
Journal of the Academic Society for
Quality of Life (JAS4QoL)

2020 Vol. 6(1) 2:1-10

Development of a Free-Electron Laser in 
the Terahertz Region
Goro ISOYAMA

Institute of Scientific and Industrial Research, Osaka University, 8-1 Mihogaoka, Ibaraki, Osaka 567-0047, Japan
isoyama@sanken.osaka-u.ac.jp

Citation: ISOYAMA, G. Development of a Free-Electron Laser in the Terahertz Region JAS4QoL 2020, 6(1)
2:1-10.
Online: http://as4qol.org/?p=2894

Received Date: 2020/11/21 Accepted Date: 2020/11/21 Published: 2020/12/10

ANNOUNCEMENT
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Abstract

We have been developing a free-electron laser (FEL) in the far-infrared or
terahertz (THz) region for higher intensity and stability, using the L-band
(1.3 GHz) electron linear accelerator (linac) at the Institute of Scientific and
Industrial Research (ISIR), Osaka University. The FEL was progressively up-
graded,  and  the  maximum  energy  of  micropulses,  which  form  an  FEL
macropluse of a duration of some microseconds, reached 260 J at a wave-
length around 65 m or a frequency around 4.6 THz, which is an order of
magnitude higher than micropulse energies obtained in other FELs in this
wavelength or frequency range. Experiments have begun using high-inten-
sity narrow-band terahertz radiation from the FEL. This paper summarized
the progress of the FEL and its application experiments.

Keywords: Free Electron Laser (FEL), Electron, Linear Accelerator (Linac),
Terahertz (THz), Far-Infrared

1. Introduction

Lasers are one of the greatest inventions of the 20th century since not
only they have been contributing to progress in science and technology but
they are also widely used in industry, medicine, and our daily lives. A laser
stores energy in an excited state of a solid, gas, or liquid, and then generates
intense coherent radiation by stimulated emission. Due to characteristics of
the excited state, the laser is basically fixed in wavelength, and the operating
wavelength is also limited to the infrared, through visible, to ultraviolet re-
gions, with some exceptions.1 In order to overcome the limitations of con-
ventional lasers, the Free Electron Laser (FEL) was developed and first im-
plemented in 1978 in the infrared region at Stanford University.2Develop-
ment and utilization of FELs have been extensively conducted throughout
the world, as the FEL has potential advantages over other lasers. For exam-
ple, it can operate in any wavelength region, the wavelength is continuously
variable,  the output power is high, and the efficiency is also high. In the
early  stages,  mid-infrared  FELs  based  on  S-band  Radio  Frequency  (RF)
linacs were constructed for various studies since there are many vibrational
and rotational states of molecules accessible at those wavelengths.3 To ex-
tend the wavelength range, FELs based on electron storage rings were devel-
oped, ranging progressively from the infrared, through the visible, to the ul-
traviolet regions.4 Because  mirrors for optical cavities are not available be-
yond the ultraviolet region, single-pass FELs have been developed based on
high-energy electron linacs to generate extremely high-intensity coherent X-
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rays for crystallography.5 High power and high efficiency FELs were also constructed using a supercon-
ducting accelerator with an energy recovery system, in which the deteriorated electron beam used for las-
ing is re-entered into the high efficiency linac and decelerated to transfer its kinetic energy to a newly in-
coming beam.6

The other direction for expanding the wavelength region of FEL is to the longer wavelength or
lower frequency region beyond the infrared ray, which is called the far-infrared (FIR) or Terahertz (THz)
region. It is located between light and micro waves and is called the terahertz gap because there were origi-
nally few strong radiation sources and sensitive detectors for that region. Since the energy of the electron
beam is relatively low, various types of electron accelerators are used for THz-FELs, and hence FEL
beams with various characteristics are generated and used in experiments.7-12

We began research and development of FEL at the end of 1980s with an L-band electron linac at
the Institute of Scientific and Industrial Research (ISIR), Osaka University. In FEL operation, a high peak
current or charge in electron bunches and a long electron pulse, which is comprised of many electron
bunches, are required: the former to make an FEL gain higher than cavity loss to start lasing and the latter
to allow a large number of amplifications for the high power operation to reach power saturation.  The first
lasing was obtained at wavelengths between 32 and 40 m in 1994.13 In the FEL mode of the linac, the
bunch charge was 1 nC, which is higher than that of other S-band linacs for FEL, but the electron pulse
length was approximately 2 s because the first 2 s part in a 4 s pulse was lost because of the long fill-
ing time of the RF power in the L-band acceleration tube, so that the number of amplifications was limited
to only approximately 50 and the FEL could not reach power saturation. As there were few FELs in the
far-infrared region at that time, though several infrared FELs were in operation, we suspended develop-
ment of high power operation and began upgrading the FEL for extending the wavelength region toward
longer wavelengths, in which the diffraction loss of radiation stored in the cavity increases and makes it
difficult to lase. We progressively remodeled the FEL to expand the aperture of the vacuum ducts in the
cavity and succeeded in lasing at a wavelength of 150 m, which was the longest wavelength at that time
obtained in the FELs based on RF linacs.14 

Sometime after the successful operation of the FEL in the long wavelength region, we had an op-
portunity to upgrade the FEL on the occasion of a large scale renovation of the L-band linac. The target
was to realize the high intensity operation of the FEL reaching power saturation, which was expected to be
comparable to the micropulse energies of CLIO8 and FELIX9. In this paper, we introduce our studies on
upgrades to the FEL, the L-band linac, and some application experiments of the FEL.

2. FEL at ISIR, Osaka University

2.1 L-band electron linac  
Figure 1 shows a schematic diagram of the L-band linac and its beam lines. The L-band linac is opti-
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Fig. 1. Schematic drawing of the L-band linac and the FEL system. Electron pulses generated with the electron gun are com -
pressed with the three sub-harmonic bunchers (SHBs), they are captured and compressed in the prebuncher and buncher, and
then accelerated in the acceleration tube. The electron beam is bent right and goes through the wiggler, in which it amplify an
FEL pulse or pulses in the optical cavity consisting of two spherical mirrors, and stopped at the beam dump. A fraction of the
FEL pulse is taken out through a hole in the upstream mirror and led to the optical table through the evacuated FEL beamline.
The grating of the monochromator is replaced with a plane mirror in this experiment.
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mized for pulse radiolysis experiments using a high-intensity single-bunch beam. In order to generate such
a beam, the linac is equipped with a 100 kV DC electron gun with a large-area thermionic cathode, a three-
stage subharmonic buncher system consisting of two 108 MHz RF cavities and one 216 MHz RF cavity,
the frequencies of which are respectively 1/12 and 1/6 of the main acceleration frequency of 1.3 GHz in
the L-band, followed by a 1.3 GHz pre-buncher, a buncher, and a 3 m long acceleration tube of the travel-
ling wave type.

The L-band linac has been improved several times since its construction in 1979, among which a
large-scale upgrade was done in 2003 for higher stability and reproducibility of the linac operation, so that
almost all the power supplies and facilities for the linac were replaced except for its RF structures, mag-
nets, and the vacuum system. As a part of this upgrade, a klystron modulator, which is a power supply for￹
a klystron to generate the 1.3 GHz RF power for the linac, was renewed and a new operation mode with
pulse duration 8 s was added to the modulator for FEL in addition to the conventional 4 s pulse mode.
As the first 2 s portion of the electron pulse is scraped off in the beam transport line to the FEL owing the
2 s filling time of the RF power in the acceleration tube, an electron pulse for the FEL was 2 s long in
the former conventional mode, whereas it is 6 s long in the new mode, which is three times longer than
the pulse length in the conventional mode. 

2.2 FEL system  
In general, an FEL consists of an electron accelerator, a wiggler for electrons to radiate monochromatic

light, and an optical cavity to amplify stored FEL pulses repeatedly by electron bunches.15 The wavelength
 of the FEL is given by 

λ=
λw
2γ 2

(1+K rms
2

), (1)

where w is the period length of the wiggler,  = (E + m0c2)/ m0c2 is the total energy of an electron in units
of its rest mass m0c2  with E the kinetic energy of an electron, m0 its rest mass, and c the speed of light, and
Krms is the root-mean-square deflection parameter defined as Krms = 66×w [m]×B0 [T] with B0 the peak
magnetic field. A small portion of the FEL pulses in the cavity is extracted via an output coupler, which is
usually a through-hole in a mirror for the cavity, and the extracted pulse is called a micropulse and a series
of micropulses forms a macropulse.

Table 1 lists the main parameters of the FEL system. The wiggler is the Halbach-type wiggler
made only of permanent magnets with a period length w = 6 cm and the number of periods 32, and its
length is 1.938 m, including the magnet blocks for end corrections. The minimum magnet gap is g = 30
mm and the peak magnetic field there is B0 = 0.37 T, so that the Krms-value is 1.47. The peak magnetic field
B0 decreases exponentially with increasing wiggler gap. The optical cavity is a 5.531-m-long near-concen-
tric resonator using two spherical mirrors with a diameter of 8 cm made of copper coated with gold, and
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Table 1. Main parameters of the FEL system.

Wiggler Halbach-type planer wiggler
Magnet length, including end corrections 1.938 m
Period length 60 mm
Number of periods 32
Magnet gap 30 - 120 mm
Peak magnetic field 0.37 T
K-value (rms) 0.01 - 1.47

Optical cavity Near-concentric resonator
Length 5.531 m
Mirrors Spherical concave mirrors

Diameter 80 mm
Curvature radius : upstream 3358 mm

       : downstream 2877 mm
Rayleigh length 1 m at the center of the wiggler
Output coupling A hole 3 mm in diameter at the center

of the upstream mirror
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the waist of the stored radiation is located at the center of the wiggler, where the Rayleigh range of the
cavity is 1 m. There are a 3-mm-in-diameter through-hole at the center of the upstream mirror to extract a
portion of a stored FEL pulse or pulses and a 1-mm-in-diameter through-hole at the center of the down-
stream mirror to inject a He-Ne laser beam for alignment of instruments at the experimental station. The
THz FEL beam extracted from the cavity goes through a 0.2-mm-thick 20-mm-in-diameter polycrystalline
diamond widow, which transmits the THz beam well, into the transport line of a low vacuum. The FEL
beam is transported from the FEL in the accelerator room through a 3-m-thick concrete wall for radiation
shielding to the measurement room, and taken out to an experimental table in the air through another dia-
mond window of the same type attached to an evacuated grating monochromator with a plane mirror in
place of a diffraction grating, which is located at the end of the FEL transport line.

3. Development of the FEL

After the large-scale refurbishment, the commissioning of the L-band linac went smoothly for pulse ra-
diolysis experiments, whereas recommissioning of the FEL did not work well. The variations of the 1.3
GHz RF power and its phase were found to be larger than 10% and some tens of degrees, respectively, in
the RF pulse of width 8 s generated by the klystron, but their waveforms did no change for each pulse. As
a countermeasure, we have developed a feed forward control with the overdrive technique, which corrects
the input RF signal and cancels the output RF power and phase variations, taking into account the slow re-
sponse of the system.16 As a result, the RF power and the phase variations were successfully reduced to
0.4% and 0.3 degrees, respectively. The FEL was operated in this new mode, so that the power saturation
of the FEL was obtained for the first time.16 The maximum macropulse energy reached 3.7 mJ at a wave-
length of 67 m or a frequency of 4.5 THz for an electron beam energy of 18 MeV. The number of mi-
cropulses was calculated to be approximately 330 using a macropulse width of approximately 3 s and the
micropulse intervals of 9.2 ns. The micropluse energy of the FEL is calculated to be approximately 11 J
using the macropulse energy and the number of micrpopulses, which is comparable to the micropulse ener-
gies of CLIO8 and FELIX9.

Important requirements for the FEL beam in an experiment are not only its intensity, but also its
stability. Because FEL pulses in the cavity are repeatedly amplified and grow exponentially to saturation
power, approximately seven orders of magnitude, both macropulse and micropulse energies are heavily in-
fluenced by small fluctuations of the electron beam induced by the 1.3 GHz RF power and its phase varia-
tions. The feedforward control reduces repeated variations in the RF power and phase, but pulse-to-pulse
fluctuations remain. The fluctuations in the RF output from the klystron are due to a thyratron, which is a
gas-filled tube and works as a kind of discharge tube. It is used as a high- voltage and high-current switch
in the klystron modulator, which provides such pulses to the klystron. Because alternatives to the thyratron
are not currently available on the market, we have developed a fast, high-current, and high-voltage switch
using solid state devices. The thyratron used in the klystron modulator operates at a holding voltage of 25
kV, a current of 6 kA, a pulse width of 10 s, and a repetition rate of 10 Hz, at maximum. We adopted
static induction thyristors (SI thyristors) as semi-conductor devices for the solid state switch that meets the
specifications for the thyratron. The specifications of the SI thyristor are a holding voltage of 2 kV and a
peak current of 1 kA. To meet the specifications of the switch, the circuit was configured to be six parallel
lines of 10 serially connected thyristors, which were attached, together with their control circuit boards, on
the outer walls of six rectangular aluminum blocks stacked vertically with isolator frames in between. The
thyratron was replaced with the solid state switch and the klystron modulator worked fine, so that the fluc-
tuations of the RF power and its phase of the klystron output were reduced to 0.15 % and 0.1 degrees, re-
spectively, both of which are one order of magnitude smaller than those using the thyratron.17 As a result,
the fluctuation of the electron beam intensity decreased and that of the FEL beam intensity was signifi-
cantly reduced accordingly.

After achieving high-intensity and stable operation of the FEL, we pursued further improvements
in the FEL intensity. A straightforward method is to increase the electron beam intensity, or bunch charge.
The output current of the electron gun in the FEL mode was 0.6 A, but the maximum emission current of
the thermionic cathode (EIMAC YU-156) used in the electron gun is 18 A. The beam loading in the accel-
eration tube was so high that only a small portion of the input RF power remained at the RF output port,
and therefore the electron gun current could not be increased any further. We have therefore developed a
new method to increase bunch charge and to reduce the beam loading simultaneously. The electron bunch
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intervals are 9.2 ns in the FEL mode, whereas the roundtrip time of light in the 5.531 m long cavity is 36.9
ns, which is four times longer than the bunch intervals, so that four FEL pulses reciprocate. One FEL pulse
is  sufficient for laser  oscillation,  and by extending the electron bunch intervals four times,  the bunch
charge can be quadrupled while keeping the beam loading constant. As a result, the micropulse energy may
be quadrupled or even increased by the high current effect. We have developed a grid pulser for the elec-
tron gun in order to extend the electron bunch intervals four times. The grid pulser produces a square-wave
pulse train with a width of 5 ns and a height of 150 V at intervals of 36.9 ns, or 27 MHz repetitions, for 8
s or more. The drive signal for the grid pulser is generated with the timing system of the linac and sent
via an analog optical link to the pulser in the electron gun system, which is installed on the high voltage
deck at 100kV DV in the tank pressured with SF6 gas.18

By using the new grid pulser, the electron gun generated a series of electron pulses at intervals 36.9
ns with a peak current of 2.4 A, which is four times higher than that of the conventional one. The electron
bunch charge in the accelerated electron beam was measured at the beam dumper of the FEL beamline to
be 4 nC, which is four times higher than that in the conventional 108MHz mode, but the average current
and accordingly the beam loading did not change at all. The maximum macropulse energy measured in the
new mode, called the 27 MHz mode, reached 28.5 mJ at a wavelength of 65 m or a frequency of 4.6 THz.
The macropulse energy obtained in the 108 MHz mode was 13 mJ in the same conditions except for the
grid pulser.19 The macropulse energy in the 27 MHz mode is 2.2 times higher than that in the 108 MHz
mode, but the micropulse energy in the 27 MHz mode increases by 8.7 times higher because the number of
micropulses is a quarter of that in the 108 MHz mode.19

4. Characteristics of the 27 MHz mode

The energy of the electron beam accelerated by the L-band linac can be varied in the range from 12 to
19 MeV in the FEL mode,16 and the FEL beam can be generated in the wavelength range from 30 to 150
m,13, 14 or the frequency range from 10 down to 2 THz, depending on the wiggler gap and the electron en -
ergy. The electron energy is, however, currently fixed at 15 MeV for user experiments. Table 2 shows the
characteristics of the electron beams and the FEL beams in two modes. Figure 2 shows the macropulse en-
ergy as a function of the peak wavelength measured by varying the wiggler gap. The wavelength is tunable
from 40 to 110  m and the maximum energy is located at around 65  m. This measurement was per-
formed with the detuning length of the optical cavity equal to zero, where the macropulse energy is the
highest, the micropulse duration is the shortest, and the frequency width is the broadest. Figure 3 shows a
temporal profile of the FEL macropulse measured with a high-speed pyroelectric detector at the electron
energy of 15 MeV, wiggler gap of 37 mm, peak wavelength of around 70 m, and  zero detuning length.
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Table 2. Characteristics of the electron beams and the FEL beams in two modes.

Operation mode for FEL 27 MHz mode 108 MHz mode
Electron beam
Electron beam energy (MeV) 15 15
Energy spread (FWHM, %) 1.2 1
Pulse length (s) 6 6
Bunch intervals (ns) 36.9 9.2
Number of electron bunches 160 650
Bunch charge (nC/bunch) 4 1
Bunch duration (ps) 20 20
Peak current in the bunch (A) 200 5
FEL beam
Macropulse 

Maximum energy (mJ) 28.5 13
Peak wavelength (m) 65 70
Width (FWHM, s) 4 4

Micropulse
Intervals (ns) 36.9 9.2
Number of micropulses 110 440
Maximum energy (J) 260 30
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The inset is an expansion of the time axis around 6 s, showing that the FEL micropulse intervals are 36.9
ns. The maximum micropulse energy can be evaluated, from the macropulse energy shown in Fig. 2 and
the macropulse waveform in Fig. 3, to be 260 J, which is 24 times higher than that obtained in the first
saturated operation of the FEL and nine times higher than that recently obtained in the 108 MHz mode.19

The detailed characteristics of the FEL are estimated using the maximum micropulse energy of
260 J measured at 65 m or 4.6 THz in the 27 MHz mode. The micropulse width is estimated to be 2 ps,
which was measured by the electro-optic sampling using a Ti-sapphire laser with a 100 fs duration that is
synchronized to the 27 MHz clock signal of the linac timing system. The peak power of the micropulse is
calculated to be 130 MW. The FEL beam taken out through a diamond window with diameter 20 mm into
the air is an almost-parallel Gaussian beam with a standard deviation of 1.53 mm or a diameter of 3.6 mm
(FWHM), so that the peak power density is calculated to be 0.88 GW/cm2. It can be focused with an off-
axis parabolic mirror with a focal length of 12.5 mm and a diameter of 12.5 mm, so that the focusing angel
is ’ = 0.122 rad for the parallel beam. The beam size of the diffraction limited radiation is calculated us-
ing the equation  ×’≅/4to be   = 42  m at the wavelength of 65  m and the area of the focusing
point is given by S = 22 = 1.13×10-4 cm2. The peak power divided by the area yields the peak power
density I = 1.15 TW/cm2. The electric field and the magnetic field of the THz beam at the focal point are
calculated as E = 2.9 GV/m and B = 9.8 T, respectively, and these values are very large for a laser in the
THz region. A sample application of a high electric field such as this is higher-order harmonic generation
using a short-pulse high-intensity laser in the near-infrared region. According to an analysis of such experi-
ments, the cutoff energy of the higher harmonic radiation Emax is approximately given by Emax ~ Ip + 3Up,
where Ip is the ionization energy of atoms, molecules, or ions and Up = e2E2/4m2 is the ponderomotive en-
ergy with e the electron charge and m its mass, E the electric field, and  = 2c/ the angular frequency of
the THz wave, where  is the wavelength and c is the speed of light.20 Using the electric field of the fo-
cused THz FEL beam, the acceleration energy of an electron and the cutoff energy of the higher harmonics
are calculated approximately to be 454 eV and 1.4 keV, respectively, which indicates possibilities for the
use of the high electric and the magnetic fields produced by the THz FEL beam for material modifications.

5. Applications

The number of ISIR-FEL experiments has been gradually increasing. In this section several studies are
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Fig. 2. Macropulse energies of FEL beams in the new 27 MHz mode as well as in the conventional 108 MHz mode
measured with an energy meter at an electron energy of 15 MeV as a function of the magnet gap of the wiggler
from 30 to 50 mm. See Table 2 for details.
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briefly described. The first three studies are experiments in the liquid phase and the remaining three are in
the solid phase.

• Polymer morphology change induced by terahertz irradiation21 

The formation of micrometer-sized crystals was observed in a polymer (PHB)/chloroform solution ir-
radiated by the THz beam. This demonstrated for first time that the THz wave effectively induces the inter-
molecular rearrangement of polymer macromolecules. 

• Propagation of THz irradiation energy through aqueous layers: Demolition of actin filaments in liv-
ing cells22 

The energy of THz pulses penetrates a millimeter deep, possibly as a shock wave, in aqueous solution
and destroys actin filaments, even in the living cells. THz wave potentially alters protein structures in the
living cells.

• Plane photoacoustic wave generation in liquid water using irradiation of terahertz pulses23

The excitation of a large-area water surface irradiated by loosely focused THz light produces a plane
photoacoustic wave owing to the strong absorption in water, and the plane wave propagates several mil-
limeters, or 600 times the penetration depth of THz light in water, shorter than 10 m, which is observed
by shadowgraph imaging. This method offers great advantages to non-invasive operations for industrial
and biological applications.

• Luminescence induced by electrons outside zinc oxide nanoparticles driven by intense terahertz
pulse trains24 
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Fig. 3. FEL macropulse profile in the 27 MHz mode measured with a fast pyroelectric detector. An FEL
macropulse consists of a series of FEL micropulses separated by 36.9 ns, which is equal to the electron
bunch intervals in the 27 MHz mode listed in Table 2, as can be seen in the inset, which is an expansion of
the time scale around 6.15 s. The full width at half maximum of the macropulse is approximately 4 s,
which is used to estimate the number of micropulses and to calculate the mean micropulse energy using the
measured macropulse energy.
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Nanoparticles  of  ZnO irradiated  with  an  intense  THz FEL emit  luminescence  not  only  from the
nanoparticles but also from nitrogen molecules in the air, which shows a strong dependence on excitation
frequency and a dependence on time in the macropulse. Field emitted electrons are effectively accelerated
by the THz radiation and react with the nanoparticles to induce luminescence, which is a new excitation
path of the nanoparticles. 

• Significant  volume expansion  as  a  precursor  to  ablation  and  micropattern  formation  in  phase
change material induced by intense terahertz pulses25 

The phase change memory material Ge2Sb2Te5 irradiated by intense THz pulse trains shows surface
changes due to damage as a precursor to ablation and the formation of fine surface undulations with spatial
period comparable to the wavelength of THz pulses or shorter. These changes are due not to thermal ef-
fects but to THz-induced ones, and they are important for laser material processing.

• Reconfiguration of magnetic domain structures of ErFeO3 by intense terahertz free electron laser
pulses26

The shape of the ferromagnetic domain of a single ErFeO3 crystal can be locally reconfigured by irra-
diating intense THz-FEL pulses near the domain boundary. Its mechanism can be phenomenologically un-
derstood by the combination of the depinning effect and the entropic force due to a local thermal gradient
exerted by terahertz irradiation. Our finding opens up a new possibility of realizing thermal-spin effects in
the THz frequency range by using THz-FEL pulses.

6. Summary

The THz FEL and the L-band linac have been progressively upgraded for higher intensity and stability.
They cover the spectral range of 30 to 150 m or from 2 to 10 THz, where absorption of water vapor is
strong. The maximum micropulse energy reaches 260 J around a wavelength of 65 m or a frequency of
4.6 THz, which is more than 10 times higher than other FELs in the wavelength region around 65 m, by
making the bunch charge four times higher. The estimated electromagnetic field of the focused FEL beam
is E = 2.9 GV/m and B = 9.8 T at the wavelength and a free electron can be accelerated to 454 eV, though
the photon energy at 4.6 THz is 19 meV only. The high-intensity narrow-band THz radiation can excite in-
teratomic and intermolecular vibrational modes of solid and liquid materials and may change their struc-
tures to new ones that cannot be reached by other methods.
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