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We propose a new method that generates coherent Cherenkov radiation by controlling the tilt of the
electron bunch. In this scheme, the wavelength band of coherent radiation depends on the transverse size of
the electron bunch. This study demonstrates a coherent Cherenkov radiation (CChR) pulse in the THz
region corresponding to the beam size. To generate the CChR, we used a 4.8-MeV electron bunch from a
photocathode radio-frequency (rf) gun and controlled the angle through an rf transverse deflecting cavity.
Our new method increased the pulse intensity by a factor of 7.3 compared to the case without tilting and the
THz pulse characteristics well agreed with the prediction.
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I. INTRODUCTION

The intensity of the radiation from relativistic electrons
produced by an accelerator strongly depends on the phase
overlap of the radiation from each electron. When each
contribution has the same phase, the radiation is called
coherent radiation (CR). As is widely known, the inten-
sities of incoherent radiation (ICR) and CR are proportional
to the number and squared number of the electrons in the
bunch, respectively. CR was first observed as coherent
synchrotron radiation in the submillimeter to millimeter
wavelength range when a short electron bunch was gen-
erated by a linear accelerator at Tohoku University in 1989
[1]. CR has since been observed in synchrotron radiation
[2,3], transition radiation [4–6], diffraction radiation [7,8],
Cherenkov radiation [9,10], and Smith-Purcell radiation
[11,12]. Because CR beneficially increases the radiation
intensity, it has been widely studied in accelerator physics
and radiation research. CR is commonly utilized by a
free-electron laser, which can now emit wavelengths in the
x-ray region [13–15]. The strong dependence of radia-
tion intensity on CR has also been exploited in beam

diagnostics [6,8,16,17]. The exact bunch shape can be
obtained by analyzing the CR spectrum because the
radiation spectrum from the electron bunch reflects the
electron density distribution in the bunch. Coherent syn-
chrotron radiation can significantly increase the radiation
intensity, and brilliant synchrotron radiation sources emit-
ting over a wide range of wavelengths (infrared to x rays)
have now been developed in storage rings and free-electron
lasers [18–20]. CR is usually generated by sufficiently
shortening the bunch length relative to the radiation wave-
length. The present study proposes a method that generates
coherent Cherenkov radiation (CChR) using tilt control of
the electron bunch rather than bunch compression. To
satisfy the phase-matching condition of radiation, the angle
of the electron bunch is precisely controlled to match the
Cherenkov radiation angle, which depends on the velocity
of the particle and the refractive index of the target medium.
In this method, CR is obtained not over the bunch length
but over the transverse size of electron bunches. Therefore,
CR can be generated whenever the electron beam can be
sufficiently focused. In [21] and [22], the authors reported
an experimental demonstration of CChR using a tilted
electron beam and its dependence on the electron bunch
charge and tilt angle, the time waveform, and its Fourier
transform. We investigated this method in more detail, such
as absolute powers, spot profile, and polarization state, to
study the principle of this scheme and clarify its usefulness
in achieving CR. We also verified our method by compar-
ing it with theoretical calculations. The resulting THz pulse
can generate intense terahertz electric fields. This paper
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reports the principle and experimental results of CChR
produced by controlling the tilt of the electron bunch with a
photocathode radio-frequency (rf) gun and an rf transverse
deflecting cavity.

II. COHERENT CHERENKOV RADIATION FROM
A TILTED ELECTRON BEAM

To increase the intensity of the radiation from an electron
bunch, we must match the phases of the radiation from each
electron in the bunch. The radiation intensity from an
N-electron bunch can be expressed as

P ¼ N½1þ ðN − 1ÞfðλÞ�P0; ð1Þ

where P is the total radiant intensity, P0 is the radiation
intensity from a single electron, and fðλÞ is a parameter
called the form factor [23]. In the completely coherent
state, fðλÞ ¼ 1 and in the completely incoherent state,
fðλÞ ¼ 0. The incoherence and coherence limits of Eq. (1)
are given by

P ¼
�
NP0 ðincoherence limitÞ;
N2P0 ðcoherence limitÞ: ð2Þ

As an actual electron bunch has a finite length, it never
reaches the limit in Eq. (2); instead, it emits a mixture of CR
and ICR. Therefore, the radiation intensity of a real electron
bunch is

P ¼ NP0 þ N2
cP0; ð3Þ

where the first and second terms are contributed by ICR and
CR, respectively. Nc ¼ NfðλÞ, defining the number of
electrons contributing to CR, is usually increased by
sufficiently compressing the bunch length relative to the
radiation wavelength. Bunch compression methods include
energy chirp in bunches [24] and velocity difference in
bunches [25,26]. In the relatively low-energy region, the
space-charge effect limits the number of electrons or the
achievement of sufficient bunch compression. The gener-
ation of ultrashort electron bunches of a few MeV has only
been successful with an electron beam charge of a few pC at
most because of the space-charge effects. [27].
Cherenkov radiation is a shock wavelike radiation

produced when a charged particle moves through a dielec-
tric with a velocity exceeding the phase velocity of light in
the medium. As shown in Fig. 1, Cherenkov radiation
forms a conical radiation wavefront that moves at an
angle depending on the velocity of the particle and the
refractive index of the medium. The radiation angle θc is
calculated as

cos θc ¼
1

βn
; ð4Þ

where n is the refractive index of the medium and β ¼ v=c
is the ratio of the electron velocity v to the light velocity in
vacuum c. The radiation is radially polarized along the axis
of electron propagation [28].
To generate CChR, we proposed tilt control of the bunch.

As Cherenkov radiation is generated at the angle given by
Eq. (4), the wavefronts emitted at each point do not overlap
while the electron bunch propagates through the medium.
However, including the tilt angle of the bunch as a new
parameter introduces an additional degree of freedom to the
electron bunch. If the electron bunch is injected into the
target medium at a precisely controlled tilt angle ψ
corresponding to the Cherenkov angle (see Fig. 2), the
radiation generated from any position in the electron bunch
can be overlapped with the same phase. This phase-
matching method is possible because the electron bunch
moves at velocity β ∼ 1, whereas the phase velocity of light
through the medium is c=n. This principle is equivalent to
velocity matching by pulse-front tilting of a laser [29]. In
this method, the beam size rather than the bunch length

FIG. 1. Diagram of Cherenkov radiation. When a charged
particle travels with a velocity β exceeding the velocity of light in
a medium c=n, Cherenkov radiation is generated in the form of a
cone with the particle’s orbit as its axis.

FIG. 2. Phase-matching principle using the tilted electron
beam. The Cherenkov radiation generated at each point of the
electron beam trajectory can be overlapped by matching the
Cherenkov angle with the electron beam tilt angle.
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contributes to the form factor in CR, so CR is easily
obtained by focusing the electron beam.
To evaluate the principle of CChR with tilted electron

beams, we performed a numerical analysis using simulation
codes and theoretical formulas. The calculations were
mainly based on the penetration depth of an electron through
the medium, the form factor of the tilted electron beam, and
the theoretical equation of Cherenkov radiation. EGS5, a
general Monte Carlo simulation package, was used to
calculate the penetration depth and scattering of 4.8-MeV
electrons in TOPAS. Regarding the form factor of a tilted
electron beam, CChR from asymmetric 3D Gaussian
bunches has been already reported in detail in Ref. [30],
and we have performed numerical calculations using the
following equation based on their Eq. (18) in Ref. [30],

fðω;ψÞ ¼ e−1
2
ðkxσxÞ2e−1

2
½ky sinðψÞþqz cosðψÞ�2σ2y

× e−1
2
½qz sinðψÞ−ky cosðψÞ�2σ2z ;

where fkx; ky; qzg ¼
ω

c
fsinðθÞ sinðϕÞ; sinðθÞ cosðϕÞ;1=βg:

ð5Þ

In Eq. (5),ω is the frequency of radiation, σx, σy are the beam
sizes, σz is the bunch length, and θ, ϕ are the polar and
azimuthal angles. Based on Eq. (5), we obtained the form
factor of the tilted electron beam by specifying the electron
beam parameters and the observation angle. According to
Eq. (5), the point of the beam tilt control scheme is that the
form factor is less sensitive to the bunch length than the beam
size on the horizontal axis when the bunch is tilted on the x-z
plane (our experimental setup). Therefore, this scheme does
not require the 3D-focused beam but rather a transverse-
focused and tilt-controlled bunch for CChR generation. The
relaxation of the requirement to eliminate the need for one-
dimensional focusing is a significant advantage for low-
energy electron beams, where space-charge effects are
strong.We used the classical Frank-Tammradiation intensity

equation to calculate the number of photons Nphoton of
Cherenkov radiation from a single electron as follows:

Nphoton ¼ 2παl

�
1

λ2
− 1

λ1

��
1 − 1

β2n2

�
; ð6Þ

where α is the fine structure constant, l is the penetration
depth, indicating the number of photons emitted by an
electron within the spectral region between the wavelengths
λ1 and λ2 [28].

III. EXPERIMENTAL SETUPS

The experimental setup and parameters of the electron
beam are shown in Fig. 3 and Table I, respectively. The
electron source is an S-band, 1.6-cell photocathode rf
electron gun [31], and the electrons produced from the
Cs-Te photocathode are accelerated to 4.8 MeV. The
electron beam is focused at the target position by two
quadrupole magnets. A transverse deflecting cavity
installed after the quadrupole magnet controls the tilt angle
of the electron beam. The rf transverse deflecting cavity is
another S-band, two-cell cavity operated in TM210 mode
[32,33]. The tilt angle can be precisely controlled by
adjusting the electromagnetic field in the cavity with an
rf attenuator. The phase of the electromagnetic field is
controlled by a phase shifter, which corresponds to the
center position in the horizontal direction of the electron
bunch. The deflecting cavity provides transverse forces
correlated with the longitudinal electron position and
converts it to the positional tilt, after traveling some
distance, and the drift length in this experiment is
0.46 m. The charge in the electron bunch is measured
by a fast current transformer installed after the deflecting
cavity. Finally, the beam position is shifted to the center of
the target medium using a steering magnet.
The expected upper-limit frequency of CChR is several

THz because the beam size is approximately 250 μm
(Table I). The CChR generated from the tilted electron

FIG. 3. Experimental setup.
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beam is extracted through a z-cut crystal quartz window
and transported to a detector through two THz lenses
and a gold-coated planar mirror. Several types of THz
detectors were employed in the present experiment. For
first radiation detection and beam-parameter optimization,
we employed a quasioptical detector (QOD, Virginia
Diodes, Inc.), which combines a Schottky diode and a
Si lens and detects a wide range of THz frequencies (0.1–
1.0 THz) with high sensitivity and high speed [34]. A
pyroelectric device (PYD-1, PHLUXi, Inc.), a heat-sensing
power meter (3A-P-THz, Ophir Optronics), and a terahertz
camera (IRV-T0831, NEC) were used as required by the
objectives of each measurement. To detect specific frequen-
cies, we installed THz bandpass filters (TYDEX) with an
approximate bandwidth of 10%.
As the target medium for generating Cherenkov radiation,

we trialed high-resistivity silicon (n ¼ 3.42) [35], TOPAS
(n ¼ 1.53) [36], and silica aerogel (n ¼ 1.03) [37]. A
mediumwith a high refractive index produces a large number
of photons ofCherenkov radiation per unit length, but its high
density prevents the deep penetration of electrons. In both the
Si and aerogel media, the intensity of the THz pulse was
below the detection limit of the power meter. We considered
that the Si medium was too dense for sufficient CChR
generation by 5-MeV electrons, whereas the silica aerogel
had a low refractive index that suppressed the intensity per
unit length. As the properties of TOPAS were between those
of the other media, TOPAS provided both sufficient intensity
per unit length and deep penetration. Therefore, all exper-
imental results in this paper were obtained in TOPAS, an
amorphous cyclic olefin copolymer made by copolymerizing
norbornene and ethylene over ametallocene catalyst. TOPAS
has a low absorption coefficient, and the refractive index is
almost constant at 1.53 in the THz spectral region (0.1–
1.0 THz) [36]. These characteristics enable phase-matching
condition over a wide frequency range. At a refractive index
of 1.53, the Cherenkov radiation angle is θc ¼ 49.2°. The
TOPAS medium was designed as an isosceles triangular
prism with the Cherenkov angle. The generated THz pulses
could then be extracted perpendicularly from the medium
surface. The target was 14 mm wide in the incident plane of
the electron bunch, 11 mm wide in the output plane of the
CChR pulse, and 10 mm high.

IV. RESULTS

We first measured the beam angle dependence of the
CChR pulse intensity by changing the phase and intensity
of the electromagnetic field in the rf transverse deflecting

cavity. The measurements were performed with a bandpass
filter (BPF) with a center frequency of 0.3 THz. The charge
per electron bunch was adjusted to 100 pC. Panels (a) and
(b) of Fig. 4 show the results of tilting in the correct
direction (Fig. 2) and the opposite direction (obtained by
changing the rf phase of the deflecting cavity by 180°),
respectively. The shift amount was controlled by the
attenuator. By increasing the deflection voltage, the shift
was enlarged to obtain the shape of the graphs shown in
Fig. 4. The pulse intensity was maximized at an approxi-
mate bunch angle of 49°, which almost equals the
Cherenkov angle (49.2°). The THz intensity was much
smaller in the opposite tilt direction [Fig. 4(b)] than that at
the correct angle. At maximum, the intensity in the correct
direction was more than threefold in the opposing direction.
A comparison of calculated and measured beam tilt angle
dependence is shown in Fig. 5. The measured values shown
in Fig. 5 are the average of six data around the beam shift ¼
0 mm of each angle taken from Fig. 4(a). The electron
beam tilt angle dependence on CChR intensity agreed well
with the theoretical prediction. The dependence of the
CChR intensity on the tilt angle in this scheme is only a

TABLE I. Typical parameters of the electron beam.

Energy [MeV] 4.8
Repetition rate [Hz] 5
Beam size (rms) [μm] 255
Bunch length (rms) [ps] 2.5

FIG. 4. THz intensities on the tilt angle versus beam shift plane.
The QOD signal, indicated by the color bar, represents the THz
intensity measured by the QOD, which is normalized by the
maximum value. The signal intensity increased at the Cherenkov
radiation angle (a) but did not change at the reverse angle (b). The
beam shift on the horizontal axis refers to the shift of the electron
bunch position.
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10% decrease in intensity even at �5° tilt angle, indicating
that the method is robust and has a relatively large tolerance
in the beam angle.
Figure 6 plots the CChR pulse intensity versus charge in

the electron bunch for different values of the tilt angle ψ .
Each line represents a fitting using a quadratic polynomial.
The detector was a pyrodetector and no BPF was used. The
increase in THz pulse intensity with increasing charge was
much larger at ψ ¼ 49.2° than at ψ ¼ 90° and −49.2°,
indicating that more electrons contributed to the CR at the
correct tilting angle than at other angles. At the appropriate
tilt angle, the number of electrons contributing to the CR
was 2.7 times higher than at −49.2°, as calculated from the
ratio of radiation intensities at ψ ¼ 49.2° and−49.2°. These
results confirm that our proposed scheme increases the
number of electrons contributing to CR.
We then measured the focusing characteristic of the

CChR pulses using the THz camera. Figure 7 shows the

beam spot of the THz pulse after focusing through a THz
lens with a focal length of f ¼ 30 mm. The horizontal and
vertical sizes were 98.2 (rms) and 93.0 μm (rms), respec-
tively, close to the diffraction limit of 96 μm (rms) at
1 THz. The THz camera used in this study is more sensitive
at higher frequencies than at lower frequencies and the
pulse has a broadband spectrum of over 1 THz. For these
reasons, the obtained spot mainly consisted of the higher-
frequency part of the THz pulse. The focused spot of the
THz pulse indicates that the CChR pulse was well focused
in both the horizontal and vertical directions. This small-
spot and short-pulse THz pulse will be utilized in appli-
cations requiring high fluence, high peak intensity, and a
strong electric field.
To measure the polarization characteristics of the pulse,

we set up a wire grid polarizer in front of the THz camera.
As shown in Fig. 1, the wavefront of the Cherenkov
radiation extended conically and was radially polarized
around the orbit of an electron. As the phases were matched
only in the x-z plane (see Fig. 2), the polarization was
expected to be almost linear in the plane formed by the
electron orbit and the observation point. Figure 8 plots the
THz intensity measured by the THz camera as a function of
the angle of the wire grid polarizer. Here the THz intensity
is the integration of the intensities in each pixel of the
camera. The data were well fitted to the square of the cosine
function. From the fitting results and assuming that the
detected light contains only linear and unpolarized com-
ponents, the degree of polarization was calculated as

FIG. 5. Comparison of calculated and measured values in the
relationship between beam angle and THz intensity. The mea-
sured values are the average of six data around the beam shift ¼
0 mm of each angle taken from Fig. 4(a).

FIG. 6. THz intensity versus charge at various tilt angles. The
THz intensity increases proportionally to the square of the charge
at ψ ¼ 49.2° and to the charge itself at Ψ ¼ 49.2° and 90°.

FIG. 7. Spot image of the CChR pulse at the focal point
captured using a Terahertz camera. Solid and dotted lines are the
measured and Gaussian-fitted values, respectively.
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1.02� 0.08, indicating almost linear polarization. The
above unity value can be attributed to intensity fluctuations
of the THz pulse during the measurements but is deemed
reasonable because it lies within the statistical error
(�0.08). Consequently, we confirmed that the generated
CChR pulse was almost perfectly p-polarized in the plane
formed by the electron beam path and the detector, as
predicted by our scheme.
Next, the absolute value of the CChR pulse intensity was

measured by a power meter with a sensitive range of 0.1–
30 THz. As a single THz pulse produces minuscule heat,
we operated a 50-bunch beam with a repetition rate of
119 MHz. In addition, a shutter was opened and closed at
2-m intervals to eliminate the effects of environmental
temperature. During these measurements, the charge per
electron bunch was set to 380 pC to ensure sufficient
intensity for the THz power meter. In addition to the total
intensity measurements, the narrowband intensities were
measured at 0.3 and 0.6 THz after inserting BPFs with the
respective center frequencies into the apparatus. The results
are shown in Table II. When the BPF is inserted, the THz
intensity at ψ ¼ 90° was too small to be measured by the
power meter. However, at the appropriate tilt and without

the BPF, the pulse intensity was approximately 7.3 times
higher than that without tilting. The maximum pulse
intensity was 33 nJ=pulse. As the intensity of CR depends
on the electron bunch charge, increasing the charge should
further increase the intensity.
The measured absolute intensity of the THz pulse was

checked against simulations and theoretical calculations of
the pulse intensity. The calculation results and experimental
results are listed in Table II. The measured intensity of the
33 nJ=pulse was 20% smaller than the calculated intensity
of the 41 nJ=pulse. Considering the measurement errors
and transportation loss of THz pulses conveyed to the
detector, the measured intensity was consistent with the
calculated intensity, indicating that CChR was achieved by
tilting the electron bunch. Extrapolating this scheme to
higher-energy electron beams, THz intensities of 83 and
180 nJ=pulse are expected at 10 and 40 MeV, respectively.
Finally, the spectrum of the generated CChR pulses was

determined from the electric field waveform acquired by
the electro-optic (EO) sampling method [38,39], which
reproduces the electric field waveform of the THz pulse by
measuring the polarization change of the probe light caused
by birefringence when the THz pulse impacts the EO
crystal. The measurement setup of the EO sampling method
is shown in Fig. 9. The probe laser pulse should have a
shorter pulse duration than the THz pulse because it is
scanned in time. In this study, the probe light was a Yb fiber
femtosecond laser with a pulse duration of 190 fs full width
at half maximum (FWHM). The EO crystal was a ZnTe
crystal with a thickness of 1 mm. In the system using this EO
crystal, the frequency sensitivity at 2 THz was 1 order of
magnitude smaller than the maximum value, allowing

FIG. 8. Polarization characteristic of the CChR pulse measured
using a wire grid pair and a THz camera. The solid curve is the
best-fitted curve to the data. Error bars represent the fluctuation of
THz intensity with standard errors statistically processed by five
data of THz camera image.

TABLE II. Absolute values of the intensities of a CChR pulse
(calculated and measured with a power meter).

ψ ¼ θc ψ ¼ 90° Calculation (ψ ¼ θc)

Total [nJ] 33� 2.6 4.5� 1.6 41
0.3 THz [nJ] 11� 1.6 … 12
0.6 THz [nJ] 4.0� 1.3 … 2.7

FIG. 9. Schematic of the electro-optic (EO)-sampling measurements. The pellicle beam splitter performs coaxial injection of the
coherent Cherenkov radiation pulse (CChR) and the femtosecond laser generated by the Yb fiber laser system into the EO crystal.
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measurements up to 2 THz. The polarizing beam splitter
(PBS) divided the probe laser light transmitted through the
ZnTe crystal into p-polarized and s-polarized components,
which were separately measured by photodiode detectors
(PD). The intensity of both (s- and p-) polarization was
adjusted to be equal in the absence of THz pulses. The
difference between the signals of the two PDs was deter-
mined as the birefringence induced in the EO crystal by the
THz pulse. The timing accuracy between the accelerator and
the probe laser during accelerator operation was approx-
imately 330 fs rms. The measurement was performed at a
high charge (380 pC) to clarify the electric field waveform.
Panels (a) and (b) of Fig. 10 present the measured electric

field waveform and its Fourier-transformed spectrum,
respectively. As the response to THz waves depends on
the type and thickness of the EO crystal, the calculated
spectrum reflects the EO response function [40]. The
duration of theCChRpulse, calculated by fitting the obtained
electric field waveform to a Gaussian function, was 2.5 ps
(FWHM). The Fourier transform of the electric field

waveformshowsabroad spectrum (0.1–1.0THz), confirming
the generation of a broadband and single-cycle THz pulse.
The broad peak around 0.8 THz (absent in the calculated
spectrum) could be due to the non-Gaussian profile of the
electron beam in the experiment, whereas the calculation
assumed a Gaussian profile. According to Ref. [41], some
electrons that are outside the Gaussian distribution cause a
broad spectral spike. The peak power calculated from theTHz
pulse duration (2.5 ps) and the power meter measurement
(33.2 nJ) was 13.3 kW. Furthermore, the maximum electric
field strength, which must be high for intense THz pulse
applications, was 125 kV=cmwhen calculated as the focused
spot of 100 μm (rms).

V. CONCLUSION

We devised a new method that generates CR in the THz
band by phasematching theCherenkov radiation ofmultiple
sources. The phase matching is achieved by precisely
controlling the tilt angle of the electron bunch in an rf
transverse deflecting cavity. After adjusting the electron
beam angle to the Cherenkov angle, the number of electrons
contributing to CR was maximized and the intensity of the
CChR pulse was 7.3 times higher than that of the untilted
pulse. The generated CChR pulse was well focused and
almost perfectly p-polarized, as theoretically predicted. The
spectrum measured by EO sampling showed a single cycle
and a broadband spectrum of 0.1–1.0 THz, with amaximum
peak power exceeding the kW level. All results were
consistent with our predictions, demonstrating the gener-
ation of CChR via tilt angle control of the electron bunch.
The high peak power and a strong focus of the THz pulses
generated by this new method ensure a large electric field
strength. Therefore, the method is promising for applica-
tions requiring high THz electric fields.
In future work, we are planning compact high peak

intensityTHzpulsegeneration byaccumulating thegenerated
CChR pulses in an optical cavity. The cavity is designed to be
a 1.26-m long cavity, corresponding to a bunch-by-bunch
interval of 8.4 ns and smaller round trip loss than the CChR
generation per bunch. When 100 pulses accumulate in the
cavity, the intensity is expected to increase tenfold, further
boosting the intensities of the THz pulses.
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