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Abstract
Cherenkov-Diffraction Radiation (ChDR) appears when a

charged particle moves in the vicinity of a dielectric medium
with velocity higher than the phase velocity of light inside
the medium. As the charged particle does not contact the
medium, the emission of ChDR is a phenomenon that can
be exploited for a range of non-invasive beam diagnostics.
Experimental tests are underway on the Booster To Storage-
ring (BTS) test-stand at Diamond Light Source to explore
the use of dielectric radiators as Beam Position Monitor
(BPM) pickups by measuring the incoherent ChDR emission.
In order to compliment the experiments on the BTS test-
stand, ChDR simulations have been performed using the
Polarisation Currents Approach (PCA) model. This paper
explores the PCA simulations for the BTS test-stand, and
the application for future diagnostics.

CHERENKOV DIFFRACTION
RADIATION

Cherenkov Diffraction Radiation (ChDR) appears when a
charged particle moves in the vicinity of a dielectric medium
with velocity higher than the phase velocity of light inside
the medium [1]. Detecting ChDR in accelerators is being
explored in the development of non-invasive beam diag-
nostics [2]. ChDR appears at the same distinctive angle as
Cherenkov radiation that is given by

cos(𝜃Ch) = 1
𝛽𝑛, (1)

where 𝜃Ch is angle of ChDR emission, 𝛽 is ratio of the parti-
cles velocity compared to the vacuum velocity of light, and
𝑛 is the refractive index of the radiator [3, 4]. The emission
angle of ChDR allows for a detection system to be designed
that can discriminate against noise such as synchrotron radi-
ation. A theoretical model to predict the emission of ChDR
has been developed in [5–7], the model developed is called
the Polarisation Currents Approach (PCA).

RADIATOR GEOMETRIES
The PCA model can be applied to different radiator ge-

ometries where the geometry selected will effect the ChDR
∗ daniel.harryman.2018@live.rhul.ac.uk

emission [5, 7]. Figure 1 shows a prismatic ChDR radiator
where the notation used is as follows; 𝛾 is the Lorentz factor
𝛽 is ratio of the particles velocity compared to the vacuum
velocity of light, 𝜆 is the wavelength of the radiation, 𝜀(𝜆)
is the wavelength dependant permittivity of the prism, 𝜃Ch
is the Cherenkov angle, 𝑎 is the length of the surface paral-
lel with the electron trajectory, 𝜑 is the vertex angle of the
prism, 𝛿 is (90° − 𝜑), 𝑏 is the impact parameter, ℎ is the
angled impact parameter (where 𝑏 = ℎ cos(𝛿)), and 𝜙, 𝜃 are
respectively the azimuthal and polar angles of the emitted
radiation [7].

Figure 1: Prismatic Radiator Geometry.

Using a prismatic radiator, the ChDR is generated at the
Cherenkov angle which is distinctively different to that of
the particle trajectory, once the ChDR reaches the emission
surface of the prism it will be emitted at a refracted angle
using Snells law [8]. Knowing the index of refraction for
the prism, the outside interface, and the Cherenkov angle
for that radiator, the vertex angle of the prism is selected for
a desired extraction angle. As the ChDR is generated along
the entire target length it will be emitted along the majority
of the extraction surface.

Extensive work has been done in [7] to obtain the ChDR
angular distribution emitted from a prismatic radiator when
a charge particle moves parallel to one side (see in Fig. 1).
Each polarisation component is then given by Eqs. (2), (3)
and (4), where ℏ denotes the reduced Plank constant, 𝛼 is
the fine structure constant, 𝑐 is the vacuum speed of light,
and the notation from Fig. 1 has been used [7].
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d2𝑊1
d𝜆dΩ = 𝛼ℏ𝑐𝛽2 cos2(𝜃 − 𝛿)

2𝜋2𝜆2𝐾2|𝑃|2
∣ 𝜀(𝜆) − 1

𝜀(𝜆) ∣
2
×∣1 − exp [ − 𝑖𝑎 2𝜋

𝛽𝜆(𝑃 + Σ ⋅ cot(𝜑)) sin(𝜑)]

−
𝑃 exp [𝑖 2𝜋

𝛽𝜆Σ ⋅ 𝑎 ⋅ cos(𝜑)]
𝑃 + Σ ⋅ cot(𝜑) + 𝑃2 + Σ2 ⋅ cot2(𝜑)

𝑃2 − Σ2 ⋅ cot2(𝜑)
exp [ − 𝑖𝑎 2𝜋

𝛽𝜆𝑃 ⋅ sin(𝜑)]

−
Σ ⋅ cot(𝜑) exp [ − 𝑖 2𝜋

𝛽𝜆Σ ⋅ 𝑎 ⋅ cos(𝜑)]
𝑃 − Σ ⋅ cot(𝜑) ∣

2

×

exp [ − 4𝜋
𝛾𝛽𝜆 (ℎ + 𝑎 ⋅ cos(𝜑))𝐾 cos(𝛿)]

1 − 𝛽2 cos2(𝜃 − 𝛿) + 𝛽2 sin2(𝛿)(1 − sin2(𝜃 − 𝛿) sin2(𝜙)) + 2𝛽 sin(𝛿) sin(𝜃 − 𝛿) cos(𝜙)

× ∣ 𝜀(𝜆)
𝜀(𝜆) cos(𝜃 − 𝛿) + 𝑈∣

2
| cos(𝛿)(𝛾−1 sin(𝜃 − 𝛿) − 𝑖𝐾𝑈 cos(𝜙))+

sin(𝛿)(𝑖𝐾 sin(𝜃 − 𝛿) + 𝛾−1𝑈 cos(𝜙)) − 𝛾𝛽𝑈 sin(𝜃 − 𝛿) sin2(𝜙)|2,

(2)

d2𝑊2
d𝜆dΩ = 𝛼ℏ𝑐𝛽2 cos2(𝜃 − 𝛿)

2𝜋2𝜆2𝐾2|𝑃|2
∣ 𝜀(𝜆) − 1

𝜀(𝜆) ∣
2
𝛾2 sin2(𝜙)∣

√𝜀(𝜆)
cos(𝜃 − 𝛿) + 𝑈∣

2
(sin2(𝜃 − 𝛿) + |𝑈|2)

×∣1 − exp [ − 𝑖𝑎 2𝜋
𝛽𝜆(𝑃 + Σ ⋅ cot(𝜑)) sin(𝜑)] −

𝑃 exp [𝑖 2𝜋
𝛽𝜆Σ ⋅ 𝑎 ⋅ cos(𝜑)]

𝑃 + Σ ⋅ cot(𝜑) +

𝑃2 + Σ2 ⋅ cot2(𝜑)
𝑃2 − Σ2 ⋅ cot2(𝜑)

exp [ − 𝑖𝑎 2𝜋
𝛽𝜆𝑃 ⋅ sin(𝜑)] −

Σ ⋅ cot(𝜑) exp [ − 𝑖 2𝜋
𝛽𝜆Σ ⋅ 𝑎 ⋅ cos(𝜑)]

𝑃 − Σ ⋅ cot(𝜑) ∣
2

×

exp [ − 4𝜋
𝛾𝛽𝜆 (ℎ + 𝑎 ⋅ cos(𝜑))𝐾 cos(𝛿)]

1 − 𝛽2 cos2(𝜃 − 𝛿) + 𝛽2 sin2(𝛿)(1 − sin2(𝜃 − 𝛿) sin2(𝜙)) + 2𝛽 sin(𝛿) sin(𝜃 − 𝛿) cos(𝜙)
× [1 − 𝛽2 cos2(𝜃 − 𝛿) + 2𝛽𝛾−2 sin(𝜃 − 𝛿) cos(𝜙) − 𝛾−2 sin2(𝛿)(𝐾2 − 𝛾−2)],

(3)

𝑈 = √𝜀(𝜆) − sin2(𝜃 − 𝛿),
𝑃 = cos(𝛿) − 𝛽𝑈 + 𝑖𝛾−1𝐾 sin(𝛿),
Σ = sin(𝛿) + 𝛽 sin(𝜃 − 𝛿) cos(𝜙) − 𝑖𝛾−1𝐾 cos(𝛿),

𝐾 = √1 + (𝛾𝛽 sin(𝜃 − 𝛿) sin(𝜙))2,

(4)

An approximation made in Eqs. (2), (3), and (4) is that the
prism is infinite in length in the plane orthogonal to the
particle trajectory.

Another type of ChDR radiator is the Accumulator shown
in Fig. 2. The benefit of the accumulator ChDR radiator
is that the ChDR is accumulated along the length of the
radiator. The ChDR is kept inside the target via total internal
reflection until it reaches the reflective surface at the end
where it is extracted [2,9]. Similar to a prismatic radiator the
vertex angle, 𝜑 is selected to specify the ChDR extraction
angle for an accumulator radiator.

DIAMOND LIGHT SOURCE BEAM
TEST-STAND

Diamond Light Source is a 3rd generation synchrotron
light source in the U.K. The Diamond accelerator chain con-
sists of three accelerators; a linac, a booster synchrotron, and

Figure 2: Accumulator Radiator Geometry.

a storage ring. On the Booster to Storage-ring (BTS) trans-
fer line is a beam test-stand available for testing accelerator
components and novel diagnostic instrumentation. In recent
years a ChDR experimental setup has been installed onto the
Diamond beam test-stand in order to examine the properties
of incoherent ChDR and its application as a Beam Position
Monitor (BPM) pickup [9].

The booster synchrotron can extract through the BTS in
two modes, Multi-Bunch extraction or Single-Bunch extrac-
tion. Table 1 shows the nominal Single-Bunch extraction
beam parameters of the BTS.

The BTS ChDR experiment is fitted with a CVD Diamond
accumulator target with a length, of 15 mm and a vertex an-
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Table 1: Single-Bunch Extraction Parameters on the Dia-
mond BTS [10]

Standard BTS Parameter Value

Beam Energy 3 GeV
Horizontal Beam Size 𝜎𝑥 1.27 – 1.42 mm
Vertical Beam Size 𝜎𝑦 0.57 – 0.6 mm
Extraction Rate 5 Hz
Max Bunch Charge (SBE) 0.2 nC
Bunch Length ≃ 2.5 mm

gle, of 12.5°. It is assumed that the angular distributions
simulated from a prismatic radiator will have similar angu-
lar distributions to those measured from the accumulator
radiator as long as the length, vertex angle, and properties
of the medium are kept the same.

The ChDR emission is coupled out of the radiator through
a viewport into an optical system. The optical system fea-
tures a polariser and a filter wheel fitted with 0.4 and 0.55 μm
bandpass filters [9].

SIMULATIONS
Single Particle Simulations

Multiple radiators can be configured in classical BPM
configurations, where only a single intensity measurement is
needed from each radiator. To obtain an intensity measure-
ment from a ChDR radiator a detector would be placed at
the ChDR emission angle of the radiator. The intensity read
by the detector would then be proportional to the energy of
the emitted radiation. The energy of emitted radiation, Δ𝑊
in the fixed angular and wavelength intervals, ΔΩ and Δ𝜆
can be simulated using

Δ𝑊 = ∫
ΔΩ

dΩ, ∫
Δ𝜆

d2𝑊
d𝜆dΩd𝜆, (5)

where d𝑊 is the energy emitted per unit of wavelength, d𝜆,
per unit of solid angle, dΩ [7]. The solid angle component
is given by

dΩ = sin(𝜃)d𝜃d𝜙, (6)

where 𝜃 is the polar angle of the angular distribution, and 𝜙
the azimuthal. By producing a series of angular distributions
with Eqs. (2), (3), and (4) then integrating each one, param-
eter dependencies of the emitted ChDR can be calculated.

Figure 3 shows the spectrum of ChDR emitted for a single
3 GeV electron from the ChDR radiator used on the BTS
test-stand at Diamond for range of impact parameters.

The spectrum for the 1 and 100 μm impact parameters in
Fig. 3 follow the Cherenkov dependence of 1/𝜆. As the im-
pact parameter is increased the ChDR intensity drops, across
all wavelengths but dramatically more at shorter wavelengths
resulting in a peak appearing when

𝑏 ≃ 𝛾𝜆
2𝜋 , (7)

0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

Wavelength (µm)

10−84

10−72

10−60

10−48

10−36

10−24

10−12

100

d
W
/d
λ

(e
V
/µ

m
)

b =1(µm)

b =100(µm)

b =1000(µm)

b =2000(µm)

b =3000(µm)

b =4000(µm)

b =5000(µm)

b =10000(µm)

Figure 3: Single particle ChDR spectral emission at a range
of impact parameters, 𝑏, from the ChDR radiator installed
on the BTS test-stand.

as this is the edge of the pre-wave zone [11]. Figure 4 shows
the impact parameter dependence for a single particle and the
setup on BTS test-stand at fixed wavelengths. At impact pa-
rameters of < 500 μm the short wavelength of 0.4 μm dom-
inates, beyond this limit the longer wavelength of 0.55 μm
does. This effect continues for all wavelengths, for a ChDR
BPM with a working impact parameter region of at least
several millimetres an optical system in the infrared region
would be better suited. Using the same theory a ChDR beam
halo monitor would require an optical detection system sen-
sitive to shorter wavelengths to dampen the signal from the
core of the beam.

0 2000 4000 6000 8000 10000
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λ = 0.4(µm)

Figure 4: ChDR impact parameter dependence at fixed wave-
lengths from the ChDR radiator installed on the BTS test-
stand from a single 3 GeV electron.

Beam Distribution Simulations
In order to simulate angular distributions for a beam pro-

file the single particle angular distributions are calculated
using Eqs. (2), (3) and (4) at each impact parameter then
scaled by the bunch charge at that impact parameter. The
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Figure 5: Horizontal transverse beam distributions centred
at an impact parameter of 5 mm with a charge of ≃ 0.2 nC
each.

simulations in this paper only consider a horizontal beam
profile due to the infinite length assumed in Eqs. (2), (3) and
(4).

Initial testing on the BTS has shown that the horizontal
beam size can be changed between ≃ 0.5 to 1.5 mm. Figure 5
shows three different horizontal beam profiles centred at an
impact parameter of 5 mm each profile considers a bunch
charge of 0.2 nC.

In order to verify the PCA model when extended to a
multi-electron beam the predicted angular distributions and
dependency scans must be compared to experimental data.
Particles that directly collide with the radiator will generate
Cherenkov radiation that will be measured by the optical
system introducing noise into the measurements. The PCA
model shows the spectral dependence of Cherenkov radiation
and ChDR are different so long as the impact parameter is
sufficiently large (see Fig. 3). To confirm the PCA model it
is beneficial to work in a regime where the ChDR spectral
response does not follow that of Cherenkov radiation.

By performing an element wise multiplication between
transverse beam distributions and impact parameter depen-
dencies shown in Fig. 5 and 4 respectively the intensity
contribution at each impact parameter from the respective
beam distribution is produced (see Fig. 6).

Figure 6 shows the horizontal beam size of 1000 and
1500 μm result in a signal that is dominated by the edge of
the beam profile located at low impact parameters. This is
of concern as particles at impact parameters close to the
radiator produce a spectrum that appears as the Cherenkov
spectrum (see Fig. 3).

Figure 7 shows the effect of horizontal beam size on ChDR
emission intensity for a beam centred at an impact param-
eter of 5000 μm. The smaller the horizontal beam size the
more the signal becomes dominated by the core of the beam
resulting in an emission dominated by longer wavelengths.
Conversely as the beam size gets larger the signal becomes
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Figure 6: Signal contribution at each impact parameter emit-
ted from the BTS ChDR radiator from the beam distributions
in Fig. 5.
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Figure 7: Effect of horizontal beam size from a beam at cen-
tred at an impact parameter of 5000 μm on ChDR intensity
yield from the radiator on the BTS test-stand.

dominated by the edge of the distribution near the radiator
favouring the signal from the shorter wavelengths.

CONCLUSION
This paper presents simulations of ChDR emission for

the BTS test-stand at Diamond Light Source using the PCA
model. It has been found that ChDR emission at longer wave-
lengths is most sensitive to the core of the beam, whereas
shorter wavelengths are dominated by the particles in the
beam tails. For BPM applications, an infrared system is most
suitable whereas a beam halo monitor could be developed
using the ChDR emission in the visible range.

Future steps for this research will compare the angular
distributions measured from the optical system on the BTS
test-stand with those simulated. Differences are expected
between the simulations and measurements due to the dif-
ferent radiator geometries used in each. More in-depth and
useful experiments would compare the spectral emission
and impact parameter dependences.
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