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Accelerator Availability and Reliability

Machine Parameters
Taiwan Light Source (TLS) has a 1.5-GeV electron-

storage ring of circumference 120 m, and a six-fold sym-

metry of which every straight section (length 6 m) is oc-

cupied by an insertion device. Major beam parameters 

of this storage ring are presented in Table 1. A supercon-

ducting wavelength shifter is located between injection 

kickers K3 and K4 in the injection section. Downstream 

of the SRF cavity section is situated a superconduct-

ing wiggler. The remaining sections are equipped with 

EPU56, U50, U90 and W200. Figure 1 shows the layout 

of the TLS accelerators. To accommodate the increasing 

demands for beam time and greater brightness from the 

X-ray user community, three identical superconducting 

wigglers (IASW) were built and installed at locations be-

tween the first two dipole magnets in the second, fourth 

and sixth TBA cells, respectively. The main parameters of 

these insertion devices are listed in Table 2.

Fig. 1:  TLS accelerator layout.
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Table 1: Beam parameters of 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

Statistics of Machine Operation

Operation of TLS with 200 mA top-up injection mode 

was initiated in October 2005; the stored top-up beam 

current was subsequently increased to 300 mA. In 2010, 

the beam current increased again to 360 mA. The perfor-

mance of the facility is indicated by the availability, the 

mean time between failures (MTBF) and the beam stabil-
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ity index. Availability is defined as the ratio of delivered 

user time divided by the scheduled user time; MTBF is 

defined as the ratio of scheduled user time divided by the 

number of faults. The beam stability index is measured by 

the variation of the photon intensity through a pinhole 

detector in diagnostic beamline. A summary of TLS opera-

tional performance from 2002 to 2014 is shown in Table 3.

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

λID (mm) 200 50 90 56 60 61 61 61

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

Photon energy (eV) 800~15k 60~1.5k 5-500 80~1.4k 2k~38k 5k~20k 5k~20k 5k~23k 5k~20k

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

Table 3: Summary of TLS operational performance.

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 39.9

2008 5726 97.9 112.3 Top-up 95.7

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

The scheduled user beam time was 5645 h in 2014; 

the delivered beam time was 5612.1 h, corresponding to 

beam availability 99.4% and maintaining the same level 

of TLS user operation as in 2013. The MTBF is 182.1 h; the 

mean time to recovery is 0.72 h according to 31 faults 

in total. Figure 2 depicts the summary of user operation 

from 2006 to 2014.
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Downtime and Failure Analysis  
In 2014, 31 faults in total contributed 

to downtime 22.4 h, which occupied 

about 68% of total downtime. Table 4 

gives a brief summary of failures.

Fourteen faults were attributed to 

the RF group; nine of these faults were 

related to 20-Hz vibration during LHe re-

filling of SW6. We released the interlock of 

the amplitude overdrive, and replaced it 

with a hot-ion-gauge interlock.  To solve 

a problem of this kind, we tried many 

solutions, adding a damper between SRF 

and SW6, new recipes in operating the 

LHe supply valve, periodically pumping the insulating lay-

er of the LHe supply pipe, etc. We developed new control 

circuits to lower the response of step motor to frequency 

less than 20 Hz, to avoid the resonance at frequency 20 

Hz. We performed the pumping of the insulating layer of 

three IASW twice per year to prevent a quenching event, 

which was caused by a pressure burst due to flow-in 

warm helium gas from the LHe supply pipe. We tried to 

decrease the possibility of the kicker misfiring during a de-

cay period by reducing the high voltage of the pulser, but 

there were still two faults from kicker 1 misfiring. The sta-

tistics of the downtime and subsystem faults are shown in 

Fig. 3.

Table 4: Summary of failures.

RF

Number 5 4 5

Cause

Human error (1)
Ion gauge (1)

Insulation layer vacuum (1)
TCU (1)

Vacuum burst (1) 

Amplitude overdrive
(related to 20-Hz vibration)

Hot cathode interlock during 
SW6 LHe refilling period induced 

by 20-Hz vibration 

I&C Magnet Linac PS

Number 3 2 2 1

Cause
Power amplifier fault (1)
BPM electronic fault (1)

U90 gap-reading error (1)
Quench K1 misfired

Quadrupole
power supply

Vacuum Safety Utility Other

Number 1 1 1 6

Cause S5 gate valve closed ACS PS PID failed

PS cable shorted to ground due to broken 
cable shielding (1)

Earthquake (4)
Voltage sag (1)

Fig. 2: Summary of scheduled user time, user availability and MTBF from 2006 to 2014.
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The Story of Commissioning the TPS

On December 31, 2014, an electron beam was 

stored in the TPS storage ring and the first synchrotron 

light emitted by a 3-GeV electron beam was observed. 

The TPS control room was filled with extreme joy and 

excitement. This is an exhilarating moment for the ac-

celerator staff of the TPS project. The process of commis-

sioning the accelerator is reported and the preliminary 

results summarized in this article.

The TPS project received official approval from the 

Legislative Yuan in December 2007. The ground breaking 

for the civil construction occurred on February 7, 2010. 

According to the project schedule submitted to the 

Ministry of Science and Technology, the TPS team was 

expected to store a beam in the storage ring by the end 

of 2014. Due to unexpected delay of civil construction, 

the installation of the major accelerator components 

began in October 2013. The installation of accelerators 

inside the shielding tunnel was completed in July 2014. 

To achieve the project schedule, an intensive commis-

sioning plan was implemented. 

The TPS Linac was commissioned before August 

2014. Beam-based testing of the hardware and improve-

ment of the booster began at 16:30, August 12, 2014. 

Several hardware glitches were discovered; the solutions 

were implemented swiftly. For example, the power sup-

ply of the booster dipole magnets failed a few hours 

after commissioning was initiated because a resistor on 

the circuit board overheated. Problems were quickly 

solved and testing of the booster hardware resumed the 

next day.  Several accelerator staff sacrificed their week-

Fig. 3: Statistics of downtime and subsystem faults in 2014.

Others 30.66 %

Safety 3.29 %

Utility 0.97 %

Vacuum 7.64 %

Magnet 1.31 %

Operator 7.19 %

I&C 19.17 %

RF 17.97 %

Linac 4.30 %

Total downtime is 32.94 hours.
Failures are mainly caused by:
(1) Other: 10.31 hours
(2) I&C: 6.31 hours
(3) RF: 5.92 hours

PS 7.50 %
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ends to fix the glitches professionally as quickly as pos-

sible. A major setback that stalled the progress of testing 

the booster hardware was the unexpected magnetiza-

tion of the stainless-steel beam pipes. A booster beam 

pipe has a small elliptic cross section, 35 mm x 20 mm, 

and thickness 0.7 mm. Stainless steel SUS304 was used; 

the beam pipe was manufactured by cold drawing with-

out annealing. It was not recognized until November 13, 

2014 that many booster beam pipes were magnetized 

after their fabrication. This problem was discovered us-

ing a small neodymium magnet (NdFeB) by the staff, 

who is responsible for the quality of magnets' field. Fig-

ure 1 depicts the discovery of this significant problem.

Based on computer simulations and the measured 

data for combined-function dipole magnets with a 

beam pipe, some magnetized beam pipes were found 

to have relative permeability μr = 1.8, in contrast with a 

typical specification for a stainless-steel beam pipe, μr 

= 1.01. The effect of the magnetized beam pipe is illus-

trated with a computer simulation shown in Fig. 2. These 

simulations showed that the magnetic field was signifi-

cantly distorted by the beam pipe without annealing 

process. These pipes resulted in magnets' field errors ten 

times as large as the design specifications. 

The demagnetization of the booster beam pipes 

requires a thermal treatment up to 1050 °C. Because of 

the length of these pipes, a vacuum furnace capable of 

treating an object of length 2 m was required. A com-

pany (XHT) located in Tainan was fortunately found to 

meet the urgent need of the TPS project. The booster 

magnets were opened; 104 beam pipes were delivered 

to XHT vacuum group on December 1, 2014. Seven 

vacuum furnaces were operated around the clock for 

35 h. The results were satisfactory. The beam pipes had 

a clean surface and reduction of relative permeability 

after the thermal treatment. Figure 3 shows the vacuum 

furnace and the shiny beam pipes after that treatment. 

The beam pipes and magnets were re-installed; the 

hardware was ready for commissioning the beam by De-

Fig. 1:  A booster beam pipe is discovered to be magnetized on using a 
small neodymium magnet (NdFeB) at the tip of a pointer.

Fig. 2:  (a) Distribution of field lines of a combined-function dipole 
including a beam pipe with μr= 1.01. (b) Distribution of field lines 
for the beam pipe with μr= 1.8.

(a)

(b)

cember 10, 2014.

Commissioning of the booster beam began on De-

cember 12, 2014.  The energy of the booster beam was 
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Fig. 3:  (a) TPS project director Chien-Te Chen standing by the vacuum furnace. (b) Booster beam pipes after the thermal treatment with clean and shiny 
surfaces.

(a) (b)

ramped to 3 GeV on December 16, 2014. The efficiency 

of the beam transmission of booster attained 62% on  

December 17, 2014 without ramping the strength of 

correcting magnets. Figure 4 shows the beam current of 

the booster at each injection cycle from beam energy 

150 MeV to 3 GeV. 

The commissioning of the beam of the storage ring 

at 3 GeV was impeded by a leakage field from the boost-

er DC extraction septum. The TPS team was surprised 

at the effects of leakage field due to the DC extraction 

septum on the injection efficiency of the beam trans-

mission from Linac to booster. Intensive work to improve 

Fig. 4:  (a) Signal of the beam current of the booster at each injection cycle from beam energy 150 MeV to 3 GeV. (b) Transverse beam profile measured with 
the synchrotron radiation monitor in the booster.

(a) (b)

the hardware was undertaken; commissioning of the 

beam of the storage ring began on December 29, 2014. 

At 12:20, December 31, 2014, the electron beam was in-

jected into the storage ring and circulating over 80 turns 

without activating the sextupole magnets, correcting 

magnets and RF cavities. Once the multi-turn beam stor-

age was attained, everybody in the TPS control room un-

derstood that the long awaited great moment was only 

one step ahead. They readily activated the sextupole 

magnets and RF cavities. After optimizing the param-

eters of four injection kickers, the 3-GeV electron beam 

was finally stored in the storage ring at 12:39 without us-

ing correcting magnet, as shown in Fig. 5.
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Fig. 6: Orbit of the stored 3-GeV electron beam. (top) Horizontal orbit (± 8 
mm). (bottom) Vertical orbit (± 4 mm). No correcting magnet was used.

Fig. 5:  The 3-GeV electron beam was stored in the TPS storage ring at 
12:39, December 31, 2014.

Fig. 7: The 3 GeV electron beam was accumulated to 1 mA in the TPS 
storage ring at 13:58, December 31, 2014. Not a single correcting 
magnet was used.

Figure 6 depicts the orbit of the stored 3-GeV elec-

tron beam with zero current setting of correcting mag-

net in the storage ring. At 13:58, the beam current in the 

TPS storage ring accumulated to 1 mA, as shown in Fig. 7. 

The first synchrotron light was observed and the excite-

ment showed on the face of everybody in the TPS con-

trol room; cf. Fig. 8. Before the end of the commissioning 

shift on December 31, 2014, the beam current accumu-

lated up to 5 mA in the TPS storage ring. The members 

of the TPS team achieved their goal: the synchrotron 

light shone from the TPS storage ring by the end of 2014 

as they had promised. 

Fig. 8: (a) The first synchrotron light was emitted from the 3-GeV 
electron beam in the TPS storage ring on December 31, 2014. (b) 
Celebration of the successful commissioning of the TPS storage 
ring in the control room.

(a)

(b)
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Construction of Phase-I Insertion Devices at TPS

Taiwan Photon Source (TPS), a third-generation 

light source based on a 3-GeV storage ring, is featured 

with high brilliant insertion devices (ID). Synchrotron 

radiation (SR) generated from undulators can cover both 

soft and hard X-ray energy spectra. The scope of TPS 

Phase-I ID includes seven in-vacuum undulators for X-ray 

photon sources and three elliptically polarized undula-

tors (EPU) for soft X-ray photon sources. Construction of 

Phase-I ID was completed in 2014. This report describes 

the required field qualities and important techniques 

implemented in the TPS insertion devices. 

Introduction
To generate high brilliant light from a third-genera-

tion light source is the key motive and drive to develop 

an insertion device. Of two typical approaches for gen-

erating high brilliance photons, one is to improve the 

quality of the electron beam. Constructing a storage 

ring of low emittance, such as at TPS, NSLSII, and MAX 

IV, becomes important to pursue a diffraction-limited 

light source. Another approach is to improve the quality 

of the photon beam of the light source. In general, the 

quality of the photon beam is associated with angular 

divergence, monochromaticity and the photon flux den-

sity. A light source generated from an undulator typically 

has all three excellent characteristics. The angular di-

vergence of undulator radiation is proportional to 1/√N 

where N denotes the number of undulator periods. The 

photon flux density is proportional to N2, whereas the 

radiation bandwidth associated with monochromaticity 

is proportional to N-1. According to these criteria, many 

undulator periods are preferable. However, the opera-

tion of a long undulator with many periods in a straight 

section is bounded by the vertical betatron function. 

As the vertical betatron function increases quadratically 

along the longitudinal direction and suffers interference 

from a small magnet gap at the end of the undulator, 

a large beam loss and short beam lifetime might occur 

in a small undulator gap. To maximize the life time of 

the beam, the maximum length of an undulator, which 

depends on the vertical betatron function, must be less 

than twice the vertical betatron function. 

Undulators in Taiwan Photon Source 
The plan for TPS Phase-I ID includes seven sets of 

in-vacuum undulators and EPU in three sets. The beam-

lines of TPS phase-I experimental facilities and type of 

insertion devices are shown in Table 1. In a long straight 

Table 1: Beamlines and light sources for TPS phase-I experimental facilities.

Beamlines Light source Max Ky/Kx Energy range

Protein Microcrystallography IU22-3m 1.47 5.7 - 20 keV

Resonant Soft X-ray Scattering EPU48x2 3.72/2.47 0.40 - 1.50 keV

Submicron Soft X-ray Spectroscopy EPU46 3.48/2.32 0.35 - 1.50 keV

Coherent X-ray Scattering IU22-3m+IU22-2m 1.47 5 - 20 keV

Submicron X-ray Diffraction IUT22-3m 1.47 7 - 25 keV

X-ray Nanoprobe IU22-3m 1.47 4 - 15 keV

Temporally Coherent X-ray Diffraction IU22-3m+IU22-2m 1.47 5.6 - 25 keV
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Table 2:  TPS undulator specifications.

In-vacuum undulator Elliptically polarized undulator Comment

RMS deviation of dI/I <0.5% At all gaps

Trajectory straightness
< ±2 μm

< ±3 mrad
K>1

Multipole components 

Dipole
Quadrupole
Sextupole
Octupole

<100 G cm
<50 G

<100 G/cm
<100 G/cm2

K>1

Phase errors <3º
<3º (linear)

<5º(circular)
K>1

Maximum field >1.01 T
>0.83 T (horizontal linear)

>0.55 T (vertical linear)
At minimum gap

*K denotes the undulator deflection parameter.

section, special beam optics with quadrupole-triplet is 

designed to contain two subsections with a mini-vertical 

beta function. Double segmented undulators with a 

small gap can thus be installed in a long straight section 

without sacrificing the beam lifetime. Double EPU48 and 

double in-vacuum undulators (IU22-3m and IU22-2m) 

are placed inline to enhance the photon source if two 

undulators radiate coherently. Submicron X-ray diffrac-

tion requires pink light source with bandwidth of energy 

spectrum up to 10%, so that in-vacuum undulator with 

tapered function is required. 

Undulator Field Quality
To ensure a high brilliant light source and stable 

operation of the storage ring, stringent field quality of 

an undulator is demanded. The root mean square (RMS) 

phase error is a parameter commonly used to assess an 

undulator quality. Phase error describes phase distribu-

tion of emissions from each undulator pole and all emis-

sions shall be in phase to avoid reduction of brilliance. In 

the case of TPS, high harmonics radiation from undulator 

shall be used for the X-ray source and consequently the 

RMS phase error shall be less than 3 degrees. The maxi-

mum spectral intensity of the first to ninth harmonic un-

dulator spectra is decreased less than 20% from the ideal 

case of an undulator. First-integral deviations and kicker 

value of half undualtor period are associated with devia-

tion of maximum magnetic field and undulator period 

length. If the first-integral deviations and kicker value are 

small, the electrons travel in a straighter trajectory.

A special design of end pole is important to ensure 

that the offset and steering of the electron beam are 

zero and independent from the setting of an  undulator 

gap. Table 2 shows the specifications of the TPS undula-

tor performance and all undulators satisfy these require-

ments.

In-Vacuum Undulator 
Using a mini-gap in-vacuum undulator with a short 

period to obtain X-rays of short wavelength is an opti-

mal usage. An in-vacuum undulator is designed to have 

magnets array inside a large vacuum chamber and al-

low the entire magnet gap to be fully used by a physical 

aperture. The magnet of a TPS in-vacuum undulator has 

a conventional hybrid structure with NdFeB magnets. 

The coercivity enhancement in the magnet is adapted 

to dysprosium diffusion technology and the radiation 

resistance of magnet is improved.  As a result, a sufficient 

magnetic field is achievable with a small period length. 

The vacuum system of an IU22-2m device consists of 

four NEG pumps (SAES MK500-SP8, 500L/s) and two Ion 

pumps (Canon Anelva PIC-052NP 125L/s) to ensure a 

sufficient pumping capacity. 



FACILITY STATUS 073

Thermal Challenge
The beam-induced heat load on 

an in-vacuum undulator with a small 

gap is a critical issue because TPS is 

designed to operate in high current 

and short bunch length. Protective so-

lutions to avoid a large power density 

on a magnet foil are carefully imple-

mented, such as a vertical photon ab-

sorber and satisfactory flat magnet foil. 

A magnet foil is made of nickel-plated 

copper, Cu-Ni, sheet. As copper foil has 

adequate thermal conductivity and 

a nickel layer provides a satisfactory 

contact through a magnetic attractive 

force, all in-vacuum undulators use a 

Cu-Ni foil to create a smooth surface 

on top of the magnet to reduce the 

wake-field and image-current induced 

by bunched beam. 

A TPS in-vacuum undulator will experience large 

heating from the image current that derives from the 

short bunch-length and a large beam current. Such 

power density per unit length, 15.7 W/m, exceeds the 

empirical safety limit, 10 W/m.1 An efficient way to avoid 

such kind of heat load of image-current in a small-gap 

on in-vacuum undulator is thus to have long bunch 

length operation. The designed bunch length, 9.5 ps, 

is for  low bunch current. Bunch lengthening effects 

is a function of the beam current.  Lengthening of the 

bunch is expected, if the number of filling bunches is 

reduced in operation  or a harmonic cavity installed.

The flatness of the foil is important to ensure that 

undulator gaps will not decrease further and affect the 

clearness for synchrotron light and electrons. Small 

bumps on a foil might occur after baking and might 

result in a catastrophic avalanche meltdown of the foil. 

SR striking the bumps generates more heating power 

than that from image-current heating. SR is the main 

heat source for an avalanche meltdown. Image-current 

heating is an indirect source, but a large image current 

decreases the threshold of an avalanche meltdown. 

Magnet foils of a TPS in-vacuum undulator use nickel 

(thickness 50 μm) to improve the contact force between 

the foil and the magnet. The risk of foil deformation 

might be diminished.

Vertical Photon Absorber 
In the TPS double-undulator system, if two synchro-

nized undulators operate at a minimum gap of 5 mm, 

the first in-vacuum undulator, ID1, receives radiation 

from the bending magnet and the upstream part of the 

undulator. The maximum linear power density is 2.83 W/

m at the end of the magnet array. At the second undula-

tor, ID2, the irradiated power on a magnet surface comes 

from upstream bending magnet, undulator and itself. As 

the radiating angle varies with the irradiated position, 

the maximum total power density of SR at the end of a 

magnet array can attain 68.0 W/m.1 High risk of an ava-

lanche meltdown might materialize to the magnet foil. 

The technical action taken for the TPS double-undulator 

Fig. 1:  In-vacuum undulator with period length of 22 mm, magnet length 2.124 m. 
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system is to install vertical photon ab-

sorbers in of front the ID2 magnet array 

to cut off most radiation from upstream 

bending magnet and undulator. Figure 

1 also shows a vertical photon absorber 

assembled at the upstream of an undu-

lator. The vertical photon absorber not 

only blocks SR from an upstream undula-

tor but also protects magnets from mis-

steered electron beams.

UHV Bakeout
Baking an in-vacuum undulator 

that artificially accelerates outgassing is a 

most important and challenging process 

in construction of an in-vacuum undula-

tor. The magnet of the type used in IU22 

has great coercivity, 2760 kA/m, and 

was annealed at 145 °C before being as-

sembled into the undulator. The magnets 

can thus endure a temperature up to at 

least 125 °C without demagnetization. 

Control of temperature is important to 

avoid demagnetization and deformation 

of vacuum components of the undulator 

or deterioration of mechanical properties. 

After baking for 72 hours, the final pres-

sure can achieve less than 3x10-8 Pascal. 

The spectrum of the residual gas pro-

vides information to identify the nature 

of the residual gases from an in-vacuum 

undulator, shown in Fig. 2.

Laser-Aligned Hall-Probe Measurement 
System

One challenge in development of an undulator is to 

measure the magnetic field to ensure that it does not vary 

during assembly of the vacuum components and after 

transport over a large distance. A laser-aligned Hall-probe 

measurement system was designed in a very compact 

form and with great accuracy to fit inside the vacuum 

chamber. The position of the Hall probe was aligned with 

a laser system.3 The horizontal and vertical positions of 

the Hall probe were detected by a phase sensitive detec-

tor and when the Hall probe was detected in a position 

off the magnetic axis, three XY stages simultaneously ad-

justed the Hall probe back to a position on the axis (Fig. 3). 

Feedback algorithms were implemented to ensure that 

the center of the Hall probe coincided with the center 

of the magnetic field during the measurements. Laser-

Fig. 3:  Control diagram for an in-situ measurement system. 

Fig. 2: Residual gas spectra of an undulator system in vacuum during baking. (Reproduced from 
Ref. 2)
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aligned Hall-probe measurement system is shown in Fig. 4. 

which is designed and built by magnet group. The repeat-

ability of the Hall probe position is 5.6 μm and the RMS 

phase error is 0.1°. The calibration measurement of field 

deviation from in-situ system shows only a small difference 

relative to the traditional measurement system on a granite 

bench. The measurement system can be developed further 

for use in an evacuated or cryogenic environment.

Elliptically Polarized Undulator
The most widely used helical undulator is APPLE-II type 

elliptically polarized undulator for varied polarization with a 

high degree of polarization. The upper and lower magnet 

arrays are split in half at the transverse center. When the 

diagonally opposed magnet arrays are moved axially, the 

polarization alters. There is an air gap between the magnets 

and the transverse uniformity is small relative to a planar 

undulator. Transverse field uniformity might generate a large 

dynamic integral and nonlinear field seen along the trajec-

tory of the electron. In a worst-case scenario, a nonlinear field 

causes a tune shift and poor injection efficiency. Dynamic 

and static integrals vary with the polarization phase mode, 

and as a result the performance of an EPU might degrade in 

some polarization phases. In TPS EPU, the size and location of 

iron shim pads are carefully calculated to be placed on top of 

the magnet, which decreases the phase-dependent issue on 

both static and dynamic integrals.

Mechanical Frame
Moving magnet arrays generates strong magnetic 

forces between adjacent arrays, so that a strong mechani-

cal frame is critical to ensure a stable quality of magnetic 

field during a polarization switch. The design, manufac-

ture and assembly were completed in the NSRRC (Fig. 5). 

The maximum variation of an undulator gap along the 

longitudinal direction is 20 μm at the maximum magnetic 

force loading of 35 kN. This gap variation creates an initial 

phase error of 3.4 degrees. Magnet shimming is hence 

performed to compensate the gap-induced errors. Subse-

quently, the repeatability of the gap in various polarization 

modes is reduced to less than 2.5 μm, which ensures that 

a deviation of the photon energy is less than one tenth of 

the intrinsic width at the fifth undulator harmonic.

Optimization of Performance of the Magnetic Field 
Despite the highly accurate and robust mechani-

cal frame, the quality of the magnetic field yet needs to 

be controlled through sorting and shimming. This field 

correction scheme is developed in the NSRRC and suc-

cessfully implemented in EPU48 construction. In mag-

net sorting strategies, the first step is to sort individual 

blocks measured with a Helmholtz coil. RADIA code as-

sists to arrange magnet blocks into sub-modules based 

on results of minimum phase error in various polariza-

tion modes. The second step is to sort the magnet sub-

Fig. 4:  In-situ measurement system.
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Fig. 5:  EPU48 constructed in the NSRRC.

Fig. 6:  Straightness of (a,b) vertical and (c,d) horizontal trajectories; (a,c) before shimming, (b,d) after shimming. (Reproduced from Ref. 4)

Ve
rt

ic
al

 tr
aj

ec
to

ry
 (μ

m
)

After submodules sorting After shimming

H
or

iz
on

ta
l t

ra
je

ct
or

y 
(μ

m
)

References

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

2. J.-C. Huang, L.-H. Wu, C.-K. Yang, C.-K. Chuan, T.-Y. Chung, and C.-S. 
Hwang, IEEE J. Supercondu., 24, 4100705 (2014).

modules based on a simulated-annealing algorithm to 
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ness of a trajectory. The second step is to decrease the 

residual-field integral using a magic finger that uses an 
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Status of the TPS Phase-I Beamlines

There are seven beamlines and their associated 

end stations being built under phase I of the TPS experi-

mental facility buildup. Certain beamlines have branch 

beamlines and more than one end stations. They all use 

undulators as their light sources. Each beamline will be 

dedicated to one of the following seven experimental 

techniques: protein microcrystallography, resonant soft 

X-ray scattering, submicron soft X-ray spectroscopy, co-

herent X-ray scattering, submicron X-ray diffraction, X-ray 

nanoprobe, and temporally coherent X-ray diffraction.

Table 1: Major parameters of the undulators for the TPS phase-I beamlines.

Beam-
line 

code

Beamline 
name

Undulator

Type Number
Effective 
length‡ 

(m)

Magnet 
period 
(mm)

Effective 
number 

of magnet 
periods

Smallest 
magnet 

gap (mm)

Maximum 
magnetic 

field# 
(T)

Largest 
deflec-
tion pa-
rameter

Photon 
energy 
range* 
(keV)

05A
Protein 

Microcrystal-
lography

IU22 1 3.08 22 140 7† 0.76 1.56 5.7 - 20

41A
Resonant 
Soft X-ray 
Scattering

EPU48 2 3.22 48 67 13
V: 0.83 
H: 0.55

V: 3.72 
H: 2.47

0.40 - 1.50

45A

Submicron 
Soft X-ray 
Spectros-

copy

EPU46 1 3.77 46 82 15§ V: 0.73 
H: 0.47

V: 3.14 
H: 2.02

0.35 - 1.50

25A
Coherent X-
ray Scatter-

ing
IU22 2

3.08 
2.09

22
140 
95

7† 0.76 
0.74

1.56 
1.52

5 - 20

21A
Submicron 

X-ray Diffrac-
tion

IUT22 1 3.08 22 140
7† 

taper al-
lowed

0.76 1.56 7 - 25

23A
X-ray Nano-

probe
IU22 1 3.08 22 140 7† 0.76 1.56 4 - 15

09A

Temporally 
Coherent X-
ray Diffrac-

tion

IU22 2
3.08 
2.09

22
140 
95

7† 0.76 
0.74

1.56 
1.52

5.6 - 25

‡ Magnetic regions with fields below the effective field and shieldings 
at both ends of the magnetic array are not included. Also, this is not 
the length of the vacuum chamber housing the undulator.

# Measured values. V denotes the vertical direction, and H the horizon-
tal direction.

* Usable energy range of the light beam after passing through the 
beamline optics.

† Ultimate goal: 5 mm.
§ Ultimate goal: 13.5 mm.

Energy range, focus size, energy resolution, bril-

liance, and coherence of the light beam required by the 

experimental techniques and research goals dictate the 

specifications of the undulators and beamline optics for 

end stations using them. Resonant soft X-ray scattering 

relies on an intense photon flux for its success. Coherent 

X-ray scattering and temporally coherent X-ray diffrac-

tion require light sources of a high brilliance to deliver 

their promised performances. In light of these, these 

three beamlines are each equipped with two tandem 
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undulators as their light sources, as the photon flux and 

thus brilliance of an undulator are proportional to the 

square of the number of the magnet period. The longer 

the magnet (the greater number of the magnet period), 

the higher flux and brilliance an undulator can provide.

Among the seven beamlines, two (resonant soft X-

ray scattering and submicron soft X-ray spectroscopy) 

use elliptically polarized undulators, and one (submicron 

X-ray diffraction) uses an undulator capable of being ta-

pered. In the tapered mode of operation, the undulator’s 

magnet gap gets progressively bigger along the electron 

beam path, and the light fluxes of the fundamental and 

harmonic peaks of the undulator will be reduced and re-

distributed in between their peaks, making the flux distri-

bution more uniform across the photon energy range, to 

facilitate acquisition of the Laue diffraction image.

Listed in Table 1 are the major parameters of the 

undulators for the TPS phase-I experimental facilities. 

All together, the seven beamlines use two EPU48, one 

EPU46, one 3.08-meter long IUT22, four 3.08-meter long 

IU22, and two 2.09-meter long IU22 undulator modules. 

The light fluxes and brilliances of these undulators prior 

to entering the beamlines are plotted in Fig. 1. (The flux 

and brilliance of the IUT22, when not tapered, are the 

same as those of the IU22, and therefore are not plotted 

separately.)

2014 at the NSRRC ended on a high note, as the TPS 

storage ring achieved a stored electron beam current 

above 1 mA at the design energy of 3 GeV after only a 

short period of commissioning. The beam current was 

raised subsequently within a few days to 50 mA to clean 

the vacuum chamber walls through photodesorption. In 

early April, 2015, the storage ring will be shut down, and 

the undulators and superconducting RF cavities will be 

installed in the storage ring. Phase two of the TPS storage 

ring commissioning will begin in early September, 2015. 

Installation of the beamline optics and end stations 

will kick into high gear starting in February, 2015. Five of 

the seven beamlines and their associated end stations will 

have finished their commissioning at the end of 2015. The 

other two beamlines (X-ray nanoprobe and temporally 

coherent X-ray diffraction) and their associated end sta-

tions are scheduled to finish their commissioning at the 

end of June and in mid-August, 2016, respectively. Figure 

2 displays the overall implementation schedules of the 

seven beamlines. (Reported by Kai-Dee Lee)

Fig. 1: The photon fluxes and brilliances of the undulators and undulator pairs for the TPS phase-I beamlines, each as a function of the photon energy.
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Plan of Beamlines in Phase II at Taiwan Photon Source

During three decades since the feasibility study 

for the construction of the Taiwan Light Source (TLS) 

in 1981, NSRRC has evolved into a light source facility 

well known internationally. With both rapid advances 

in the international scientific community and increas-

ing demands from users for bright X-rays to facilitate 

their innovative scientific experiments, the NSRRC plans 

in 2015 to complete commissioning of its newly con-

structed 3-GeV low-emittance synchrotron light source, 

the Taiwan Photon Source (TPS). The lattice of the TPS 

storage ring comprises 24 double-bend achromatic cells 

with six-fold symmetry. There are six straight sections of 

length 12 m, and eighteen standard straight sections of 

length 7 m. The natural emittance of the TPS is 1.6 nm-

rad with a small dispersion in the straight sections.

The TPS will open avenues for novel scientific op-

portunities and experimental techniques. Seven TPS 

phase-I beamlines are being constructed, including for 

protein microcrystallography, resonant soft X-ray scatter-

ing, submicron soft X-ray spectroscopy, coherent X-ray 

scattering, submicron X-ray diffraction, X-ray nanoprobe, 

and temporally coherent X-ray diffraction. The construc-

tion of these phase-I beamlines will be completed in 

2016. To use fully the superior characteristics of the TPS, 

the NSRRC proposes a plan of TPS beamlines for phase II. 

Frontier techniques, such as X-ray imaging, nanoscopy, 

high-resolution diffraction, and high energy-resolution 

spectroscopy, have been identified to drive novel sci-

ence at the TPS. The plan of phase-II beamlines compris-

es newly constructed and relocated beamlines; an em-

phasis has been placed on new facilities for high-impact 

science and a smooth transition from the TLS to the TPS. 

Three new beamlines including soft X-ray tomography, 

biological small-angle X-ray scattering (BioSAXS), and 

nano-focusing angle-resolved photoemission spectros-

Fig. 2: The overall schedules, from design, manufacture, installation, to commissioning of the seven TPS phase-I beamlines and their associated undulators 
and end stations.

Task
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Microcrystallography
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Soft X-ray
Scattering
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Soft X-ray
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X-ray Diffraction

X-ray Nanoprobe

Year
2011 2012 2013 2014 2015 2016



ACTIVITY REPORT 2014080

copy (nanoARPES) will be in the first group of the plan. 

In addition, fifteen TLS beamlines will be upgraded and 

relocated to TPS with the second group.

The design and construction of eighteen beamlines 

are scheduled from 2016 to 2022. Beamlines of high-

resolution powder X-ray diffraction (HR Powder XRD) 

and X-ray absorption spectroscopy (XAS) at the TLS will 

be upgraded and moved to the TPS in the first three 

years. Beamlines in phase II are categorized into new and 

relocated with upgrade as follows.

Three new beamlines:

(1) Soft X-ray tomography, BM

(2) BioSAXS

(3) NanoARPES

Fifteen relocated/upgrade beamlines:

(4) XAS (17C), BM

(5) HR Powder XRD (17A)

(6) Micro-crystal diffraction (17B)

(7) Soft X-ray nanoscopy (EPU/PEEM)

(8) Soft X-ray spectroscopy (24A)

(9) Powder XRD (01C2)

(10) Advanced micro-focus protein crystallography (PX) (13C) 

(11) X-ray spectroscopy (SP8) 

(12) TXM (01B), BM

(13) Tender (16A), BM

(14) PX (15A)

(15) Scattering (07A)

(16) SAXS (23A)

(17) PX (13B), BM

(18) Dragon (11A), BM

For the relocated beamlines, the corresponding beamline 

numbers at the TLS are indicated in parentheses.

The principle of beamline planning in phase II of 

the TPS is to strengthen the experimental techniques 

that are not included in phase I, such as imaging and 

spectroscopy on nanometer scales. The relocation strat-

egy from the TLS to the TPS aims to achieve a smooth 

transition that maintains the overall scientific output and 

enhances the quality of work performed at the NSRRC. 

Fig. 1: Construction schedule of TPS beamlines in phase II from 2016 to 2022.
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Based on these guidelines, Fig. 1 shows the construc-

tion schedule of TPS beamlines in phase II from 2016 to 

2022. The first five beamlines focus on new techniques 

and relocated beamlines with substantial upgrade. The 

interruption to user beam time due to the relocation 

of beamlines in the last fifteen beamlines will be mini-

mized. The floor map of TPS beamlines in phase I and 

phase II is presented in Fig. 2.

Synchrotron Virtual Laboratory for the Semiconductor Industry

Conforming to Moore’s law, the minimum line 

width of an advanced semiconductor device will de-

crease to 10 nm within a few years. The semiconductor 

industry is now highly technological and intensive of 

capital; the global competition between companies is 

fierce. Only three major semiconductor companies—In-

tel (US), Samsung (Korea) and TSMC (Taiwan)—survive in 

this battle. In 2014, the value of the output from Taiwan‘s 

IC industry exceeded 2,000 billion NT dollars, about 5.5% 

of the gross domestic product of Taiwan. Maintaining 

the semiconductor industry flourishing has obviously a 

direct impact on Taiwan’s society in a positive way.

Hsinchu Science Park is the heart and engine of the 

1 / 34 

Fig. 2: Beamline map of the TPS. Beamlines in phase I are shown in red; those shown in blue and green are, respectively, insertion-device and bending-
magnet (BM) beamlines in phase II.
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semiconductor indus-

try in Taiwan. There 

are many industries, 

national labotories 

and universities in this 

integrated campus of 

science and technolo-

gy. Located in this sci-

ence park, the NSRRC 

has been established 

for more than 20 years 

and has developed 

many advanced sci-

enti f ic  techniques, 

but the interaction 

between the NSRRC 

and semiconductor 

companies has been 

still small and dispersed. To promote techniques involv-

ing synchrotron radiation (SR) to key semiconductor 

companies, the NSRRC proposed at the end of 2013 a 

project named Synchrotron Virtual Laboratory to TSMC. 

It is basically an analytical platform for professional, ef-

ficient and cost-effective service, as shown in Fig.1. The 

major principles follow.

1. A single contact window: TSMC has many divisions; 

the proposed analytical items from TSMC are diverse. 

To manage the analytical requests in an efficient way, 

we agreed to establish a single contact window on 

each side. The two contact windows are Failure Analy-

sis Division (FAD) at TSMC and Industry Application 

Group (IAG) at the NSRRC. Based thereon, IAG will as-

sist to integrate the resources and technology of the 

NSRRC to meet the requirements of TSMC. Similarly, 

FAD will promote SR techniques and integrate the 

analytical requests inside TSMC.

2. Dedicated manpower: In this project, we assign and 

hire dedicated personnel to treat TSMC cases. All 

discussion, requests and experiments related to the 

analytical cases thus can be followed and integrated, 

resulting in a professional and efficient scheme. 

3. Cost-effective: In this project, TSMC hired personnel to 

collect and to analyze data; they can thereby use the 

synchrotron facilities in a more cost-effective way. 

A snchrotron is a precious light source for the analysis 

of chemical and biological substances and materials. Aca-

demic users normally apply for beam time a few months 

before their experiments, but this duration is impractical 

for industry that must solve problems rapidly from both a 

production line or R&D work. Synchrotron facilities must 

have a versatile response for industrial users. 

Based on this project, the NSRRC could allocate 

more beam time and arrange the beam time more fre-

quently. This procedure would decrease the response 

interval and increase the flexibility of analytical work. 

Moreover, all NSRRC experts can join a discussion and 

help to solve the problems, thus providing a more pro-

fessional and accurate answer to the industry. The side 

effects of this cooperation projects will facilitate a great-

er use of synchrotron techniques by industrial engineers. 

This project has performed appropriately accord-

Fig. 1: Schematics of the SR virtual lab project.

NSRRC SR Virtual Lab. TSMC
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ing to the idea of Synchrotron 

Virtual Laboratory since the end of 

2013. The analytical requests from 

TSMC are diverse, but the tech-

niques fall into three categories—

measurements with X-rays (44%), 

photoemission (43%) and extreme 

ultraviolet light (~13%, excluding 

beam time in a separate EUV proj-

ect). The beamlines most used are 

24A1, 07A1 and 08A1. The contact 

persons from both sides worked in-

creasingly intensively because TSMC 

found that synchrotron techniques 

revealed information inaccessible 

from in-house techniques. The syn-

chrotron facilities provide informa-

tion complementary to techniques 

involving a transmission electron microscope, giving a 

clear picture of the structure on an atomic scale. These 

efforts have helped TSMC to solve critical problems in 

their mass-produced devices. 

One successful case is the characterization of high-κ 

material in nano devices. Silicon dioxide has served as a 

gate oxide material for decades. As transistors have de-

creased in size, the thickness of the SiO2 gate dielectric 

has steadily decreased to increase the gate capacitance 

and thereby drive current. As the thickness scales below 

2 nm, leakage currents due to tunneling increase greatly, 

leading to a large consumption of power and decreased 

device reliability. As illustrated in Fig. 2, replacing the 

gate dielectric of silicon dioxide with a high-κ material, 

such as hafnium dioxide, hafnium silicate or zirconium 

silicate, allows an increased gate capacitance without 

the associated leakage effects. 

The deposited high-κ dielectric layer suffers from 

various thermal and plasma processes during fabrication 

of a chip. Various defects such as vacancy or interstitial 

atom are generated via diffusion or ion bombardment, 

which result in current leakage. Characterizing the mate-

rial properties of the buried dielectric layer of high-κ is 

hence important in fabricating advanced nano devices. 

Companies have traditionally used an in-house tech-

nique involving X-ray photoelectron spectra coupled 

with ion sputtering to reveal the depth profile of the 

composition in the layered structure, but the original 

composition of the material becomes disturbed as the 

sputtering yield of elements varies greatly, thus yielding 

an incorrect result. In contrast, photoelectron spectra 

with highly brilliant synchrotron radiation and tunable 

energy can serve to explore the chemical binding and 

electronic properties in a buried layer or interface. With 

the advantage of great resolution of energy, overlapping 

signals become resolved. One can tilt the sample to cap-

ture and to analyse the excited electrons from various 

depths without destroying the specimen. The synchro-

tron radiation photoemission technique thus provides 

useful information to reveal a clarified picture of the 

atomic structure inside the nanometre devices. 

  This project was initially applicable for only 17 shifts 

of beam time, but eventually used more than 40 shifts 

Fig. 2: Schematic diagram showing the transistor layer structure with high-κ (HK) gate oxide and 
metal gate (MG).

Metal gate
- Increases the gate field effect
High-κ dielectric
- Increases the gate field effect
- Allows use of thicker dielectric 

layer to reduce gate leakage
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- Drive current increased >20%
 (>20% higher performance)
- Or source-drain leakage reduced 5x
- Gate oxide leakage reduced 10x

HK+MG
Transistor
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Low resistance layer
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Combustion Research: A Leap Forward in the Diagnostics of 
Combustion

Combustion serves as a force to drive the develop-

ment of modern society by providing over 85% of the 

primary supply of global energy, and also strongly chal-

lenges environmental security by being the greatest 

emission source of greenhouse gas CO2 and air pollut-

ants such as nitrogen oxides (NOx), sulfur oxides (SOx), 

soot, CO and unburned hydrocarbons. Combustion phe-

nomena are basically chemical reactions with heat and 

light produced,1 but the complicated intermediate pool 

and reaction channels in combustion remain challeng-

ing for researchers to understand fully and ultimately 

to control combustion. In particular, free radicals and 

reactive intermediates play crucial roles in combustion, 

but the comprehensive detection 

of these unstable species presents 

great challenges for combustion 

diagnostics.

Since its first application to 

combustion research in 2002, a 

synchrotron vacuum-ultraviolet 

photoionization mass spectrom-

eter  (SVUV-PIMS)  has  proved 

to serve as a diagnostic tool for 

combustion at the state of the art 

due to its ability to identify diverse 

combustion intermediates, such as 

many free radicals, isomers, enols, 

hydroperoxides, polycyclic aro-

matic hydrocarbons and so on. From September 2014, 

a research team of Fei Qi from University of Science and 

Technology of China (USTC), set up SVUV-PIMS combus-

tion apparatus in two sets—a laminar flow reactor and 

a laminar premixed flame—at the TLS. The commission-

ing of the two combustion end stations connected to 

VUV beamline BL04C1 has been completed. Figure 1 

shows the SVUV-PIMS premixed flame apparatus at the 

TLS, which consists of a flame chamber with a McKenna 

burner, a photoionization chamber, and a home-made 

reflectron time-of-flight mass spectrometer (RTOF-MS) 

with a mass resolving power (m/Δm) approximately 

3000. The McKenna burner generates laminar premixed 

Fig. 1:  Schematic drawing of the premixed flame apparatus at the TLS.

TOF-MS

lon guide Molecular beam

VUV

Quartz nozzle

Mckenna bumer

because SR techniques enabled solutions of critical prob-

lems. The products thereby acquired increased competitive 

strength in the world. In consequence, TSMC has proposed 

a project for 2015, to increase the applied beam time to 

more than 120 shifts. The NSRRC conducts projects from 

various other industries, including pharmaceutical, semi-

conductor, green energy, medical therapy and microsys-

tems, and promotes the use of SR techniques for the steel 

and petroleum industries. We contend that a synchrotron 

is not only a probe unique for scientific research but also a 

new vision for industry. (Reported by Bor-Yuan Shew)
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flames with satisfactory radial ho-

mogeneity. Controlled with a step 

motor, the burner can move along 

the axial direction of the flame. The 

flame species can be sampled at 

varied axial positions with a quartz 

nozzle (included angle 30º) and 

an orifice (~350 μm) at the tip, 

forming a molecular beam in the 

photoionization chamber. The mo-

lecular beam is crossed by the syn-

chrotron VUV light; the ions formed 

are detected with the RTOF-MS. 

Details of the premixed flame ap-

paratus are available elsewhere.2

Figure 2 shows the SVUV-PIMS 

pyrolysis apparatus at the TLS. The 

apparatus comprises a pyrolysis 

chamber, a photoionization cham-

ber and a homemade RTOF-MS. A 

laminar flow reactor with an electri-

cally heated flow tube (α-alumina) 

was instal led in the pyrolysis 

chamber to pyrolyze fuels of varied 

types, e.g. hydrocarbons, oxygenat-

ed fuels and nitrogenous fuels. The 

molecular-beam sampling system 

and photoionization chamber are 

the same as those in the premixed-flame apparatus.

A significant feature of the combustion chemistry 

end stations at the TLS compared with conventional 

SVUV-PIMS combustion apparatus3,4 is the novel de-

sign of the sampling and ionization system. Relative to 

a conventional two-stage sampling system, the one-

stage sampling system in both apparatus at the TLS has 

a smaller distance between the sampling position and 

the ionization position, enabling more free radicals and 

reactive molecules to survive for detection.

Some test experiments have been performed using 

the new SVUV-PIMS premixed flame apparatus. Figure 3 

is a photograph of the new premixed-flame apparatus. 

The luminous region in the center of the photograph is 

the flame. Benefiting from the wide tunability, great en-

ergy resolution and large photon flux in the VUV region 

from the TLS, the secrets of combustion can be revealed 

to an unprecedented level. Dozens of combustion in-

termediates can be detected, even in the combustion 

of quite simple fuels. Figure 4 illustrates a mass spec-

trum taken from a rich ethene flame with equivalence 

ratio φ = 2.0 at 30 Torr. More than 10 free radicals were 

Fig. 2:  Schematic drawing of the flow-reactor pyrolysis apparatus at the TLS.
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Fig. 3: A photograph of the new premixed flame apparatus at the TLS.
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evidence for the scheme of decomposition of this im-

portant fuel for the first time.

In summary, the commissioning of combustion chem-

istry end stations at the TLS proceeds smoothly under 

the collaboration of USTC and NSRRC teams. The new 

apparatus present powerful abilities to detect free 

radicals and to distinguish intermediates with small dif-

detected and identified, includ-

ing methyl, vinyl, formyl, ethyl, 

hydroxymethyl, propargylene, 

propargyl,  a l ly l ,  C4H3,  C4H5, 

C5H3 and C5H5 radicals, many 

of which were previously not 

reported in ethene flames. The 

great mass resolving power of 

the homemade RTOF-MS can, 

notably, distinguish unambigu-

ously between intermediates 

with small differences of mo-

lecular masses, e.g. the reactive 

formyl and ethyl radicals.

Because  ethene  has  a 

simple flame structure, the de-

tection of larger intermediates 

in its flame experiment is lim-

ited. To test further the perfor-

mance of the new SVUV-PIMS 

premixed flame apparatus, the 

iso-octane flame with φ =1.7 

has been conducted at 30 Torr. 

Iso-octane is one of two domi-

nant components of reference 

motor fuels and is widely used 

to index gasoline anti-knocking 

properties. Many free radicals 

were detected and identified. In 

particular, reactive and scarcely 

reported C4-C8 alkyl and C4-C5 

alkenyl radicals in series were 

observed, such as iso-propyl, 1-buten-3yl, 2-methylallyl, 

tert-butyl, 3-methyl-1-buten-3-yl, neo-pentyl and C8H17 

radicals. Figure 5 illustrates several photoionization-effi-

ciency (PIE) spectra of alkyl radicals in a rich iso-octane 

flame, which can be identified unambiguously by the 

accordance of the measured ionization thresholds with 

ionization energies in the literature. The detection of 

these radicals provides clear and direct experimental 

Fig. 4: Mass spectrum taken at 6.5 mm and 10 eV in a rich ethene flame (φ = 2.0) at 30 Torr. Black 
denotes stable intermediates, blue for free radicals and green unstable molecules.
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Fig. 5:  PIE spectra of alkyl radicals in an iso-octane flame (φ = 1.7) at 30 Torr.
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ferences of molecular masses based on a novel design 

of sampling system and great mass-resolving power 

of the RTOF-MS. The detailed information on chemical 

structures can provide more direct information for the 

development and validation of models of combustion 

kinetics, merging the gap between the present knowl-

edge and the mystery of the combustion phenomena. 

(Reported by Fei Qi, Yuyang Li, and Yin-Yu Lee)

References

1. H. W. Emmons, Proc. Combust. Inst. 13, 1 (1971).

2. Z. Y. Zhou, Y. Wang, X. F. Tang, W. H. Wu, and F. Qi, Rev. Sci. Instrum. 84, 
014101 (2013).

3. F. Qi, Proc. Combust. Inst. 34, 33 (2013).

4. N. Hansen, T. A. Cool, P. R. Westmoreland, and K. Kohse-Höinghaus, 
Prog. Energy Combust. Sci. 35, 168 (2009).


