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Abstract 

Ultrashort electron beams are essential for light sources 
and time-resolved measurements. Electron beams can emit 
terahertz (THz) pulses using coherent transition radiation 
(CTR). Michelson interferometer is one of candidates for 
analyzing the pulse width of an electron beam based on 
frequency-domain analysis. Recently, electron beam meas-
urement using a photoconductive antenna (PCA) based on 
time-domain analysis has been investigated. The PCA with 
enhanced radial polarization characteristics enabled time-
domain analysis for electron beam because of radially po-
larized THz pulse of CTR. In this presentation, measure-
ment of femtosecond electron beam with 35 MeV energy 
and < 1 nC from a photocathode based linac will be re-
ported. Frequency- and time- domain analysis of THz pulse 
of CTR by combining the interferometer and PCA will be 
carried out. 

INTRODUCTION 

Short electron bunches with durations of picoseconds to 
femtoseconds are useful for generation of light in terahertz 
(THz) range [1]. Such electron beams are used in time-re-
solved studies of ultrafast phenomena and reactions, in-
cluding ultrafast electron diffraction (UED) [2] and pulse 
radiolysis [3-5]. Electro-optic sampling [6], which is one 
of detection techniques of THz light pulse, is used in diag-
nostics of electron bunches. In EO samplings for electron 
bunch length measurement, the birefringence of EO crys-
tals is induced by the beam electric field, and laser polari-
zation corresponding to the longitudinal electron beam 
profile is detected [7,8]. EO monitors based on the tem-
poral decoding have revealed the Coulomb field of a root 
mean square (rms) width of 60 fs from femtosecond elec-
tron bunches [8]. Interferometers [9] have been also used 
for the detection of single mode or multimode THz pulses 
generated by electron bunches and slow-wave structures 
[10,11]. Smith-Purcell radiation, which uses metallic grat-
ings, has also been analyzed by interferometers [12,13]. 
Coherent transition radiation (CTR), which is generated by 
electron bunches crossing a boundary between different 
media, has been measured by interferometers and grating-
type spectrometers [14-16]. Photoconductive antennas 
(PCAs), which are composed of semi-insulating semicon-
ductor with electrodes, are widely used for both generation 
and detection of THz pulses in THz time-domain spectros-
copy [17-20]. PCAs could be good candidates for analyz-
ing temporal electric field profiles of electron bunches due 
to the correlation between electric-field-induced current 
output and THz electric field strength [20]. THz pulses of 

CTR are radially polarized [21] due to the diverging elec-
tric fields from the beam center. Therefore, a PCA with ra-
dial polarization characteristics is considered to be useful 
for the measurement of THz pulse from an electron bunch. 
Recently, Winnerl et al. reported fabrication of a large-ap-
erture PCA, and the radially polarized field pattern of fo-
cused THz pulses was measured [22]. Generation of high-
power THz pulses from a PCA using a high-voltage source 
has been studied for acceleration of electron beam [23]. Po-
larization components of radially polarized THz pulses 
from a PCA with interdigitated electrodes were also inves-
tigated using a wire grid polarizer [24]. Time-domain 
measurement of CTR using the PCA as a detector has been 
also conducted. The scheme is based on measurement of 
radially polarized THz pulses of CTR with a large-aperture 
PCA [24], which has radial polarization components. The 
combination of an interferometer and PCA will enable fre-
quency and time-domain analysis of THz pulse of CTR.  

In this paper, measurement of CTR from a femtosecond 
electron beam was conducted based on frequency and 
time-domain schemes. The energy and charge of the elec-
tron beam were 35 MeV and <1 nC at a repetition rate of 
10 Hz, respectively. Frequency spectra of CTR were meas-
ured by a Michelson interferometer. On the other hand, 
time profiles of CTR were measured by a PCA driven by a 
femtosecond laser. 

EXPERIMENTAL ARRANGEMENT 

Femtosecond electron bunches were generated by a pho-
tocathode-based linac, which consists of a 1.6-cell S-band 
radio frequency (RF) gun with a copper cathode, a 2-m-
long traveling-wave linac, and an arc-type magnetic bunch 
compressor. The photocathode of RF gun was excited by 
UV pulses (262 nm) of a picosecond laser with an energy 
of <180 μJ/pulse and a pulse width of 5 ps FWHM at 10 
Hz. The electron bunches generated in the gun were accel-
erated in the linac using a 35-MW klystron at a repetition 
rate of 10 Hz. In the linac, the electron bunches were ac-
celerated to 35 MeV at a linac phase of 100° which is suit-
able for the bunch compression [16]. The accelerated elec-
tron bunches were compressed to femtosecond by the mag-
netic bunch compressor, which was composed of bending 
magnets, quadrupole magnets, and sextupole magnets. 
THz pulses of CTR were generated by the compressed 
electron bunches and measured. 

Schematic diagram and picture of measurement system 
for CTR using the interferometer and PCA [24] were 
shown in Fig. 1. CTR was generated on the interface of a 
mirror (M1) as shown in Fig. 1 (a). The beam energy and 
bunch charge were 35 MeV and 740 pC/pulse, respectively. 
Collimated THz pulses of CTR were separated by a beam 
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splitter (BS1). One THz pulse was introduced to the inter-
ferometer. In the interferometer, the THz pulse was sepa-
rated by a beam splitter (BS2) again. Superposed THz 
pulses were detected by a liquid-helium-cooled silicon bo-
lometer. Interferogram, which was the bolometer output as 
a function of a moving mirror (Delay1), was obtained for 
the frequency-domain measurement. The other THz pulse 
was introduced to the PCA. The PCA made from semi-in-
sulating GaAs was irradiated by femtosecond laser pulses 
from electrode/photomask side. The energy of laser pulses 
was set to 300 μJ/pulse (800 nm, <130 fs FWHM, Tsunami 
with Spitfire, Spectra-Physics). The time delay of the laser 
pulses was adjusted by a delay line (Delay2). Output of 
electric-field-induced current due to CTR was changed by 
photo-induced charge carriers on the PCA only when the 
laser pulse was irradiated on the PCA. Therefore, electric 
field profile of CTR was obtained as a dependence of the 
current from the PCA on the time delay for the time-do-
main measurement. A current transformer (CT) was set in 
the upstream for the both measurement systems to evaluate 
bunch charge. The signal from the PCA through pads on 
the GaAs was measured by an oscilloscope through a 50 Ω 
terminator and an amplifier (5307, NF, gain 100). In the 
bolometer, a filter of crystal quartz with garnet powder was 
used for the detection of THz pulse with frequencies of <3 
THz. The signal from the bolometer was measured by an-
other oscilloscope. The two signals were obtained with the 
both schemes at the same time although the sweeping 
ranges were different. The both beam splitters were made 
of high-resistivity silicon with a thickness of 0.38 mm. 
Some components were set in a vacuum chamber as shown 
in Fig. 1 (b). 

 

Figure 1: (a) Schematic diagram of measurement system 

for CTR. CT: a current transformer; M: a plane mirror; 

OAP: an off-axis parabolic mirror; BS: a beam splitter; I: 

an iris with an aperture of 9 mm in diameter. (b) Picture of 

the optical system set in a vacuum chamber. 

RESULTS AND DISCUSSIONS 

The results of frequency and time-domain measurement 
of CTR are shown in Fig. 2. Time-domain data from the 
interferometer and PCA were shown in Fig. 2 (a). The time 
delays of the interferometer and PCA corresponded to the 
position of Delay 1 and Delay 2, respectively, in Fig. 1 (a). 
Each data was calculated by the average of 10 sweeps. Fit-
ting lines of filtered model [15,16] and Gaussian distribu-
tion were shown for the data of interferometer and PCA, 
respectively, based on an assumption of Gaussian electron 
bunch distribution. Calculated bunch lengths were ob-
tained as 94 and 430 fs in rms for the cases of interferom-
eter and PCA, respectively. The discrepancy of the bunch 
lengths would be due to the difference of detectable bunch 
length of each method, which corresponds to each band-
width. Detectable fast signal in the PCA would depend on 
laser pulse width of the femtosecond laser, response time 
of PCA, timing jitter between the laser and electron bunch, 
and spectral absorption of semi-insulating GaAs although 
the qualitative analysis is difficult at this point. Figure 2 (b) 
shows frequency spectra calculated by the Fourier trans-
form using the data in Fig. 2 (a). The detectable ranges of 
the interferometer and PCA in this study would be esti-
mated as <2 and <1 THz roughly, respectively, according 
to the decrease in the spectral components. Previously, a 
similar PCA [24] was used for the generation of THz pulses 
at frequencies of <1 THz. The detectable range of the PCA 
would be reasonable with compared the experimental re-
sults in the generation of THz pulses from a PCA. There 
seemed to be some instabilities in the case of the PCA, 
however the frequency and time-domain measurements 
were conducted by the interferometer and the PCA. The 
optimization of the termination resister for the PCA would 
be required for the stabilization of data because of a current 
measurement. In the future, driving the PCA with a shorter 
laser pulse [19] would be also carried out for improving the 
PCA detector system based on broadband detection. 

 

Figure 2: Results of (a) time and (b) frequency-domain 

measurement of CTR obtained by the interferometer and 

PCA. (a) Fitting lines of filtered model and Gaussian dis-
tribution were shown for the data of interferometer and 
PCA, respectively. Factors and offset were adjusted for 

comparison. (b) Only factors were adjusted for comparison. 
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CONCLUSION 

Measurement of CTR from a femtosecond electron beam 
was conducted based on frequency and time-domain 
schemes. The system was composed of a Michelson inter-
ferometer and PCA. Calculated bunch lengths were ob-
tained as 94 and 430 fs in rms for the cases of interferom-
eter and PCA, respectively. The detectable ranges of the 
interferometer and PCA were estimated as <2 and <1 THz, 
respectively. Instabilities in the case of the PCA were ob-
served, however the frequency and time -domain measure-
ments were conducted by the interferometer and PCA. 

ACKNOWLEDGEMENT 

This work was supported by KAKENHI (JP25870404, 
JP26249146, and JP15H05565) and a Grant for Basic Sci-
ence Research Projects was received from The Sumitomo 
Foundation. 

REFERENCES 

[1] A. F. G. van der Meer, Nucl. Instrum. Meth. A 528, 8 

(2004). 

[2] P. Musumeci et al., Ultramicroscopy 108, 1450 (2008). 

[3] T. Kondoh et al., Radiat. Phys. Chem. 84, 30 (2013). 

[4] J. Yang et al., Nucl. Instrum. Meth. A 629, 6 (2011). 

[5] K. Kan et al., Rev. Sci. Instrum. 83, 073302 (2012). 

[6] M. Nagai et al., Opt. Express 20, 6509 (2012). 

[7] I. Wilke et al., Phys. Rev. Lett. 88, 124801 (2002). 

[8] G. Berden et al., Phys. Rev. Lett.  99, 164801 (2007). 

[9] B. I. Greene et al., Appl. Phys. Lett. 59, 893 (1991). 

[10] A. M. Cook et al., Phys. Rev. Lett. 103, 095003 (2009). 

[11] K. Kan et al., Appl. Phys. Lett. 99, 231503 (2011). 

[12] H. L. Andrews et al., Phys. Rev. ST Accel. Beams 12, 

080703 (2009). 

[13] K. Kan et al., Electron. Comm. Jpn. 99, 22-31 (2016). 

[14] T. Takahashi et al., Phys. Rev. E 50, 4041 (1994). 

[15] A. Murokh et al., Nucl. Instrum. Meth. A 410, 452 (1998). 

[16] I. Nozawa et al., Phys. Rev. ST Accel. Beams 17, 072803 

(2014). 

[17] D. H. Auston, Appl. Phys. Lett. 26, 101 (1975). 

[18] M. Tani et al., Jpn. J. Appl. Phys. 36, L1175 (1997). 

[19] S. Kono et al., Appl. Phys. Lett. 79, 898 (2001). 

[20] M. Tani et al., Semicond. Sci. Technol. 20, S151 (2005). 

[21] D. Daranciang et al., Appl. Phys. Lett. 99, 141117 (2011). 

[22] S. Winnerl et al., Opt. Express 17, 1571 (2009). 

[23] M. J. Cliffe et al., Appl. Phys. Lett. 105, 191112 (2014). 

[24] K. Kan et al., Appl. Phys. Lett. 102, 221118 (2013). 

Proceedings of IBIC2016, Barcelona, Spain TUPG58

Time Resolved Diagnostics and Synchronization

ISBN 978-3-95450-177-9

485 C
op

yr
ig

ht
©

20
16

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s


