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Abstract

Beam diagnostics are crucial for smooth accelerator operations. Many tech-
niques rely on instrumentation in which the beam properties are signifi-
cantly affected by the measurement. Novel approaches aim to use Cherenkov
Diffraction Radiation (ChDR) for non-invasive diagnostics. Unlike regular
Cherenkov Radiation, the charged particles do not have to move inside of the
medium, but it is sufficient for them to move in its vicinity as long as they are
faster than the speed of light in the medium. Changes to the beam properties
due to ChDR measurements are consequently negligible. To examine ChDR
emission under different conditions, we placed a fused silica radiator in the
DESY II Test Beam. We observed increases in ChDR intensity for electron
and positron momenta between 1 GeVc ! and 5GeVc 1. Additionally, we
found a larger photon yield for electrons than positrons for increasing par-

ticle momenta. However, the significance of these measurements is strongly
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limited by the accuracy of the conversion from the measured signal to ab-
solute photon numbers. The results suggest a need for further research into
the ChDR generation by electrons and positrons and may find application in

the design of future beam diagnostic devices.
Keywords: CERN, DESY, Test beam, Beamline for Schools, Cherenkov
Radiation, ChDR

1. Introduction

Cherenkov radiation is light produced by charged particles when they
pass through an optically transparent medium at speeds exceeding the speed
of light in that medium [1]. It was first observed experimentally in 1937
by P. A. Cherenkov [2|. He shared the Nobel Prize in Physics 1958 with L
M. Frank and I. Y. Tamm who developed a theoretical model of the phe-
nomenon [3]. The model was improved by Ginzburg and Frank to show the
emission originated from dielectric material regions parallel to the particle
motion [4]. The radiation emission has since been calculated using electro-
magnetic field eigenvalues [5] and Di Francia expansions [6]. More recent

work has described ChDR generation in different scenarios [7] [8].

In the last few years, the existence of ChDR has been proven experimen-
tally [9]. ChDR can be emitted if an ultrarelativistic charged particle moves
in the vicinity of a dielectric medium [10]. The atoms of the medium get po-

larized by the electric field of the ultrarelativistic charged particle, oscillate,

and thereby emit light [11] at a characteristic Cherenkov angle cos(6) = ﬁ—ln,

where /3 is the relativistic factor and n is the refractive index of the material.
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For fused silica (n = 1.46) and ultrarelativistic particles (5 ~ 1) the angle is

approximately 46.8° [12].

ChDR is polarized as it arises from fields of charged particles inducing dy-
namic polarization currents at the air-radiator interface [13]. The angular
distribution is determined by the spatial arrangement of the particle and ra-
diator [13]. However, ChDR differs from regular Cherenkov Radiation in that
both horizontal and vertical components are measurable as only a fraction
of the radiation cone is measured [14]. Differences in radiation between the
horizontal and vertical direction, depending on the arrangement of beam and
radiator, have been observed [9]. Previous experiments have shown an expo-
nential decay of ChDR intensity for increasing distances from the dielectric
radiator which they determined to be in good agreement with predictions
from polarization radiation theory [9]. Increased ChDR emission rates for
electrons at 5.3 GeV compared to 2.1 GeV have also been observed [14] but
to our knowledge no detailed analysis of the effect of particle momentum or

energy on ChDR generation has been performed.

ChDR has been proposed to be a method for non-invasive beam diagnos-
tics as the particles do not physically interact with the radiator [14]. Beam
position and bunch length monitors exploiting ChDR, emission have been
trialled successfully [10] [15]. In this article we present the results of placing
a dielectric radiator in the vicinity of a particle beam at the DESY II Test

Beam Facility and measuring the emission rates of photons under different
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conditions!. The Test Beam facility allows measurement of ChDR generated
by single particles while previous work has focused on particle bunches [9][14].
We focus on a comparison of the emissions from electrons and positrons in
the same setup. To our knowledge this has not been done before as pre-
vious experiments were conducted on circular colliders where electrons and

positrons travel in opposite directions [14].

2. Methods

2.1. Experimental setup

The DESY 11 Test Beam Facility offers positron and electron beams with
selectable momenta from 1GeV et to 6 GeVe ! [18]. A maximum particle
rate of 10 x 10° Hz is reached at around 2GeV ¢! [17]. The Test Beam
is generated by double conversion of the DESY II synchrotron beam [18].
Bremsstrahlung is produced from 7 pm carbon primary targets held inside
the synchrotron beam. The Bremsstrahlung then creates electron-positron-
pairs on a secondary metal target with dimension 45 mm x 60 mm [18]. The
particles subsequently pass through a dipole magnet, which allows selection
of particle type and momentum. A 10 mm x 20 mm collimator constrains the

beam before it traverses the experimental setup.

LAll experiments were conducted by high school students under expert guidance as part
of the Beamline for Schools (BL4S) competition 2020. BL4S is a worldwide competition
offered by CERN since 2014 that provides high school students with the opportunity
to conduct their own experiments at a state-of-the-art particle accelerator [16]. In the
years 2019 - 2021, BL4S was co-organized by DESY and held mostly at their facilities in
Hamburg due to the Long Shutdown 2 at CERN [17].
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The experimental setup comprises trigger scintillators, a beam telescope
consisting of six silicon pixel detectors [19] that are permanently installed at
DESY, a photomultiplier tube (PMT) and a fused silica radiator. A sketch
of the arrangment of the components of the experimental setup can be seen
in Figure 1. The beam telescope features a high position resolution, in the
order of a few micrometers, and low material budget, which enables the re-
construction of particle tracks at the given momentum range and thus an
estimation on the relative particle distance to the radiator. It is used in a
configuration with three detector planes each before and behind the radi-
ator. In addition, a pair of scintillators is utilised as input to the trigger
system. The PMT (ET enterprises 9813QKB) was operated at 1650 V for all
experiments and has a spectral response from 165nm to 630nm [20]. This is
similar to camera systems with a wavelength of 300nm — 700 nm that have

been used previously to detect ChDR [9].

The radiator is positioned partially inside the beam, such that the center
of the beam spot is located at the edge of the radiator. Thus, a large portion
of particles passes in close proximity of the radiator. Inevitably, a signifi-
cant fraction of particles also traverses the radiator, leading to emission of
non-diffraction Cherenkov radiation. To reduce contamination from ambient
light, the PMT and radiator were placed in an aluminum box, painted black
on the inside. The box was placed on linear motion stages for an alignment
transverse to the beam, while the radiator itself was mounted on a rota-

tion stage for an angular alignment parallel to the beam. Figure 2 shows
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the setup inside the box including the radiator with alignment stage and
the PMT. Beam windows covered with black tape were added to reduce the
material budget while maintaining the blocking of ambient light. The PMT
was, optionally, equipped with polarization filters in order to study radiation

polarization.

2.2. Radiator

Right-angled trapezoid prism radiators made of high purity fused silica
(Si03) were obtained from Heraeus [21] and CERN. The unique prism ge-
ometry of the radiators allows for ChDR generated over the entire length of
the radiator to reach the PMT. Figure 3 shows how light generated along
the entire length of the radiator can undergo internal reflections to reach the
wedge shaped end of the radiator. A reflective coating at the 21.8° angled
surface was applied to enforce the radiation exiting the radiator perpendicu-
larly to the opposite surface. To determine the QDC signal baseline, a small
piece of aluminum foil, blocking the light exiting the radiator and entering

the PMT, was temporarily applied over this area of the radiator.

2.3. Triggering & Data Acquisition

Two assemblies of scintillators, light guide and PMT, were used for trig-
gering purposes. These scintillators were powered and their signals inter-
preted by the Trigger Logic Unit (TLU) [22], which is used for coincidence
detection on discriminated input signals with a programmable threshold.
The TLU in turn formed a particle trigger signal and performs a trigger-busy-
handshake with all detectors, inhibiting any further trigger signals from being

distributed while any detector is indicating a busy signal. In consequence of
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Figure 1: Sketch of the experimental setup at the DESY II Test beam facility showing the

relative positions of the detectors used and the radiator.

Figure 2: Picture of the radiator mounted on a rotation stage next to the PMT inside a

black painted aluminum box.
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Figure 3: Sketch of ChDR emission in a long dielectric radiator based on a design previ-

ously described for non-invasive beam diagnostics [10].

a trigger, the telescope data was recorded, storing the data as well as the trig-
ger numbers to the disk. The PMT signal was digitized via a 12 bit charge to
digital converter (QDC) of the type CAEN V965 [23]. For this, an integration
window was created through a pulse generator, initiated by the trigger signal
and with a width that was empirically determined to cover the full duration
of all PMT pulses. The QDC raised a busy signal while the integration is in
process. The data acquisition was controlled via the EUDAQ2 data acquisi-
tion framework [24]. This software enabled the initialization, configuration
and control of the telescope, the QDC, the scintillators, the TLU, and the
motion and rotation stages via dedicated configuration files. It furthermore
featured so-called data collectors, which have the task of writing the data to

disk.

2.4. Data Analysis
2.4.1. Determination of radiator boundary

The data was analysed using ROOT [25] and PyRoot in Jupyter Note-

book [26]. The radiator boundary was determined using a Material Budget

8



126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

Image (MBI). The MBI used is a two-dimensional mapping representing the
amount of material traversed by relativistic charged particles [27]. The kink
angle, the angle between the tracking lines obtained before and after pass-
ing through the setup, is used as an estimate of the amount of material the
particle traversed [28]. The MBI used is the projection of the kink angle for
each particle to a plane within the radiator length approximately halfway
between the first and sixth pixel detector of the beam telescope. A difference
in the average kink angle between the radiator and the surrounding air can
be seen in the MBI in Figure 4. The boundary of the radiator is defined by
the points, in (x,y) coordinates, where the average kink angle is half way
between that of air and that of the radiator. The radiator boundary was
then estimated by fitting of a straight line through these points, resulting in
a close to vertical line. During analysis, the track position at the MBI plane
is calculated and the impact parameter is the distance of the track position
to the fitted line.

The boundary measurement was performed for each group of runs where
the exact position of the radiator could have changed from a previous group
of runs, which could happen due to manual interventions on the setup. The
standard error of the radiator boundary position was determined from the
variance of the (z,y) values compared to the fitted line. On average, the
standard error was about 0.02mm. We decided to use 0.035mm for the
uncertainty of the radiator boundary position from the line fitting as the
bin size used in the fit was 0.035 mm. The radiator boundary position was
defined for each run as the straight line position subtracted by the value of

the standard error.
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Figure 4: X-Y projection material budget image of the beam profile kink angle. The left
section, in dark blue corresponds to air; the low statistics region with large kink angles,
in the top right area, corresponds to the radiator; the region below and to the right of
the radiator with slightly increased kink angles compared to the air region, corresponds
to the support structure of the radiator; a small gap of air, between the radiator and
support structure can also be observed in the darker colors, reflecting a lower kink angle,
as expected from the geometric design of the mechanical support; a faint silhouette of a
plastic screw and washer from the support structure can also be observed on the bottom,

with kink angles between those of air and the support structure itself.
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2.4.2. Analysis of particle tracks

The particle hits were clustered and tracked using the corryvreckan li-
brary [29]. The track of the particles in the region of the radiator was calcu-
lated by reconstructing the pathway of the particle with straight lines fitted
through the clusters before and after the radiator. The particle tracks were
used to calculate which particles passed inside the radiator, thus producing
non-diffraction Cherenkov radiation, and which particles passed outside the
radiator, thus being candidates for producing diffraction Cherenkov radia-
tion. This information is summarised, for each particle, in the impact pa-
rameter which is defined as the distance of the track to the radiator surface
(as defined in Section 2.4.1), with positive values indicating a position inside
the radiator and negative values a position outside the radiator. Events with
multiple tracks are removed from analysis. To reduce contamination in the
ChDR output from particles that underwent scattering, we have excluded
all particles where there is a distance between the predicted values from the
upstream and downstream line fitting greater than 0.15 mm, with a distance
between a cluster on a single detector and the predicted linear fit greater
then 0.2mm or with an upstream angle greater than 0.005rad from further

analysis.

2.4.8. Comparison of positron and electron beam angular spread

Since the impact parameter is determined at the MBI plane, particles
with large impact angles may traverse the radiator at the edges and produce
non-diffraction Cherenkov radiation. Analysis of the angular spread in -
direction of the fitted particle tracks for 2GeV e ™! and 5GeV e ! suggests

that there are no significant differences between positrons and electrons (see

11
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Figure 5: The distribution of angles of the particle tracks before the radiator for electrons
(top) and positrons (bottom) at 2GeVe ! (left) and 5GeVe! (right). No significant

differences of the angular spread between electrons and positron beams were observed.

The angular spread of the particle tracks decreases as the momentum
increases, as expected since the effect of multiple scattering should also de-

crease.

2.4.4. Analysis of ChDR emission

The average pulse amplitude measured from the PMT was plotted against
impact parameter for electrons and positrons respectively (see Fig. 6 and 7).
For the initial analysis, the arbitrary QDC output unit values were used

as a measure of light intensity. The dotted line in the plot denotes the

12
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bias current pedestal, an offset value arising from the QDC measurement
process. Events with distances from the radiator boundary greater than
1.2 mm were excluded from the analysis as they were considered to be too far
away. The graph obtained was then modelled by an exponential function [9]
of type a + b - e™ fitted over 1 mm, ending at a value that corresponds to the
uncertainty of the radiator edge (see Fig. 6 and 7). The parameters and x? of
the functions for different particle types and momenta are given in Table 1.
To obtain a number representative of the total photon production for specific
conditions, the fitted function was integrated in the interval. To account for
the pedestal, the integral of the pedestal in the same interval was subtracted
from this number. Errors of the exponential fit of the data and the subsequent
integration were calculated using the ErrorIntergral macro from ROOT [30].
To analyse the contamination from light other than Cherenkov radiation,
a run with aluminum foil blocking light generated inside the radiator from
entering the PMT was performed and analysed in the same way (see Fig. 8),
no significant contamination was observed and the baseline value (69.52 +
0.38) is compatible with a pure pedestal background (69.23 £ 0.52). The
6 GeV ¢! electron measurement was excluded from the analysis because after
tracking there was an insufficient number of data points with accurate tracks
(see Fig. 6). However, the experiment with 6 GeV ¢~! positrons had enough

data.
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Figure 6: Histograms of the average light intensity for electrons in arbitrary QDC units
as a function of the track impact parameter for beam momenta between 1 GeV ¢! and

6 GeV c~!. The region immediately outside the radiator is fitted with an exponential.
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Beam a b c X2 /ndf
1 GeV/ce | 1.23 x 10* | 1.69 x 10? | 0.97 x 10 1.00
1 GeV/cet | 092 x 10% | 2.04 x 10? | 1.10 x 10* 1.83
2 GeV/ee | 1.59 x 107 | 2.39 x 102 | 1.64 x 10! 1.54
2 GeV/ee™ | 1.15 x 107 | 4.51 x 10? | 1.46 x 10! 1.78
3GeV/ee | 2.02x10% | 3.33 x 10% | 1.30 x 10! 1.04
3GeV/eet | 1.34 x 107 | 5.66 x 10? | 1.45 x 10! 1.14
4 GeV/ce | 234 x 10% | 4.95 x 10* | 1.72 x 10} 1.53
4 GeV/cet | 1.37 x 10% | 6.76 x 10 | 1.43 x 10} 0.91
5GeV/ee | 2.50 x 10? | 3.86 x 10? | 1.32 x 10! 0.91
5GeV/cet | 1.47 x 107 | 8.95 x 10? | 1.80 x 10! 0.95
6 GeV/c et | 1.64 x 102 | 8.62 x 10?2 | 1.56 x 10! 1.21

Table 1: Parameters of the exponential fit of photon emission as a function of impact
parameter for different particle types and momenta. The exponential function used was

of type a + b - e*.

16



5GeV/c

22200
; 2000
5,1800
-‘5 1600
21400
1200
1000
800
600
400
200

III|III|I|||HWHI|IHMNWH\‘\HMHMH‘(

+
P ]

P
-1 -0.5 0 0.5 1
impact parameter [mm]

5GeV/c

22200
; 2000
5,1800
-‘5 1600
21400
1200
1000
800
600
400
200

R R O, S

Il ] Il 1 Il 1 [ 1
0.5 1
impact parameter [mm]

III|III|I|||HWHI|IHMNWH\‘\HMHMH‘(

o
(=
4
r
o
(6]
O

Figure 8: Histograms of the light intensity in arbitrary QDC units as a function of the track
impact parameter for 5 GeV ¢! electrons without (top) and with (bottom) an aluminum
foil blocking light emission from the radiator. The region immediately outside the radiator
is fitted with an exponential. Blocking the photon exit point on the radiator reduces both

non-diffraction Cherenkov Radiation and ChDR detection to negligible levels.
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2.4.5. QDC signal calibration

A pulsed green LED in front of the PMT was used to calibrate the QDC
output. The distance of the LED as well as current, voltage and duration of
the electrical pulses applied to the LED were controlled such that less than 1
in 10 pulses resulted in a signal being produced by the PMT. The number of
photons reaching the PMT can be assumed to be a Poisson distribution and
in these conditions a Poisson with a mean less than 0.1. Under these circum-
stances, the probability of having more than one photon is vanishingly small,
therefore, the few pulses from the PMT must be from single photon events.
By fitting a superposition of two Gaussian functions to the peak in the signal
that corresponds to single photons and the bias current pedestal an estimate
of the conversion factor from arbitrary QDC units to number of photons can
be obtained. Figure 9 shows the intensity distribution of the QDC output in
response to a flashing LED and the Gaussian fits of the data. The measured
conversion factor was found to be (7.48 +3.63) QDCunits photon!. The un-
certainty of the conversion factor was calculated using Gauss’ law of error
propagation and the standard deviations of the individual Gauss functions

used in the fitting.
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fitted with a superposition of two Gaussian functions (red line).

2.4.6. Analysis of total photon emission

Finally, the converted values of the respective integrals were plotted as
a function of particle momentum for both electrons and positrons (see Fig.
?7?7). We report the emission of ChDR using the integral of the average
amount of photons emitted per particle in the 1 mm interval of interest with
the unit [photonmm]. The uncertainty of the photon count was calculated
with Gauss’ law of error propagation using the uncertainties of the photon

conversion and the previously determined error of the integral.
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3. Results and Discussion

Comparing the experiments with and without aluminum foil suggests a
significant increase in photon emission due to Cherenkov Radiation from an
interaction between the charged particles and the radiator (see Fig. 8). Ap-
plication of the foil over the radiator reduced the measured light intensities
at all impact parameters to negligible levels. Tracking the particles then al-
lows accurate discrimination between photons generated from non-diffraction
Cherenkov Radiation and Cherenkov Diffraction Radiation. We are therefore
confident to have detected ChDR. This is supported by our observation of

1

a increase in light emission between 1 GeVc ! and 6 GeV ¢! for positrons

20
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and 1 GeV e ! and 5GeVc ! for electrons when comparing the values of the
integral of the exponential fit (see Fig. 10). We also observed significantly
higher QDC outputs for electrons compared to positrons. However, there is
no significant difference in the generation of photons as the QDC units to
photon conversion is not very accurate (see Fig. 10). Inside the radiator
we observe much higher emissions of light from non-diffraction Cherenkov
radiation, although these events are affected by the particle tracking cuts,
being removed by the tracking exclusion criteria.

To further characterise the radiation, we measured the photon generation
for various orientations of a polarization filter placed over the PMT. The
results from this data indicate that ChDR generated in our setup has a
higher horizontal than vertical polarization component both at 3 GeV ¢! and
5GeV ¢! (see Table 2). Higher emissions of vertically polarized photons for
a radiator placed above the beam have been reported in the literature [14].
As the radiator in our experiment was placed on the side of the beam, our
results agree with this observation. The observed light intensity also did not
drop to negligible levels when the polarization filter was oriented at 90° to
the main polarization direction suggesting both polarization components are
present. This seems in agreement with theoretical predictions [14].

We also evaluated a short radiator from CERN on top of the Heraeus ra-
diator we used for the main experiments. The dimensions were 5 cm x 1 em x
0.5cm and 15¢m x 1.5 em X 1 em, respectively. The CERN radiator was pre-
viously used in other experiments and exhibited some degree of yellowing of
the medium, visible by eye, which may affect the light yield of this radiator.

Previous experiments suggested a linear increase in light emission for longer
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radiators [10]. We found an increase in light emission (see Table 3) for the
larger radiator, but this was higher than the tripling the theory predicts for
a radiator with trice the length [10]. The results of the short radiator also
do not support the hypothesis that electrons emit significantly more photons
than positrons as there was no significant difference in light emission. The
results in the longer radiator may be misleading as the longer radiator could
make the setup more sensitive to background Cherenkov radiation produced
in air or the black tape input windows. There is also a possibility of pho-
ton emission due to ultrarelativistic particles that is not ChDR. This could
also explain why we see much higher photon emission in the longer radia-
tor compared to the theoretical prediction. It is however not clear why this
would lead to an increase in photon production for electrons compared to
positrons. We also show that there are no significant differences between the
angular spreads of the respective particle beams, which could have caused
increases in light yield, especially for the longer radiator. We also could not
verify if there are differences in beam momentum and momentum spread of
the DESY Test Beam with the setup used. The deviation from the linear
increase in light emission as a function of radiator length is likely due to the
yellowing presented by the CERN radiator. Differences in thickness, width or

manufacturing of the radiators may also have influenced the measurements.

4. Conclusion

We show that ChDR emission increases with particle momentum between
1GeV et and 5GeV et for both positrons and electrons. Unlike previous

experiments on circular colliders, we measured emission by both particle
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Polarisation 3GeV e (photonmm) | 5GeVe ! (photon mm)
Vertical 0.36 £0.17 0.36 £0.17
Vertical +45° ccw 0.56 £ 0.27 0.73 £ 0.36
Horizontal 2.10£1.02 2.64+1.28
Horizontal +45° ccw 1.00 £ 0.49 1.28 £ 0.62

Table 2: Integrated ChDR emissions for 3 GeV ¢! and 5GeV ¢! electrons in the 1 mm

interval using different orientations of the polarisation filters.

Beam Small radiator (photonmm) | Large radiator (photon mm)
2 GeV e™ 1.02 £ 0.49 13.96 £ 6.78
3 GeV e~ 1.13 £0.46 21.21 £10.30
2 GeV et 0.95 + 0.54 10.22 £4.97
3 GeV e" 1.19 £0.58 13.83 £ 6.71

Table 3: Integrated ChDR emissions for 2GeV ¢~ and 3 GeV ¢! electrons and positrons

in the 1 mm interval using two different radiators.
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types in the same setup. We report significantly higher QDC measurements
for electrons compared to positrons between 1 GeVe ! and 5GeVe ! but
this difference is not significant after converting the measurements to photon
counts. To our knowledge, differences in emission rates of electrons and
positrons have not been reported for ChDR or non-diffraction Cherenkov
Radiation. Further experiments to investigate this possible difference are
needed because there is uncertainty if the photon conversion in our setup
is not accurate enough or there is actually no significant difference. Our
results also indicate that ChDR may be useful for monitoring the momenta of
particle beams, as the light emissions are a function of the particle momentum

for both positrons and electrons.
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