1.5 0.6

IU22B 40 7 16/5 0.3/0.2 0.15

25
IU22A 40 5.5 41/7 0.5/0.4 0.27

IU22B 40 7 18/5 0.3/0.2 0.13

41
EPU48A 45 13 70/24 6.0/1.5 0.7

EPU48B 45 13 137/29 4.5/1.3 1.6

45 EPU46 45 14 65/72 3.0/1.0 1.5

bance of each ID was minimized with two pairs 
of corrector magnets for horizontal and vertical 
correction at both its ends. The feed-forward 
table of the two pairs of correctors for the in-
vacuum undulator depends on only the gap. The 
feed-forward table for the elliptical-polarization 
undulator depends on both the gap and the phase, 
so warranting a 2D table.

The tuning shift introduced by each ID is mini-
mized with the two local nearby quadrupole pairs 
for tuning correction; the tuning feed-forward 
table is 1D for an in-vacuum undulator, but 2D for 
an EPU. The tuning feedback with two families of 
quadrupoles globally will be implemented to lock 
the working tuning. The skew error introduced by 
each EPU is minimized with long coil loops hung 
on the outside of the four-magnet array for the 

coupling correction; the feed-forward table is 2D.

A typical comparison of orbit disturbance of ID 
without and with feed-forward is presented in 
Table 5; the 2D coupling feed-forward table is 
shown in Fig. 5; the tuning shift of EPU48A is 
shown in Fig. 6.

Towards user operation

To achieve top-up operation with sub-micrometer 
stability of the electron orbit, the requirement of 
radiation safety must be fulfilled first, then, with 
completion of the system for machine protection, 
capabilities of the accelerator system and related 
reliability, and integrated performance of the ac-
celerator complex.

The dose limit of the radiation monitor of TPS is 
2 μSv/4 h, according to the principle of a reason-
ably achievable minimum, since the beginning of 
beam commissioning in phase I. The estimated 
radiation is 50 % γ-ray and 50 % neutrons, due to 
a 3-GeV injected electron beam loss; a reinforced 
local shielding wall was installed in the injection 
section during the shutdown period April to 
September, to provide the capability of operation 
at a large current during beam commissioning in 
phase II.

Optimization of the integrated performance of the 
accelerator complex will pave the way to success-
ful user operation. The electron orbit interlock has 
been merged into a system for machine protec-
tion to protect ID and the vacuum chamber from 
radiation damage of a mis-steered electron beam, 
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but at the cost of decreased accelerator availability. Any failure of BPM will, 
however, cause a false action of the orbit feedback, or a faulty BPM around 
an ID will activate the orbit interlock to cause a beam dump. It is crucial to 
mitigate false signals from critical components such as SRF modules, in-
vacuum undulators and BPM, by delaying the response interval or decreasing 
the EMI noise. The reliability of accelerator components has been tested and 
improved during the period of beam commissioning, but the high perfor-
mance of TPS user operation has still a long way to go; for instance, the beam 
trip diagnostics and failure analysis are not ready for user operation. (Reported 
by Yi-Chih Liu)

Fig. 5: Applied current of long coils shown on z-axis to compensate the skew 
quadrupole effect of EPU48A.

Fig. 6: (a) Horizontal fractal tuning was shown on the z-axis; the maximum horizontal 
tuning shift is 0.007. (b) Vertical fractal tuning was shown on the z-axis; the maximum 
vertical tuning shift is 0.002.

NEG Coating on Various UHV Chamber Materials

Fig. 1: Types of interaction between gas and surface.1

Surface outgassing is the main issue to achieve 
an ultrahigh-vacuum (UHV) status in an all-metal 
vacuum chamber. Much effort has been devoted 
to decrease surface outgassing, both using an 
appropriate surface treatment and elaborating on 
high-performance materials. Although physi-
sorbed water can be removed by baking ex situ, 
residual gas still exists in a vacuum system; this 
gas consists of H2, CO, CO2 and CH4 that result 
from bombardment of a surface by electrons, ions, 
energetic neutrals and synchrotron radiation.

When a gaseous molecule strikes a solid surface, 
multiple actions occur, including adsorption, 
desorption, surface reaction, back-scattering, diffu-
sion and replacement, as shown in Fig. 1.1 When 
adsorption of a gas occurs, the pressure decreases. 
The most important properties of materials that 
adsorb gases are chemical affinity and bulk diffu-
sivity. Chemical affinity means that a residual gas 
becomes removed by chemical adsorption. Bulk 
diffusivity signifies that an adsorbed gas diffuses 
into the bulk of the materials. For the purpose of 
gas adsorption, many and diverse alloy systems 
have been studied in the hope of improving the 
performance of gas adsorption. 

Coating with a thin film is proposed to be an 
improved method to decrease thermal outgassing 

and that induced by bombardment. Many coating 
materials have been tested for an application of 
ultra-high-vacuum technology. Among these vari-
ous materials, a non-evaporable getter (NEG) as 
a thin film is best suited for pumping in a vacuum 
chamber with limited conductance.

The pumping mechanism of a NEG film involves 
surface adsorption followed by bulk diffusion. As 
the pumping speed of a NEG film for active gases 
is determined by its rate of diffusion into the bulk, 
we found that a NEG film requires activation, il-
lustrated in Fig. 2.2 Because inert gases or methane 
are not adsorbed on the NEG surface, they cannot 
be so pumped. 

To achieve an ultra-high-vacuum (UHV) status, 
NEG films are hence introduced to absorb the 

components of the residual gas. NEG films have 
been developed at CERN for use in vacuum 
chambers of particle accelerators since 1995.3,4 

NEG thin films have recently been coated onto 
the inner walls of vacuum chambers, or NEG 
strips have been mounted inside a vacuum 
chamber of a particle accelerator. For instance, the 
beam pipes of the ring of MAX IV, in Sweden, are 
coated with a Ti-Zr-V NEG thin film to fulfill the 
requirement of average pressure 1×10-7 Pa. NEG 
films have been deposited at CERN to coat pipes 
of various geometries. In the next paragraph, we 
discuss how getter materials are selected for ap-
plication in pumping a vacuum system.

A selected getter material is characterized by pos-
sessing effective adhesion to the substrate, a large 
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Fig. 2: Schematic representation of the activation of 
NEG films.2

Fig. 3: Quality-composition map of TiZrV thin films.5

Fig. 4: NEG films grown on (a) aluminum alloy, (b) 
stainless steel, (c) CuCrZr and (d) copper. 

mechanical resistance and a high melting point. In 
addition, it should be non-toxic, non-pyrophoric 
and, if practicable, inexpensive. Furthermore, in 
the case of a particle accelerator, it should be non-
magnetic, with small yields of photoelectrons and 
secondary electrons. According to these require-
ments, elements of column IV B of the periodic 
table—i.e. Ti, Zr and Hf—are the most suitable 
candidates. The most restrictive property is a large 
solubility limit for oxygen, which exceeds 10 % 
for only these elements. Ti, Zr, Hf and some of 
their binary alloy have thus been studied in the 
initial experiments, but elements in another fam-
ily, column VB—i.e. V, Nb and Ta—have much 
greater diffusivity of oxygen but a poor limit of 
oxygen solubility. Elements of groups 4 and 5 are 
thus combined to attain a superior performance.

Many authors concluded that a deposited film 
with combination sets of Ti, Zr and V has the 
lowest activation temperature. Figure 3 shows 
the ternary phase diagram of Ti, Zr and V. For the 
composition of TiZrV thin films at filled circles, 
the activation temperature is higher; a lower 
activation temperature is observed for samples of 
which the composition of TiZrV thin films cor-
responds to open circles.5

Hf has been used in coatings of ternary and 
quaternary alloys. Recent research indicates that 

Figures 4(a)-4(d) show NEG films grown on 
aluminum alloy, stainless steel, CuCrZr and 
copper, respectively. For aluminum samples, 
the NEG films appear as porous structures. For 
stainless-steel samples, the NEG films grow with 
a flat surface and irregularly shaped grooves. For 
CuCrZr samples, the NEG films produced rough 
surfaces, with some circular pores inside the lower 
plane of the CuCrZr sample. For Cu samples, the 
NEG films appear dense and smooth. 

Figures 5(a)-5(d) show the base substrate (with-
out a film coating) of aluminum alloy, stainless 
steel, CuCrZr and copper, respectively. Compari-
son between the surface morphologies of Figs. 

quaternary Ti-Zr-Hf-V NEG coating films have 
the lowest activation temperature, 140−150 oC. 
The performance of these Ti-Zr-Hf-V NEG 
coating films demonstrates that the sticking prob-
abilities of H2 and CO and the pumping capacity 
of CO of this new NEG film are greater than that 
of a TiZrV NEG coating for the same activation 
temperature, 250 oC.6 

Repeated cycles of exposure to air and activation 
are responsible for decreasing the lifetime of a NEG 
film and its pumping performance. To enhance 
the lifetime of TiZrV films, an overlayer would be 
deposited on the NEG films. This material must 
have little or no reactivity for O2, N2 and H2O. In 
this case, the coating life would be nearly unlimited 
and heating is unnecessary for activation. The 
noble metals are materials with these requirements. 
In particular, palladium (Pd) provides a negligible 
enthalpy of reaction with CO2 and N2. Gases H2 
and CO can be desorbed from a Pd surface on 
heating.  As Pd presents a great diffusivity and ad-
sorption capacity for H2, a Pd overlayer is selected 
to be added onto a NEG film. 

Here we introduce how a NEG film is deposited 
on a substrate. In general, a sputtering method 
is adopted for NEG coating because it is simple 
and widely applied for varied materials and alloys. 
The benefits of sputtering include a uniformly 
distributed coating of both narrow and long 
vacuum chambers. Two sputtering methods are 
magnetron sputtering and direct-current (DC) 
sputtering. 

For each coating experiment, small samples were 
produced of various materials, including extruded 
aluminum samples, extruded seamless stainless-
steel samples, CuCrZr alloys and oxygen-free 
copper plates. These samples were used to esti-
mate the thickness and to investigate the surface 
morphology, composition, crystalline structure 
and surface elemental analysis. Table 1 lists details 
of the substrate materials and the surface-cleaning 
treatment before deposition in these coating ex-
periments. The procedures to clean the surface of 
these substrate materials are identical with those 
for the TPS vacuum chambers. After coating of 
a NEG film was completed, the samples were 
examined with a secondary electron microscope 
(SEM) and X-ray diffraction to evaluate the mor-
phology and crystalline structure, respectively.

N2 N2

H2

HEAT
High

vacuum
or

intert gas

Inactive
NEG

particle

Active
NEG

particle

O2

O2

H2O H2O
H2

CO2 CO2

CO

CO

Ti

V Ar

Table 1: Substrate materials and surface cleaning before deposition. 

Extruded Al Stainless steel CuCrZr Oxygen-free Cu

Surface cleaning 
treatment

Soap, NaOH, 
HNO3+HF

Soap, NaOH, 
HNO3+HF Soap, Citronox Soap, Citronox

(a)

1μm

1μm

1μm

1μm

(b)

(c)

(d)
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the surface and has a columnar structure. 

X-ray diffraction measurements of coated samples 
were performed in the θ-2θ configuration. X-

ray data in Fig. 7 indicate that NEG films grown 
on aluminum alloy or stainless steel could be 
amorphous as they exhibit the same features as 
the substrates; no additional signals were ob-
served. For NEG films coated on CuCrZr and Cu 
substrates, there are also no additional signals.

NEG film coatings are proved to provide a power-
ful method to achieve minute pressures inside 
long pipes of small diameter. The study of NEG 
coatings began in 1995 and is still in progress. 
In this work, we prepared NEG thin films using 
deposition with a DC or magnetron sputtering 
method. The deposition materials studied were 
Ti, Zr, and V. The NEG film coatings were de-
posited on various substrates, including extruded 
aluminum samples, extruded seamless stainless-
steel samples, CuCrZr alloys and oxygen-free 
copper plates; these substrates are generally 
selected to fabricate vacuum chambers. The 
NEG films were imaged with a SEM and probed 
with X-ray diffraction analysis to characterize the 
surface morphology and crystalline structure, 

Fig. 5: Base substrate (without film coating) of (a) alu-
minum alloy, (b) stainless steel, (c) CuCrZr and (d) copper.

Fig. 6: Cross-sectional images of NEG films. 

Fig. 7: The X-ray diffractograms for TiZrV films deposited on (a) aluminum alloy and (b) stainless steel substrates.

200 nm

(a)

1μm

1μm

1μm

1μm

(b)

(c)

(d)

4 and 5 indicates that the growth of NEG films 
follows the surface of the substrate. 

Figure 6 shows cross-sectional images of NEG 
films. The NEG film is uniformly distributed on 

respectively. These NEG films can be applied in a 
ultrahigh vacuum system because of their obvious 
pumping effects for vacuum chambers of limited 
conductance. Further investigation of related 
NEG coatings, including surface analysis, measur-
ing outgassing, investigating how to decrease the 
activation temperature and so on is in progress. 
(Reported by Ling-Hui Wu, I. C. Sheng , Chia-
Mu Cheng, and Chin Shueh)
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Insertion Devices in the First Year at 
Taiwan Photon Source
TPS is a new medium-energy highly brilliant 
synchrotron light facility. The commissioning 
of the storage ring was completed by December 
2014. Electron emittance and emittance cou-
pling were measured at 1.6 nmrad and 0.01 %, 
respectively. To utilize the small emittance and 
great quality of the electron beam to achieve a 
highly brilliant light source, a mini-gap in-vacuum 
undulator is used for hard X-ray photons. Polariza-
tion control in soft X-ray photon sources involves 
use of elliptically polarized undulators (EPU). To 
ensure a highly brilliant light source and stable 
operation of the storage ring demands a stringent 
field quality of undulators. Ten phase-I insertion 
devices (ID) were installed in April and commis-
sioning began in September 2015. This report 
presents the undulator performance, the experi-
ence and the results of installation and commis-
sioning of the TPS ID.

Introduction

Undulators are the main light sources to generate 
intense radiation at the TPS. In-vacuum undula-
tors and EPU are used to provide hard and soft 
X-ray for Phase-I beamlines respectively. Table 1 
summarizes the parameters of phase-I ID at the 
TPS. A double undulator configuration (I09, I23, 
I41) is installed in the 12-m straight section. As 
is well known, an increasing number of undula-
tor periods is a direct approach to increase the 
brilliance of radiation from an undulator. For a 
long undulator, a small undulator gap is unsuitable 
because a short beam lifetime is expected. A long 
undulator can hence be divided into two or three 
segmented undulators, and accommodated in 
the minimum vertical betatron function of each 
section to maintain an acceptable beam lifetime. 
If constructive interference is preserved between 
two wave packets of undulator radiation, the 
brilliance of a double collinear undulator con-
figuration might be enhanced relative to a single 
undulator. 

To avoid accident caused by upstream synchro-
tron radiation heatload in a double-IU configura-
tion, a vertical photon absorber is installed to 
protect magnet cover at an in-vacuum undulator 
downstream.[1] Installation and commissioning 
of a double-undulator configuration therefore 
requires great effort to ensure that the two undula-
tor radiation cones overlap maximally, emitted 

onto the magnet cover.

Installation of insertion  
devices 

Since April 2015, ten IDs (7 in-vacuum undula-
tors and 3 EPU) have been installed in the TPS 

tunnel (Fig. 1). After their installation, alignment 
and leveling of all IDs were performed. Undulator 
leveling must be adjusted within ± 10 μm/m from 
a leveling condition recorded in the measure-
ment laboratory and alignment to the storage ring 
position must be within ± 50 μm. As in-vacuum 
undulators share the vacuum with the storage 
ring, baking is necessary (Fig. 2). To achieve a 
tight time schedule, baking seven IU22 must be 
completed within eight weeks and two IU22 must 
be baked at the same time. The total duration of 
baking was 60 h, of which the first 10 h involved 

Fig. 1: Gallery of installation of in-vacuum undulators in the storage ring.

Fig. 2: Gallery of IU22-3 m baked at TPS storage ring.

Table 1: List of phase-I ID.

Port Type Period length (mm) No. of periods Gap (mm) Effective field (T)

05 IU 22 140 7
5.6

0.79 
(1.02*)

09
IU 22 140 7

5.5
0.74

(0.96*)

IU 22 95 7 0.72

21 IU+Taper 22 140 7
5.5

0.75
(0.98*)

23 IU 22 140 7
5.5

0.73
(0.95*)

25
IU 22 140 7

5.5
0.75

(0.98*)

IU 22 95 7 0.73

41
EPU 48 68 14 0.84/0.55

EPU 48 68 14 0.84/0.55

45 EPU 46 82 13 0.79/0.52
* Mechanical minimum undulator gap.



073

FA
C

ILIT
Y

 ST
AT

U
S

raising the temperature, the next 40 h had the temperature in a stable state, 
and the last 10 h was for decreasing the temperature. During the decreasing 
temperature, the IP was first switched on for 10 min, then BA gauge/RGA 
degassing, followed by NEG activation. We achieved the required vacuum 
criterion (3×10-8 Pa) within baking for 70 h. One week after baking, the 
pressure was <1.2 × 10-8 Pa. An average pressure of seven IU22 was 9.8 × 10-9 
Pa during 30 days after baking. One accident related to water cooling pipe of 
RF transition taper occurred in the undulator baking, serious vacuum leakage 
was found. After rigours analysis (Electron probe X-ray Analyzer, SEM and 
Ion Chromatography), the possible reason may be due to the remaining acid 
of H2NO3 on the copper surface during the clean process. The vacuum exca-
vation will cause the water evaporated and density of H2NO3 concentrated. 
High density of H2NO3 becomes erosion on the copper pipe and interacts 
with copper which produces Cu2NO3.  High temperature baking turns the 
Cu2NO3 into CuO. Vacuum leakage comes from oxidized surface of cooling 
pipe.

 The accident was quickly repaired on replacing with a new cooling-water 
pipe and the undulator was baked once more. On July 2, all ten IDs achieved 
UHV and cooling water was circulating in the ID ready for commissioning.

Commissioning of insertion devices

When a double mini-β Y lattice is optimized using beam-based alignment 
and the closed-orbit distortion (COD) is minimized, we describe this condi-
tion as a golden orbit. The first step of in-vacuum undulator commissioning 
is different from that of an EPU because we must ensure that the upstream 

bending magnet is not irradiated on the magnet cover. A YAG 
screen monitor was prepared in the front end to observe the 
synchrotron radiation spots (two bends and IU). The undulator 
gap was open at 25 mm to compare the radiation intensity from 
the bending magnet and the undulator. Three spots should be 
aligned at the same vertical level to prove that the radiation from 
the bending magnet can pass through the undulator gap (Fig. 3). 
The image becomes improved on inserting a copper or alumina 
filter to stop soft X-rays.

An orbit interlock is essential to protect the mis-steering of an 
electron beam. This orbit interlock is applicable at the BMP 
upstream and downstream of the bending magnet that is, in 
turn, upstream of an undulator (Fig. 4(a)). This precaution is 
particularly important to protect an IU22 from damage from a 
mis-steered electron beam in an upstream bending magnet and 
from its radiation. The criterion for a vertical position interlock is 
± 0.1 mm, for the horizontal position interlock ± 1 mm. An orbit 

interlock for the angle is now under test. The same criterion applies to BMP 
before and after the EPU and IU22 to avoid image-current heating and ID SR 
irradiated on the bending vacuum chamber downstream. A double undulator 
requires more attention because the electron orbit can be kicked by a triplet 
quadrupole magnets located between ID1 and ID2. The radiation from ID1 
might cause a meltdown risk on magnet cover of ID2 (Fig. 4(b)).

Construction of a steering magnet feed-forward 
table 

A pair of horizontal and vertical trim coils is fixed (not movable with a gap) 
at both ends of every IU22. An auto-measured Matlab script is performed to 
record the feed-forward table of a trim coil (developed by the beam dynamics 
group). Upstream and downstream BPMs are used to measure the response 
matrix using an ID corrector to excite the COD. When the ID gap or phase 
is altered, we measure a response matrix from the BPMs to calculate the 
required corrector current to decrease the COD. A two-dimensional feed-
forward table is built for an APPLE-II EPU and taper IUT22, and the table 
allows varied magnetic field operation for all phases, gaps and tapers. Without 
correction, the RMS orbit distortion (Table 2) due to IU22 about 10−75 μm 
(H) and 5−15 μm (V). APPLE-II EPU is around 65−140 um (H) and 25−70 
um (V). Because the current applied to the steering coil is small, the stability 
of the power supply becomes important. The IU22 (including the IUT22 ta-
per mode) RMS orbit distortion can be decreased to < 0.5 μm (except IU22-
2m vertical RMS COD at beamline I09) for all gaps APPLE-II < 6 um for all 
gaps and phases, when a feed-forward table is in use. The residual distortion 
becomes removed with a slow and fast orbit feedback system. 

After we implemented a trim-coil feed-forward 
table, orbit interlock and orbit feedback system, 
all IU22 can close the gap to 7 mm. In a double-
undulator configuration (cells 5 and 13 in Fig. 5), 
the pressure in the entire evacuated ring shows 
that a vertical photon absorber is irradiated with 
an upstream undulator and a high vacuum pres-
sure is observed. Installation of a vertical photon 
absorber can prevent an avalanche meltdown 
caused by heating from upstream ID synchrotron 
radiation. In December 2015, the maximum 

Fig. 3: First IU22 source image obserred at a YAG screen.

Fig. 4: Schematic of orbit interlock mis-steering.
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Fig. 5: Vacuum pressure distribution during IU22 commissioning. Ib=30mA.

Table 2:  RMS COD due to operation of an ID, and effect of IU and EPU on the tuning shift.

Port ID Minimum 
Gap (mm) Tune shift RMS COD before 

correction1 (μm)
RMS COD after 

correction1,2 (μm)

05 IU22 5.6 0/0.003 39 (H)
6 (V)

0.5 (H)
0.1 (V)

09
IU22(A) 5.5 0/0.003 75 (H)

6 (V)
0.5 (H)
1.5 (V)

IU22(B) 7 0/0.002 16 (H)
5 (V)

0.3 (H)
0.2 (V)

21 IUT22 5.5 0/0.003 10 (H)
4 (V)

0.4 (H)
0.3 (V)

23 IU22 5.5 0/0.002 41 (H)
15 (V)

0.4 (H)
0.2 (V)

25
IU22(A) 5.5 0/0.003 41 (H)

7 (V)
0.5 (H)
0.4 (V)

IU22(B) 7 0/0.002 18 (H)
5 (V)

0.3 (H)
0.2 (V)

41
EPU48(A) 13 0.003/0.002 70 (H)

24 (V)
6.0 (H)
1.5 (V)

EPU48(B) 13 0.0075/0.003 137 (H)
29 (V)

4.5 (H)
1.3 (V)

45 EPU46 14 0.0075/0.003 65 (H)
72 (V)

3.0 (H)
1.0 (V)

1. Beam current operation at Ib=30 mA
2. Response matrix applied on each gap

(A) Upstream undulator
(B) Downstream undulator

beam current of 250 mA was successful tested 
with all in-vacuum undulator at minimum gap 
operation. 

Influence of an insertion  
device on beam parameters

When a feed-forward table of a steering magnet 
is applied, we close each undulator to test the 
injection efficiency; there is no obvious change in 
the IU operation and the APPLE-II EPU horizon-
tal linear mode. We expected that the injection 
efficiency becomes small when an APPLE-II EPU 
alters the phase to a vertical linear mode because 
of a tune shift, which must be corrected with a 
LOCO algorithm to correct the skew quadrupole 
components. A tune shift is measured for each ID, 
shown in Table 2. When seven in-vacuum undu-
lators are near the minimum gap, the vertical tune 
shift vy/vx changes are 0.01 and 0, respectively. An 
in-vacuum undulator center is necessary for fine 
alignment through creating an orbit vertical bump 
and measuring the beam lifetime. Table 2 shows 
that the beam lifetime becomes improved with 
fine vertical alignment of each IU; this work will 
be performed in a long shut-down period.

Challenge of a double-undulator 
configuration

To maintain the electron beam passing through 
the sweet spot (effective magnetic field area) of 
each undulator, two undulators and a quadurople 
set should be aligned vertically with accuracy ± 50 

μm using the same reference position. In double 
undulator configuration, superimpose of two 
radiation cones is important to obtain higher flux 
compare that of a single undulator. As the radia-
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tion position or direction depends only on the 
position or direction of the electron beam in un-
dulators, the orbit should be corrected to ensure 
that the positions and angles of trajectory at ID1 
and ID2 are consistent within a tolerance which 
is 10 % of the electron beam size and divergence. 
Therefore, at TPS case, the axes of the two wave 
packets of undulator radiation should fit within 
± 1.6/1 μradiana (horizontally and vertically), ± 
16/0.5 μm (horizontally and vertically). 

Finite kick on the electron orbit can be expected 
from triplet quadrupole magnet because not all 
the electrons pass through magnet center and 

Construction and Commissioning of TPS Phase-I Beamlines

Taiwan Photon Source (TPS) is designed to emphasize electron beams 
of small emittance and great brilliance to generate extremely bright photon 
beams. These superior characteristics of the TPS have opened avenues of 
novel scientific opportunities for scientists in several diverse research areas 
to reveal structures, electron interactions, functions of materials and their 
dynamics using various spectrometric tools, imaging methods and scattering 
techniques. At the TPS, seven beamlines in phase I are under construction 
with advanced techniques including protein microcrystallography (05A), 
temporally coherent X-ray diffraction (09A), X-ray nanodiffraction (21A), 
X-ray nanoprobe (23A), coherent X-ray scattering (25A), resonant soft X-
ray scattering (41A) and submicron soft X-ray spectroscopy (45A). Listed in 
Table 1 is a summary of specifications of beamlines in phase I. 

After installation of ten undulators and two superconducting RF-cavities in 

September, the TPS storage ring achieved a stored-electron beam current 
up to 520 mA, above its design value 500 mA, on Dec. 12, 2015. Beamline 
optics and experimental end stations of seven beamlines in phase I have been 
intensively and concurrently installed at the TPS. 

While the TPS ramps to its target value of stored current, three beamlines—
for protein microcrystallography, for temporally coherent X-ray diffraction and 
for coherent X-ray scattering—are being commissioned. Up to December 
2015, TPS-05 has delivered monochromatic X-rays with beam sizes a few 
tens of microns and obtained experimental data. X-rays from two collinear IUs 
installed in the same 12-meter straight section with a double mini-βy lattice 
have been monochromatized and transported to the 8-circle diffractometer at 
beamline TPS-09. At another 12-meter straight section, X-rays from two col-
linear IUs have been made monochromatic and spectra have been recorded at 

misalignment by triplet qadrupole magnets may 
cause another kick on electron beam orbit. As a 
result, two photon beams separate in space can be 
expected if no orbit correction is applied. For orbit 
correction between double undulators, two slits/
XBPMs are necessary to define the position of the 
photon beam, maybe one in the front end section 
and the other in front of the monochromator. The 
centers of the photon beam can be determined 
by measuring spectra of photons emitted from 
individual undulators for different slit transverse 
positions. Those positions can be converted to the 
angles and positions of the electron beam injected 
to individual undulators. These positional errors, 

thus, can be corrected by two steering magnets 
installed between segments of IDs. 

The drift of a COD or the quadrpole magnetic 
center due to magnetic aging or ground sink may 
cause mismatch of two superimposed radia-
tion cones. Orbit correction scheme of double 
undulator configurations is under development. 
(Reported by Jui-Che Huang)

Reference

1. J.-C. Huang, H. Kitamura, C.-H. Chang, C.-H. 
Chang, and C.-S. Hwang, Nucl. Instr. Meth. Phys. 
Res. 775, 162 (2015).

Table 1:  Summary of specifications of beamlines, phase I.

05A
Protein 

μ-crystallography

09A
Temporally  

Coherent 
XRD

21A
X-ray

Nanodiffraction

23A
X-ray

Nanoprobe

25A
X-ray

Coherent 
Scattering

41A
Soft X-ray 
Scattering

45A
Sub-μm Soft 

X-ray
Spectroscopy

Insertion devices IU22 Tandem IU22 Tapered IU22 IU22 Tandem IU22 Tandem EPU48 EPU46

Energy range 5.7−20 keV 5.6−25 keV 7−25 keV 4−15 keV 5.5−20 keV 400−1200 eV 280−1500 eV

Experimental techniques

Imaging (CDI) • • •

Scattering

Structural 
diffraction • • • • • •
Scattering • •

Spectroscopy

XAS • • • • • •
XEOL • • •
RIXS • •
PES •

CDI: coherent diffraction imaging
XAS: X-ray absorption spectroscopy

XEOL: X-ray excited optical luminescence
RIXS: resonant inelastic X-ray scattering 

PES: photoemission emission spectroscopy
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Fig. 1: Pictures of phase-I beamlines. (a) TPS-05A: microcrystallography endstation, (b) TPS-09A: endstation of high-resolution powder X-ray diffraction, (c) TPS-21A: mirror 
chamber of beamline, (d) TPS-23A: nested K-B mirrors, (e) TPS-25A: monochromator and mirror chamber of beamline, (f ) TPS-41A: endstation of resonant soft X-ray scattering, (g) 
TPS-45A: mirror chamber with precise alignment table.

beamline TPS-25. Furthermore, three beamlines of X-ray nanodiffration 21A, 
soft X-ray scattering 41A and submicron soft X-ray spectroscopy 45A are due 
to be in commissioning from March 2016. The six beamlines are scheduled to 
be opened for users from September 2016. The construction of the seventh 

beamline of X-ray nanoprobe 23A will be completed for its commissioning in 
November 2016. The seven pictures of phase-I beamlines are shown in Fig. 
1. More detailed information is available at http://tpsportal.nsrrc.org.tw/tps/
preactivity.aspx. (Reported by Yu-Shan Huang)

Beamline Plan in Phases II and III at 
Taiwan Photon Source
During operation over two decades since the 
first light of the TLS in 1993, the NSRRC has 
evolved into a light-source facility well known in-
ternationally. With increasing demands from users 
for bright X-rays to facilitate their innovative scien-
tific experiments, the NSRRC has completed the 

commissioning of its newly constructed 3-GeV 
low-emittance synchrotron light source, TPS. The 
TPS has accomplished storage of electron current 
at 520 mA in its storage ring on December 12, 
2015 after its first photon beam in December 
2014.

TPS will open avenues for novel scientific op-
portunities and experimental techniques. Seven 
TPS phase-I beamlines are being constructed 
for commissioning, including for protein micro-
crystallography, temporally coherent X-ray diffrac-
tion, X-ray nanodiffraction, X-ray nanoprobe, 
coherent X-ray scattering, resonant soft X-ray 
scattering, and submicron soft X-ray spectroscopy. 
These phase-I beamlines will be completed in 
2016. To use fully the superior characteristics of 
the TPS, the NSRRC proposes a plan of 18 TPS 

(a) (e)

(b) (f)

(c) (g)

(d)
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Fig. 1: Beamline map of the TPS; beamlines in phase I are shown in red; those shown in blue and green are, respectively, 
insertion-device (ID) and bending-magnet (BM) beamlines in phases II and III.

beamlines for phases II and III. Frontier tech-
niques, such as X-ray imaging, nanoscopy, high-
resolution diffraction, and high energy-resolution 
spectroscopy, have been identified to drive novel 
science at the TPS. The plan of phases II and III 
comprises three newly constructed beamlines and 

Table 1:  Construction schedule of TPS beamlines in phases II and III from 2017 to 2023.

2017 2018 2019 2020 2021 2022 2023
XAS (17C), BM
Soft X-ray tomography, BM
BioSAXS
NanoARPES
High resolution powder XRD (17A)
Advanced micro-focus PX (13C)
SAXS (23A)
TXM (01B1), BM
Powder XRD (01C2), BM
Soft X-ray nanoscopy (EPU/PEEM)
Soft X-ray spectroscopy (24A)
Micro-xtal diffraction (17B)
X-ray spectroscopy (SP8)
PX (15A) 
Scattering (07A)
Dragon (11A) 
PX (13B), BM 
Tender (16A), BM

Note: For the relocated beamlines, the corresponding beamline numbers at the TLS are indicated parenthetically.

15 relocated beamlines; an emphasis has been 
placed on new facilities for high-impact science 
and a smooth transition from the TLS to the 
TPS. Three relocated TLS beamlines and three 
new beamlines including soft X-ray tomography, 
biological small-angle X-ray scattering (BioSAXS), 

and nano-focusing angle-resolved photoemission 
spectroscopy (nanoARPES) are in the phase-
II plan. Following are categorized six phase-II 
beamlines.

Three new beamlines
1. Soft X-ray tomography, BM
2. BioSAXS
3. NanoARPES

Three relocated/upgrade beamlines
4. XAS (17C), BM
5. HR Powder XRD (17A)
6. Advanced micro-focus PX (13C)

Twelve TLS beamlines will be upgraded and 
relocated to TPS in the phase-III plan as follows. 
7. SAXS (23A)
8. TXM (01B), BM
9. Powder XRD (01C2)
10. Soft X-ray nanoscopy (EPU/PEEM)
11. Soft X-ray spectroscopy (24A)
12. Micro-crystal diffraction (17B)
13. X-ray spectroscopy (SP8/HAXPES)
14. PX (15A)
15. X-ray scattering (07A)
16. Dragon (11A), BM
17. PX (13B), BM
18. Tender X-ray scattering (16A), BM

For the relocated beamlines, the correspond-
ing beamline numbers at the TLS are indicated 
parenthetically.

The principle of beamline planning in phases II 
and III of the TPS is to strengthen the experimen-
tal techniques that are not included in phase I. The 
relocation strategy from the TLS to the TPS aims 
to achieve a smooth transition that maintains the 
overall scientific output and enhances the quality 
of research performed at the NSRRC. Based on 
these guidelines, Table 1 shows the construction 
schedule of TPS beamlines in phases II and III 
from 2017 to 2023. The phase-II beamlines focus 
on new techniques and relocated beamlines with 
substantial upgrade. The interruption to user 
beamtime due to the relocation of beamlines will 
be minimized. The floor map of TPS beamlines 
is presented in Fig. 1. (Reported by Yu-Shan 
Huang)

37A	  X-‐ray	  Sca,ering	  

13A	  BioSAXS	  	  
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Phase	  I:	  7	  IDs	  (2016)	  
Phase	  II:	  6	  IDs,	  3	  BMs	  (2020)	  
Phase	  III:	  6	  IDs,	  3	  BMs	  (2023)	  


