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NSRRC High Brightness Photo-Injector System and 
Light Source Development

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

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

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

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

This report features the TPS DLLRF System Project led 
by Zong-Kai Liu, Fu-Yu Chang and Meng-Shu Yeh.
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Fig. 1:  NSRRC High Brightness Photo-Injector Test Facility.
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Fig. 2:  The layout and the photo of the NSRRC photo-injector and the coherent THz sources.

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

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

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

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

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

P(ω) = P0(ω)[N(1 - f(ω)) + N2 f(ω)],



Facility Status

A
CTIV

ITY
 REPO

RT  2018

086

where P0(ω) is the radiation power of single electron 
and

f(ω) = |∫eikn∙r S(r )d3r|2

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

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

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

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

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

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

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

λ =       (1 +     + γ2θ2 )λu
                         K2

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

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

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

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

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

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

This report features the project developed by the 
members from the High Brightness Injector Group.
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Parameters CUR CTR
beam energy (MeV)                     17.7
bunch charge (pC) 280 210
bunch length (fs)                     490
repetition rate (Hz)                     10
undulator strength K 4.6 --
THz pulse energy (μJ) 26.4 6.7
central frequency (THz) 0.62 --
bandwidth 15% --
THz peak power 530 kW 9.4 MW

Table 1:  Performance of coherent THz sources

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

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

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

Operation of the TLS Booster Synchrotron in  
Energy Savings Mode




