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Selective electron beam sensing through coherent Cherenkov diffraction radiation
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We exploit the coherent emission of Cherenkov diffraction radiation (ChDR) by a relativistic electron beam to
sense its position even in the presence of other particle beams. ChDR is produced in alumina inserts embedded
in the vacuum chamber walls and recorded in a narrow band centered at 30 GHz. This nontrivial solution has
been implemented for plasma wakefield accelerators, where the electron beam to be sensed can copropagate
with another high-energy proton beam that generates the plasma wakefield. In addition, at variance with most
existing position detectors, this method is insensitive to spurious electric charges due to the presence of plasma.
We present the overall design of the detector as well as experimental results obtained in the AWAKE facility at

CERN.
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I. INTRODUCTION

Particle accelerators are unique instruments driving inter-
disciplinary research including such disciplines as medicine
[1], biology [2], chemistry [3], archaeology [4], and many
other technical areas. Application in high energy physics has
become a separate direction [5] requiring powerful accel-
eration technology alongside an extremely small emittance
beam propagating over a multikilometer distance. A stable
and reliable beam is required to achieve cutting edge and
well reproducible results. Beam position monitors (BPM) are
key noninvasive instruments at modern accelerator facilities
enabling operators to maintain top beam quality [6]. They
provide information about the beam position, direction, arrival
time, charge, and tune, and demonstrate the beam stability.
The need in beam position sensors has become obvious since
the first accelerator was developed in 1929 [7]. A rather
trivial phenomenon, e.g., interaction of electromagnetic field
with metal structures, has resulted in a series of sophisticated
designs including button sensors widely used in synchrotron
light sources [8], strip line [9], and cavity [10] beam posi-
tion monitors frequently used in linear accelerators. However,
none of these designs are capable of distinguishing positions
of two copropagating beams, i.e., beams propagating in the
same direction in close temporal overlap.
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AWAKE is a plasma-wakefield acceleration technology
development project [11], where the wakefield is excited in
a plasma channel by an intense 400 GeV proton beam, and
then, a low intensity ultrashort electron beam is injected to
gain the energy. For efficient acceleration, a precise control
of the electron beam is needed in the presence of the more
intense proton beam. In this paper we propose a beam position
sensing technology. Cherenkov diffraction radiation (ChDR),
appearing when a fast charge particle moves in the vicinity
of a dielectric medium [12,13] is used to generate millimeter
wave electromagnetic radiation in four dielectric rods placed
around the beam trajectory. Coherent ChDR has already been
applied for bunch length diagnostics in [14]. In our experi-
ment the radiation propagating along the rod is measured by
four sensitive detectors. The coherent part of the radiation
spectrum was used to separate the signal between two co-
propagating beams of different lengths. Another significant
advantage of this technology is that the ChDR is insensitive
to superior charges from the plasma itself. Such a background
limits the use of conventional BPM technologies.

This paper will present the conceptual description, analyt-
ical estimations, and electromagnetic simulations enabling to
create a design used in the experimental test at AWAKE beam
line. The experimental results and their analysis are presented
and discussed.

II. SELECTIVE ELECTRON BEAM SENSING

A. Cherenkov diffraction radiation

A fast charged particle passing by a dielectric material
polarizes atoms along its trajectory. The electron shells of
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the polarized atoms then oscillate, emitting polarization ra-
diation with a very broad spectrum propagating inside the
medium. The mechanism is similar to classical Cherenkov
radiation, however, the particle does not directly interact
with the medium. Multiple scattering and bremsstrahlung
processes do not affect the particle properties. On the other
hand, finite outer dimensions of the radiator result in devia-
tion of spectral-spatial properties of the emitted waves from
classical Cherenkov radiation [13]. In [12] this phenomenon
was assigned a new name of Cherenkov diffraction radiation
(ChDR).

ChDR features very specific radiation characteristics that
make it interesting for the noninvasive sensing of charged
particle beams. The radiation is emitted at the characteristic
Cherenkov angle 6¢y, [15] within the medium, according to

cos(Ocn) = L ey
Bn

where B = v/c is the speed of the particle in units of the
speed of light in vacuum c, and n is the index of refraction of
the medium. Recent advances in development of polarization
radiation theory resulted in deriving a polarization current
approach, which enabled us to develop models accounting
for different radiation mechanisms such as transition radi-
ation, diffraction radiation, Cherenkov diffraction radiation,
and their interplay. In [13] the authors summarized the ap-
proach and made it suitable for estimating the spectral-spatial
properties of ChDR from a single particle used as Isp in Eq. (2)
below.

B. Coherent radiation emission

The properties of the radiation emitted by a bunch of
particles depend not only on the previously discussed single
particle radiation properties, but also on the bunch structure.
In [16] the authors assumed that synchrotron radiation can be
emitted coherently, i.e., the intensity is proportional to the
square of the number of particles within a bunch. Later it
was theoretically and experimentally demonstrated that any
mechanism might have coherent properties if the emission
wavelength is comparable to or longer than the longitudinal
size of the bunch. In this case, a phase relation exists among
the single particles emitted radiation. The intensity of radi-
ation emitted by a bunch of particles can be presented as
[17,18]

I(@) = Isp(@)[N + N(N = D[ f ()], @

where Isp is the single particle emission term (in this case, the
ChDR emission term), w is the angular frequency, N is the
number of particles in the bunch, and f(w) is the bunch form
factor term. For sufficiently long wavelength, the emission
from all the particles in the bunch can be assumed in phase,
hence,

Icon(@) o< N Isp(w)] f ()2, A3)

where Icon(w) is the intensity of coherent radiation emitted by
the bunch. For the purpose of selective beam sensing when
multiple particle beams are present, the two key parameters
are the particle population N and the longitudinal form factor,
expressed by a Fourier transform of the longitudinal particle

distribution p(z, o,) within the bunch. In the case of Gaussian
longitudinal profile, the form factor can be represented as

() . w202
f() Z/ p(z,0)e " cdz =e 27 . )
—00

Here z is the longitudinal coordinate and o, is the root-mean-
square beam size of Gaussian distribution. In general, at low
frequencies the impact of the bunch population dominates.
At higher frequencies, the shape becomes the predominant
factor. It is therefore possible to identify specific frequency
regions of the spectrum where the radiation is dominated by
the components from a single beam, even if it is not the most
intense one. The specific application of this principle for the
AWAKE beamline case is detailed in the Sec. I D.

C. Radiation field shaping

The radiation is produced at the surface of a dielectric
radiator, which is parallel to the beam trajectory. The imple-
mentation in real accelerators poses physical constraints to the
radiator shape and material, which reflects in a modification
of the emitted radiation spectrum. The characteristics of the
emitted radiation are affected by two key factors: radiator
orientation and geometry.

First and foremost, internal reflections need to be con-
trolled as much as possible. This is achieved by orienting
the radiator at the Cherenkov angle 6c,. Second, ceramic
cylindrical radiators are easy to manufacture and integrate
with current technology. The confined propagation of the EM
field in a dielectric radiator surrounded by the metal of the
vacuum vessel, is analogous to that of a waveguide loaded
with dielectric. For a cylindrical waveguide, the lowest order
mode that can propagate features a low-cutoff frequency of

c 1
fe =1.8412 2r e
where c is the speed of light, r is the radiator radius, and ¢, is
the relative permittivity of the dielectric material [19]. Below
the cutoff frequency, the fields are subject to an exponential
damping along the radiator length [20].

The field generation and shaping is shown in Fig. 1. On
the left, an engineering projection of the device is shown. The
radiator is placed diagonally inclined exactly at the 6¢;,. The
beam is passing by at a certain impact parameter (the shortest
distance between the radiator and the particle trajectory, which
is used for beam position sensing). On the right, the time
evolution of the radiation production is shown from numerical
simulations. The beam field is presented as a straight red line
going from the beam to the radiator. The beam field is signifi-
cantly more intense than the radiation field. It justifies the fact
that the generation mechanism is nondestructive to the beam,
because the energy loss due to the ChDR process is negligible.
During the passage of the beam along the radiator edge, a
wavefront is formed, and it propagates along the radiator at
Ocn toward a detector. The radiation continues traveling slower
than the particle beam at a speed of ¢/n, with n = /e, 11,
where n is the refractive index of the medium, €, and w,
are the relative permittivity and permeability of the radiator
material. The radiation is finally refracted through the radiator
exit face, where it can be detected. To minimize the radiation
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FIG. 1. On the left, the device schematic drawing including three ChDR pickups and two beams with an offset with respect to the chamber
center. On the bottom right, a numerical simulation showing the temporal evolution of the electric field induced at the passage of the beam.
The direct beam field, and the different radiation fronts, are indicated. The Cherenkov diffraction radiation front (ChDR) can be observed
propagating throughout the radiator. The diffraction radiation (DR) production can be observed in the beampipe, as a result of the interaction
of the beam field and the radiator edges. On the top right is the schematic diagram of the detection system.

distortion due to refraction, the exit face is made parallel to
the incoming ChDR wavefront. One may see the diffraction
radiation (DR) wavefront generated at the ChDR radiator and
copropagating along the beam trajectory. The DR contribution
is negligible with respect to the ChDR and can be ignored.

D. The radiator optimization

A prototype instrument was realized for the AWAKE ex-
periment at CERN [11], where an intense proton “drive” beam
is used to resonantly drive wakefields in a plasma, which are
used to accelerate an electron “witness” beam. The aim of the
instrument is to selectively sense the electron beam even in
the presence of the proton beam, assuring the correct pointing
before entering the plasma.

The characteristics of the two beams are largely differ-
ent: the proton beam features the intensity of 1 —3 x 10'!
particles per bunch, while the electron beam a charge of
100-600 pC (0.6 — 3.8 x 10° particles per bunch). The bunch
lengths (1o) are also several orders of magnitude apart, with
250 ps for protons and a range between 1.5 and 5 ps for
electrons. These differences have a strong impact on the spec-
trum of the coherent emission produced by the two beams.
Assuming particle bunches of Gaussian shape, the different
beam spectra calculated using Eqs. (3) and (4) are shown in
Fig. 2. The spectra are normalized to the proton beam inten-
sity. It can be noticed that although the emission spectrum
is dominated by the intense proton beam at low frequency,
its power quickly drops in the GHz range. Conversely, as the
electron beam is shorter, its spectral power remains constant
throughout a larger frequency range. It is therefore possible
to select the electron emission with limited bias from the

protons, provided that the detection frequency is sufficiently
high. For the purpose of this work, the target frequency for
the electron beam detection was selected to be at 30 GHz,
allowing for a large margin from the ideal proton emission
drop frequency. This frequency choice was also selected to be
sufficiently far from the plasma frequency, that in AWAKE
exceeds 100 GHz [21]. This region is marked with the gray
background in Fig. 2. In possible future application scenarios,
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FIG. 2. Beam spectra for electron and proton beam for the
AWAKE experiment. Gaussian bunch shapes are assumed. The ver-
tical lines indicate the detection frequency of the different position
sensors in the experiment. The spectra are dominated by the longitu-
dinal bunch form factor | f(w)|*.
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FIG. 3. Simulated relative power emission for different Al,O;
radiator diameters for a 600 pC, 4 ps-o electron beam. The dashed
lines indicate the theoretical cutoff frequency from Eq. (5).

the measurement might be performed in the presence of an
in-plasma modulated proton beam.

The instrument was realized by brazing four opposite
dielectric radiators in the vacuum vessel. The radiator ma-
terial of choice was Alumina (Al,O3), which features the
Cherenkov angle of 71° due to the high dielectric permittivity
of 9.6 in the GHz range [22]. The large Cherenkov angle was
selected to ease the mechanical integration within the existing
accelerator.

The emission spectrum was designed not only to sense the
electron beam at the 30 GHz frequency, but also to avoid
producing large amounts of radiation from the protons below
1 GHz, which would have needed to be dissipated. To achieve
this, cylindrical radiators were selected with a diameter of
6 mm, corresponding to a cutoff frequency of 9.6 GHz. The
aperture of the beampipe is 60 mm. A study of the properties
of the radiator emission was performed using a series of wake-
field simulations in CST Studio Suite, produced by Dassault
systemes. The comparison of the normalized emitted power
for different radiator diameters is shown in Fig. 3. The sim-
ulation results agree with the theoretical expectations of the
low cutoff frequency, according to Eq. (5). At high frequency,
the emitted power gradually decreases with frequency, as the
incoherent regime is entered and the spectral power reduces.
As the radiator dimension is reduced, the emitted power is also
decreased, as the exposed face to be polarized by the beam
becomes smaller.

III. EXPERIMENTAL SETUP

In this experiment, the radiation produced by each radiator
is acquired and processed separately. The schematic of the
radiation detection for a single radiator is presented in the
top right of Fig. 1. This system is realized using standard
WR28 waveguides, with a nominal TE10-mode operation
frequency range of 26.5—40 GHz. The radiator output is chan-
nelled through a waveguide network 1.5 m long. Then, the
radiation is filtered through a 30 GHz bandpass filter with
a bandwidth of 300 MHz. A remotely controlled waveguide
attenuator (MI-WAVE, model 511A) adapts the filtered signal
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FIG. 4. Signals for a 10'' proton beam, showing the depressed
emission of the radiator below the noise level. When a 250 pC
electron beam is added, it becomes clearly measurable even in the
presence of the proton beam. For the case with both beams, the signal
shown was attenuated of 10 dB.

to the input of an RF detector. A zero-bias Schottky barrier
diode detector (Millitech Inc., DXP-28) is used to rectify the
filtered RF signal. The voltage at the coaxial output of the
diode detector is then recorded by a 6 GHz oscilloscope (Tek-
tronix, MSO6), and stored for further processing. During the
experiment, the linear operation of the RF detector is obtained
by limiting the input power with the attenuator. The input
power on the detector is then reconstructed by knowing the
attenuation setting for each measurement. The postprocessing
enables extraction of the signal difference over sum for each
beam position between two radiators in horizontal and vertical
direction.

IV. RESULTS

The described device was tested with electron and proton
beams in the AWAKE experiment. A good rejection of the
proton signal components was measured. Figure 4 shows the
comparison of the measured signal from the RF diode from
one radiator for the proton beam alone and for electrons and
protons. It is fundamental to note that the signal with electrons
is attenuated of 10 dB. For a proton bunch of 1 x 10'! parti-
cles, the emitted power from the radiators is below the noise
level of the available detection system. Conversely, the 250 pC
electron bunch is clearly measurable even in presence of the
more intense proton beam. The signal shape is conditioned
by the RF detection chain shown in Fig. 1 (top right) and
discussed in Sec. III. As the bandwidth of the filter is narrow
(300 MHz in the 3 dB cutoff region), the resulting signal is
stretched. The second shoulder, present after the main peak
is to be attributed to the filter characteristic response, as con-
firmed by measurements with a vector network analyzer. The
fast response of the radiators opens perspectives for realizing
diagnostics for setups where multiple bunches are used. This
was observed in the past [23], and will be the object of future
studies. One may adjust the bandpass filter bandwidth versus
the detector response; nevertheless, even the current setup can
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FIG. 5. Response for a position scan in the horizontal plane with
a 200 and 550 pC electron beam. In the 200 pC data series, the point
at the 2.2 mm position was excluded from the fit as a charge drift was
detected.

resolve bunches, which are 2.68 ns apart (FWHM of the signal
shown in Fig. 4).

A study with electron beam was performed to qualify the
device response as a position monitor. The electron beam
was displaced, and measured with an adjacent beam position
monitor as reference. Both beams with 200 pC and 550 pC
electrons per bunch were tested, exploring the extremes of
the AWAKE beam parameter range. From reference measure-
ments, these correspond to bunch lengths (1 o) of 3.3 and 5 ps,
respectively. The response to the beam position was estimated
by calculating the difference over sum (A /X) of the amplitude
of the RF voltage produced by two opposite radiator assem-
blies on the respective RF detectors. The measured response
is showed in Fig. 5. The error bars indicate the standard devi-
ation of the measurement in each position, calculated over an
average of 200 acquisitions per data point. The contribution of
the electron beam position jitter was subtracted. The response
was found compatible with a linear fit in the explored 5 mm
range. The measured sensitivity is (4.7 +0.2) x 1072 mm™!
for the 200 pC beam, and (4.49 +0.1) x 10> mm~" for
the 550 pC beam. This has to be compared with the ideal
sensitivity of 5.86 x 1072 mm~! from EM simulations. The
electromagnetic center was not found around the center of the
beampipe, but displaced of 3 mm due to the different radiator
insertion losses. A number of causes contribute to the dis-
crepancy between simulations and measurements, including
the assumption of perfect symmetry, the idealized material
properties, and response of the detection chain.

V. DISCUSSION

The integration of dielectric radiators is a substantial nov-
elty in particle accelerators, where the field of position sensors
has not had substantial conceptual improvement for decades.
Furthermore, broadband detection of coherent radiation can
be used to measure different beam parameters than position.
For example, in [14] the authors have developed a technology

to reconstruct longitudinal electron beam profiles using three
sensors detecting different spectral ranges. Replacing the de-
tection system, one may diagnose the longitudinal profile.
The technology demonstrated in this work finds application
in short bunch, high energy, charged particle accelerators.
These parameters are increasingly common in state-of-the-art
and future accelerators, that are progressively moving toward
multi-GeV beam energies and sub-ps long bunches for both
particle physics research [24,25] and x-ray production in
free electron lasers (FELs) for base research [26]. For future
accelerators relying on plasma technologies, the technique de-
scribed in this work presents the additional advantage of being
resilient to the free spurious charges present in the plasma en-
vironment. Plasma-accelerated beams typically present short
bunch lengths due to the high plasma density used to obtain
a strong acceleration [11], with demonstrated examples of
schemes employing GeV-energy beams with sub-ps bunch
lengths [27,28]. This is also the case for dielectric accel-
erators [29]. We have demonstrated 30 GHz beam position
measurement technology. However, for shorter bunches (e.g.,
femtosecond duration) the technology can be extended to the
detection of coherent radiation in the THz and optical range.

VI. CONCLUSIONS

We demonstrated that a beam induced radiation method
can be applied for beam position sensing inside opera-
tional particle accelerators. This is a conceptually interesting
approach to beam position diagnostics, enabling the discrim-
ination of particle beams of different species based on bunch
length. The use of dielectric materials enables placement of
diagnostics in areas before impossible to reach, e.g., inside
magnets and in plasma contaminated areas. Moreover, this
approach allows the realization of monitors with a large band-
width that exceeds tens of GHz, a regime difficult to access
with conventional technologies with the current manufactur-
ing capabilities.

This work showed that the selective sensing of an electron
beam can be achieved even in the presence of a much more
intense proton beam in close temporal and spatial proximity.
This is realized by exploiting the very different beam pa-
rameters in combination with the use of radiative methods.
The discrimination method exploiting the properties of the
coherent radiation emission of the two beams was described.
Experimental results with both electron and proton beams
were shown, demonstrating the depression of the proton sig-
nal, and the sensitivity to the electron beam position.

The fast radiation emission is also promising for more
complex beam arrangements, where multiple bunch trains are
used.
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