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Abstract

Free electron lasers (FELs) have been highly anticipated as a new light source since they were developed in the 1970s because
of their perfect wavelength tunability and high power potential. Various types of FELs have been developed over a wide range
of wavelengths from mm waves to X-rays, and many technological advances have been made for devices and applications.
In particular, X-ray free-electron lasers (XFELSs), the fourth-generation synchrotron, have made a great contribution to the
deep understanding of matter and nature. However, there have been relatively few advancements in industrial technology
using FELs; for example, an FEL has not yet been directly used in the field. High-power light sources in the terahertz (THz)
wavelength range are in high demand in industry and the field but have not been properly developed. The FEL is the most
powerful light source in the THz range, and although the size of these FELSs is still large, they have the spectral range with
the greatest potential for industrial or field applications. This study examines the potential of compact THz FEL technology
to meet market needs. The current status of various elements of the FEL is reviewed, and the prospects of a possible FEL
system are described by combining these elements. An FEL system with an average power of 1 W operating in the THz

center wavelength range of 300—600 pm is expected to be realized in an FEL with a size of 1.5 m X2 m.
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1 Introduction

Free electron lasers (FELs) convert the kinetic energy of
a relativistic electron beam into light energy by using a
periodic magnetic field structure called an undulator [1-4],
which can, in principle, generate light of any wavelength.
Because the gain medium of the FEL is a high-energy elec-
tron beam, there is no limit to the output resulting from the
deterioration of the medium, which is advantageous for gen-
erating ultra-high power. However, FELs require electron
accelerators, which are generally large, costly to develop,
and technically complex. During the Cold War, both the
United States and the Soviet Union chose the free-electron
laser as the optimal laser weapon to shoot down opposing
intercontinental ballistic missiles. However, few attempts
have been made to develop a new FEL in the wavelength
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range at which conventional lasers operate. Until now, FELs
have been mainly developed, and play a role, in the terahertz
(THz) and X-ray ranges, where conventional lasers cannot
emit light efficiently [5—14]. In this spectral range, FELs are
the most powerful and superior light sources.

The early history of FEL development begins with vac-
uum electronics for radio-frequency (RF) generators. This
technology, which uses an electron beam in a vacuum to
generate high-power RF waves, developed rapidly during
World War II. In the 1950s, Motz et al. conducted research
on the generation of radiation by injecting fast electrons
of MeV-class energy into an undulator [15, 16]. However,
with the development of semiconductors, vacuum electronic
device technology has lost its development momentum. The
laser was first developed in the early 1960s, and since then,
remarkable technological advances have been made. Madey
et al. published the results of an FEL developed in the form
of an amplifier in 1976, and the following year, they first
announced the results of an oscillator-type FEL under the
title of “First Operation of a Free-Electron Laser” [17, 18].

After these developments, FELs using various types of
accelerators in a very wide spectral range, from millimeter
waves to X-rays, were created. FELs with short-wavelength
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ranges of visible and ultraviolet (UV) have been developed
using storage-ring accelerators, and infrared (IR) or far-
infrared (FIR) FELs have been developed using linear accel-
erators (LINACs); numerous application research results
have been produced with FEL user facilities [19]. Although
storage-ring FELs challenge shorter-wavelength lasing,
the first X-ray FEL (XFEL) was realized using a LINAC
[12]. XFELs serve as fourth-generation radiation sources
[12—-14] and are state-of-the-art tools for studying materials
with intense coherent X-ray pulses with femtosecond dura-
tion. The emergence of XFELs coincides with the declining
diversity of FELs. For example, in Japan, many FELs using
various types of accelerators were actively developed in the
1980s; however, the number of FEL devices in operation has
recently decreased sharply, and hardly any additional devel-
opment plans are being announced. This trend is considered
to be due to the large device size and high cost of FELs and
means that FELs do not have economic feasibility in terms
of photon cost. Nevertheless, plans have been made to uti-
lize large, high-power FEL devices for industrial or military
purposes, which include a plan to develop an FEL as a future
EUYV light source for semiconductor production [20].
Among all electromagnetic waves, the THz waveband has
a relatively high photon cost. Most light sources still have
a weak output power in the center wavelength range of 1-3
THz, or conversely, accelerator-based THz sources are too
large. While a high demand exists for new technologies, such
as security inspection, medical imaging, and remote moni-
toring devices using THz waves, THz sources that meet the
needs of the market have not yet been developed. The FEL is
the most powerful light source in the THz wavelength range.
If the output is more than 1 W, it can be used for real-time

Fig. 1 Schematic of a free-elec-
tron laser oscillator consisting
of an electron accelerator, undu-
lator, and optical resonator
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imaging or remote sensing in the field [21]. An FEL device
with a moderate output power (~ 1 W) can be realized with a
rack size and can be used for applications in the field.

In this study, we focus on the problem of developing
small-scale FELs in the terahertz wave range. First, the
operation principle of the FEL and the development history
of compact THz FELs are briefly reviewed. Through this,
accelerators, undulators, and waveguide-mode resonators
suitable for small-scale FELs are compared and analyzed.
Finally, this paper is concluded by introducing the concept
behind and prospects for a compact THz FEL device that can
be constructed in the near future.

2 Basic principles of an FEL

As shown schematically in Fig. 1, the FEL is a device that
converts the kinetic energy of an electron beam into light
energy. If energy is to be transferred from the electron beam
to the electromagnetic wave, the electrons should have a
velocity component parallel to the electric field of the elec-
tromagnetic wave. A device with an alternating magnetic
field, called an undulator or wiggler, causes the electron
beam to oscillate perpendicular to the direction of travel.
As shown in Fig. 2, when a high-energy electron beam sup-
plied from an electron accelerator passes through a magnetic
field designed to alternately change in polarity, it oscillates
in a plane perpendicular to the magnetic field due to the
Lorentz force. Most undulators are made with an alternat-
ing magnetic-field period (4,,) of several cm, and the total
length is usually a few m. Electrons moving along a curved
trajectory in an undulator emit light; when an electron moves
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Fig.2 Schematic diagram
explaining the process of bunch-
ing an electron beam through
interaction with the undulator
magnetic field and electromag-
netic wave

Bunched electrons

@® Decelerated electrons

@ Accelerated electrons

at a speed close to that of light, the light is focused in the
direction of the electron beam. In addition, the wavelength
of the emitted undulator radiation (4;) satisfies,

A K2
dpx (1420,
. 272< 2> W

where y is Lorentz factor and K (= 0.934B,,4,,) is the undula-
tor deflection parameter (B,, is the on-axis peak magnetic-
field strength of the undulator). Moreover, the emitted undu-
lator radiation has maximum power owing to the resonance
of the phases between the electromagnetic wave and the
wiggling electron. For example, an electron beam with an
energy of 100 MeV has a y-value of approximately 200, and
the wavelength of the undulator radiation is approximately
500 nm with an undulator period of 2 cm. As seen from the
resonance condition, if the energy of the electron beam is
sufficiently high, it can produce radiation with a short wave-
length such as the wavelength of X-rays.

In an FEL, undulator radiation is amplified by the peri-
odic bunching of the electron beam due to the interaction of
electromagnetic waves in the undulator. When the electron
beam is incident on the undulator, the initial spatial distribu-
tion of the electron beam is close to uniform, and the phase
of the undulator radiation emitted from the electrons on each
curved trajectory is arbitrary. In this case, the output power
of the radiation is the arithmetic sum of the light emitted by
individual electrons. However, the electron beam periodi-
cally gathers in a very small space owing to the resonant
interaction between the electron beam and the radiation
while it propagates through the undulator’s magnetic field;
accordingly, the radiation power becomes proportional to
the square of the number of electrons. The radiation power
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Magnetic-field direction out of and into the screen

generated from the bunched electron beam is much higher
than that generated from a uniformly distributed electron
beam. If the electric-field strength and phase of the electro-
magnetic wave generated from an electron passing through
the undulator are A and ¢,, respectively, the total power of
the radiation generated from N, electrons is as follows:

N 2
P=|) Ac| . 2)
k=1

When the electron beam is not bunched, as shown in the
upper part of Fig. 3, the phase of the radiation emitted from
each electron is random; therefore, the total radiation power
is proportional to the number of electrons, which corre-
sponds to the spontaneous emission power Pgp of the FEL:

2 2
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Howeyver, if the electron beam is well bunched, as shown
in the lower part of Fig. 3 and the period of the bunches
is the same as the radiation wavelength, the phase of the
radiation emitted from each electron is the same; therefore,
radiation output is proportional to the square of the number
of electrons, which corresponds to the lasing power Pgg; of
the FEL:

2 2

N, N,
Prg = ZAei(p" = A? Z e m Asz. 4)
k=1 k=1

The ratio of power enhancement in the FEL is closely
related to the number of electrons satisfying the coherent
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Fig.3 Schematic explaining
the output power of spontane-
ous emission emitted in random
phases from electrons (upper
part), and coherently enhanced
FEL radiation from a bunched
electron beam, where the FEL
power is stronger than the
spontaneous emission power by
approximately the number of
electrons (lower part)

condition owing to the bunching process. Electrons are nega-
tively charged particles; therefore, when they are gathered in
a small space, they exert a strong repelling force. Because of
this repulsive force, the bunching process reaches its limit,
and in the start-up process of lasing, the FEL power reaches
saturation after while the power no longer increases. In gen-
eral, FEL oscillators operating in the pulse mode exhibit
excellent spatial and temporal coherence. In XFELs, which
are typical FEL amplifiers, the spatial coherence of the
radiation is excellent while its temporal coherence is not
very good.

3 Sub-systems for compact THz FELs
3.1 Accelerator

As seen in Eq. (1), the electron beam energy required for
FEL lasing in the vicinity of 300 pm, which is the terahertz
center wavelength, is approximately 3—-5 MeV. If this level
of electron beam energy is to be generated, a large-scale
electrostatic accelerator is required; therefore, a small-scale
THz FEL using an electrostatic accelerator is very difficult.
However, this energy range can be obtained with a small RF
accelerator. When the accelerator size, economic feasibility,
and the electron beam current required for FEL oscillation
are considered, the most common S-band RF accelerator
is an appropriate choice for a compact THz FEL for field
applications.

Many S-band RF accelerator-based FELs are composed
of DC thermionic guns and LINACs [22, 23]. The accel-
erators are used in conjunction with the prebuncher cav-
ity or buncher cavity to shorten the electron beam pulses
produced by the thermionic gun. The FELs using these
accelerators can generate stable, high-output laser beams
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Spontaneous emission from electron beam with random phase

Prpp = A2N?

in the infrared and the THz ranges; however, the FELs are
complicated and large. Some of them have been operated
as user facilities [19]. The Compact Advanced Terahertz
Source (FEL-CATS) at the ENEA laboratories in Frascati,
Italy, is a device modified from this configuration to realize
a small-scale THz FEL [24-26]. In this FEL, a pulsed elec-
tron beam with a duration of 5-10 ps from a DC thermionic
triode gun is directly incident on an S-band LINAC, produc-
ing a~3-MeV electron beam modulated by the RF wave. An
optimal coherent enhancement condition for the undulator
radiation is obtained using a phase-matching device (PMD).
This accelerator is a highly compact device with a length
of ~ 1 m, and the overall size of the FEL is merely 2.4 m.

Recently, plans have been made to develop THz FELs
using S-band RF guns [27-30]. RF guns can directly gen-
erate a bright electron beam with the energy required for
THz generation without additional accelerating cavities.
An electron beam with a relatively wide energy spread is
extracted when a thermionic cathode is used for the RF gun.
The energy spread of the electron beam should be reduced
with a dogleg-type beamline or alpha-shaped magnet for
FEL lasing, which increases the overall size of the FEL
device. An FEL based on a photoelectron RF gun requires
an ultrashort-pulse laser system and additional components
such as a harmonic generator that converts the laser wave-
length into UV and a device for synchronizing the repetition
rate of the laser pulse and the RF phase. If the FEL is to be
operated as an amplifier, a magnetic chicane is necessary to
further compress the electron beam and, hence, obtain a high
peak current [31]. The reader should note that the size of an
RF-gun-based FEL is not small and that the configuration
of the subsystem is complex.

The microtron is a circular RF accelerator. The classi-
cal microtron has a very simple structure with a single-cell
accelerating cavity equipped with a thermionic RF gun
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inside both a dipole magnet that generates a uniform mag-
netic field and an extraction tube that extracts the electron
beam by shielding the magnetic field, as shown in Fig. 4.
The energy of the electron beam is sequentially increased
as it repeatedly passes through the RF cavity. The kinetic
energy of the electrons obtained while passing through the
accelerating cavity depends on the strength of the magnetic
field; it is commonly approximated as the rest mass of the
electron, ~0.5 MeV. In this case, an electron beam with an
energy of 3-5 MeV can be obtained with 5-10 turns, and the
outer diameter of the entire microtron accelerator can be as
small as 50—-60 cm. The biggest advantage of the microtron
accelerator is that it can use a magnetron as an RF generator.
Compared to a klystron-based RF system composed of an
RF master oscillator, a solid-state RF amplifier, and a klys-
tron amplifier, the magnetron is a simple high-power oscil-
lator with a very small size. In addition, the pulse modulator,
which is the driving power supply, has a much lower voltage
(~50kV) compared to that of a klystron system (~ 150 kV);
therefore, a magnetron can be made small and at a low price.
A downside of the magnetron is that the RF frequency is
not stable.

The RF frequency must be an integer multiple of the
frequency at which light travels back and forth in the
FEL resonator; that is, the RF frequency must be stable
within a certain range. The frequency of the magnetron
is determined by the Q value of the magnetron cavity
and the magnitude of the current and the voltage of the
modulator. When other variables are constant, the fre-
quency depends directly on the current in the modula-
tor. For this study, the dependence of the magnetron’s
frequency on the current was 200-300 kHz/A, and the
frequency change in the THz FEL had to be stable within
approximately 200 kHz to maintain FEL lasing during
a macropulse with a duration of ~5 ps. If a modulator
pulse waveform with a constant current value is used, the
RF pulse with a stable frequency can be obtained from

Electron beam extraction tube

s n-th orbit
E;+ nAE -
B <
RF cavity
E, : initial electron ener
0 gy RF

AE : energy gain per orbit

Fig.4 Schematic layouts of a classical microtron having an RF cavity
and extraction tube in a uniform magnetic field

the magnetron. However, in a thermionic RF gun, elec-
trons that do not satisfy the RF phase for acceleration
within the macropulse return to the cathode and heat it
due to back bombarding. The temperature of the cathode
gradually increases, which causes the emission current
to continuously increase within the electron macropulse.
Because this continuously increasing emission current
within the macropulse results in additional cavity load-
ing, the accelerating current decreases during the macro-
pulse. As a way to compensate for the electron beam’s
decreasing accelerating current, the output power of the
RF pulse should be increased by approximately 9% dur-
ing the macropulse [32]. In other words, pulse shaping
should be performed artificially so that the modulator
pulse current has a slope that increases by ~ 10 A during
the pulse. This driving method is the same for LINACs
using thermionic RF guns. As a result, the frequency of
the RF pulse changes to approximately 1 MHz within
the macropulse; therefore, FEL oscillation cannot be
sustained.

A method of solving this problem without an additional
RF component was found. When the RF pulse with a stable
frequency is injected into the magnetron from the outside,
the high-power RF pulse of that frequency is amplified with
the seeding frequency. This is known as the frequency-
pulling effect. The required RF pulse power was approxi-
mately 2 MW. In general, a power of 100 kW or more is
necessary to effectively cause the frequency-pulling effect.
If an additional master oscillator and RF power amplifier
such as klystron are used, the device becomes complex and
increases in size and price. In this study, part of the RF pulse
reflected from the microtron RF cavity was allowed to return
to the magnetron without using an additional RF genera-
tor. The Q-value of the microtron cavity was approximately
10*, which is approximately 10 times larger than that of the
magnetron cavity. In other words, it had a narrow resonance
width of ~ 100 kHz. In general, the RF pulse generated by the
magnetron passes a circulator or Faraday isolator so that the
return rate is 10~ or less. However, approximately 10% of
the reflected RF pulse was allowed to reach the magnetron in
this study. A schematic diagram of the RF system is shown
in Fig. 5. By stabilizing the temperature of the RF cavity
at 0.1 °C, the resonance frequency change was stabilized
within several kHz. The attempt to couple the magnetron
with the microtron RF cavity was successful. When the
magnetron was connected to a passive-matched load, the
frequency change during the macropulse was approximately
700 kHz. However, when operated while coupled with
the microtron RF cavity, the maximum change value was
reduced to 200 kHz [33]. When the RF power of the mag-
netron is increased to enhance the returning RF power, the
frequency change could be reduced to within 50 kHz [33].
In other words, a stabilization condition that maintained the

,,,,,,,,,,,,,,,,,,,,,,



372

Y.U. Jeong et al.

Magnetron

Fig.5 Schematic of the RF system from the magnetron to the RF accelerating cavity of a microtron. The arrow indicates the direction of flow for
the reflected RF wave and its thickness shows approximately the relative strength of the RF wave

FEL oscillation by only using an isolator with poor perfor-
mance is possible. The microtron generated a high-quality
electron beam suitable for FEL oscillation with a low energy
spread and emittance.

3.2 Undulator

Permanent magnet (PM) undulators generally have a
stronger magnetic field than electromagnetic (EM) undula-
tors. The magnetic field strength is controlled by mechani-
cally varying the gap between the PM undulators to change
the radiation wavelength. Usually, the mechanical structure
controlling the gap is large and complex; hence, this type
of undulator is difficult to use in a compact THz FEL. An
alternative is to use a method that varies the period without
adjusting the magnetic field strength [34, 35]. For a pla-
nar structure, this method was first proposed by Vinokurov
et al. [34]. A structure that controls the period in a helical
PM undulator was devised and demonstrated [35]. However,
using the undulator directly in an FEL is difficult because
further technical improvements, such as removing the resid-
ual magnetic field, are still needed.

EM undulators have the advantage of high magnetic-
field precision and the magnetic field strength can be easily
adjusted by applying current. However, the magnetic field
strength is relatively low. There is a hybrid-type PM-assisted
EM undulator that simultaneously constructs a strong mag-
netic field strength and has the capacity to easily adjust the
magnetic field strength. This undulator was first proposed
by Halbach in 1986 [36]. Subsequently, this undulator was
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developed by optimizing the magnetic structure and was
then applied to a THz FEL for the first time [37]. The basic
operating principle of this structure is shown in Fig. 6, and
the conceptual structures of the EM, hybrid PM, and hybrid
EM undulators are shown in Fig. 6a—c, respectively. The role
of the PMs in the hybrid EM undulator is to eliminate the
magnetization saturation in the iron poles of the undulator,
which is caused by the strong electromagnetic field. The
effective magnetic flux in the iron poles is very low because
the field generated by the PMs is in the direction opposite
that generated by the EM. The permeability of pure iron
is maintained at a high value, such that the magnetic field
produced by the EM undulator can be effectively transmit-
ted to the undulator gap. In case (a), without a PM, a strong
magnetic field cannot be transmitted to the undulator gap
owing to the magnetic saturation in the iron poles. In the
hybrid EM undulator shown in Fig. 6¢, a strong magnetic
field strength can be obtained and controlled by adjusting
the current applied to the EM undulator. A coil that needs to
pass a high current of more than 1 kA must have a channel
containing cooling water and its cross-sectional area can be
as large as several cm?. Installing the bent coil in a zigzag
shape is impossible because the undulator period is only
2-3 cm. To solve this problem, Halbach proposed the struc-
ture shown in Fig. 7. If the iron poles are periodically tilted
to face each other according to the magnetic field direction,
thick coils can be installed in a straight line. Figure 8 shows
the cross-sectional shape of the hybrid EM undulator. In this
structure, a periodic magnetic field distribution can be real-
ized even with straight coils. As described above, the PMs
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Fig.6 (a) Layout of an EM undulator, (b) hybrid PM undulator, and (c) hybrid EM undulator by combining the EM and the hybrid PM undula-
tors

Fig.7 Schematic of a hybrid
EM undulator consisting of two Iron Frame
pairs of poles facing each other Iron Pole

periodically with PMs between —
them N /

/

Permanent
Magnet
(NdFeB)

between the iron poles cancel the magnetic saturation in the ~ with a strong magnetic field strength of up to 6.8 kG and
iron pole and effectively transfer the magnetic field gener-  a wide variable range of 40% was successfully developed.
ated by the strong current to the undulator gap. An undulator ~ The undulator had a precise magnetic field distribution and
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Fig.8 Schematic showing a
cross-sectional view of the
hybrid EM undulator at (a) a

[] Pure Iron Current Driving Coil
[] permanent Magnet (Nd-Fe-B)

PM and at (b) a pole

(@

was much cheaper than hybrid PM undulators because of its
simple structure and easy fabrication.

3.3 Waveguide-mode oscillator

The small-signal gain of the FEL is inversely proportional to
the effective cross-sectional area of the radiation mode in the
resonator [38]. The power density or electric field strength
must be increased to increase the interaction between the elec-
tron beam and the radiation. That is, if the cross-sectional area
of the mode is reduced under the same conditions, the interac-
tion increases, and lasing can be performed more effectively.
In the case of long-wavelength radiation such as waves in the
THz range, the cross-sectional area of the free-space mode is
large owing to the diffraction limit. The cross-sectional area
of Gaussian-mode radiation with a wavelength of ~300 pm
is approximately 300 mm? at full width at half maximum
(FWHM) for a 1-m-long resonator. A common method of
reducing the mode cross-section is to use a waveguide. If a
planar undulator is used, a rectangular waveguide or parallel-
plate waveguide capable of TE-mode excitation can be utilized
as FEL resonator. A rectangular waveguide FEL uses the TE,
mode. Because the mode is uniformly distributed in the longi-
tudinal direction of the cross-section, the mode cross-section is
not localized at the center. Moreover, a relatively large value of
mode loss occurring in the wall of the waveguide in the verti-
cal direction is a disadvantage. As the mode cross-sectional
area decreases, the loss increases rapidly. Even with a cross-
sectional area of ~ 10 mm?, a loss of more than 10% occurs in
a 1-m-long waveguide. As a solution to this problem, a one-
dimensional (1-D) parallel-plate waveguide composed of two
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(b)

parallel metal plates was used for the THz FEL [39]. In this
case, under the same conditions, the mode cross-sectional area
increased slightly to 15 mm?; however, the loss was almost
negligible. In the case of a two-dimensional (2-D) waveguide,
the mode cross-sectional area is determined regardless of the
wavelength; however, as the wavelength increases in a 1-D
waveguide, the cross-sectional area increases in proportion to
the square root of the wavelength, 112,

A waveguide with a small mode cross-section and low
waveguide loss is a key technology for developing a compact
THz FEL. In principle, if a waveguide with a very small
cross-sectional area and low waveguide loss is developed,
the size of the FEL resonator can be significantly reduced.
A small cross-sectional waveguide with a low loss is one
of the most important elements for reducing the size of the
THz FEL. A new waveguide structure was recently devised
whose waveguide cross-section resembles that of a human
eye. In this structure, the TE mode is localized at the center
of the waveguide, and the electric field strength is very low
at the walls of the waveguide. A small cross-sectional area
of ~4 mm? was realized in the optimized structure of the
eye-shaped waveguide, and it was confirmed that the wave-
guide was found to have a loss as low as 2.5% at a length of
1 m through an electromagnetic wave simulation.

4 Table-top THz FEL for security inspection

Thus far, the possibility of FEL as a high-output THz gener-
ator that can be used in the field has been examined, focusing
on key components. In particular, developing a small THz
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FEL that is easily manufactured and is economically feasible
from the point of view of the entire system is technically
very difficult. For this reason, historically, few examples
have come close to this requirement. The aforementioned
FEL-CATS is a device capable of generating a high-power
THz pulse with a length of ~2 m, excluding the RF system
and modulator. This device is not a typical FEL oscillator
that uses coherent undulator radiation from the harmonics
component of the RF pulse. Because no mirrors or bending
magnets are present in the FEL oscillator, a simpler con-
figuration is achieved. Overall, the conversion efficiency of
an electron beam to light is not very low, approximately
0.3%. The radiation of various frequencies corresponding to
RF harmonics is generated simultaneously, and the power
instability of coherent undulator radiation is considered to
be a disadvantage. However, this device can generate THz
radiation in the form of a frequency comb, and if developed
as an energy recovery type system, a high-power continu-
ous wave (CW) operation is also possible. In the field of
science and technology, it has great potential as a new type
of high-power THz light source. A device with a similar
structure that, instead, uses an RF photoelectron gun and a
chicane compressor is being developed at Kyoto University
[31]. This uses coherent radiation in the THz range, which is
generated when a bunched electron beam with a high-peak
current passes through the undulator. It is a very useful tool
for time-resolved pump and probe research using THz, IR,
and UV light.

An oscillator-type FEL is more suitable for generating
laser light with a stable output and tunable wavelength. We
devised an FEL using a mesh mirror as an out-coupling mir-
ror downstream of the undulator, which allows most elec-
trons to be directly injected into the undulator without addi-
tional bending magnets. The electron beam’s transmittance
in the mesh mirror is approximately 90%. The THz output
generated through the mesh mirror is emitted at a holed mir-
ror through which the electron beam passes. In the upstream
undulator, a metallic water-cooled mirror plays the role of
an electron beam dump and the oscillator’s full mirror at the
same time. This is possible because the power of the electron
beam in the microtron accelerator is not high. The average
electron beam power of the microtron accelerator is just
100 W, which is 1/10 that of a typical LINAC. The method
in which the electron beam is incident on the FEL oscillator
without bending magnets significantly contributes to simpli-
fying the overall structure and reducing the size. In general,
an RF system and its related components account for a large
amount of the cost of an accelerator. The magnetron-based
microtron accelerator, which is small and inexpensive, is one
of the best drivers for compact THz FELs and has notable
advantages for field use.

Various types of undulators were developed and checked
for compatibility with compact THz FELs. Among them, a

hybrid PM undulator was selected for the FEL; this undula-
tor was designed and manufactured with a length of 1 m.
Important technological advances that have contributed to
reducing the size of the FEL are the design of the eye-shaped
waveguide. Although the FEL is small, the energy conver-
sion efficiency of the FEL light from the electron beam can
be approximately 1%, which is more than 10 times that of
the existing laboratory-scale THz FEL. This is achieved by
widening the FEL linewidth and reducing the loss in the
resonator. According to recently reported results, the FEL
efficiency can be increased by more than 5% by using the
dynamic cavity desynchronization method, which adjusts the
RF frequency within the macropulse [40, 41]. A new pulse
modulator was developed that can freely shape the magne-
tron’s frequency and power. Overall, the energy conversion
efficiency of the FEL is hoped to increase, and the average
FEL output power is expected to be more than 1 W. With this
level of output, a THz scanning image of a person's whole
body can be obtained within a few seconds. The target size
of the FEL under development is 1.5 m X 2.0 m, including
the high-voltage pulse modulator, as shown in Fig. 9.

5 Conclusion

FELs were first developed in the mid-1970s and have made
significant progress since; however, their use has been lim-
ited to research and development. The main obstacle is the
large volume and high cost of the FEL, yet reducing the
device size to a portable level does not seem technically fea-
sible. However, if this scale is achieved, it can be used as a
THz full-body scanner at airports, ports, and public facilities.
This requires innovation and an appropriate combination of

Magnetron

Bending Magnets

Fig.9 Table-top THz FEL consists of a microtron accelerator using a
magnetron, two 45° bending magnets, five quadrupole magnets, and a
hybrid EM undulator. It has a size of 1.5x2.0 m?
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various technologies. The conclusion obtained through long-
term research on a compact THz FEL is that a structure
using a small microtron accelerator driven by a magnetron,
a hybrid PM undulator with a length of ~50 cm, and a wave-
guide-mode resonator is required. Small bending magnets
and quadrupole magnets, which use both PMs and EMs,
are planned for use to reduce the individual size and overall
length. Through these efforts, the goal is to make an FEL
with a size of approximately 1.5 mx2.0 m, excluding the
control rack. This device uses a coherent THz beam with an
average power of ~1 W and a tunable wavelength from 300
to 600 pm to acquire real-time security images. Because
this FEL can select the optimal transmitted wavelength in
the atmosphere, it can be used for the long-distance detec-
tion of drones.

Acknowledgements The authors would like to thank the late Dr. Ser-
gey Miginsky and the late Mr. Boris Gudkov for their helpful discus-
sions and gratefully acknowledge support by an internal R&D program
at KAERI funded by the Ministry of Science and ICT (MSIT) of the
Republic of Korea (524420-21), a National Research Council of Sci-
ence & Technology (NST) grant awarded by the Korean government
(MSIT) (No. CAP-18-05-KAERI), and YOUNG IN ACE Co., Ltd.,
funded by the Commercializations Promotion Agency for R&D Out-
comes grant funded by the Korean government (MSIT).

References

1. H.P. Freund, T.M. Antonsen, Principles of free electron lasers
(Chapman & Hall, London, 1992)

2. C.A.Brau, Free electron lasers (Academic Press Inc., New York,
1990)

3. P. Luchini and H. Motz, “Undulators and Free-Electron Lasers”,
Clarendon Press, London, ISBN 0-19-852019-0 (1990).

4. T.C.Marshall, Free electron lasers (Macmillan, New York, 1985)

5. L. R. Elias and IEEE J, “Quantum Electron”. QE-23, Vol. 1470
(1987).

6. D. Oepts, A.F.G. van der Meer, P.W. van Amersfoort, and Infrar.
Phys. Technol. 36, 297 (1995)

7. R.Prazeres et al., Nucl. Instrum. Meth. A 445, 204 (2000)

A. Doria et al., Nucl. Instrum. Meth. A 475, 296 (2001)

9. Y.U.Jeong et al., Nucl. Instrum. Meth. A 528, 88 (2004)

o

@ Springer KCJS?T'EEEIQQI

Korsan Physical Sacisty

10. J.M. Klopf et al., Nucl. Instrum. Meth. A 582, 114 (2007)

11. G.N. Kulipanov et al., Sci. Technol. 1, 107 (2008)

12. P. Emma et al., Nat. Photon. 4, 641 (2010)

13. T. Ishikawa et al., Nat. Photon. 6, 540 (2012)

14. H.S. Kang et al., Nat. Photon. 11, 708 (2017)

15. H. Motz, J. Appl. Phys. 22, 527 (1951)

16. H. Motz, W. Thon, R.N. Whitehurst, J. Appl. Phys. 24, 826 (1953)

17. L.R. Elias et al., Phys. Rev. Lett. 36, 717 (1976)

18. D.A.G. Deacon et al., Phys. Rev. Lett. 38, 892 (1977)

19. The World Wide Web virtual library: Free electron laser research
and applications, www.sbfel3.ucsb.edu/www/vl_fel.html.

20. M. Feser, R. Ruth, and R. Loewen, Proc. SPIE, 10450, interna-
tional conference on extreme ultraviolet lithography, 1045011
(2017).

21. Y.U.Jeong et al., J. Korean Phys. Soc. 59, 3251 (2011)

22. A.F.G. van der Meer et al., Nucl. Instrum. Meth. A 331, 282
(1993)

23. T. Yamazaki and SPIE, “Free-Electron Lasers”, 1133 (1989).

24. A. Doria et al., Phys. Rev. Lett. 93, 264801 (2004)

25. E. Giovenale et al., Nucl. Instrum. Meth. A 437, 128 (1999)

26. A. Doria, G.P. Gallerano, E. Giovenale, Condens. Matter 4, 90
(2019)

27. T.N. Hu et al., Nucl. Instrum. Meth. A 887, 1 (2018)

28. W. Bai, et al., Proc. of FEL2011, Shanhai, China (2011).

29. K. Buakor, et al., Proc. of IPAC2017, Copenhagen, Denmark
(2017).

30. H. Ohgaki et al., J. Korean Phys. Soc. 57, 344 (2010)

31. S. Sikharin, et al., Proc. of FEL2014, Swiss, Basel (2014).

32. G.M. Kazakevitch, Y.U. Jeong, V.M. Pavlov, B.C. Lee, Nucl.
Instrum. Meth. A 528, 115 (2004)

33. Y.U.Jeong et al., Nucl. Instrum. Meth. A 483, 195 (2002)

34. N.A. Vinokurov, O.A. Shevchenko, V.G. Tcheskidov, Phys. Rev.
ST Accel. Beams 14, 040701 (2011)

35. J. Mun et al., Phys. Rev. ST Accel. Beams 17, 080701 (2014)

36. K. Halbach, Nucl. Instrum. Meth. A 250, 115 (1986)

37. Y.U.Jeong et al., Nucl. Instrum. Meth. A 483, 363 (2002)

38. S.Baeetal.,J. Korean Phys. Soc. 78, 1047 (2021)

39. Y.U.Jeong et al., Nucl. Instrum. Meth. A 475, 47 (2001)

40. H. Zen, H. Ohgaki, R. Hajima, Phys. Rev. Accel. Beams 23,
070701 (2020)

41. H. Zen, H. Ohgaki, R. Hajima, Appl. Phys. Exp. 13, 102007
(2020)

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


http://www.sbfel3.ucsb.edu/www/vl_fel.html

	Prospects of a terahertz free-electron laser for field application
	Abstract
	1 Introduction
	2 Basic principles of an FEL
	3 Sub-systems for compact THz FELs
	3.1 Accelerator
	3.2 Undulator
	3.3 Waveguide-mode oscillator

	4 Table-top THz FEL for security inspection
	5 Conclusion
	Acknowledgements 
	References




