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Abstract 
A test-Accelerator as Coherent Terahertz Source (t-

ACTS) has been under development at the Research Center 
for Electron Photon Science (ELPH), Tohoku University, 
in which an intense coherent terahertz radiation is gener-
ated from the femtosecond electron pulses. Velocity bunch-
ing scheme in a traveling wave accelerating structure is 
employed to generate the short electron pulses, and then 
the generation of femtosecond electron pulses was con-
firmed by spectrum analysis of coherent transition radia-
tion using Michelson interferometer. Coherent transition 
radiation and coherent undulator radiation in the terahertz 
(THz) region from the short electron pulses have been 
demonstrated, and their characteristics such as frequency 
spectrum, spatial distribution and polarization were meas-
ured and compared with theoretical calculations. We have 
succeeded to generate the coherent transition radiation up 
to approximately 5 THz and the coherent undulator radia-
tion of narrow bandwidth with a center frequency 3 THz. 
At present, development of a variable polarized THz 
source using a crossed-undulator system is being carried 
out. In addition, we have conducted a beam experiment for 
very short period undulator. The status of t-ACTS is pre-
sented in this conference.  

INTRODUCTION 
Terahertz (THz) radiation sources have attracted consid-

erable interests recently, because of their potential applica-
tions in material science, medical imaging, communica-
tions, etc. THz radiation can be generated with various 
ways. In recent years, a compact, high average power te-
rahertz sources based on a solid laser have been remarkably 
developed. The average output power of the injection-
seeded THz-wave parametric generator (is-TPG) has 
reached 10 kW.  On the other hand, accelerator-based te-
rahertz sources with large peak power have been advanced 
such as free electron laser with optical resonator. With the 
increasing power of terahertz sources, their applications 
are not limited to analysis etc., and have been used to 
change the structure and function of materials. 

In many terahertz sources, one of the most efficient 
sources is the electron pulse of relativistic energy produced 
by an accelerator. A short electron pulse can produce co-
herent radiation at wavelengths longer than electron pulse 
length with the intensity proportional to the square of the 
number of electrons contained in a pulse. Electron popula-
tion in the pulse is typically the order of 107–1010 electrons, 
therefore high intense terahertz radiation is emitted form a 

short electron pulse [1]. In this paper, we report the ex-
tremely short electron pulse generation and the develop-
ment of coherent terahertz souse. 

EXTREMELY SHORT ELECTRON PULSE 
Generation of Short Electron Pulses at t-ACTS 

The accelerator system of t-ACTS consists of an S-band 
thermionic RF gun, an alpha magnet with energy collima-
tion, 3m-long travelling wave accelerating structure. Ve-
locity bunching scheme is employed for extremely short 
electron pulses production [2]. A thermionic RF gun, which 
composed of two cavities, was specially designed to ma-
nipulate a longitudinal phase space distribution of electron 
pulses. The RF phases and amplitude in the cavities can be 
tuned independently. The special RF gun is capable of pro-
ducing electron pulses having a longitudinal phase space 
distribution suitable for velocity bunching in the accelerat-
ing structure. According to a numerical simulation, 50 fs 
electron pulse can be produced by the t-ACTS accelerator 
configuration.  

Electron Pulse Length Measurements 
The electron pulse length has been measured by a streak 

camera, which is widely used to measure a pulse length us-
ing an optical transition radiation. Although the streak cam-
era has the feature that it can measure the pulse length in 
one shot, the temporal resolution is not enough to measure 
femtosecond electron pulse. We used a streak camera only 
to measure the relationship between the compressed elec-
tron pulse length and the injection phase of the beam to 
accelerator structure [3]. 

Femtosecond electron pulse produces a characteristic te-
rahertz radiation when appropriately disturbed, and then 
information of the longitudinal pulse shape can be obtained, 
since the resulting radiation spectrum is related to the form 
factor. We measure a spectrum of coherent transition radi-
ation, and estimate the electron pulse length. Michelson in-
terferometer was installed to obtain an interferogram of the 

Table 1: Electron Beam Parameters 

Macropulse length  ~2.0 s 

Number of bunches ~5700 bunches/macropulse 

Beam energy 30~50 MeV 

Bunch charge 3 ~ 4 pC  

Bunch length (z) 0.05~  2 ps 

 
 ___________________________________________  
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coherent transition radiation. Figure 1 shows an example 
of measured interferogram and the spectrum derived by 
Fourier transform of the interferogram. In this measure-
ment, a frequency range and a resolution were 15 THz and 
75 GHz, respectively. The radiation spectra extends to over 
5THz. We try to fit the form factor function assuming 
Gaussian bunch to the spectrum data. In the spectrum 
measurement, it is necessary to consider that low frequency 
component is suppressed due to causes such as a sensitivity 
of the detector and aperture in the interferometer. The fit-
ting function is defined as product of form factor for Gauss-
ian bunch and low-frequency cut-off function [4]. From the 
fitting results, it was confirmed that an electron pulse of 
approximately 80 fs was generated. Although the Gaussian 
shape of electron pulse was assumed in this analysis, it is 
expected from simulation studies that the actual beam is 
slightly different with the Gaussian distribution. As the 
next step, analysis methods using Kramers-Kronig trans-
formation should be considered without assuming Gauss-
ian pulses [5]. 

GENERATION OF HIGH INTENCE CO-
HERENT THZ RADIATION 

Coherent Transition Radiation 
As mentioned in the previous section, the coherent tran-

sition radiation in terahertz region was emitted from the 
compressed electron pulses. Intensity of transition radia-
tion was measured as a function of microbunch charge. It 
showed a quadratic dependence expected for coherent ra-
diation [6]. Spatial distribution of transition radiation was 
measured by scanning detector position across the radia-
tion axis. Polarization components in both the horizontal 
and the vertical were measured by installing a free standing 
wire-grid polarizer (GS57207, wire diameter: 10 m, wire 
spacing: 25 m, SPECAC) in front of the pyroelectric de-
tector (PYD-1 [PHLUXi]). Figure 2 shows the measured 
spatial profile of CTR with and without the wire grid po-
larizer. These measured spatial profiles clearly show that 
the CTR is radially polarized radiation. In addition, it has 
been confirmed that CTR can be easily focused to approx-
imately same size with wavelength by using a terahertz 
lens. This CTR can be used for a broadband THz spectro-
scopic imaging.  

Coherent Undulator Radiation 
To produce the THz undulator radiation, the K-value and 

a period length of undulator have to be large. We have de-
veloped the THz undulator, which is a planer undulator of 
Halbach type made only of permanent magnet (Nd-Fe-B) 
blocks with TiN coating. The period length of the undulator 
and the number of periods are 100 mm and 25, respectively. 
Each magnet block size is 110×65×25 mm3. The gap can 
be varied in the range of 54~110 mm, where the minimum 
gap is limited for installation of beam pipe. The peak of 
magnetic field strength is approximately 0.41 T at the min-
imum gap.  

The frequency spectrum of the undulator radiation was 
measured in Michelson interferometer [7]. Entire of inter-
ferometer system is enclosed and continually purged with 
dry nitrogen to avoid the strong absorption of THz wave 
by water vapor. Figure 3 shows measured interferogram 
with different undulator gap, moving the mirror in 5μm 
step over 5 mm. This interferogram indicates that coherent 
undulator radiation was being produced. Figure 3 (Right) 
shows the spectrum of the coherent undulator radiation and 
a frequency resolution of the spectrum was 29.97GHz in 
this measurement. Center frequency of the radiation was 
approximately 2.69 THz (λ=111μm) with 54 mm gap and 

 
Figure 1: (Left) Measured interferogram of transition ra-
diation and (Right) Radiation spectrum. 

 
Figure 2: (a) Measured spatial distribution of CTR without 
the wire grid polarizer. (b) and (c) are measured vertical 
and horizontal components of CTR.  

Figure 3: (Left) Interferogram and (Right) spectrum of co-
herent undulator radiation with different gaps. 
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a frequency spread was 0.13 THz (FWHM). By varying the 
undulator gap, a frequency shift of the coherent undulator 
radiation was investigated. The frequency of the radiation 
changes as a function of undulator strength parameter K as 
shown in Fig. 3 (Right). As radiation frequency became 
higher, the radiation power rapidly decreases, because the 
form factor gets smaller for the higher frequency. This fre-
quency dependence of the intensity is also indicates that 
the measured undulator radiation is a coherent radiation. 

Polarization Control of THz Undulator  
Radiation 

Right and left circularly polarized THz sources are very 
useful for biological analysis. Vibrational circular dichro-
ism (VCD) measurements in the THz region are extremely 
sensitive to conformational changes in proteins. We are de-
veloping two different types of terahertz sources that can 
generate arbitrary polarization states by utilizing the coher-
ence of undulator radiation. One generates horizontal and 
vertical polarized coherent undulator radiation using a 
crossed undulator. By adjusting their relative phase and su-
perimposing, an arbitrary polarization state can be ob-
tained. This terahertz source using a crossed-undulator will 
be presented in detail in this conference [8]. Another te-
rahertz source manipulates the polarization utilizing a lin-
early polarized radiation from one undulator using Martin-
Puplett interferometer employed as a phase shifter. The 
configuration of this polarization controller is shown in Fig. 
4. The demonstration experiments for these polarization 
variable sources will be conducted at t-ACTS later this year. 

BEAM TEST OF VERY SHORT PERIOD 
UNDULATOR  

A very short period undulator has been developed Dr. S. 
Yamamoto in KEK [9]. Undulator field is produced by pair 
of a100 mm long monolithic undulator magnet plate with 
4-mm periods length. Magnetic fields is approximately 3 
kG at a gap of 1.6 mm. Beam experiments for light gener-
ation using the real electron beam have been carried out at 
t-ACTS. The first observation and characterization of the 
light was performed successfully. Figure 5 shows the un-
dulator radiation using a color CCD camera. A spectrum 

was measured using imaging spectrometer and the spectra 
of the first harmonics was around 2.65 eV with 33.5 MeV 
electron beam.    

SUMMARY 
Coherent THz sources with different band-width utilized 

extremely short electron pulse have been developed at t-
ACTS. We will demonstrate a variable polarization THz 
source utilizing the features of coherent undulator radia-
tion. Furthermore, development of non-destructive beam 
monitors applying a coherent radiation is in progress [10].  

ACKNOWLEDGEMENTS 
The present work has been supported partly by JSPS 

KAKENHI Grant Numbers 17H01070 and  15K13401. 
Support from ImPACT Program of Council for Science, 
Technology and Innovation (Cabinet Office, Government 
of Japan) is also appreciated.  

REFERENCES 
[1] T. Nakazato et al., Phys. Rev. Lett., vol. 63, p. 1245, 1989. 
[2] H. Hama et al., Energy Procedia, vol. 9, pp. 391-397, 2011. 
[3] S. Kashiwagi et al., Energy Procedia, vol.89, pp. 346-352, 

2016. 
[4] P. Evtushenko et al., AIP Conference Proceedings, vol. 868, 

p. 193, 2006. 
[5] D. Mihalcea et al., Phys. Rev. ST Accel. Beams, vol. 9, 

082801. 
[6] H. Hama et al., Int J Opt Photonic Eng, vol. 2, no.004, 2017. 
[7] S. Kashiwagi et al., Infrared Physics & Technology, vol.93, 

pp. 335-339, 2018. 
[8] H. Saito et al., “Characteristics of Polarized Coherent Radi-

ation in Thz Region From a Crossed-Undulator”, presented 
at 10th Int. Particle Accelerator Conf. (IPAC'19), Mel-
bourne, Australia, May 2019, paper TUPRB038, this con-
ference. 

[9] S. Yamamoto, “Development of Very Short Period Undula-
tors”, in Proc. 9th Int. Particle Accelerator Conf. (IPAC'18), 
Vancouver, Canada, Apr.-May 2018, pp. 1735-1739.  

[10] S. Ninomiya et al., “Measurement of Cherenkov Diffraction 
Radiation from Short Electron Bunches at t-ACTS”, pre-
sented at the 10th Int. Particle Accelerator Conf. (IPAC'19), 
Melbourne, Australia, May 2019, paper WEPGW031, this 
conference. 

 
Figure 5: Observed the undulator radiation with different 
gap using a color CCD camera.   

 
Figure 4: Polarization controller employing a Martin-
Puplett interferometer.  
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