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Abstract: Inspired by recent measurements suggesting that Ultra-High Energy Cosmic Ray air showers might
emit signals in the microwave region, several experiments were realized. The emission is expected to be produced
in the plasma, created by the passage of the air shower through the atmosphere and is expected to be isotropic and
unpolarized, allowing the detection of air showers with nearly 100% duty cycle and a calorimetric-like energy
measurement, which would improve significantly the detection efficiency of current techniques. The goal of the
AMY experiment is to measure in laboratory conditions the yield and the spectrum of the GHz emission in the
frequency range between 1 and 20 GHz. The tests were performed at the Beam Test Facility, Frascati, Italy using
a beam of 510 MeV electrons. The details of the measurement performed so far and the first results are presented.
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1 Introduction
One of the established methods to detect the Ultra-High
Energy Cosmic Rays (UHECR) is the fluorescence tech-
nique, where the emission from the nitrogen molecules in
the atmosphere induced by charged air shower secondary
particles is detected. It is the only method observing di-
rectly the longitudinal profile of the shower. The disadvan-
tage of this technique is that the measurement is disturbed
by parasitic light (the Moon, towns, etc.) and weather con-
ditions, resulting in duty cycle of about 13%. A detection
technique based on the emission in the GHz region would
keep the feature of viewing directly the longitudinal profile
but the disturbance from weather conditions and parasitic
light would be significantly reduced, therefore improving
the duty cycle and consequently increasing the statistics of
detected UHECR. Proving the feasibility of this technique
is the goal of the AMY test beam experiment.

The existence of the microwave molecular bremsstrah-
lung radiation (MBR) from air shower particles has been
indicated by P. Gorham et al. [1] using electron beams at
ANL and SLAC, USA. The plasma is created after the re-
lease of the energy of the shower into the atmosphere and

it is produced by electrons of temperature of about 105 K.
The cooling process of the plasma holds over a time scale
of 1-10 ns and it is realized mainly via the excitation of
the medium. However, a small part of the plasma energy
can be released through bremsstrahlung emission in the
collisions of the electrons with the neutral molecules of
the atmosphere [1]. The emitted radiation occurs in the mi-
crowave band and it is expected to be isotropic and pro-
portional to the shower energy deposit. These properties
of the microwave molecular bremsstrahlung radiation open
the possibility to develop a radio telescope which is able to
reconstruct the full shower longitudinal development and to
provide a calorimetric measurement of the shower energy.
In comparison to the fluorescence telescopes, the MBR de-
tection technique would have the fundamental advantage of
nearly 100% duty cycle. Moreover, it does not need a pro-
gram of atmospheric monitoring, as the microwave radia-
tion is not significantly attenuated over distances of several
tens of kilometres [2]. Currently, there are several projects
striving to observe GHz emission from cosmic rays. AM-
BER [1], MIDAS [3], EASIER [4] and CROME [5] have
been constructed based on the parameters given in [1]. Sev-
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Figure 1: Accelerator hall with anechoic chamber and
alumina target at the beam pipe exit. Antennas can be
installed in 5 different positions: two in the corners upstream
(A and B), two at the side of the chamber (C and D) and
one looking from the top (T).

eral shower candidates have been found, however a more
precise measurement is needed to clearly identify the emis-
sion phenomenon. Recent results obtained by [3] and [5]
disfavour the hypothesis of a quadratic correlation between
the emitted power and the energy deposited by the shower.
Moreover, the measurements conducted by MAYBE experi-
ment [6] at the electron Van de Graaff of the Argonne Na-
tional Laboratory (USA) suggest a linear scaling with the
beam energy and an evidence for lower yield with respect
to the Gorham et al. measurements was reported.

2 AMY experimental setup
The main objective of AMY is to make a precise measure-
ment of the MBR absolute yield and to study the spectrum
in frequency in the wide band between 1 and 20 GHz. The
measurements are performed at the Beam Test Facility (BTF
[7]) of the Frascati INFN National Laboratories (Italy), part
of DAΦNE accelerator complex. Dedicated transfer line,
driven by a pulsed magnet diverts electrons or positrons
from the end of the high intensity LINAC towards a 100 m2

experimental hall (Fig. 1). The LINAC can provide electron
bunches with a charge up to 1010 e−/pulse, in an energy
range between 25 and 750 MeV with a bunch length be-
tween 1-10 ns and a maximum repetition rate of 50 Hz. The
bunches are formed by several microbunches with a FWHM
of 14 ps separated by the LINAC frequency of 2.856 GHz.
The beam intensity is measured by an Integrating Current
Transformer BERGOZ ICT 122-070-05-1 placed at the end
of the beam pipe inside the BTF hall.

The inner surface of the copper anechoic chamber
(shown in Fig. 2) is covered with pyramidal RF absorbers
(AEP-12 model), which have a height of 30 cm and an ab-
sorption range from 35 dB at 1 GHz to 45 dB at 6 GHz
and 50 dB at higher frequencies. The dimensions of the
chamber (2 m width × 2 m high × 4 m long) are mainly
constrained by the space available in the BTF hall. The
beam axis height is 124.5 cm and it crosses the chamber
exactly along its central axis. Another constraint to the di-
mensions of the chamber is set by the requirement that the
distance of the antennas is large enough to guarantee the far

field approximation, for which the antenna patterns are well
known.

For convenience the chamber has been built in 3 modules:
the first and the third one have a length of 1.5 m and the
central one is 1 m long. Laboratory measurements show
that the shielding of the chamber from outside radiation is
better than 85 dB above 4 GHz and about 40 dB at 1 GHz.

To increase the energy deposit inside the chamber the
beam particles were colliding with an alumina target (95%
pure Al2O3) of variable thickness placed between the beam
pipe exit and the chamber. Pneumatic system, remotely con-
trolling the six modules allows to vary the target thickness
in the range of 2.5 cm to 45 cm corresponding to 0 to 7
interaction lengths.

AMY chamber may host up to 5 different radio receivers
in the positions A, B (looking at the beam from behind),
C, D (at the centre of the chamber) and T (from the top).
The support of the radio receivers allows us to change the
distance of the antennas from the beam axis and to rotate
their polarization plane either orthogonal (cross-polarized)
or parallel (co-polarized) to the beam axis.

The receivers used so far include two Rohde&Schwarz
(R&S) HL050 log-periodic antennas and two RF Spin
Double Ridged Waveguide Horn DRH20. Both the horns and
the log-periodic antennas have a broadband input frequency
(1.7 - 20 GHz and 0.85 - 26 GHz respectively). The log-
periodic antennas have the advantage of a quite regular
radiation patterns over the full frequency range but they are
sensitive to the high noise level in the low frequency range
(< 1 GHz), where the chamber does not attenuate properly
the external radiation. This problem has been overcome by
applying software and/or hardware filters. The gain of the
receivers is at level of 12 dBi in case of the log-periodic
antennas and from 6 dBi up to 16 dBi for the horn antenna.

The output signal of each radio receiver was amplified
by about 26 dB using the Minicircuits wide band amplifier
ZVA-183-S+ (800 MHz-21 GHz) . The signals were sent
through ≈ 20 m low loss cables to the control room and
acquired by a Lecroy SDA 830Zi-A oscilloscope, which has
four input channels with a 20 GHz real time bandwidth and
a sampling rate of 40 GS/s. The channels have been cali-
brated using a Rohde&Schwarz SMF100A signal generator
(range 100 kHz-22 GHz) and a Rohde&Schwarz SFSV30
spectrum analyser (range 9 kHz-30 GHz and 40 MHz band-
width). The power loss in the cables becomes significant at

Figure 2: Interior part of the chamber with the log-periodic
antenna observing the beam from the side and the horn
antenna placed at the top of the chamber.
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Figure 3: Geant4 simulation of the energy deposit distribu-
tion inside the chamber. Without interaction target (top), 5
modules of alumina target inserted, i.e. 35 cm (bottom).

the higher frequencies. The overall calibration curve (ampli-
fier + cables) decreases approximately in a linear way from
20 dB to about -10 dB in the frequency range of interest.

The antenna signals were acquired in a 500 ns time
window triggered by the presence of the beam in the
BTF hall. The signal trigger has been extracted from the
DAΦNE timing system, allowing a very precise (few ps)
time decision. One channel of the oscilloscope has been
used to monitor the beam intensity inspecting the signal
of the Integrating Current Transformer placed at the beam
pipe exit.. This allowed us to measure the beam intensity
for each particle bunch crossing the chamber.

3 Simulations
We have performed a detailed simulation of the geometry,
materials and alumina target of the AMY experimental
setup. The propagation and interaction of the electrons in the
alumina target and inside the chamber are done within the
Geant4 framework. Fig. 3 shows the effect of the interaction
target on the energy deposit distribution inside the chamber.
The Čerenkov radiation produced by the electrons in the
frequency range [1-20] GHz is obtained in the Fresnel
approximation using the model from Ref. [8]. The Čerenkov
radiation is propagated inside the chamber. We only take
into account the radiation that goes directly to the antenna
and the one that suffers one reflection off the walls. At the
antenna we have to apply the gain function that depends on
the frequency and direction of the electric field. Finally the
cable attenuation, which is also a function of frequency is
applied to obtain the signal at the oscilloscope.

4 Antenna calibration
Horn antenna calibration was done at the SATIMO StarLab
calibration system [9]. Field sampling is performed by
a wide band probe array composed of a number of evenly
spaced elements along the circumference of the support
structure. The probes are connected to the receiver through
an RF combiner network. Low frequency modulation is
applied to each probe and the measured field information
in terms of amplitude and phase is extracted by coherent
detection. The horn was located in the centre of the system
on top of a Rohacell foam column. The full 3D sphere
measurement was performed by electronically scanning
the probe array in elevation and rotating the horn 180◦ in
azimuth. Full 3D measurement in the entire 800 MHz to
18 GHz range was obtained. The qualitative result for the
radiation pattern of the horn antenna at 2.8 GHz is shown
in Fig. 4.

5 Data analysis
Several test beam periods have already been effectuated.
The data analysis proceeds as follows. The number of
beam particles is estimated by making the integral in
a time window centred on the peak of the Integrating
Current Transformer signal and subtracting the pedestal
estimated in the first part of the track. The calibration
factor to obtain the beam intensity is provided by the
BTF staff. Root mean square is calculated of the signal
from the antenna to estimate the corresponding power
(P = V 2

rms/50Ω). For lower beam intensities the signal
is smaller and the noise detected by the antenna due to
the amplifier and the oscilloscope is not negligible. This
background noise has been estimated by making the root
mean square of the first part of the track, i.e. when the beam
has not yet entered the chamber. The background estimate
was checked in several ways, by taking data with the LINAC
being ON but without electron beam in the BTF line and
with electrons in the chamber but obscuring the antenna
field of view with RF absorbers. In all cases the background
was found to be compatible with the one derived from the
first part of the trace.

One of the key points of the measurement is the under-
standing of the radiation produced directly by the relativis-
tic beam particles. Alumina target decreases the collima-

Figure 4: Horn antenna 3D radiation pattern at 2.8 GHz as
measured at the SATIMO StarLab.
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Figure 5: Left: Correlation between the power of the signal and the beam intensity given in number of electrons per bunch
and normalized to 109 particles (Ne/109). Right: Frequency spectrum of the signal (black) and of the background (blue)
obtained by making a Fourier transform of the oscilloscope trace. The spectrum has been obtained averaging over many
events, giving a significant reduction of the statistical fluctuations.

tion and energy of the beam. However, most of the particles
produce Čerenkov radiation, which is not negligible in the
microwave band. To eliminate this kind of background the
approach suggested in [1] was adopted. The Čerenkov ra-
diation has a well defined polarization, lying in the plane
defined by the Poynting vector and the particle trajectory.
Therefore, the Čerenkov contribution can be minimized by
orienting the polarization plane of the antenna orthogonal
to the beam axis. The MBR radiation is expected to be un-
polarized, that is its signal is not sensitive to the particular
orientation of the antenna polarization plane. Our data con-
firm that the cross-polarized signal is significantly smaller
than the co-polarized one as expected due to the Čerenkov
process domination. The ratio of the two signals measured
with the horn antenna is at the level of 15÷ 20 dB. The
same approach holds for transition radiation, which is also
polarized and represents yet another source of background.

Correlation between the power detected by the horn and
the number of electrons per bunch is shown in figure 5 left.
The antenna, located at the centre of the chamber (position
C), was cross-polarized and no filters were applied, i. e. the
effective bandwidth is close to 20 GHz. The signal is well
correlated with the beam, showing a quadratic scaling and
therefore suggesting coherent emission. It can be noticed
that the background noise is mostly independent of the
beam intensity and negligible at the highest intensities.

The plot on the right in figure 5 shows the frequency
spectrum of the signal (black) and of the background (blue).
The plot was obtained using the Fourier Transform of the
oscilloscope traces and averaging over many events. The
spectrum is dominated by peaks centred at multiples of the
LINAC frequency ( fL = 2.856 GHz). a preliminary simu-
lation of the Čerenkov radiation qualitatively reproduces
the observed spectrum. The peaks of the signal are due to
the constructive interference of the radiation emitted by
the beam microbunches and the power of the signal scales
quadratically with the beam intensity. The peaks on the blue
line are instrumental.

Though the simulation gives some hints to explain the
data, we cannot draw any conclusion without a measure-

ment of the Čerenkov contribution. For example, we can not
exclude that the MBR spectrum would have the same struc-
ture with the same kind of peaks. Comparing the spectrum
of the signal with the one of the noise (see Figure 5, right),
it can be noticed that some power was detected outside of
the peaks. Whether this is compatible with the Čerenkov
process or not is currently a subject of interest.

6 Conclusions
The current status of the AMY experiment conceived to
study the Microwave Bremsstrahlung Radiation emitted
in collisions of high energy electrons with the atmosphere
molecules has been presented. The experimental setup and
the analysis was outlined. The data show the presence of
a strong and fast radiation produced directly by the rela-
tivistic beam. This radiation was found to be polarized. The
analysis of the data from the 2012 measurement campaigns
is in progress and it proceeds together with further simu-
lations of the electric and magnetic fields produced by the
beam in the field of view of the antenna.
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