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Abstract

Coherent transition radiation in Terahertz (THz) frequency region generated by femtosecond
electron pulse was demonstrated at a test accelerator in Research Center for Electron Photon
Science (ELPH), Tohoku University. In the test accelerator, femtosecond electron pulses are
produced via velocity bunching scheme in traveling accelerating structure. Characteristics of the
coherent transition radiation such as spatial distribution, polarization and frequency spectrum were
measured and compared with theoretical prediction. In the measurements, Michelson interferometer
with pyroelectric detector was used to obtain the Interferogram of the radiation and the frequency
spectrum was deduced by Fourier transform of the Interferogram. Deduced frequency spectrum up
to 3 THz suggests the shortest bunch length would be about 100 fs.
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Introduction

A test-Accelerator as Coherent Terahertz Source
(t-ACTS) project has been developed at ELPH, Tohoku
University. The accelerator system of t-ACTS is consist-
ed with a thermionic RF gun, an alpha magnet as ener-
gy filter, an S-band 3 m-long traveling wave accelerating
structure and a long period permanent magnet undula-
tor [1]. In order to generate coherent radiation in THz
region, we have studied short electron bunch production
by means of velocity bunching in accelerating structure

[2].

Velocity bunching scheme is quite simple, and it does
not require special apparatus. In the bunching scheme, an
electron beam whose velocity (v) is slightly slower than
phase velocity of RF wave (v = ¢) is injected into travel-
ing-wave accelerating structure at the appropriate phase.
Electron beam is rotated in the longitudinal phase space
during phase slip in the structure, and then the bunch is

compressed and accelerated simultaneously. However, ve-
locity bunching does not work for completely relativistic
energy electron beams because no phase slip of electron oc-
curs. Final bunch length of accelerated beam depends on
the injection phase strongly. In case of small energy spread
beam extracted from the gun, the shortest bunch length is
expected to be generated at the zero-cross phase of RF wave.
The accelerated beam energy is also determined by the in-
jection phase and beam energy becomes the lowest at the
zero-cross phase. To observe the production of extremely
short electron bunches, a streak camera (HAMAMATSU
FESCA-200) was used. Because of intrinsic time resolution
of the streak camera and arrival time spread due to chro-
matic dispersion in the air, we did not obtain any evidence
of the short bunch length below ~ 500 fs (rms) so far [3,4].

To examine whether the bunch length is sufficiently
short for coherent radiation production, we have measured
the intensity of transition radiation using the schottky bar-
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Table 1: Electron beam parameters.
300 T T T T T T Macro pulse length ~2.0 us
DET-10-RPFWO (Millitech) Number of bunch ~5700 bunches/macro pulse
250 | ~0.1THz i | Beam energy 30 ~ 50 MeV
_ Bunch charge 3~4pC
E Bunch length (o)) 0.1~2ps
= 200 | -
g rier diode (DET-10-RPFW-0, Millitech Inc.) at a frequency
o 50 L ] around 0.1 THz. A quadratic dependence of the intensity
*8 on the beam current was observed as shown in Figure 1. It
B was concluded the bunch length was successfully shortened
o 100 F ’ to at least less than 1 ps. According to a numerical simu-
lation, the expected shortest bunch length is, however, less
50 - . than 100 fs. Thus we have proceeded to measure THz co-
herent transition radiation by using Michelson interferom-
0 ‘ . i . eter for deriving frequency spectrum.
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Figure 1: Intensity of transition radiation plotted as a function Setup
of micro bunch charge. Solid line shows the quadratic
dependence adapted for measured radiation intensity. Electron beam parameters for production of coherent
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Figure 2: Calculated a) Horizontal; b) Vertical polarized spatial profiles; Measured profiles for c) horizontal; d) Vertical wire
polarizer; e) Sum of the measured horizontal and vertical polarized components; f) Measured spatial distribution without wire
grid polarizer.

Hama H, Abe T, Kashiwagi S, Hinode F, Muto T, et al. (2017) Demonstration of Coherent Radiation Generation up

to 3 THz from Femtosecond Electron Pulses. Int J Opt Photonic Eng 2:004



Hama et al. Int J Opt Photonic Eng 2017, 2:004

ISSN: 2631-5092 | e Page 3 of 5 e

transition radiation are listed in Table 1. An aluminum
coated mirror with 30 mm diameter was installed in vac-
uum of the beam line and it was tilted by 45° with respect
to the beam propagating axis, and then the backward
transition radiation is emitted perpendicularly to beam
axis. Transition radiation extracted through a 3-mm-
thick diamond window, and its intensity was measured
by pyroelectric detectors.

Spatial distribution and polarization

Two dimensional spatial distribution of transition
radiation was measured by a pyroelectric detector
(THZ1I1-BL-BNC, Gentec-EO) mounted on a 2-axis
movable stage. A 2-mm iris was attached the detector
head so that he pyroelectric detector observed radi-
ation signal with sufficiently low noise. Direction of
polarization was selected by using a wire grid polar-
izer (GS57207, wire diameter: 10 um, period: 25 pm,
SPECAC). Measured profiles and calculated ones are
shown in Figure 2, and those were in good agreement
[5]. Since the detector sensitivity covers THz frequen-
cy region and higher, it can be concluded the coherent
THz radiation is actually generated.

Interferogram and frequency spectrum

To derive frequency spectrum, we have chosen Mi-
chelson interferometer because of simple configuration
and high electric field transport efficiency. In the inter-
ferometer, the radiation is collimated using an Off-Axis
Parabolic Mirror (OAP) and divided into two parts us-
ing a 25-pum-thick Mylar film splitter. One optical pass
length is varied by a movable mirror and the detector
signal is recorded as a function of the mirror position or
the optical path difference of two radiation pulses. An-
other Pyroelectric Detector (PYD-1, PHLUXi inc.) that
has high sensitivity with frequency range from 1 THz
to 850 THz was used and a black polyethylene film was
attached on the detector face to eliminate visible lights.
Apparatus of the interferometer is shown in Figure 3.
Entire interferometer system is enclosed and continually
purged with dry nitrogen to avoid the strong absorption
of THz light by water vapor.

Since the bunch length resulted from the velocity
bunching depends on the initial RF phase for the injected
beam in the accelerating structure, the interferograms of
the transition radiation were measured for the different
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Figure 3: Setup of the Michelson interferometer.
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Figure 4: a) Measured interferograms for the injection phase of 0°, -4° and -8°; b) Deduced frequency spectra by Fourier
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Figure 5: a) Frequency spectra of the coherent transition radiation measured at the 0° injection phase fitted by the formula
of eq. (1) (black thin line); b) Injection phase dependence of the deduced bunch length (green square). Solid line denotes
numerical simulation. Blue dot indicates the result of bunch length measurement using a streak camera.
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phases from 0° to -8° with 2° step. Figure 4(a) and Figure
4(b) show measured interferograms and frequency spec-
tra at injection phases of 0°, -4° and -8°.

Results of Frequency Spectra

As one can see in the Figure 4(a), the intensity of the
Coherent transition radiation varied as the injection
phase of beam, and maybe the bunch length as well. Fre-
quency spectra for respective phase were derived by Fou-

rier transform of interferogram, which are shown in Fig-
ure 4(b). Reduction of intensity at lower frequency side
below 1 THz is possibly coming from cut-off frequency
of optical elements of the interferometer and finite aper-
ture for extraction of the radiation. It is a remarkable re-
sult that the coherent transition radiation up to 3 THz is
clearly observed in the frequency spectrum at the injec-
tion phase of 0°. Assuming frequency dependence of the
coherent transition radiation is constant, the spectrum
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is considered to be proportional to the bunch form fac-
tor. In addition, we assume the filtering function for cut-
off response of the system as | — (¢ @)" and the bunch
shape is the Gaussian [6], the spectrum can be fitted by
a function

f(o) = a(l—e_(”/(”’°)4) e

Where @, and o, denote the cut-off frequency, the
bunch length, a and b are fitting coefficients, respectively.

2

+b @

—a)20'b2 /2

Results of the fitting analysis using equation (1) are
shown in Figure 5. As one can see in Figure 5(a), the fre-
quency spectrum is well reproduced. The shortest bunch
length was found to be 81 + 12 fs, which is in good agree-
ment with the one obtained by the simulation. However
the injection phase dependence of bunch length is a bit
different from the simulation. The bunch length simulat-
ed at -8° is ~400 fs (rms), meanwhile considerable por-
tion of coherent radiation around 1 THz (A = 300 pum) is
clearly seen as shown in Figure 4(b). At the present, we
have no interpretation for this discrepancy. According
to the simulation, the bunch shape is, however, slight a
symmetric so we presume higher frequency component
is contained even for longer bunch length.

Conclusion and Prospect

We have confirmed experimentally that spatial dis-
tribution and polarization characteristics of the transi-
tion radiation were in good agreement with theoretical
prediction. Frequency spectra were deduced by Fourier
transform of interferogram that were measured with a

Michelson interferometer. Coherent transition radiation
up to 3 THz was successfully observed. In spite of that
the shortest bunch length produced by means of velocity
bunching agrees well with predicted one, the injection
phase dependence differs from the simulation. For future
progress, calibration of the interferometer using a black-
body furnace is necessary. Since the bunch shape can
be reconstructed theoretically with an inverse Fourier
Transform, we are going to study regarding asymmetric
bunch shape.
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