
Detection and Characterisation of	

Microwave Emission of EAS with the	

CROME Experiment
Felix Werner for the CROME group	

Institute for Nuclear Physics, KIT



Motivation: Benefits of microwave detection
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���. �.� ⋅ Block diagram of a low-noise block (LNB). See text for an explanation of the individual
components.

• down-conversion to a lower frequency band using a stabilised local oscil-
lator (LO) and mixer.

�e block diagram of an LNB is shown in Fig. �.�.�e incoming radiation is
usually picked up with one (single polarisation) or two perpendicular (dual or
circular polarisation) quarter-wavelength antennas mounted in a waveguide.
�e waveguide is either a re�ector-matched feed hornf or ends in a standardf �e combination of an

LNB and a feed horn is
o�en called LNBf.

�ange for a separate feed horn.�e RF signal is ampli�ed, typically by ∼ 20 dB,
with an ampli�er optimised for low-noise in the detection band and bandpass
�ltered. By mixing the RF signal with a sinusoid generated by a local oscillator,
the RF band is e�ectively down-converted to a lower frequency band, the
intermediate frequency (IF) range.g Image frequencies generated by the down-g More information on

down-conversion is
given in appendix § A.�.

conversion and le�-overs of the oscillator frequency are removed by a bandpass
in the intermediate frequency range. A further ampli�er with a gain of > 30 dB
is used to counter losses on the following transmission line, which is typically
connected with a 75Ω type F connector.hh See § A.� for a brief

explanation of
characteristic
impedance.

For C band LNBs the local oscillator frequency is typically fLO = 5.15GHz
with a stability of a few hundred kHz—the RF band of 3.4GHz to 4.2GHz is
thus mirrored and down-converted to 0.95GHz to 1.75GHz.

‣ extremely low external noise	


‣ negligible atmospheric 
attenuation

‣ highly developed off-the-shelf receivers

Tsys ~ 40 K, G ~ 65 dB
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emission of high-energy charged particles	

• mainly geomagnetic & charge-excess effects	

• steeply falling frequency spectrum (well-studied 

for frequencies ≪1 GHz)	

• time compression near Cherenkov cone	

‣ highly forward-beamed at GHz frequencies

emission of low-energy plasma electrons	

• molecular bremsstrahlung	

• observed (only) in accelerator experiments  

Gorham et al., Phys. Rev., D78: 032007, 2008.	

• unpolarised, isotropic, broadband radiation	

‣ sparked several experimental searches

Sources of high-frequency radio emission



CROME concept
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4THE CROME SETUP

In this chapter, the hardware setup and data acquisition system of CROME are
described.�e aims of the experiment and its basic concept are introduced.
Since the experiment was embedded in the KASCADE-Grande air shower
detector to make use of its triggering and reconstruction facilities, the array is
brie�y described.

�.� ���� �� ��� ���������� ��� �������

�e aim of the CROME experiment was the search for microwave radiation from
extensive air showers. On successful detection, the radiation characteristics,
particularly the isotropy of the radiation, were to be studied to concludewhether
microwave detection could provide a feasible option for a next generation air
shower detector.
�e basic idea was to construct high-gain microwave antennas pointing

nearly vertically up into the atmosphere above an existing cosmic ray detector,
see Fig. �.�.a �e readout of the antennas can be triggered by the air shower a Around the same time,

a similar concept was
devised independently
for the EASIER detector
at the Pierre Auger
Observatory (see § �.�).

detector and the existing air shower reconstruction can be used for event
selection and studies of the signal properties. However, the key di�erences to
the initial AMBER setup are (a) the external triggering, which allows the selection
of shower-related signals and a study of a possible dependence on the geometry,
and (b) the �eld of view: air showers are viewed from the forward direction
instead of from the side. �is has two main bene�ts: �rst, it minimises the
distance to the maximum of shower development and therefore the expected
main source of radiation. Second, since the antenna is placed in the propagation
direction of detected air showers, the emitted microwave energy arrives at the
antenna in a short time window.�is time compression of the signal leads to a
natural increase of the signal-to-noise ratio.

KASCADE-Grande, a detector array for extensive air showers located at the
Campus North of the Karlsruhe Institute of Technology, was found to be a
well-suited site to build a prototype microwave detector for several reasons. For

���. �.� ⋅ Schematic of the de-
tector concept. An air shower
detector provides a trigger
signal for the read-out of
a multi-beam re�ector an-
tenna.�e antenna is located
within the array and aligned
to view incoming extensive
air showers from their for-
ward direction.

��

Microwave antenna array embedded in 
KASCADE-Grande:	

• antennas pointing vertically	


‣ time compression of signals leads to 
natural increase of SNR	


• detector read-out triggered by high-
energy air showers	


• signals can be correlated with shower 
reconstruction from KG	


• additional time synchronisation with 
nearest scintillator station



Instrumentation
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June 2010

K band (11 GHz)



Instrumentation
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May 2012  
shutdown of KG in Nov. 2012

K band (11 GHz)L band (1–2 GHz)	

see talks by L. Petzold & P. Papenbreer

VLF	

(< 10 MHz)

VHF	

(40–80 MHz)

C band (3.4–4.2 GHz)



C band setup
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• three 3.4 m parabolic reflectors 
(vertical, 15° to north, 15° to south)	

‣ 40 dBi gain, 1.7° beam width	


• linearly polarised nine-feed cameras 
equipped with Norsat LNBs (3.4–4.2 GHz)	


• corner feeds upgraded for 2nd polarisation
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GRASP simulation Central receiver Side receiver Corner receiver

In-situ measurements:	

• half-power beam width: 1.7°	

• pointing accuracy: 0.1°	

• system temperature: 77–87 K

Lab. measurements:	

• effective bandwidth: 660 MHz	

• end-to-end rise time: 2.7 ns

‣ basis for end-to-end 
detector simulation

flying calibration source
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Pulse response

Detailed simulation of all 
components:	

• models non-linear 

response of logamp	

• accurately reproduces 

end-to-end pulse 
response	


• noise distribution well-
described by thermal 
noise



Stability and selection
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gain leads to daily fluctuations 
of baseline	


• <3% outliers (mostly heavy 
precipitation and RFI)

heavy snowfallANKA

Noise level over one month

After applying CROME and KASCADE-Grande quality cuts:	

‣ baseline fluctuations ΔTsys ~ 12% 	

‣ 11,800 hours of common operation	


• single polarisation: 121 sr hours	

• dual polarisation: 20 sr hours	


• 15,000 air showers with E > 1016.5 eV and Θ < 40°	

• 3,700 showers cross the field of view of at least one receiver



Event selection
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Calculation of expected signal time windows:	

• includes uncertainties in electronics (~20 ns) and geometry	

• typical widths: 40–60 ns
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���. C.� ⋅ ��/��/���� ��:��. E = 3.7 × 1016 eV, ✓ = 3.7°,� = 317.3°, R = 111.7m, SNR
1

= 8.5dB,
SNR

2

= 8.3dB.

���. C.� ⋅ ��/��/���� �:��. E = 3.4 × 1016 eV, ✓ = 4.1°,� = 202.3°, R = 112.0m, SNR
1

= 9.9dB.

���. C.� ⋅ ��/��/���� ��:��. E = 4.8 × 1016 eV, ✓ = 20.4°,� = 101.9°, R = 93.9m, SNR
1

= 9.3dB.

���. C.� ⋅ ��/��/���� ��:��. E = 9.4 × 1016 eV, ✓ = 4.4°,� = 20.9°, R = 128.7m, SNR
1

= 13.7dB.
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���. C.�� ⋅ �/�/���� �:��. E = 5.1 × 1017 eV, ✓ = 18.7°, � = 95.8°, R = 157.1m, SNR
1

= 8.5dB,
SNR

2

= 11.3dB.

���. C.�� ⋅ �/�/���� �:��. E = 3.4 × 1017 eV, ✓ = 17.0°,� = 85.0°, R = 82.5m, SNR
1

= 14.3dB.

���. C.�� ⋅ ��/�/���� ��:��. E = 2.5 × 1017 eV, ✓ = 5.6°, � = 353.6°, R = 119.8m, SNR
1

=
17.7dB.

���. C.�� ⋅ ��/�/���� ��:��. E = 5.3 × 1016 eV, ✓ = 4.5°,� = 117.0°, R = 87.8m, SNR
1

= 8.7dB.

Events
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Common properties:	

• short pulses (~5 ns)	

• mostly single-receiver (only two stereo events)

!
• emission seems forward-directed	

• signals originate from >2 km



Splitting the dataset
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viewing angle: ∢(channel boresight, shower axis)

• 4° cut is compatible with Cherenkov angle at Xmax + uncertainties	

• most signals are detected in the forward region of the air showers	

• isotropic sample is compatible with noise fluctuations

39 signals 
exp. <4 noise (95% C.L.)

9 signals 
exp. 11 noise



Forward region: Core positions
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• clear ring structure (the two outliers vanish for 9 dB threshold)	

• indication for east-west asymmetry in vertical antenna	

• no asymmetry in north pointing antenna

p < 0.5%

antennas
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Qualitative agreement with expectations from geomagnetic & charge-excess radiation

αmag = 10°

αmag = 25°

αmag = 40°

‣ indication that the detection rate 
increases with geomagnetic angle

‣ 1%

‣ 7%

‣ 9%

From north
Vertical
From south
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Forward region: Simulation of emission
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Employ CoREAS (endpoint formalism; 
cf. J. Alvarez-Muñiz’ overview):	

T. Huege, M. Ludwig, and C.W. James. AIP Conf. Proc., 1535(1):128–132, 2013.	


• simulate 25 proton and 25 iron 
showers with their parameters 
varied within the reconstruction 
uncertainties	


• notable differences to typical VHF 
simulations:	

• 10 

–7 thinning	

• Δt = 5 ps (fnyq = 100 GHz)	


• add thermal noise and apply 
end-to-end electronics simulation	


• caveat: use peak antenna gain	

‣ predicted signals should be 

treated as upper limits



CoREAS: Comparison of polarisation pattern

17

• logamp detector destroys phase information	

‣ only indirect comparison of predicted signals with polarisation 

axes of receivers	

• calculate polarisation loss factor (PLF) for each channel in the 

forward region of the detected events
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‣ detecting channels are well aligned with the CoREAS predictions	

‣ dual-polarised measurements support this well	

‣ distributions are incompatible with unpolarised radiation at 4.7σ level



CoREAS: Comparison of signal strengths
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‣ overall compatible signal strengths	

‣ showers with large discrepancies are generally farther from boresight	

‣ data slightly favours heavy primaries (consistent with KASCADE-Grande data)



Isotropic sample: Simulation of emission
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3-d Monte-Carlo based on shower parametrisations:	

F. Nerling, J. Blümer, R. Engel, and M. Risse. Astroparticle Physics, 24(6):421–437, 2006.	

L. Perrone, S. Petrera, and F. Salamida. Auger technical note GAP-2005-087, 2005.	

D. Góra, R. Engel, D. Heck, et al. Astroparticle Physics, 24(6):484–494, 2006.	


• emitted power proportional to energy deposit in atmosphere (linear scaling)	

‣ microwave yield of  

   YMW = 1.2 × 10 
–18 Hz 

–1 

reproduces accelerator measurements	


• flat spectrum in C band; unpolarised and isotropic	

• propagation to detector with height-dependent refractive index	

• convolution with radiation patterns



MBR: Example of expected signals
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‣ isotropic model alone doesn’t describe the spatial structure of the data



MBR: Comparison of signal strengths
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• note: all points with SNRdata > 8 dB have a viewing angle < 4°	

• clearly inconsistent description of data (independent of rescaling)	


‣ since measurements are compatible with noise, derive limit on isotropic flux



Limit on isotropic, unpolarised component
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Combination of ‘many’ channels in a likelihood analysis:	


YMW < 0.4 × 10 
–18 Hz 

–1 (95% C.L., preliminary)
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95% confidence belt	

of expected signal:	

‣ shower-to-shower 

fluctuations	

‣ reconstruction  

uncertainties	

‣ detection  

statistics

measurement

Example for one channel



Conclusions on the microwave emission of EAS
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Forward region: 

• fully consistent description assuming geomagnetic and charge-excess as 
sole emission processes	


• CoREAS predictions are compatible with measured polarisation patterns 
and signal strengths	

‣ still need to convolve simulations with antenna radiation patterns

Isotropic sample: 

• measurements are compatible with noise	

• preliminary limit on microwave yield of  YMW < 0.4 × 10 

–18 Hz 
–1 (95% C.L.)	


‣ in line with recent beam test experiments (see, e.g., V. Verzi’s talk)	

‣ need to include more data and see how the limit evolves



Backup slides



Sensitivity for Xmax
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Polarisation map
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Event #851
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���. C.�� ⋅ ��/��/���� ��:��. E = 2.4 × 1017 eV, ✓ = 19.5°, � = 113.7°, R = 143.8m, SNR
1

=
8.0dB.

���. C.�� ⋅ ��/��/���� ��:��. E = 2.3 × 1017 eV, ✓ = 6.2°,� = 53.0°,R = 115.6m, SNR
1

= 13.6dB.

���. C.�� ⋅ ��/��/���� ��:��. E = 5 × 1017 eV, ✓ = 5.0°,� = 208.7°, R = 103.3m, SNR
1

= 11.6dB.

���. C.�� ⋅ ��/��/���� �:��. E = 1.6 × 1017 eV, ✓ = 19.2°, � = 107.0°, R = 133.9m, SNR
1

=
10.7dB.

• MBR simulation fits well to this measurement	

• however: channels in second antenna have similar predictions 

and no signals!



Dual-polarised measurement
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���. �.� ⋅ Power traces (le�) and geometry (right, geographic coordinates) of one of the events
observed in one polarisation of a dual-polarised receiver.�e geometry of the event is
shown as polar plot, with the shower track (red line), the �eld of view of the receiver
with signal (black circle), and the �elds of view of two cross-polarised receivers viewing
the air shower at the same altitude but showing no signal (red dashed and blue circles).
�e polarisation of each receiver is indicated by a horizontal line (east-west polarised)
or a vertical line (north-south polarised).�e traces are shown in the same colour code
together with the thresholds on the signal amplitude within the signal time windows
(dashed lines).

exceed the detection threshold. �e most signi�cant of these observations,
shown in Fig. �.�, has a signal-to-noise ratio of 11 dB, while the signal in the
same time window of the trace of the cross-polarised channel is at least 6 dB
weaker. It is therefore unlikely that the detected radiation was unpolarised.

�.� ���������� �� ��������� �������� ������

In the following, the observations described above will be compared with
predictions by two emission models: molecular bremsstrahlung from the low
energy electrons of the air shower plasma, and radio emission of the high-
energy electrons and positrons in the shower front.

�.�.� Molecular Bremsstrahlung

Molecular bremsstrahlung is emitted during the cooling of low energy elec-
trons in a weakly ionised plasma [��]. For the simulation of the radiation, an
intensity proportional to the energy deposit in the atmosphere is assumed with
a �at frequency spectrum in the C band. �e radiation is propagated to the
detectors taking into account the e�ects of the changing index of refraction of
the atmosphere.

�e atmospheric depth pro�le X(h) and pressure pro�le p(h) are calculated
using Linsley’s parametrisation [��] of the U.S. Standard Atmosphere. Starting
at an altitude of 50 km, the shower track is split into segments of 1m length.
For each segment i spanning the shower development from depth X

i

− �X

i�2
to X

i

+ �X

i�2, the total energy deposit Etotdep,i

is calculated using

Etotdep,i

= �X
i

Nch(Xi

)↵e�(Xi

), (�–�)



Rejection of noise events
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Uncertainty of impact time
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���. �.� ⋅ Distribution of the di�erence between the time of impact of the shower core derived
from the hottest station and a second Grande station equidistant to the shower core
(within the core uncertainty). Note the logarithmic scale in the le� panel.�e cumu-
lative probability distribution is shown in the right panel, with the ��th, ��th and ��th

percentiles, 4 ns, 13 ns, and 42 ns, respectively, marked by dashed lines.

Synchronisation of the time frames

�e time frames of KASCADE-Grande and CROME are synchronised using the
common measurement of the trigger signal of Grande station ��. For this, the
logic signal of the station was routed to the CROME DAQ and digitised for each
trigger. With the arrival of the rising edge of the logic signal of station �� in the
CROME time frame t��,CROME, the time of impact of the shower core is

timpact,CROME = timpact,KG − t��,KG + t��,CROME − ⌧��. (�–�)

�e additional delay ⌧�� between the arrival of a particle in the scintillators of
the station and the detection of the rising edge of the logic signal in the CROME
DAQ is taken into account. �e components contributing to ⌧�� are listed in
Tab. �.� along with estimated uncertainties.�e event-to-event �uctuations are
expected to be about �

⌧�� = 9ns (see Tab. �.�).
Calculation of the signal time window

�e time tsignal,CROME(h) at which amicrowave signal emitted by an air shower
at height h is expected to be visible in a digitised trace is calculated via

tsignal,CROME(h) = ⌧signal(h) − ⌧core(h) + timpact,CROME + ⌧RF, (�–�)

with:

• ⌧signal(h): time of �ight of the microwave signal from the shower at height
h to the microwave detector,

⌧signal(h) = �rcore + h

cos✓
⋅ n̂shower − rdet� ⋅ ne�(h,hdet)

c
0

, (�–�)



Stability of data taking�� ���� �������� ��� ����������
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���. �.� ⋅Monthly trigger rate (black histogram, le� scale) as a function of time from �th May ����
to ��th August ����.�e fraction of events successfully merged with KASCADE-Grande
showers and passing the quality cuts (see Tab. �.�) is indicated by red dots (right scale).
�e sharp increase of the Grande trigger rate between May and June ���� is due to
extending the coincidence time window of the trigger to increase the e�ciency for
inclined showers.�e fraction of high-quality events was not a�ected by the change.

���. �.� ⋅ List of KASCADE-Grande quality cuts used in the event analysis (based on the work
of F. Cossavella [��] and D. Kang [���] with an additional energy threshold).

Description Condition

Rejection of ANKA induced events FANKA < 4
KASCADE data present (IACT& 1) == 1

�⁄�stations trigger HIT7 > 0
Station with max. deposit within array IDMX > 0

Successful reconstruction NFLG > 0
NDTG > 11

Valid shower parameters −0.385 < AGE < 1.485
SIZMG > 1111
SIZEG > 11111
log

10

(NCTOT
8.5

) >
2.9 log

10

(SIZEG)−8.4

4.2

Energy threshold E
0

> 1016.0 eV
Zenith angle limit ✓ < 40°

Fiducial area −440m < Xcg < −50m−550m < Ycg < −30m


