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Abstract
A super-radiant terahertz free-electron laser (THz-FEL) light source was developed for the first time in Thailand and South-
east Asia at the PBP-CMU Electron Linac Laboratory (PCELL) of Chiang Mai University. This radiation source requires 
relatively ultrashort electron bunches to produce intense coherent THz pulses. Three electron bunch compression processes 
are utilized in the PCELL accelerator system comprising pre-bunch compression in an alpha magnet, velocity bunching 
in a radio-frequency (RF) linear accelerator (linac), and magnetic bunch compression in a 180° acromat system. Electron 
bunch compression in the magnetic compressor system poses considerable challenges, which are addressed through the 
use of three quadrupole doublets. The strengths of the quadrupole fields significantly influence the rotation of the beam 
line longitudinal phase space distribution along the bunch compressor. Start-to-end beam dynamics simulations using the 
ASTRA code were performed to optimize the electron beam properties for generating super-radiant THz-FEL radiation. The 
operational parameters considered in the simulations comprise the alpha magnet gradient, linac RF phase, and quadrupole 
field strengths. The optimization results show that 10−16MeV femtosecond electron bunches with a low energy spread ( ∼
0.2% ), small normalized emittance ( ∼ 15�mm ⋅ mrad ), and high peak current ( 165−247A ) can be produced by the PCELL 
accelerator system at the optimal parameters. A THz-FEL with sub-microjoule pulse energies can thus be obtained at the 
optimized electron beam parameters. The physical and conceptual design of the THz-FEL beamline were completed based 
on the beam dynamics simulation results. The construction and installation of this beamline are currently underway and 
expected to be completed by mid-2024. The commissioning of the beamline will then commence.

Keywords THz radiation · THz free-electron laser · Super-radiant free-electron laser · Pre-bunched free-electron laser · 
Beam dynamic simulation · Femtosecond electron bunches

1 Introduction

Terahertz (THz) radiation has been utilized in numer-
ous applications over the past few decades owing to its 
unique properties. Terahertz radiation has diverse applica-
tions, particularly in the fields of biology, medicine, and 
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magnetic and quantum materials. It is particularly use-
ful in THz imaging for nondestructive material analysis 
because of its ability to penetrate materials of various den-
sities. Its high absorption by water makes it invaluable for 
probing diseased tissues [1, 2] and monitoring skin and 
tissue hydration levels [3]. Moreover, the alignment of the 
THz frequency band with the rotational and vibrational 
modes of numerous molecules allows the intermolecular 
bonds and ultrafast dynamic processes to be studied using 
THz spectroscopy [4] and pump–probe experiments [5]. 
These advanced techniques have applications in molecular 
modeling, DNA identification, and crystal polymorphism 
analysis [6–8]. Beyond its applications in biology, THz 
radiation is also well suited for applications in materi-
als science such as investigating magnetoconductivity 
in two-dimensional quantum systems and quasi-particle 
excitations in solids and magnetic systems, manipulating 
the dynamic states of matter, and characterizing polymers, 
liquid crystals, and metamaterials [9–11].

The advantages of THz radiation in various applications 
have led to numerous studies on the development of THz 
light sources, detectors, and experimental techniques. The 
quality of the radiation source is a crucial consideration 
in applications requiring high-brightness THz radiation. 
Accelerator-based light sources are among the most power-
ful sources of THz radiation. THz light sources have been 
developed by several accelerator centers and laboratories 
based on various techniques. In particular, free-electron 
lasers (FELs) provide intense, coherent, and ultrafast radia-
tion pulses with possible wavelength tunability. Wavelength 
tunability is typically not available in conventional lasers, in 
which the electrons are bound to atoms or molecules [12].

Accelerator-based FELs can be realized using various 
approaches depending on the desired radiation wavelength 
and intended applications. A popular approach is stimulated 
emission radiation, which is commonly used to realize FELs 
with wavelengths ranging from the mid-infrared to X-ray 
region. In this process, electron bunches emit radiation 
while traveling through a sinusoidal magnetic field struc-
ture, such as that in an undulator magnetic field, and interact 
with radiation either from the electron bunches themselves 
or from an external light source. The co-propagating radia-
tion modulates the longitudinal velocity of the electrons in 
the bunch, causing them to bunch into small groups via the 
so-called microbunching process [13]. Because the bunch 
length of the microbunch is shorter than the wavelength, the 
electrons in the microbunch radiate coherently to produce 
high-intensity radiation with a narrow spectral width. The 
radiation wavelength can be adjusted by tuning the electron 
beam energy or undulator magnetic field. Well-known exam-
ples of FELs based on the stimulated emission radiation pro-
cess include self-amplified spontaneous emission FELs [14, 
15], seeded FELs [16], and oscillator FELs [17].

At long wavelengths, such as those in THz radiation, 
electron beams with high currents are required to provide 
sufficient gain within a practical interaction length during 
the microbunching process. Therefore, stimulated emission 
radiation may not be practical under certain accelerator con-
ditions. Another efficient technique for realizing a FEL in 
this wavelength range is the super-radiant or pre-bunched 
FEL technique [18]. In this technique, femtosecond to sub-
picosecond electron bunches with relatively high charges 
are produced and injected into an undulator magnetic field. 
In contrast to stimulated emission, microbunching does not 
occur because the lengths of the electron bunches are already 
equal to or shorter than the radiation wavelength. Conse-
quently, coherent radiation is spontaneously emitted from an 
ultrashort pre-bunched electron beam as it travels through 
the undulator poles along the beam trajectory. The construc-
tive interference between overlapping emitted radiation leads 
to the proper addition of radiation along the forward direc-
tion, resulting in an enhanced radiation intensity propor-
tional to the square of the electron number ( I ∝ N2 ). In this 
case, the intensity of the FEL pulse is very high because 
the radiation is coherently emitted from the entire electron 
bunch rather than from microbunches.

Super-radiant THz-FEL sources have been established 
and developed in several research facilities worldwide such 
as the TELBE facility at ELBE (Helmholtz-Zentrum Dres-
den-Rossendorf, Germany) [19], the compact THz coherent 
undulator radiation source at KU FEL (Kyoto University, 
Japan)  [20], the THz-FEL facility at NSRRC (National 
Synchrotron Radiation Research Center, Taiwan) [21], and 
the super-radiant THz undulator source at EU-XFEL (Euro-
pean X-Ray Free-Electron Laser Facility, Germany) [22]. 
At ELBE, Kyoto University, and NSRRC, electron bunches 
with energies of less than 40 MeV are compressed to fem-
tosecond-scale lengths, whereas at EU-XFEL, the bunch 
length of the GeV electron beam is on the order of sub-
femtoseconds. These facilities have achieved intense and 
narrow-bandwidth THz radiation with pulse energies on 
the order of microjoules. The super-radiant THz undulator 
source at EU-XFEL has the potential to produce high radia-
tion pulse energies on the order of millijoules by utilizing a 
photocathode radio-frequency (RF) gun, a superconducting 
L-band radio-frequency (RF) linear accelerator (linac), and a 
superconducting undulator magnet. However, the establish-
ment of such large facilities requires advanced technology 
and expensive components. More compact super-radiant 
THz-FEL sources utilizing electron beams with energies in 
the tens of MeV range have been built at smaller facilities 
and universities.

An accelerator-based coherent THz-FEL source is being 
established at the PBP-CMU Electron Linac Laboratory 
(PCELL) with the aim of providing an experimental sta-
tion for utilizing the unique capabilities of THz-FEL. This 
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paper reports on and discusses the design and beam dynam-
ics simulation of the super-radiant THz-FEL beamline. The 
methodology for producing short electron bunches with the 
proper charge and peak current for the pre-bunched FEL is 
described in Sect. 2. Start-to-end beam dynamics simula-
tions for the expected performance of the accelerator and 
magnetic bunch compressor systems are presented in Sect. 3. 
Finally, the properties of the expected THz-FEL calculated 
based on the simulated beam parameters are presented in 
Sect. 4.

2  Facility overview

An accelerator-based coherent infrared light source with 
three radiation stations and beamlines utilizing different 
techniques comprising coherent THz transition radiation 
(THz-TR), super-radiant THz-FEL, and oscillator mid-
infrared FEL (MIR-FEL) is currently under construction 
at PCELL. A schematic of the accelerator system with 
all three stations and beamlines is shown in Fig. 1. With 
these three radiation sources, our facility will become 
the first light source of its kind in Thailand and South-
east Asia with the aim of providing experimental stations 

utilizing MIR and THz radiation generated using the 
aforementioned techniques. In this study, we focus on the 
development of the super-radiant THz-FEL source. The 
accelerator system consists of an S-band thermionic cath-
ode RF electron gun [23], an alpha magnet serving as a 
pre-bunch compressor and energy filter [24], an S-band 
traveling-wave RF linac, and beam focusing / steering ele-
ments in the form of quadrupole magnets and square-frame 
dipole coils [25]. A 180° magnetic bunch compressor and 
a beamline for generating THz-FEL radiation are located 
downstream of the linac.

The super-radiant THz-FEL requires a high-brightness 
electron beam with a bunch length equal to or shorter than 
the radiation wavelength. At PCELL, our goal is to pro-
duce THz-FEL radiation with a frequency of up to 3 THz 
corresponding to a wavelength of 100�m . Therefore, 
the electron bunch length should be at least 100 �m or 
300 fs . Such ultrashort bunches are achieved through three 
bunch compression processes for optimizing the electron 
beam at our facility. In addition, achieving a super-radiant 
THz-FEL with the desired properties requires an undula-
tor magnet with suitable characteristics. These issues are 
briefly described and discussed in this section.

Fig. 1  (Color online) Schematic layout of accelerator-based coherent infrared light source at Chiang Mai University. The super-radiant THz-FEL 
beamline is shown in the middle branch of the system
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2.1  Bunch compression processes

The alpha magnet compresses electron bunches produced 
by the RF gun, which exhibit a well-correlated relationship 
between energy and time. Electrons with different kinetic 
energies traverse the field of the alpha magnet along paths 
of different lengths depending on their energies and the field 
gradient of the alpha magnet [23, 26]. Because lower-energy 
electrons travel shorter paths within the alpha magnet, some 
of them can catch up with higher-energy electrons after exit-
ing the magnet. This compression reduces the electron bunch 
length from approximately a hundred picoseconds at the RF 
gun exit to only a few picoseconds at the alpha magnet exit. 
To reduce the large energy spread of the electron bunches 
before further acceleration in the linac, a fraction of the low-
energy electrons is filtered out using energy slits inside the 
vacuum chamber of the alpha magnet.

Velocity bunching during linac acceleration serves as the 
second bunch compression process. In this process, the sub-
sequent electrons gain more energy than the leading ones, 
causing the former to move faster and catch up with the 
slower electrons at the front. This compresses the electron 
bunch exiting the linac. The efficiency of velocity bunch-
ing is dependent on an appropriate phase and electric field 
strength of the accelerating RF wave in the linac. This pro-
cess has a smaller impact than the other bunch compression 
processes in our accelerator system because all the electrons 
in the relativistic electron bunch have nearly the same veloc-
ity [27]. In our optimization, the RF phase of the linac was 
adjusted mainly to control the energy spread of the electron 
bunches.

Finally, a 180° magnetic bunch compressor is used to 
further decrease the electron bunch length. As electrons with 
different energies travel through the magnetic bunch com-
pressor, lower-energy electrons move along shorter paths 
than higher-energy electrons. This rotation of the longitu-
dinal phase space results in a compressed beam at the com-
pressor system exit [28]. Our goal is to achieve an electron 
beam with an ultrashort bunch length on the femtosecond 
scale at the desired position, namely, at the entrance of the 
undulator.

2.2  Undulator magnet specifications

A typical undulator magnet consists of a periodic arrange-
ment of dipole magnets with alternating polarities. In this 
configuration, the magnetic field alternates along the 
horizontal direction throughout the length of the undu-
lator. Relativistic electrons moving through the field of 
the undulator oscillate vertically and emit radiation with 
a wavelength dependent on the electron energy, undula-
tor period length ( �u ), and undulator deflection strength, 

which is called the undulator parameter (K). The undulator 
radiation wavelength ( �

r,n ) is given by [29]

where K = 0.934B̃[T]�
u
[cm], B̃ is the peak magnetic field 

of the undulator magnet, and n is the harmonic number. 
The Lorentz factor ( � ) is related to the total electron energy 
in terms of the electron rest mass energy. The observation 
angle ( � ) is the angle of the emitted radiation relative to the 
average electron orbit. Equation (1) implies that the radia-
tion wavelength can be conveniently tuned by varying the 
undulator magnetic field or the electron beam energy.

To design the super-radiant THz-FEL beamline, we 
consider an electromagnetic undulator with 19.5 periods 
and a period length of 100 mm. The specifications of the 
undulator are listed in Table 1. The peak magnetic field 
of the undulator can be adjusted by varying the electric 
current applied to the conducting coils. This allows the 
THz-FEL wavelength to be tuned conveniently. The THz 
undulator magnet has been designed and constructed, and 
the results will be presented elsewhere. It is worth not-
ing that the magnetic gap of the undulator can be manu-
ally adjusted from 15 mm to 40 mm to accommodate the 
large beam size of the THz radiation at low electron beam 
energies. We accounted for the dependence of the radia-
tion wavelength on the undulator parameters at different 
electron beam energies using Eq. (1). The fundamental 
harmonic wavelength ( n = 1 ) was determined for on-axis 
radiation ( � = 0 ) using the undulator magnet specifications 
listed in Table 1. Our calculations suggest that a radiation 
wavelength range of 50�m−400�m can be achieved using 
the undulator magnet at undulator parameters between 0.2 
and 2.0 for electron beam energies between 10 MeV and 
16 MeV. Because the radiation spectra exhibit wiggler 
radiation features at undulator parameters larger than 1, 
we limited the maximum undulator parameter to 1 in this 
study.

(1)�
r,n =

�
u

2n�2

(

1 +
K2

2
+ �

2
�
2

)

,

Table 1  Specifications of the electromagnetic undulator for the super-
radiant THz-FEL beamline

Undulator specification Value

Type Planar
Period length (mm) 100
Number of periods 19.5
Total length (m) 2
Magnetic gap (mm) 15 to 40
Peak magnetic field (T) 0.02–0.2
Undulator parameter 0.2–2.0
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3  Start‑to‑end beam dynamics simulations

The electron beam properties must be numerically opti-
mized prior to installing the accelerator components. 
Start-to-end simulations of the beam dynamics throughout 
the accelerator system were performed using the ASTRA 
code [30] to determine the appropriate operational param-
eters for the super-radiant THz-FEL beamline. The opti-
mization process is divided into two parts, one from the 
RF gun to the alpha magnet and the other from the alpha 
magnet to the entrance of the undulator magnet. The 
parameters considered in the simulation comprise the 
alpha magnet gradient, linac RF phase, and field strengths 
of all the magnets in the magnetic bunch compressor. The 
quadrupole and steerer magnetic fields along the beamline 
were adjusted to achieve low emittance and low energy 
spread. The 3D electromagnetic field inside the RF gun for 
the optimization process was obtained using CST Micro-
wave Studio 2012 simulations [31]. The magnetic field 
distributions for all the magnets were obtained using CST 
EM Studio 2018 simulations [32]. An optimized electron 
beam characterized by a short bunch length, high bunch 
charge, small emittance, and low energy spread is expected 
to be obtained at the undulator entrance.

In the ASTRA simulation, the space charge effects were 
accurately modeled using cylindrical and 3D mesh cells. 
For the RF gun simulation, we used cylindrical meshes 
with 50 radial and 200 longitudinal mesh cells, as pre-
sented in [33]. This choice was made because electrons are 
uniformly emitted from the cathode and the electric field 
is predominantly aligned along the gun cavities, resulting 
in a considerably round transverse beam shape at the gun 
exit. However, 3D mesh cells were employed for other 
components such as the alpha magnet field, especially 
when asymmetric electron beam distributions are present. 
The mesh cell quantity has a significant influence on the 
simulation accuracy, impacting both the transverse and 
longitudinal beam distributions at specific locations dur-
ing transportation. Determining the appropriate number of 
mesh cells involves achieving a balance between the num-
ber of macroparticles per cell and the smoothness of the 

space charge fields. The appropriate 3D mesh cell numbers 
for the alpha-to-undulator section along the x, y, and z axes 
were determined to be 32, 32, and 4, respectively [34].

Electron beam optimization was performed from the RF 
gun to the undulator entrance for various operational param-
eters. The optimization process comprises the three primary 
steps of alpha magnet gradient optimization, linac phase 
optimization, and two-parameter investigation. A dynamic 
simulation of a single-bunch electron beam in the RF gun 
was first conducted. In the simulation, two million macropar-
ticles with a diameter of 6 mm are uniformly emitted from 
the cathode surface. Each macroparticle carries a charge of 
0.45 fC, as determined from the average current of 2.6 A 
measured at the gun over a RF period. A kinetic energy of 
0.165 eV corresponding to a cathode temperature of 1000 
degree Celsius was assumed. The average electric fields in 
the RF gun cavities were adjusted to achieve a maximum 
electron beam kinetic energy of 2.5 MeV in accordance to 
the specifications provided in [31]. The electron bunch exit-
ing the RF gun has a charge of 224 pC, average energy of 
2 MeV, maximum energy of 2.5 MeV, and energy spread of 
0.62 MeV. The transverse phase spaces of the electron beam 
at the gun exit are presented in Fig. 2. The simulation results 
show that the electron beam produced by the gun exhibits 
an asymmetric transverse distribution, as shown in Fig. 3a. 
This asymmetry arises from the influence of the dipole field 
introduced by the open holes of the side-coupling cavity 
and the RF waveguide input port of the RF gun [31]. At the 
gun exit, high-energy electrons are concentrated at the head 
of the bunch with a well-correlated relationship between 
energy and time (see Fig. 3 (row 1)). These electrons are 
subsequently compressed by the alpha magnet downstream 
of the RF gun, as shown in Fig. 3b. Two million macro-
particles are emitted from the cathode. Approximately 25% 
of these particles are then accelerated through the RF gun. 
Consequently, the electron bunch exiting the RF gun con-
tains approximately five hundred thousand macroparticles, 
which then proceed to the alpha magnet. The number of 
macroparticles at the exit of the alpha magnet varies depend-
ing on the desired bunch charge. For instance, a 50 pC elec-
tron bunch consists of approximately one hundred thousand 
macroparticles.

Fig. 2  (Color online) Horizontal 
( x, x′ ) and vertical ( y, y′ ) phase 
spaces of electron bunch at RF 
gun exit
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The electron bunch is then further accelerated through 
the linac structure. The PCELL accelerator system utilizes a 
SLAC-type S-band traveling wave RF linac operating in the 
2 � /3 mode. This linac structure, which is known as a disk-
loaded cylindrical waveguide, consists of a series of con-
ducting disks with a central hole. The traveling wave fields 
of a SLAC-type linac obtained from the SSRL SLAC web-
site [35] were incorporated into the ASTRA simulation. The 
RF phase of the linac was determined relative to a cosine 
wave. The structure of the disk-loaded cylindrical wave-
guide was modeled as a linac aperture. Furthermore, beam 
loading effects were considered in the simulation although 
the RF pulse width and power dissipation in the linac wall 
were not included. The beam dynamics optimization initially 
focused on an electron beam with an average energy of 16 
MeV. The linac gradient was therefore adjusted to obtain 
this energy value. The combination of the bunch compres-
sion processes in the alpha magnet and velocity bunching in 
the linac results in an electron bunch with a sub-picosecond 
length, as shown in Fig. 3c.

Within the 180°-bunch compressor system, the 
strengths of the four dipole magnets were adjusted to 
achieve a bending angle of 45°. The R56 value of 1.04 
m for the bunch compressor indicates the transformation 
of the longitudinal positions relative to the momentum 
deviations of the electrons within a bunch. Full compres-
sion can only be achieved when the calculated R56 is 
properly matched with the optimized longitudinal phase 
space of the electron beam at the entrance of the bunch 
compressor. Quadrupole doublets and a steering magnet 
were then strategically positioned between the dipole mag-
nets. To accommodate different alpha magnet gradients 

and linac phases, the strengths of the quadrupole fields in 
the bunch compressor were uniquely tailored to manipu-
late the electron distributions within the bunch while the 
steering magnets were simultaneously tuned to control the 
electron beam trajectory. An appropriate distribution of 
high- and low-energy electrons on the x-z plane facilitates 
the smooth rotation of the longitudinal phase space of the 
electron bunch along the 180° bunch compressor. Conse-
quently, the electron bunch undergoes significant shorten-
ing downstream of the compressor system, as illustrated in 
Fig. 3d. The beta functions and horizontal dispersion along 
the beam transport line of the magnetic bunch compres-
sor in Fig. 4 show that the electron beam travels along a 
dispersive trajectory with a momentum deviation under 
appropriate strengths of the quadrupole magnets within 
the bunch compressor.

Fig. 3  (Color online) Transverse and longitudinal distributions of electron beam at a RF gun exit, b alpha exit, c linac exit, and d undulator 
entrance (from left to right)

Fig. 4  (Color online) Transverse beta functions ( �x , �y ) and horizon-
tal dispersion ( Dx ) along transport line from linac exit to undulator 
entrance of 16 MeV electron beam
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3.1  Alpha magnet gradient optimization

The alpha magnet located downstream of the RF gun is used 
to rotate the longitudinal phase space distribution of the 
electron beam. This is essential for proper compression dur-
ing velocity bunching by the linac and within the magnetic 
compressor system. Furthermore, energy slits inside the 
alpha magnet vacuum chamber are utilized as energy filters 
to remove low-energy electrons from the tail of the bunch. A 
useful fraction of the electron beam with low energy spread 
and a specific bunch charge departs from the alpha magnet. 
A bunch charge of 50 pC was set for this optimization. The 
RF phase of the linac was set to 0° corresponding to the 
maximum acceleration condition (on-crest acceleration).

The electron bunch is vertically focused and rotated 
clockwise in longitudinal phase space as it moves through 
the alpha magnet, resulting in the transverse and longitudinal 
distributions shown in Fig. 3b. The electron trajectory in 
the alpha magnet at a high alpha magnet gradient is longer 
than that at a low gradient. Consequently, the electron bunch 
length shortens and the positive energy chirp of the beam 
increases as the gradient of the alpha magnet increases. Fur-
thermore, the transverse phase space distribution exhibits 
a larger divergence and emittance in the vertical direction 
when a higher alpha magnet gradient is applied. The gradi-
ent of the alpha magnet in the PCELL laboratory can be 
varied up to 460 G/cm owing to limits due to the heating of 
the coils of the alpha magnet and its water cooling system.

The alpha magnet gradient optimization results are shown 
in Fig. 5a. After passing through the two compression pro-
cesses of alpha magnet compression and linac velocity 
bunching, the electron bunch has a minimum RMS bunch 
length of approximately 315 fs for alpha magnet gradients 
in the range of 405−450G∕cm . When the electron bunch 
moves through the 180°-bunch compressor, the bunch length 
decreases for all values of the alpha magnet gradient and 
reaches the smallest value of 206 fs at an alpha gradient of 
410 G/cm. Theoretically, the major factors affecting com-
pression in the magnetic bunch compressor are the trans-
verse distribution, energy spread, bunch length, and energy 
chirp of the electron bunch at the compressor entrance [28]. 
The transverse beam size and divergence at each alpha mag-
net gradient are appropriately controlled by the quadrupole 
magnets in the bunch compressor, whereas the energy spread 
at all alpha magnet gradients is less than 0.2% owing to 
energy filtering in the alpha magnet and on-crest accelera-
tion in the linac. The electron bunch length and energy chirp 
at the 180° bunch compressor entrance therefore signifi-
cantly influence the attainment of the shortest electron bunch 
length at the bunch compressor exit during alpha magnet 
gradient optimization.

The electron bunches at the bunch compressor entrance 
exhibit various longitudinal characteristics at different 
alpha magnet gradients. At a gradient of 360 G/cm, the 
energy–time phase space has a nearly linear relationship and 
is uncompressed as the electron bunch moves through the 

Fig. 5  (Color online) a RMS bunch length at bunch compres-
sor entrance compared to that at bunch compressor exit for differ-
ent alpha magnet gradients. b Longitudinal phase spaces of electron 

bunch at bunch compressor entrance (left) and bunch compressor exit 
(right) for alpha magnet gradients of 360 G/cm (top row), 410 G/cm 
(middle row), and 460 G/cm (bottom row)
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magnetic bunch compressor system because of its dispersion 
condition, as shown in Fig. 5b (top row). In contrast, the 
electron bunch with a high-energy chirp at the entrance is 
overcompressed, as shown in Fig. 5b for the alpha gradient 
of 460 G/cm (bottom row). Therefore, optimum compression 
of the longitudinal beam phase space can be achieved in the 
magnetic compressor system for an initial electron beam 
with a short bunch length and a suitable energy chirp at the 
bunch compressor entrance.

3.2  Linac phase optimization

The linac RF phase is crucial for the velocity bunching pro-
cess and electron beam characteristics at the 180° bunch 
compressor entrance. When an electron bunch is accelerated 
through the linac, the beam energy increases and the trans-
verse momentum decreases, resulting in a reduction in the 
divergence angle and transverse emittance along the linac. 
Moreover, the longitudinal phase space at the linac exit is 
compressed by the velocity bunching process, as shown in 
Fig. 3c. In this section, we present the optimization of the 
linac RF phase around the on-crest phase to obtain the mini-
mum bunch length at the undulator entrance for the case of 
a 410 G/cm alpha magnet gradient. This gradient approxi-
mately corresponds to the minimum bunch length condition, 
as shown in Fig. 5a. The accelerating electric field of the 
linac was adjusted simultaneously to obtain an average beam 
energy of 16 MeV for each linac phase.

The optimization results for the linac phase are shown in 
Fig. 6. At the undulator entrance, the shortest RMS bunch 
length and highest peak current can be achieved at the 
linac phase of 5°. The energy spread of the electron beam 
upstream of the bunch compressor increases from 0.07% to 
0.31% as the accelerating phase of the linac varies from −
15° to 25°. However, the energy spread remains unchanged 

after passing through the bunch compressor [34]. When the 
electron bunch encounters an off-crest linac RF phase, its 
energy spread, bunch length, and energy chirp at the 180° 
bunch compressor entrance change significantly, contrib-
uting to different longitudinal phase space rotations in the 
bunch compressor. Thus, the linac RF phase must be opti-
mized for each alpha magnet gradient.

3.3  Two‑parameter investigation

Different longitudinal electron beam distributions can be 
accelerated differently in the linac, resulting in different 
electron beam properties at the entrance of the 180° mag-
netic bunch compressor. Therefore, two-parameter optimiza-
tion of the alpha magnet gradient and linac RF phase was 
performed to obtain the shortest electron bunch with the 
highest peak current at the undulator entrance. The linac 
RF phase was varied from −15° to 25° for alpha magnet 
gradients from 360 G/cm to 460 G/cm. The electron beam 
leaving the 180° bunch compressor system is transported 
and focused at the center of the undulator magnet. The RMS 
bunch length of the electron beam at the undulator entrance 
in the two-parameter investigation is shown in Fig. 7a. Con-
sequently, the minimum value of the RMS bunch length for 
each alpha magnet gradient can be obtained at the optimal 
linac RF phase. A lower alpha magnet gradient requires a 
larger off-crest linac phase to adjust the linear longitudinal 
phase space of the electron beam. In contrast, at high alpha 
magnet gradients, the energy–time phase space has optimal 
chirp for bunch compression and an almost on-crest linac 
phase is therefore suitable. RMS bunch lengths of 200 fs to 
340 fs, corresponding to peak currents of 160 A to 250 A, 
can be achieved for alpha magnet gradients ranging from 
360 G/cm to 460 G/cm. The optimal alpha magnet gradi-
ent for providing a 16 MeV electron beam with the short-
est bunch length and highest peak current at the undulator 
entrance is 430 G/cm, as shown in Fig. 7b.

The variations of the electron bunch length and peak cur-
rent at the undulator entrance with the alpha magnet gradi-
ent and linac RF phase are displayed in Fig. 7c and d. The 
two-parameter optimization contour plots show that a short 
electron bunch length and high peak current can be obtained 
over the alpha gradient range of 410 G/cm to 440 G/cm and 
linac phase range of 0° to 5°. The minimum RMS bunch 
length is 202 fs, and the highest peak current is 247 A. The 
energy spread is less than 0.2%, and the normalized trans-
verse emittance is approximately 15.05�mm ⋅ mrad . The 
evolution of the electron bunch length along the PCELL 
accelerator system shown in Fig. 8a reveals that the three 
bunch compressor processes can efficiently shorten the elec-
tron bunch length along the beamline.

Furthermore, beam dynamic simulations were per-
formed for a 10 MeV electron beam with a bunch charge 

Fig. 6  (Color online) Peak current (blue circles) and RMS bunch 
length (red rectangles) of electron beam at undulator entrance for 
linac phase optimization
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of 50 pC using the same optimization processes as those 
for the 16 MeV beam. The linac gradient was adjusted to 
achieve an electron beam energy of 10 MeV at the linac 
exit and the dipole field strengths in the bunch compres-
sor tuned to bend the 10 MeV beam at an angle of 45°. 
The optimized properties of both the 10 MeV and 16 MeV 
electron beams at the undulator entrance are summarized 
in Table 2.

For the 10 MeV electron beam, the shortest bunch length 
achieved is 303 fs at an alpha magnet gradient of 360 G/cm 
and linac RF phase of 10°. The peak current of the 16 MeV 
electron beam is approximately 1.5 times higher than that 
of the 10 MeV electron beam. These results suggest that a 
higher-energy electron beam can be compressed to a shorter 
bunch length and higher peak current than a lower-energy 
electron beam because of space charge effects, which have 
a greater impact on the latter. The two optimized electron 
beams are used to calculate the super-radiant THz radiation 
in Sect. 4.

3.4  Coherent synchrotron radiation effect

The coherent synchrotron radiation (CSR) effect in the mag-
netic bunch compressor was simulated using the OCELOT 
code [36] to investigate its influence on the properties of the 
electron beam after it has passed through the bunch com-
pressor system. A projected one-dimensional CSR model 
was employed in the OCELOT simulation, which has good 
agreement with the CSRtrack code [37]. In this simulation, 
we focused on the electron beam dynamics from the linac 
exit to the undulator entrance. The positions and magnetic 
field strengths of all the magnets in this beamline section 
were set based on the values used in the ASTRA simulation.

The CSR effect was simulated at an electron beam energy 
of 16 MeV. The simulation results show that the horizontal 
beam emittance at the bunch compressor exit is increased 
by approximately 5%, indicating CSR-induced emittance 
growth, whereas the vertical beam emittance and electron 
bunch length are decreased by approximately 8% and 1%, 

Fig. 7  (Color online) a RMS bunch length at undulator entrance for 
optimization of alpha magnet gradient and linac RF phase. b Optimal 
peak current (blue circles) and RMS bunch length (red rectangles) for 

two-parameter optimization. c Contour plots of RMS bunch length 
and d peak current of electron beam at undulator entrance for differ-
ent alpha magnet gradients and linac RF phases
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respectively. For a 10 MeV electron beam, the transverse 
emittance and bunch length are changed by less than 0.4% 
in the simulation with the CSR effect. These results support 
the notion that CSR emission has a stronger impact at higher 
electron beam energies.

3.5  Bunch charge investigation

The PCELL accelerator system can produce electron beams 
with a bunch charge of up to 100 pC. The electron bunch 
charge can be adjusted using energy slits inside the alpha 
magnet vacuum chamber. The energy slit positions and 
electron beam trajectories were calibrated using 3D mag-
netic fields to ensure reliable measurements of the electron 
beam energy [38]. In the ASTRA simulation, the energy slits 
were inserted by using an aperture function in the ASTRA 
input. As the electron beam enters the alpha magnet, high-
energy electrons accumulate at the head of the bunch, while 
low-energy electrons are positioned at the long tail. Hence, 
we use a low-energy slit to select the bunch charge and fil-
ter out low-energy electrons simultaneously. Reducing the 
charge of the electron beam by filtering using a low-energy 
slit changes several beam parameters downstream of the 
alpha magnet: the electron bunch length, energy spread, 

Fig. 8  (Color online) a Evolution of RMS bunch length (magenta 
solid line) and normalized transverse emittance ( �xy,norm ) (green dots) 
of 16 MeV electron beam with optimum compression condition. 
b Minimum RMS bunch length and corresponding energy spread 

of 16  MeV electron beam at undulator entrance for different bunch 
charges. c Electron current profiles of 10  MeV and 16  MeV elec-
tron bunches at undulator entrance. d Total pulse energy of super-
radiant THz-FEL and square modulus of form factor for 10 MeV and 
16 MeV electron beams

Table 2  (Color online) Optimized properties of 10 MeV and 16 MeV 
electron beams with bunch charge of 50 pC at undulator entrance

Properties 10 MeV 16 MeV

RMS bunch length (fs) 303.4 202.3
Peak current (A) 165.7 247.0
Energy spread (%) 0.23 0.16
Norm. horizontal emittance ( �mm⋅mrad) 8.21 10.64
Norm. vertical emittance ( �mm⋅mrad) 5.67 10.64
Norm. transverse emittance ( �mm⋅mrad) 9.97 15.05
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and transverse RMS emittance decrease, whereas the aver-
age energy increases. The variations in the bunch charge, 
bunch length, average energy, energy spread, and transverse 
RMS emittance at the exit of the alpha magnet at different 
low-energy slit positions are presented in [26]. The elec-
tron bunch charge for an electron beam with an energy of 
16 MeV varies from 50 pC to 100 pC. The magnetic fields of 
the quadrupole magnets in the bunch compressor were opti-
mized separately for different bunch charges. The shortest 
bunch length and the corresponding energy spread for each 
bunch charge are shown in Fig. 8b.

Figure 8b shows that the RMS bunch length increases 
almost linearly with the bunch charge accompanied by an 
increase in the energy spread. A beam with a high bunch 
charge experiences strong space charge forces and a large 
energy spread, which play an important role in the bunch 
compression process in the magnetic bunch compressor sys-
tem. In a beam with a low bunch charge, many of the low-
energy electrons are filtered out in the alpha magnet. Thus, 
the useful beam fraction contains high-energy electrons and 
has a narrow energy spread after departing the alpha magnet. 
Because high-intensity and coherent undulator radiation can 
be produced from a short electron beam with a small energy 
spread, an electron beam with a 50 pC bunch charge is con-
sidered for generating super-radiant THz-FEL radiation at 
the PCELL facility.

4  Expected super‑radiant THz‑FEL 
properties

The coherence or super-radiant property of any radia-
tion depends significantly on its source. Generally, radia-
tion emitted by relativistic electrons is coherent when the 
electron bunch length is equal to or shorter than the radia-
tion wavelength. The total radiated energy ( Wtot ), which is 
dependent on the radiation energy of a single electron ( W1e ), 
number of electrons per bunch ( Ne ), and bunch form factor 
f(w), is given by [39]

The first term in the brackets of Eq. (2) describes incoher-
ent radiation. The second term corresponds to coherent 
radiation, for which the radiated power is proportional to 
the square of the electron number. The form factor can be 
derived from the Fourier transform of the longitudinal dis-
tribution of the electron bunch (F(t)). The influence of the 
transverse beam distribution can be excluded from the bunch 
form factor when the emitted radiation is observed in the 
forward direction or when the transverse beam size at the 
undulator entrance is small [40]. The longitudinal form fac-
tor of the electron beam is thus defined as [41]

(2)Wtot = W1eNe[1 + (Ne − 1)|f (w)|2].

The longitudinal profile of the optimized electron beam 
along the PCELL beamline with all three compression con-
ditions was used to obtain the form factor. Figure 8c shows 
the current profiles of 10 MeV and 16 MeV electron bunches 
at the undulator entrance.

The optimized properties of the compressed electron 
beams at the undulator entrance (Table 2) and the speci-
fications of the undulator magnet in Table 1 were used in 
the SPECTRA code to calculate the total pulse energy of 
the super-radiant THz-FEL [42]. The angular flux density, 
which represents the number of photons emitted per second 
per solid angle within a relative photon energy bandwidth 
of 0.1%, was provided by SPECTRA. Figure 9 shows the 
angular flux density as a function of the radiation frequency 
for the first three harmonics and the fundamental harmonic 
at a frequency of 2.9 THz. To establish a common basis for 
quantifying the optical properties, the angular flux density 
was simplified to the spectral energy of a single electron. 
The on-axis radiation energy of a single electron at a specific 
central frequency can be obtained subsequently by integrat-
ing over all the frequencies of the fundamental harmonic 
peak following [22], as shown in Fig. 9. Thus, the total pulse 

(3)f (w) = ∫
∞

−∞

F(t)exp(2�iwt)dt.

Fig. 9  (Color online) Angular flux density of undulator radiation for 
first three harmonics (top) and fundamental harmonic at frequency of 
2.9 THz (bottom)
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energy of an electron bunch at a specific central frequency 
can be derived using Eq. (2). The specific central frequency 
of the fundamental harmonic for the PCELL accelerator was 
varied by adjusting the undulator parameter. The resultant 
total pulse energies of the super-radiant THz-FEL at the 
fundamental harmonic for different central frequencies, the 
corresponding undulator parameters, and the square moduli 
of the form factors for 10 and 16 MeV electron beams are 
shown in Fig. 8d.

The total pulse energy as a function of the radiated fre-
quency shows that the super-radiant THz spectrum consists 
of both coherent and incoherent emissions. The coherent 
emission is constrained by the form factor, which depends 
on the electron bunch length and radiation wavelength. The 
coherent radiation is approximately 105 times ( N

e
 times) 

higher than incoherent emission. This agrees well with the 
theoretical prediction that coherent radiation scales as the 
square of the number of electrons whereas incoherent radia-
tion is proportional to the number of electrons. The 16 MeV 
electron beam, which has a shorter bunch length, generates 
super-radiant THz-FEL radiation with a broader spectrum 
and higher pulse energy than those of the 10 MeV electron 
beam. Total pulse energies in the range of 0.1 nJ to 100 nJ 
can be obtained at frequencies below 1 THz and 3.5 THz for 
10 MeV and 16 MeV electron beams, respectively.

5  Conclusion

A super-radiant THz-FEL source was designed for the 
PCELL facility and start-to-end beam dynamics simulations 
completed. It was confirmed that the PCELL accelerator 

system can produce femtosecond electron bunches at the 
entrance of the undulator magnet by employing the three 
bunch compression processes. The combination of bunch 
compression in the alpha magnet and velocity bunching in 
the linac can provide an optimized electron beam with a 
bunch length as short as 365 fs. The alpha magnet gradient 
and linac RF phase were optimized to achieve an electron 
beam with an appropriate longitudinal beam phase space for 
the final compression process in the 180° bunch compressor. 
Under the optimal alpha magnet gradient, linac RF phase, 
and quadrupole field strengths in the 180-degree bunch 
compressor, the electron beam can turn 180 degrees and be 
simultaneously compressed to a bunch length of approxi-
mately 200 fs after leaving the compressor system. Electron 
beams with two energies (10 MeV and 16 MeV) were con-
sidered. The most promising optimization result suggests 
that a 16 MeV electron beam with a peak current of 247 A 
can be achieved at the undulator entrance. The electron beam 
can be used to generate super-radiant THz-FEL radiation 
with sub-microjoule pulse energies.

Based on the results of the beam dynamics simulations 
in this study, a three-dimensional engineering drawing for 
all the components of the accelerator system and the super-
radiant THz-FEL beamline at PCELL was produced and 
presented in Fig. 10. In addition, an additional quadrupole 
magnet was incorporated before the undulator entrance to 
facilitate convenient adjustments to the transverse size of 
the electron beam during practical beam operation. The con-
struction and installation of the components in this beam-
line following the engineering drawing are underway with 
installation and commissioning expected to be completed 
by mid-2024.

Fig. 10  Three-dimensional drawing of accelerator system and super-radiant THz-FEL beamline at Chiang Mai University



Design and start‑to‑end beam dynamics simulation of the first super‑radiant THz free‑electron… Page 13 of 14 131

Acknowledgements The authors would like to acknowledge the valu-
able contribution of Watchara Jaikla for creating the 3D engineering 
drawing of the accelerator system and the THz-FEL beamline. We 
would like to gratefully and sincerely thank the Photo Injector Test 
Facility at DESY, Location Zeuthen (PITZ), for supporting the CST 
EM Studio 2018 license and computational resources.

Declarations 

Conflict of interest The authors declare that they have no conflict of 
interest.

References

 1. G.P. Gallerano, A. Doria, M. Germini et al., Phase-sensitive 
reflective imaging device in the mm-wave and terahertz regions. 
J. Infrared. Mill. Terhz. Waves 30, 1351 (2009). https:// doi. org/ 
10. 1007/ s10762- 009- 9560-0

 2. S.S. Dhillon, M.S. Vitiello, E.H. Linfield et al., The 2017 tera-
hertz science and technology roadmap. J. Phys. D Appl. Phys. 50, 
043001 (2017). https:// doi. org/ 10. 1088/ 1361- 6463/ 50/4/ 043001

 3. B.B. Hu, M.C. Nuss, Imaging with Terahertz waves. Opt. Lett. 20, 
1716 (1995). https:// doi. org/ 10. 1364/ OL. 20. 001716

 4. S. Mehboob, M. Mehmood, M. Ahmed et al., Terahertz time 
domain spectroscopy of hydrothermally synthesized boehmite and 
ammonium dawsonite nanostructures. Infrared Phys. Technol. 78, 
200–208 (2016). https:// doi. org/ 10. 1016/j. infra red. 2016. 08. 007

 5. H. Jiao, X. Qin, Y. Li et al., Refractive index and optical-pump 
THz-probe measurement of  ReSe2. Infrared Phys. Technol. 116, 
103752 (2021). https:// doi. org/ 10. 1016/j. infra red. 2021. 103752

 6. P. Hamm, M. Meuwly, S.L. Johnson et al., Perspective: THz-
driven nuclear dynamics from solids to molecules. Struct. Dyn. 
4, 061601 (2017). https:// doi. org/ 10. 1063/1. 49920 50

 7. A. Dallmann, M. Pfaffe, C. Mügge et al., Local THz time domain 
spectroscopy of duplex DNA via fluorescence of an embedded 
probe. J. Phys. Chem. B 113, 15619 (2009). https:// doi. org/ 10. 
1021/ jp906 037g

 8. G. Folpini, K. Reimann, M. Woerner et al., Strong local-field 
enhancement of the nonlinear soft-mode response in a molecular 
crystal. Phys. Rev. Lett. 119, 097404 (2017). https:// doi. org/ 10. 
1103/ PhysR evLett. 119. 097404

 9. J. Lloyd-Hughes, Terahertz spectroscopy of quantum 2D electron 
systems. J. Phys. D Appl. Phys. 47, 374006 (2014). https:// doi. org/ 
10. 1088/ 0022- 3727/ 47/ 37/ 374006

 10. A. Bera, S. Bara, Sk. Kalimuddin et al., Review of recent pro-
gress on THz spectroscopy of quantum materials: supercon-
ductors, magnetic and topological materials. Eur. Phys. J. 
Spec. Top. 230, 113–4139 (2021). https:// doi. org/ 10. 1140/ epjs/ 
s11734- 021- 00216-8

 11. P. Salen, M. Basini, S. Bonetti et al., Matter manipulation with 
extreme terahertz light: progress in the enabling THz technology. 
Phys. Rep. 836–837, 1–74 (2019). https:// doi. org/ 10. 1016/j. physr 
ep. 2019. 09. 002

 12. S. Krishnagopal, V. Kumar, S. Maiti et al., Free-electron lasers. 
Curr. Sci. 87, 1066–1078 (2004)

 13. P.R. Ribic, G. Margaritondo, Status and prospects of x-ray free-
electron lasers (X-FELs): a simple presentation. J. Phys. D Appl. 
Phys. 45, 213001 (2012). https:// doi. org/ 10. 1088/ 0022- 3727/ 45/ 
21/ 213001

 14. M. Krasilnikov, Boonpornprasert, H-D Nuhn et al., Start-to-end 
simulations of THz SASE FEL proof-of-principle experiment at 
PITZ, in Proceedings of ICAP2018, pp. 246–252 (2018). https:// 
doi. org/ 10. 18429/ JACoW- ICAP2 018- TUPAF 23

 15. P. Boonpornprasert, M. Khojoyan, M. Krasilnikov et al., Start-
to-end simulations for IR/THz undulator radiation at PITZ, in 
Proceedings of FEL2014, pp. 153–158 (2014). https:// accel 
conf. web. cern. ch/ FEL20 14/ papers/ mop055. pdf

 16. C. Sung, S.Ya. Tochitsky, S. Reiche et al., Seeded free-electron 
and inverse free-electron laser techniques for radiation amplifi-
cation and electron microbunching in the terahertz range. Phys. 
Rev. Accel. Beams 9, 120703 (2006). https:// doi. org/ 10. 1103/ 
PhysR evSTAB. 9. 120703

 17. G. Ramian, The new UCSB free-electron lasers. Nucl. Instr. 
Methods A 318, 225–229 (1992). https:// doi. org/ 10. 1016/ 0168- 
9002(92) 91056-F

 18. A. Gover, R. Ianconescu, A. Friedman et al., Superradiant and 
stimulated-superradiant emission of bunched electron beams. 
Rev. Mod. Phys. 91, 035003 (2019). https:// doi. org/ 10. 1103/ 
RevMo dPhys. 91. 035003

 19. B. Green, S. Kovalev, V. Asgekar et al., High-field high-repe-
tition-rate sources for the coherent THz control of matter. Sci. 
Rep. 6, 22256 (2016). https:// doi. org/ 10. 1038/ srep2 2256

 20. S. Suphakul, H. Zen, T. Kii et al., Measurement of coherent 
undulator radiation of compact terahertz radiation source at 
Kyoto University. Int. J. Magn. Electromagn. 3, 008 (2017). 
https:// doi. org/ 10. 35840/ 2631- 5068/ 6508

 21. M.C. Chou, K.T. Hsu, S.Y. Hsu et al., First observation of coher-
ent THz undulator radiation driven by NSRRC high brightness 
photo-injector, in Proceedings of FEL20173, pp. 170–173 
(2017). https:// doi. org/ 10. 18429/ JACoW- FEL20 17- MOP052

 22. T. Tanikawa, S. Karabekyan, S. Kovalev et al., A superradiant 
THz undulator source for XFELs. J. Instrum. 14, 05024 (2019). 
https:// doi. org/ 10. 1088/ 1748- 0221/ 14/ 05/ P05024

 23. S. Rimjaem, R. Farias, C. Thongbai et al., Femtosecond electron 
bunches from an RF-gun. Nucl. Instrum. Methods Phys. Res. A 
533, 258–269 (2004). https:// doi. org/ 10. 1016/j. nima. 2004. 05. 
135

 24. J. Saisut, K. Kusoljariyakul, S. Rimjaem et al., Construction and 
performance of the magnetic bunch compressor for the THz facil-
ity at Chiang Mai University. Nucl. Instrum. Methods Phys. Res. 
A 637, S99–S106 (2011). https:// doi. org/ 10. 1016/j. nima. 2010. 02. 
032

 25. K. Kongmali, S. Rimjaem, Simulation of square-frame dipole 
coils for steering of electron beam. J. Phys. Conf. Ser. 1380, 
012154 (2019). https:// doi. org/ 10. 1088/ 1742- 6596/ 1380/1/ 012154

 26. C. Saisa-ard, J. Saisut, S. Rimjaem, Electron beam dynamics in 
the 3D magnetic field of alpha magnet at the PBP-CMU Elec-
tron Linac Laboratory. Nucl. Instrum. Methods Phys. Res. A 916, 
102–115 (2019). https:// doi. org/ 10. 1016/j. nima. 2018. 11. 034

 27. R.X. Huang, Z.G. He, W.W. Li et al., Velocity bunching in travel-
ling wave accelerator with low acceleration gradient. Chin. Phys. 
C 38, 5 (2014). https:// doi. org/ 10. 1088/ 1674- 1137/ 38/5/ 057004

 28. C.R. Prokop, P. Piot, B.E. Carlsten et al., Beam dynamics perfor-
mances and applications of a low-energy electron-beam magnetic 
bunch compressor. Nucl. Instrum. Methods Phys. Res. A 719, 
17–28 (2013). https:// doi. org/ 10. 1016/j. nima. 2013. 03. 068

 29. K. Wille, The Physics of Particle Accelerators: An Introduction 
(Oxford University Press, New York, 2000)

 30. K. Floettmann, A Space Charge Tracking Algorithm (ASTRA) 
Version 3.0, 2019. https:// www. desy. de/ ~mpyflo/

 31. S. Rimjaem, K. Kusoljariyakul, C. Thongbai, RF study and 3-D 
simulations of a side-coupling thermionic RF- gun. Nucl. Instrum. 
Methods Phys. Res. A 736, 10–21 (2014). https:// doi. org/ 10. 
1016/j. nima. 2013. 10. 057

 32. Computer Simulation Technology, CST EM Studio, 2018. 
https:// www. 3ds. com/ produ cts- servi ces/ simul ia/ produ cts/ 
cst- studio- suite/

 33. C. Saisa-ard, Simulation and Design of Low Emittance RF Elec-
tron Gun, Ph.D. thesis, Chiang Mai University (2018)

https://doi.org/10.1007/s10762-009-9560-0
https://doi.org/10.1007/s10762-009-9560-0
https://doi.org/10.1088/1361-6463/50/4/043001
https://doi.org/10.1364/OL.20.001716
https://doi.org/10.1016/j.infrared.2016.08.007
https://doi.org/10.1016/j.infrared.2021.103752
https://doi.org/10.1063/1.4992050
https://doi.org/10.1021/jp906037g
https://doi.org/10.1021/jp906037g
https://doi.org/10.1103/PhysRevLett.119.097404
https://doi.org/10.1103/PhysRevLett.119.097404
https://doi.org/10.1088/0022-3727/47/37/374006
https://doi.org/10.1088/0022-3727/47/37/374006
https://doi.org/10.1140/epjs/s11734-021-00216-8
https://doi.org/10.1140/epjs/s11734-021-00216-8
https://doi.org/10.1016/j.physrep.2019.09.002
https://doi.org/10.1016/j.physrep.2019.09.002
https://doi.org/10.1088/0022-3727/45/21/213001
https://doi.org/10.1088/0022-3727/45/21/213001
https://doi.org/10.18429/JACoW-ICAP2018-TUPAF23
https://doi.org/10.18429/JACoW-ICAP2018-TUPAF23
https://accelconf.web.cern.ch/FEL2014/papers/mop055.pdf
https://accelconf.web.cern.ch/FEL2014/papers/mop055.pdf
https://doi.org/10.1103/PhysRevSTAB.9.120703
https://doi.org/10.1103/PhysRevSTAB.9.120703
https://doi.org/10.1016/0168-9002(92)91056-F
https://doi.org/10.1016/0168-9002(92)91056-F
https://doi.org/10.1103/RevModPhys.91.035003
https://doi.org/10.1103/RevModPhys.91.035003
https://doi.org/10.1038/srep22256
https://doi.org/10.35840/2631-5068/6508
https://doi.org/10.18429/JACoW-FEL2017-MOP052
https://doi.org/10.1088/1748-0221/14/05/P05024
https://doi.org/10.1016/j.nima.2004.05.135
https://doi.org/10.1016/j.nima.2004.05.135
https://doi.org/10.1016/j.nima.2010.02.032
https://doi.org/10.1016/j.nima.2010.02.032
https://doi.org/10.1088/1742-6596/1380/1/012154
https://doi.org/10.1016/j.nima.2018.11.034
https://doi.org/10.1088/1674-1137/38/5/057004
https://doi.org/10.1016/j.nima.2013.03.068
https://www.desy.de/%7empyflo/
https://doi.org/10.1016/j.nima.2013.10.057
https://doi.org/10.1016/j.nima.2013.10.057
https://www.3ds.com/products-services/simulia/products/cst-studio-suite/
https://www.3ds.com/products-services/simulia/products/cst-studio-suite/


 N. Chaisueb, S. Rimjaem 131 Page 14 of 14

 34. N. Chaisueb, Computer Simulated Optimization of THz Free-elec-
tron Laser Light Sources Using Thermionic-cathode and Photo-
cathode RF Electron Guns, Ph.D. thesis, Chiang Mai University 
(2022)

 35. C. Limborg, A. Grant, Photo-Injector, LCLS, Stanford Linear 
Accelerator Center. https:// www- ssrl. slac. stanf ord. edu/ lcls/ photo 
injec tor/ parme la/ docum ents/ par

 36. S. Tomin, Ocelot as a framework for beam dynamics simulations 
of x-ray sources, in Proceedings of IPAC2017, pp. 2642–2645 
(2017). https:// accel conf. web. cern. ch/ ipac2 017/ papers/ wepab 031. 
pdf

 37. M. Dohlus and T. Limberg, CSRtrack: faster calculation of 3D 
CSR effects, in Proceedings of FEL2004, pp. 18–21 (2004). 
https:// accel conf. web. cern. ch/ f04/ papers/ MOCOS 05/ MOCOS 
05. PDF

 38. K. Techakaew, S. Rimjaem, Calibration of energy slits and simu-
lation of electron trajectories in the alpha magnet’s 3D field. J. 
Phys. Conf. Ser. 1380, 012053 (2019). https:// doi. org/ 10. 1088/ 
1742- 6596/ 1380/1/ 012053

 39. C.P. Neuman, W.S. Graves, P.G. O’Shea, Coherent off-axis undu-
lator radiation from short electron bunches. Phys. Rev. ST-AB 3, 
030701 (2000). https:// doi. org/ 10. 1103/ PhysR evSTAB. 3. 030701

 40. C. Settakorn, Generation and Use of Coherent Transition Radia-
tion from Short Electron Bunches, Ph.D. thesis, Stanford Univer-
sity (2001)

 41. L.I. Schiff, Production of particle energies beyond 200 MeV. Rev. 
Sci. Instrum. 17, 6 (1946). https:// doi. org/ 10. 1063/1. 17703 95

 42. T. Tanaka, Major upgrade of the synchrotron radiation calcula-
tion code SPECTRA. J. Synchrotron Rad. 28, 1267–1272 (2021). 
https:// doi. org/ 10. 1107/ S1600 57752 10041 00

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://www-ssrl.slac.stanford.edu/lcls/photoinjector/parmela/documents/par
https://www-ssrl.slac.stanford.edu/lcls/photoinjector/parmela/documents/par
https://accelconf.web.cern.ch/ipac2017/papers/wepab031.pdf
https://accelconf.web.cern.ch/ipac2017/papers/wepab031.pdf
https://accelconf.web.cern.ch/f04/papers/MOCOS05/MOCOS05.PDF
https://accelconf.web.cern.ch/f04/papers/MOCOS05/MOCOS05.PDF
https://doi.org/10.1088/1742-6596/1380/1/012053
https://doi.org/10.1088/1742-6596/1380/1/012053
https://doi.org/10.1103/PhysRevSTAB.3.030701
https://doi.org/10.1063/1.1770395
https://doi.org/10.1107/S1600577521004100

	Design and start-to-end beam dynamics simulation of the first super-radiant THz free-electron laser source in Thailand
	Abstract
	1 Introduction
	2 Facility overview
	2.1 Bunch compression processes
	2.2 Undulator magnet specifications

	3 Start-to-end beam dynamics simulations
	3.1 Alpha magnet gradient optimization
	3.2 Linac phase optimization
	3.3 Two-parameter investigation
	3.4 Coherent synchrotron radiation effect
	3.5 Bunch charge investigation

	4 Expected super-radiant THz-FEL properties
	5 Conclusion
	Acknowledgements 
	References




