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Abstract
In current work we present the experimental results on

Coherent Cherenkov Difraction Radiation generation, obser-
vation and it further spectral analysis. All experimental work
was performed at CLARA (Beam Area 1) facility (35 MeV
beam energy at up to 10 Hz pulse repetition rate and sub-ps
bunch length). For spectral analysis we used Martin-Pupplet
interferometer as it provides higher signal to noise ratio and
allows us to perform charge normalisation. Furthermore
we demonstrate the procedure of longitudinal beam profile
reconstruction for a bunch with 0.6 ps Full Width at Half
Maximum duration.

INTRODUCTION
Production and maintenance of short bunches in mod-

ern particle accelerators are forefront issues. Examples of
accelerators that require short bunches are high quality parti-
cle physics facilities and linac-based fourth generation light
sources. In practice, in order to verify the design and opti-
mize the operation of such accelerators, it is necessary to
obtain information on the bunch duration at various points
along the accelerator beam line. Nowadays, the state of the
art in non-invasive bunch length diagnostics is based on
electro-optic technique. However, it is a cumbersome and
an expensive device requiring a team of people to operate.
The method of longitudinal beam profile diagnostic based
on coherent radiation techniques is considered as one of
the most perspective [1], because it could be embodied in
a form of simple in use, robust and relatively inexpensive
devices. Also, it has been theoretically demonstrated that
coherent radiation techniques does not have any fundamental
limitations for a bunch length diagnostics.

Nowadays, most studied coherent radiation technique is
diagnostic with Transition Radiation (TR) [2], but its inva-
sive nature excludes its use in modern and future facilities
where the beam losses are limited. During past years re-
ports about short bunches diagnostic based on Coherent
Diffraction Radiation [3] mechanism have been also pub-
lished. However, this methods suffers from coherent radi-
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ation background (wakefields, synchrotron radiation, etc.)
co-propagating alone the beam and reflecting from the target.
In this paper we report on another perspective method based
on Coherent Cherenkov Diffraction Radiation (CChDR),
which is induced by a charged particle traveling in the vicin-
ity of a dielectric medium with the speed of particle higher
than the speed of light inside this medium. First of all, this
method promises relatively high intensity of coherent ra-
diation, since according to the paper published by Tamm
and Frank [4], the light intensity scales proportionally to
the length of the radiator, which could be used to produce
large photon flux by increasing the radiator size. Secondly,
as it was shown later in 1955 by Linhart [5], Cherenkov
Diffraction radiation could be induced by the interaction of
electromagnetic field of the moving charged particle and
atomic electrons on the surface of the dielectric, which is
opens the way for noninvasive diagnostic. Thirdly, CChDR
is emitted at an angle 𝜃, defined as 𝜃 = cos 𝜃 = 1/𝛽𝑛, where
n is the refractive index of radiator, and so could be sepa-
rated from background radiation. In this work we report on
successful implementation of diagnostics of 600 fs electron
bunch via CChDR effect at CLARA machine at Daresbury
laboratory. We will present the solution divided into three
parts as follows:

• Theoretical calculation of ChDR single electron spec-
trum for the real experimental parameters;

• Experimental measurement of coherent ChDR spec-
trum at CLARA facility using Martin-Puplett interfer-
ometer as a most effective instrument for THz spec-
troscopy;

• Reconstruction of longitudinal beam profile using
Fourier Transform and Kramers-Kronig phase analysis.

THEORETICAL BACKGROUND
Coherent radiation appears when the radiation wavelength

is comparable to or longer than the charged particle bunch
length. In this case the radiation photon yield is proportional
to the number of electrons squared in contrast to the inco-
herent part of the spectrum, which is linear as a function
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of the beam charge. By measuring the radiation spectrum
in the wavelength range where the incoherent radiation is
transformed into the coherent one, we can deduce informa-
tion about longitudinal bunch form factor and, subsequently,
reconstruct the longitudinal beam profile. We know, that
coherent spectral energy density produced by a bunch of N
electrons is the product of the spectral energy density from
by a single electron, the number of electron squared and
modulus of the form factor [6]:

[ 𝑑2𝑊
𝑑𝜔𝑑Ω]

coh
= 𝑁2 [ 𝑑2𝑊

𝑑𝜔𝑑Ω]
single

|𝐹(𝜔)| (1)

where:

• [ 𝑑2𝑊
𝑑𝜔𝑑Ω]

coh
is the experimentally measured spectrum;

• [ 𝑑2𝑊
𝑑𝜔𝑑Ω]

single
is the theoretically calculated single

electron spectrum;

• 𝐹(𝜔) = ∣∫
∞

−∞
𝜌(𝑧) exp (𝑖𝜔𝑐−1𝑧) 𝑑𝑧 ∣

2
is the longitudi-

nal bunch form-factor.

Thus, we can say that longitudinal charge distribution is:

𝜌(𝑧) = 1
𝜋𝑐 ∫

∞

0

√
√
√
⎷

[ 𝑑2𝑊
𝑑𝜔𝑑Ω]

coh

𝑁2 [ 𝑑2𝑊
𝑑𝜔𝑑Ω]

single

×

× cos (𝜓(𝑤) − 𝑧𝑤
𝑐 ) 𝑑𝜔

(2)

where 𝜓(𝑤) is the minimal phase which can be deriving us-
ing the Kramers-Kronig [7] approach that takes into account
the phase characteristics of the measured spectrum. Thus,
the reconstruction of longitudinal charge distribution consist
of 3 steps: calculation of single electron spectrum for par-
ticular experimental parameters, experimental observation
of coherent spectrum, and further longitudinal distribution
reconstruction.

Cherenkov Diffraction Radiation as a particular case of
polarization radiation (PR) could be described by polariza-
tion current approach (PCA) [8–10]. According to PCA,
the PR field, emitted by the medium’s atoms polarized by
the external field 𝐸0 of a passing particle with the energy
𝛾 = 𝐸/𝑚𝑐2 = 1/√(1 − 𝛽2), moving rectilinearly and with
constant velocity 𝑣 = 𝛽𝑐 in a substance (or in its vicinity),
can be presented as a solution of the “vacuum” set of macro-
scopic Maxwell’s equations. More detailed information
about PCA can be found in the paper [10]. In this paper we
present calculation results for the prismatic teflon radiator,
which was used for the experiment at CLARA and consid-
ered as the most efficient geometry for CChDR generation
(Fig. 1).

The model in [10] takes into account the following param-
eters: Lorentz-factor 𝛾, target length 𝑎, distance between
target and detector 𝐴, detector aperture 𝑉, distance between

Figure 1: The schematic view of the radiation geometry for
a charged particle moving parallel to the surface of the trian-
gular dielectric radiator. Here, 𝜃′ is the angle of Cherenkov
Radiation appearing inside of dielectic medium, 𝜃𝐶ℎ𝐷𝑅 is
the angle of Cherenkov Diffraction Radiation. ℎ is the dis-
tance between target and dielectric surface, 𝑎 is the radiator
length, 𝜑 is the vertex angle of the prism.

beam and target (impact parameter) ℎ, radiator refractive
index 𝑛, angle between radiator surface and beam direction
𝛼. Experimental and simulation parameters are listed below
in Table 1. The angular distributions for different radiation
frequencies are shown in Fig. 2. The angular distributions
(Fig. 2) were integrated over azimuthal angle and impact
parameter.

Table 1: Simulation and Experimental Parameters

Parameters Value

Lorentz - factor 𝛾 70
Target length 𝑎 5 cm
Vertex angle of the prism 𝜑 45∘

Angle between radiator surface and
beam direction 𝛼 0∘

Radiation frequency 𝑓 [0-1.5] THz
Index of refraction 𝑛(𝑓 ) 1.4 (Teflon)
Impact parameter ℎ [1.5-2.5] mm
Azimuthal angle 𝜙 [10-30]∘

Polar angle 𝜃 [40-60]∘

Figure 2: Spectral-angular distribution of CChDR calculated
for the experiment conducted at CLARA facility.
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Table 2: CLARA Machine Parameters

Parameters Value

Electron energy 𝐸 35 MeV
Longitudinal beam compression 𝜌 [2-0.3] ps
Bunch repetition rate 𝑃𝑅𝑅 10 Hz
Charge 𝐶 [70-100] pC
Transverse beam size 𝜎 200 μm

Figure 3: Setup inside vacuum chamber: 1 - horizontal
positioning stage, 2 - teflon (ChDR) target, 3 - tip-tilt stage,
4 - vertical positioning stage, 5 - concave mirror.

EXPERIMENTAL SETUP
Experimental work for this studies was conducted at

CLARA/VELA facility in Daresbury Labaratory, STFC [11].
All experimental setup was located in Beam Area 1 (BA1),
which is equipped with all necessary manipulation, diagnos-
tic and data acquisition systems. Machine parameters are
shown in Table 2.

The main idea of the first experiment was to observe
CChDR and reconstruct the longtudinal profile. For this
purpose CChDR radiator was installed on a movable plat-
form inside the vacuum chamber, as it shown in Fig. 3. For
CChDR scanning, movable platform was set to the position
where the beam passed along the target base at 1 mm impact
parameter to ensure noninvasive production. Radiation gen-
erated by the target was reflected by a concave mirror, which
also served as a collimator (this mirror was installed at 101.6
mm from The ChDR target which is its focal length). Then
radiation was extracted through a quartz window. Further,
CChDR was delivered into a Martin – Puplett interferometer
using a system of motorized mirrors.

For coherent radiation spectrometry we used Martin-
Puplett interferometer (MPI) as one of the most efficient
instruments in the millimeter and sub-millimeter wavelength
range (MPI is schematically illustrated in Fig. 4). Compared
to a Michelson, the Martin-Puplett interferometer deals with
polarization characteristics of radiation and has an advan-
tage of higher signal-to-noise ratio and two radiation output
ports. The ratio of the difference and the sum of the two

Figure 4: Schematic view on Martin-Pupplet interferometer.
The interferometer consists of three wire grids (P, S, P2), two
roof mirrors (FM and MM) and two pyroelectric detectors
(PD1 and PD2, Gentec-51). Additional pyroelectric detector
(PD3) were used to collect all noise from the environment
(vibrations, acoustic noise, light fluctuation, etc.).

detector signals returns a normalized interference pattern
𝛿(𝑥) (see, for instance, Fig. 5 bottom) which is less sensitive
to beam intensity fluctuations than the individual detector
signals [12]:

𝛿(𝑥) = 𝐼PD1 − 𝐼PD2
𝐼PD1 + 𝐼PD2

(3)

Figure 5 (top) shows the signals from pyroelectric detec-
tors measured simulteneously. The anti-correlated response
of the two detectors is caused by observing either the trans-
mitted or the reflected polalrization component behind the
analyzing grid. The sum of both signals is proportional to
the total radiation power. A scaling correction was applied
because of different sensitivity of two detectors. Multi-shot
averaging (50 successive shots per movable mirror step)
was used to reduce the statistical uncertainty. Normalized
interferogram is shown in Fig. 5 (bottom).

RECONSTRUCTION RESULTS AND
DISCUSSION

The CChDR spectra in Fig. 6 (green line) were calculated
using Fourier transform of 𝛿(𝑥) interferogram with using
triangular appodization window as the only post-processing
technique. Theoretical single-electron spectrum was cal-
culated using parameters from Table 1. Both curves show
that intensity decreases at lower frequencies, when the radi-
ated wavelengths comparable with radiator dimensions. At
higher frequencies some parts of the spectrum were effected
by the humid air absorption lines, which were taken into
account during further analysis.

The extracted longitudinal bunch form-factor is presented
in Fig. 7, which was derived using Eq. (1). The extrapo-
lation procedure enables us to eliminate low frequency su-
pression and also reduce the influence of low signal to noise
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(a)

(b)

Figure 5: Top - interferograms measured with two detectors;
bottom - normalized interferogram.

Figure 6: Experimentally obtained Coherent Cherenkov
Diffraction Radiation spectrum (green line), single electron
Cherenkov Diffraction Radiation spectrum (red line) and
humid air absorption lines (blue line).

ratio at higher frequencies. Both high and low frequency
extrapolation was performed according to [13].

Any intensity-based interferometry method is subject to
the limitation that only the absolute value of the form factor
can be measured, and not its complex phase. According
to [7] the form-factor amplitude and the phase factor are
related by the Kramers-Kronig relation in a way that if the
function 𝐹(𝜔) is measured at all frequencies than the phase
factor 𝜓(𝜔) can be obtained as follows:

𝜓(𝜔) = −2𝜔
𝜋 ∫

∞

0

ln (√𝐹(𝑥)/√𝐹(𝑤))

𝑥2 − 𝜔2 𝑑𝑥 (4)

Figure 7: Extrapolated form-factor and Minimal Phase.

Figure 8: Result of longitudinal profile reconstruction.

where 𝑥 is integration variable in units of frequency. Minimal
phase versus frequency plot is also shown in Fig. 7. Figure 8
shows final result of reconstruction. FWHM (Full Width at
Half Maximum) bunch duration is 0.61±0.02 ps consistent
with theoretical expectation for this machine. The tail comes
from energy tail generated in the machine. This tail can not
be measured precisely as it is a result of bunch-by-bunch
instabilities. Nevertheless, we assume that the tail exist. To
be able to measure it and understand its dynamics we need
a single shot spectrometer system.

CONCLUSION

We have demonstrated a complete cycle for longitudi-
nal non-invasive bunch profile diagnostic using coherent
Cherenkov diffraction radiation at CLARA facility. With
precise alignment, Cherenkov radiation from teflon prism
(base size of 5 cm, width = 4 cm) was easily detectable.
In combination with Martin-Puplett interferometer it gives
us a quasi-continuous spectrum. Obtained results are in
good agreement with estimated ones for CLARA machine.
Complete cycle of bunch length measurement (including
measurement of interferogram, FFT, single spectrum nor-
malization, and Kramers-Kronig bunch profile reconstruc-
tion) could take up to 15 minutes with current experimental
procedure and can be reduced down to one minute by apply-
ing detectors with higher signal to noise ratio, for example,
quazi-optical Schottky detectors, and automatizing analysis.
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