
 

Direct Observation of Incoherent Cherenkov Diffraction Radiation in the Visible Range
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We report on the observation of incoherent Cherenkov radiation emitted by a 5.3 GeV positron beam

circulating in the Cornell electron-positron storage ring as the beam passes in the close vicinity of the

surface of a fused silica radiator (i.e., at a distance larger than 0.8 mm). The shape of the radiator was

designed in order to send the Cherenkov photons towards the detector, consisting of a compact optical

system equipped with an intensified camera. The optical system allows both the measurements of 2D

images and angular distribution including polarization study. The corresponding light intensity has been

measured as a function of the distance between the beam and the surface of the radiator and has shown a

good agreement with theoretical predictions. For highly relativistic particles, a large amount of incoherent

radiation is produced in a wide spectral range. A light yield of 0.8 × 10−3 photon per particle per turn has

been measured at a wavelength of 600� 10 nm in a 2 cm long radiator and for an impact parameter of

1 mm. This will find applications in accelerators as noninvasive beam diagnostics for both leptons and

hadrons.
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Cherenkov radiation refers to the emission of broadband
electromagnetic radiation from a charged particle traveling
inside a dielectric at a speed greater than the speed of
light in the medium. First observed experimentally by
Cherenkov in 1934 [1], a theoretical model, developed by
Tamm and Frank [2,3] in 1937, confirmed these initial
observations. A quantum theory of uniformly moving
electrons inside a medium was then published by
Ginzburg in 1940 [4]. Since then, Cherenkov radiation
from relativistic charged particles has led to the develop-
ment of numerous applications in many fields including
astrophysics [5] and particle detection and identification
[6,7]. According to [2], the light intensity scales propor-
tionally to the length of the radiator, giving one the
opportunity to produce a large photon flux when using a
long radiator. The light is emitted at a characteristic angle θ,
defined as cos θ ¼ 1=βn, which depends both on particle
velocity β and on the index of refraction of the radiator, n.
This angle is typically large and allows steering the photons

away from the particle beam trajectory, limiting the con-
tamination of the Cherenkov signal by other sources of
background light. With such characteristics, Cherenkov
radiation has also been regularly used in instrumentation
for charged particle accelerators, especially for applications
requiring a large flux of photons and a fast time response [8].
The theory of Cherenkov radiation was further devel-

oped in 1947 by Ginzburg and Frank [9] who considered
the emission of Cherenkov radiation from particles moving
parallel to a dielectric boundary. Similar studies were
performed by Linhart in 1955 [10] and Ulrich in 1966
[11], establishing that the radiation comes from the
interaction between the electromagnetic field of the moving
charged particle and the atomic electrons on the surface of
the dielectric. The typical size of the electromagnetic field
of a particle beam depends on the wavelength λ and the
beam energy, and typically scales as γλ=2π, where γ is the
Lorentz factor. In this Letter, we refer to Cherenkov
diffraction radiation (CDR) as the radiation emitted through
the Cherenkov effect by particles traveling at a distance h
from the surface of a dielectric, also called the impact
parameter.
In 1955, Danos [12] expanded the model of the

Cherenkov emission from a single particle radiating inco-
herent light in the visible range to the coherent emission of
a particle beam at wavelengths similar or longer than its
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bunch length. This coherent emission would give rise to
high power as it scales with the number of particles
squared, contrary to incoherent radiation, which is linearly
proportional to the beam current. Experimental validations
came later with the development of dielectric Cherenkov
masers [13] that produced high output powers of coherent
radiation in the microwave regime [14–16] using low-
energy (<1 MeV), very high current (>1 kA) electron
beams with pulse durations of tens of nanoseconds.
Coherent Cherenkov radiation from short electron bunches
was also observed experimentally in 1991 by Ciocci et al.
[17] and Ohkuma et al. [18]. Its capability to produce high
output powers at millimeter or submillimeter wavelengths
has inspired several groups to develop dielectric wakefield
acceleration (DWA) [19], that can produce accelerating
gradients in excess of 1 GV=m [20].
Cherenkov diffraction radiation and, more generally,

diffraction radiation (DR) [21] can be considered as

polarization radiation (PR) resulting from polarization
currents occurring in the volume of a dielectric, induced

by the electromagnetic field of the passing particles

[22–24]. For moderately relativistic particles (i.e.,γ ranging
from 1 to 100) and realistic distances (denoted by the

impact parameter) between the dielectric and the beam

(i.e., larger than 100 μm), the spectrum of PR would be
concentrated in the giga- to terahertz range, as the radiation

power reduces exponentially with the photon energy. The

spectrum of PR will expand to the near infrared or visible

range, for higher particle energies (i.e., γ > 103) even when
using impact parameters larger than a millimeter. In this

context, incoherent DR has been studied intensively for the

last 10 years and has led to the development of non-

interceptive beam size [25] and position [26] monitors by
measuring photons emitted from thin slits in the visible

range. DR is generated by a charge moving in the vicinity

of an interface between two media with different permit-
tivity and is typically emitted both in the forward (i.e.,

along the particle trajectory) and the backward (i.e., along

the specular reflection from the interface) directions.
Contrary to DR, CDR has the advantage of producing

photons not just at the interface but all along the longi-

tudinal surface of the radiator (i.e., parallel to the charged

particle beam trajectory), resulting in a significantly higher
light intensity. The increase in photon yield is due to the

proportional increase of the number of atoms participating

in the emission process along the length of the dielectric.
Moreover, the Cherenkov photons are emitted at a large

angle relative to the particle beam trajectory such that the

signal is separated from synchrotron radiation, which is, in

the case of DR, the main source of background [25,26].
Experiments were performed on the Cornell Electron

Storage Ring (CESR) [27], where a 5.3 GeV positron
bunch, with a charge of up to 2.5 nC (equivalent to a
circulating beam current of 1 mA), produces incoherent
CDR in a 2 cm long fused silica radiator. Two radiators with

different design have been constructed and mounted onto a
mechanism with 2 degrees of freedom: a translation to
insert the radiator once the beam is circulating in the ring
and a rotation to allow a precise steering of the emitted
photons through the optical detection line. The first target,
made out of Corning high purity fused silica (SiO2) 7980
and shown in Fig. 1(a), has a rectangular shape. The outer
surface of the target has been sandblasted such that the
CDR emitted inside the target at an angle of 46° with
respect to the beam trajectory is scattered out. A small
fraction of the photons will then be captured by our optical
system, which is, by design, detecting photons, emitted at
an angle of 40° relative to the incoming positron beam
trajectory. The second target, built using the same material,
has a triangular shape as depicted in Fig. 1(b). The outer
face of the radiator was designed with an angle of 29° such
that the Cherenkov photons are refracted towards the
detection system. This design would preserve the angular
distributions of CDR and allow accurate measurements of
its polarization content. The angular acceptance of the
optical detection line is limited to 20 mrad by design, which
means that the amount of light detected from the flat
depolished radiator will be smaller (i.e.,1=6000) than the
one from the prismatic target due to the diffusivity of the
outer surface of the flat target.
The equation for the PR spectral-angular distribution for

such geometries is presented by Eq. (18) in [24]. Using this
formula and the beam parameters of CESR, the photon
spectra emitted by a single particle have been calculated
and the results are presented in Fig. 2 for different impact
parameters. In the model, the dielectric properties of the
target are defined from the three-term Sellmeier dispersion
equation [28]. As shown in Fig. 2, for larger impact

FIG. 1. Emission of Cherenkov diffraction radiation in a flat
radiator with a sandblasted outer surface (a) and in a triangular
radiator (b). The relative dielectric permittivity of SiO2 is
ε ½0.2 − 2 μm� ≈ 2.1ε0.
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parameters, the CDR intensity decreases significantly. The
light spectrum for shorter wavelengths falls off due to the
attenuation of the effective radius of particle electromagnetic
field. The light intensity emitted at longer wavelengths is
reduced following the well-known Cherenkov spectral
dependency [2].
The detection system relies on an intensified camerawith a

multiple-alkali-metal photocathode providing a high quan-
tum efficiency in the wavelength range 300–700 nm,
highlighted in Fig. 2 by the gray area. The optical system
is equipped with a polarizer and a 10 nm bandpass optical
filter centered at 600 nm. Two lenses, mounted on flippers,
can be inserted either to image the radiator using a 150 mm
focal length achromatic lens or to measure the angular
distribution of the radiation with a 500 mm focal length
plano-convex lens. Experimentally, the best signal to noise
ratio on the camera is achieved by adjusting both the gain of
the image intensifier and the integration time of the camera.
Three-dimensional models of the interaction using the flat

and prismatic radiators are depicted in Figs. 3(a) and 3(b),
respectively. For clarity, on the right side of Fig. 3, the raw
images are presented with the projection of the radiators on
the camera plane. The beam footprint is clearly visible along

the length of thedielectric as thebeampropagates underneath
it. From the raw images, a constant background level is
estimated and subtracted from the whole image.
A set of images from the flat Cherenkov radiator, acquired

with a 300ms camera integration time andmaximumgain on
the image intensifier, are presented in Fig. 4 for different
beam impact parameters ranging from 0.9 to 1.37 mm.
Experimentally, this was achieved by moving the beam
vertically closer to the surface of the radiator. The measured
light intensity increases significantly for smaller impact
parameters. One can note that the amount of light measured
along the radiator is not constant as visible in Fig. 4(e).
This effect is believed to be due to a tilt angle (i.e., 1.9°)
between the vertical beam trajectory and the surface of the
radiator. In this condition, the light produced at the beginning
and the end of the dielectric will change according to the
distance between the particle and the surface of the material.
We also studied if this reduction in light intensity could come
from vignetting effects due to the limited angular aperture
of the optical system, but the diffusivity of the sandblasted
surface is so large that we expect the light to be scattered up
to a very broad angle, such that vignetting effects can be
discarded. InFig. 4, one can also note that the beam trajectory
is tilted in the horizontal plane as represented by the red line
overlaid on each image. This would indicate a horizontal
tilt angle of the beam of 3.7° with respect to the axis of the
radiator. This demonstrated the possibility ofmeasuring both

FIG. 2. Cherenkov diffraction photon spectrum from a 5.3 GeV
positron propagating at impact parameters of 0.8, 1.2, 1.6, 2, and
2.4 mm. The gray area represents the spectral sensitivity of the
camera. The dashed curve represents the Cherenkov radiation
(CR) spectrum emitted by a particle traveling inside the dielectric
and has been scaled down by 6.5 × 10−3 for better presentation.

FIG. 3. 3D model of the interaction and imaging the beam using
the flat target (a) or with the prismatic target (b).

FIG. 4. Images acquired using the flat target, with no polarizer and a 600� 10 nm bandpass filter, for different impact parameters:
(a) 1.37, (b) 1.32, (c) 1.08, (d) 0.9 mm. (e) Projection of the image (d) along the z axis.
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the horizontal and vertical tilt angles of the beamwith respect
to the radiator.
The total photon intensity emitted byCDR is calculated by

summing up the amplitudes from all of the pixels in the
acquired images. Its evolution as a function of the impact
parameter is presented in Fig. 5 with theoretical predictions.
Experimentally, reliable data could not be acquired for
impact parameters smaller than 0.8 mm. Below this value,
in fact, the beam lifetime is strongly reduced due to the
scraping of beam tails as they directly impact on the radiator.
The data points are plotted in photon per particle per
turn, taking into account the measured beam current.
As expected from polarization radiation theory, the light
intensity increases exponentially for smaller impact param-
eters. The background level is indicated by the dashed line in
Fig. 5. Using calibrations performed with a laser source, the
light intensity produced at a wavelength of 600� 10 nm in

the 2 cm long prismatic radiator corresponds to 0.8 × 10−3

photon per turn per particle for an impact parameter of 1mm,
which is in good agreement with our predictions. This would
bring the photon intensity radiated in the entire wavelength
range of 200–2000 nm at 0.1 photon per turn per particle for
a 1 mm impact parameter. This number is comparable to the
light intensity generated by backward transition radiation
[29,30] and exceeds, by at least one order of magnitude, the
light intensity emitted by backward diffraction radiation
from a conducting slit of similar aperture [20,21]. This result
contradicts the discussion of Ginzburg reported in [31]
assuming that the Cherenkov radiation can only be generated
at impact parameters comparable to or smaller than the
radiation wavelength.
Using the prismatic radiator, a systematic measurement

of the angular distribution of CDR was performed for
different polarizations. The angular distributions measured,
using a 1.2 ms camera integration time and a low gain on
the image intensifier (i.e., 50 times smaller than one of
images presented in Fig. 4), for horizontally and vertically
polarized photons are depicted in Figs. 6(a) and 6(b),

respectively. The simulated angular distributions, shown in
Figs. 6(c) and 6(d), were calculated according to Eq. (18)
from [24] and take into account the horizontal and vertical
beam divergences of 270 and 18 μrad, respectively, as
extrapolated from emittances measured using synchrotron
light monitors [32]. The experimental data are consistent
within 30% with simulations showing that the radiation is
confined within submilliradian cone angles, both polar (θ)
and azimuthal (ϕ) angles, in contrast to classical Cherenkov
radiation, for which the angular distributions have a conical
shape centered at the Cherenkov angle.
Beam images were also acquired using the prismatic

radiator and are presented in Fig. 7. The horizontal beam
profiles obtained using horizontally polarized photons
presents unrealistic large tails, whereas the same measure-
ment performed with vertically polarized photons has a
Gaussian shape with a full width half maximum value of
4 mm, agreeing within 10% with the horizontal beam size
measured with the synchrotron light interferometer [32].
In conclusion, we have performed the first observation

and systematic study of incoherent Cherenkov diffraction
radiation emitted by a 5.3 GeV positron in a 2 cm long
fused silica radiator. The experimental results highlight
the similitudes and differences between CDR and classical
Cherenkov radiation emitted when a particle travels
through matter. As the photons are emitted in a narrow
cone centered at a large angle, CDR will provide a great
opportunity to develop high-quality and simple noninvasive
beam diagnostics for high-energy charged particle beams.
The exponential decay of the light emitted for larger impact
parameters is a signature of CDR and can provide very

FIG. 5. Experimental and simulated CDR light intensity emit-
ted as function of impact parameter at 600� 10 nm.

FIG. 6. Comparison between the simulated and measured
angular distributions of CDR for (a),(c) horizontally and (b),
(d) vertically polarized photons. Measurements were performed
for a wavelength of 600� 10 nm.
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sensitive measurements of the beam position, surpassing
what has been achieved using optical diffraction radiation
[26]. This will find applications for centering beams in
dielectric capillaries, which are typically used in DWA
[19,20], plasma lenses [33], or in bent-crystal collimators
[34]. Two different radiator designs were tested success-
fully and allowed precise measurement of the angular
distribution of the radiation as well as its light intensity,
proven to be in good agreement with our theoretical model.
The horizontal size of the Cornell positron beam was also
measured using CDR and was found to be in good
agreement with other detection techniques. Future exper-
imental and theoretical investigations will study the reso-
lution limit of CDR for transverse beam size and beam tilt
angle measurements.
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