
STUDY OF CHRENKOV DIFFRACTION RADIATION 
FOR BEAM DIAGOSTICS* 

H. Hama†, K. Nanbu,
Research Center for Electron Photon Science, Tohoku University, Sendai, Japan 

Abstract 
Vavilov-Cherenkov diffraction radiation (ChDR) has 

been paid attention to non-beam-destructive diagnostics 
[1,2,3].  The physical understanding of ChDR is, however, 
not well satisfied yet because precise experimental meas-
urement is not much easier than one expects.  Although 
we do not deny the Cherenkov radiation and ChDR are 
fully explained by the classical electromagnetism, we en-
counter a couple of difficulties in actual applications.  For 
instance, the theory is usually established for the far-field 
observation, in spite of that the radiation is often observed 
near-field in the realistic beam diagnostic tools employing 
photon measurements.  In addition, the theory, as a matter 
of course, includes some assumptions which is sometimes 
not valid for the specific experiments.  We have carried 
out test experiments for observation of coherent ChDR in 
a THz frequency region emitted from ultra-short electron 
bunches supplied by the t-ACTS accelerator at Tohoku 
University [4].  In this manuscript, a concept of ChDR as 
a probe of the beam diagnostics is discussed and some ex-
perimental results are shown. 

INTRODUCTION 
Diffraction radiation (DR), which is emitted from 

charged particles passing through in the close vicinity of a 
metallic or dielectric medium, is a beam diagnostic probe 
without beam interception [5,6].  Considering the beam is 
passing through the centre of a circular aperture in a screen 
perpendicular to the beam trajectory, radiation cones ap-
pear in both backward and forward directions with an 
opening angle of ~1/γ with the relativistic factor γ of 
charged particle.  The backward DR is a reflected electro-
magnetic field of the beam itself, it can be teared off from 
the beam line by tilting the screen.  The backward DR is 
often used as beam diagnostic tools.  However, the open-
ing angle is still very small.  According to the theoretically 
deduced DR intensity [7], the well-known Ginzburg-
Frank formula for transition radiation (TR) is attenuated 
in accordance with an aperture radius function K [8,9], 

(1) 

where ω, β and c are the angular frequency of the radiation, 
the relative velocity of the charged particle and the veloc-
ity of light.  The aperture radius, h, is therefore an impact 
parameter that is a distance between the charged particle 
and the boundary of medium.  The function K(ξ) is usually 

called the coupling factor, and it should be noted that the 
Eq. (1) is valid for ξ≫1, and in case of ξ≪ 1, K~1. 

Here we consider a cylindrical hollow dielectric for a 
ChDR radiator as shown in Fig. 1.  Cherenkov angle, the 
opening angle of Cherenkov radiation (CR), is given by  

(2) 

The refractive index n of dielectric medium is usually 
larger than 1, so that the larger opening angle can be ob-
tained.  Since the manner of the coupling factor K is es-
sentially identical for the ChDR, the radiation intensity 
may depend on the azimuthal angle because the distance 
between the beam and the inner wall surface of dielectric 
dominates K, so that it would be expected an azimuthal 
angle dependence of ChDR contains information of the 
beam position inside of the aperture.  

Figure 1: Cross section view of cylindrical hollow ra-
diator and ChDR. 

THEORETICAL BACKGROUND 
Intensity of CR 

The speed of light in the dielectric medium is varied as 
********and the relative velocity of the particle becomes 
*******.  Evaluating the Lienard-Wiechert potential with 
some math, the intensity of CR per unit frequency and per 
unit solid angle is written as, 

(3) 

with 

, (4) 

where µ0, e, ∆z and ∆t are magnetic permeability in the 
vacuum, elementary charge, trajectory length of the parti-
cle in the dielectric and its duration, respectively.  Eq. (3) 
is consistent with Tamm’s formula [10].  One can find the 
CR intensity is roughly proportional to the square of the 
particle trajectory length, which is preferable for beam di-
agnostics because the intensity can be enhanced by using 
a long dielectric radiator.  Although one can simply 
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presume the intensity of ChDR would be deduced by mul-
tiplying Eq. (3) and Eq. (1) together, it is perhaps not cor-
rect because the complete far-field approximation Eq. (3) 
is evaluated in a dielectric continuum space. 

Coherent ChDR 
Regardless of any radiation from very short electron 

bunches, the intensity is coherently enhanced by a form-
factor f(ω) when the radiation wavelength is shorter than 
the bunch length as 

 
, 

 
            (5) 

where ne denotes number of electrons in a bunch. 
The form-factor for Gaussian charge distribution in a 
bunch is written as 
 

        (6) 
 

where σB is the bunch length along a longitudinal axis.  
The bunch length of 100 fs (30 µm) bring a form-factor of 
~ 0.7 for the 1 THz (= ω/2π), so the radiation intensity is 
dominated by the coherent part. 

EXPERIMENTAL 
t-ACTS Accelerator 

A test facility, t-ACTS (test accelerator as coherent THz 
source) has been developed at Tohoku University for pro-
duction of ultra-short electron bunch [11].  We have em-
ployed a thermionic RF gun consist of two independent 
cells to manipulate the longitudinal beam phase space [12], 
and velocity bunching scheme in the traveling wave ac-
celerating structure is applied to the beam [13].  Main pa-
rameters of t-ACTS are listed in Table 1. 

Table 1: t-ACTS Parameters 

Beam energy 22 MeV (γ = 43) 
Normalized horizontal emittance ~ 3 mm.mrad 
Normalized vertical emittance ~30 mm.mrad 
Micro-bunch charge 6 pC 
Bunch length ~ 80 fs 
Macropulse duration 2 µs 
RF Frequency 2856 MHz 

 

Since the thermionic RF gun is very stable, the bunch 
length arround 80 fs is usually available.  The bunch 
length is monitored by the frequency spectrum of coherent 
TR  emitted from a Al mirror at the beginning and end of 
experiments.  The intensity of TR is not dependent on the 
frequency basically so that the slope of TR spectrum is 
very much sensitive to the bunch length as shown in Fig. 
2. 

ChDR Radiator 
A cylindrical hollow radiator was mode of HDPE (high 

density polyethylene), which is well transparent at a fre-
quency range below 2 THz.  Employing a THz-TDS sys-
tem (Advantest TAS7500TS-000), the refractive index of 
radiator was measured to be 1.536 ± 0.003 and is almost 
constant below 4 THz), so that the Cherenkov angle θC is 
49.4º.  In Fig. 3 show the shape of HDPE radiator and its 
assembly. 

Detection System 
As shown in Fig. 3, to detect ChDR after passing 

through a z-cut quartz window, a pyroelectric detector 
(Sensor und Lasertechnik GmbH, THz10) is used [14].  
The detector is operated inside of a nitrogen atmosphere 
to suppress absorption in the water vapor.  Distance from 
the center of radiation to the detector is ~ 100 mm, and the 
detector position can be moved to measure angular distri-
butions of ChDR intensity.  The Michelson interferometer 
is able to be equipped at the position of the Cherenkov 
angle. 

RESULTS OF TEST EXPERIMENT 
The beam profile can be observed by putting the Al mir-

ror into just upstream of the radiator, so that the impact 
parameter is controllable and the beam size as well.  In the 
test experiments, the beam size in both planes was focused 
to be 100 µm.  The measurements were done along the 
beam longitudinal axis as shown in Fig. 3, therefore the 
azimuthal angle is 0 degree (see Fig. 1).  

Impact parameter dependence of the ChDR angular dis-
tribution was measured by varying the vertical position of 

  

Figure 2: An interferogram of TR measured by a Mi-
chelson interferometer (left), and frequency spectrum 
(right). 

 

Figure 3: HDPE radiator shape and detection apparatus 
for ChDR (upper), and a view of assembly on the beam 
line in the vacuum chamber (lower). 
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the beam as shown in Fig. 4.  The beam passes through the 
center of aperture when an impact parameter is h = 5 mm. 
At larger impact parameters than 3 mm, coherent ChDR 
was not observed. As the beam gets close to the inner sur-
face of radiator, ChDR rapidly grows and the peak appears 
around the Cherenkov angle.  An FWHM of ChDR angu-
lar spread is ~ 5º  (87 mrad).  It should be noted that the 
angular distributions observed in a near-field. 

Looking at Eq. (3), the CR peak position would depend 
on the radiation frequency, so that spectrometry at the 
Cherenkov angle was carried out.  Figure 5 shows meas-
ured frequency spectra at the impact parameters of 0.5 mm, 
0.75 mm and 1.0 mm, respectively. 

 

 
Figure 5: Frequency spectra of coherent ChDR meas-
ured at the Cherenkov angle. 

DISCUSSION AND PROSPECT 
As shown in Fig. 2, the spectrum of coherent TR 

reaches ~ 4 THz, while the highest frequency of coherent 

ChDR spectra is ~ 2 THz.  The bunch form factor is con-
sidered to be identical, and according to Eq. (3) the inten-
sity of CR is proportional to ω2, hence the difference may 
be caused by the coupling factor K(ξ).  For this experi-
mental condition, ξ is around 1 which means K is neither 
1 nor Eq. (1).  In addition, it is still unclear whether Eq. 
(3) is valid for ChDR. 

 To understand characteristics of ChDR and to investi-
gate possibility for a beam diagnostic probe, further study 
is highly required. The experimental chamber is planned 
to be modified so as to measure dependences of the azi-
muthal angle. Furthermore, a curious FDTD code for large 
simulation space has been developed, which will be pub-
lished elsewhere. 
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