Detection of High Energy Cosmic Rays
with the Auger Engineering Radio Array
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= |ocated near Malargle, Argentina

= largest cosmic ray experiment worldwide

Pierre Auger Observatory

= energy range: E > 10*"eV

= data taking since 2004

= paseline detector:

» 1660 surface detectors (SD)
* duty cycle ~100%

» 27 fluorescence detectors (FD)
* duty cycle ~14%
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Auger Engineering Radio Array

Auger Engineering Radio Array /%ER%\
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| % =lateral and longitudinal shower information
G » duty cycle ~100%

= coincident measurements with other
Auger detectors

Los

30 185

e &

3o rae oo sl

e rec A J

ps)ior T4 Sorados

y H A AGUA OF CXRREC . it

[ a
i e 1786

matoslic I N i = 153 radio stations on 17km?
Calbpudd) * s onady o 4 S- iz 3oy A
q,’ 4 h -ﬁ‘_os Leoe T W ‘:r n ‘7 ?ﬁrmen
x S ; co,:z,an.‘;E/ Salitral-PR
. Co. de las Cab

= grid spacing:
000 ——— : _AERA ; ; ; > 144m (2011)
o1 1 S ne| ] > 250m, 375m (2013)

4 & Prototype 3D Antenna KIT

O [ e ] » 750m (2015)
E I , e = determine cosmic ray properties:

DA ' > arrival direction
OO | > energy
Y R/ T S | » chemical composition

—4000 H H H H H H
—4000 —3000 —2000 —1000 0 1000 2000 3000

Xml = energy range: E > 10t7eV
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AERA Radio Stations

= 2 different radio station types
= NS and EW polarized antenna
= antenna alignment:
to magnetic north with precision < 1°
= pbandwidth: 30MHz - 80MHz
= autonomous radio station
= power consumption: ~10W

filter

m digitizer
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= self and external trigger
= 12bit ADC, 2x low + 2x high gain
= digitizer sampling rate: 180MHz
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Vector Effective Length
U(f,6,9) = H(f,0,¢)E(f,6,)

= H: relation of voltage to incoming e-field
= horizontal antenna most sensitive to zenith direction
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Setup of Antenna Response Calibration

--------- GPS
flightpath = = = = =
source generator
;Kk(\ transmitting antenna
differential GPS T
far field:
R >20m

Vector Effective Length:
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spectrum analyzer
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Octocopter

PS receiver _

L S 7
f([éa__ . #light-control )=y
7 power
% distfibution

T

ni " & 4y board
connection to the engines .

.

power: 6600 mAh Lipo 13-16V

payload: ~2000g

mass: 2545¢g (including 715g accumulator)
flight time: 25min/9min (wo/w payload)
barometer — elevation

= gyroscope — inclination

= acceleration sensor — angular speed

= GPS — position
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LPDA Vector Effective Length

35MHz

15°

0 45

75°[

90°

= Simulation
¢ ¢ Measurement

= measurement and simulation in fair agreement at

high frequencies

» difference of the order of 10%

= measurement and simulation at small frequencies:
» difference of the order of 25%

0
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AERA Time Calibration

= time correction for GPS clock drifts
» comparison of expected and measured
time difference between two stations

= pbeacon method:

> horizontal NS-antenna

» frequencies: . . o . .
22??;”:? giigiME;’ i ev:nt time:days si:ce 9 AuBg 2014? 20:00 I.1|'2I'C} N

relative time difference (ns)

=30 -

30 T ‘ ‘
= air plane method: P
» ADS-B + radio signal from air planes >f o =119%ns
LPDA:
ﬁ ADS-B AERA n0 €l [« Gellns |
;L 3 > N 21:19 § :
- : ‘5 15} 1
PR 21:18 )
21:17 2 10 .
21:16
5, ]
21:15 !
= combined time precision of ~2ns ob—tul—— L4

doi: 10.1088/1748-0221/11/01/P01018

JINST 11 (2016) P01018 mean ¢ of the time correction values



In Coincidence Measured Events
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Radio Emission in Extensive Air Showers

geomagnetic emission charge excess emission
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Electric Field Polarization

= plack arrow:

» measured polarization 0°
» at least 3 triggered stations

% B-Field_ Vector

= red arrow:
» expected from geomagnetic emission
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geomagnetic emission is

dominant emission
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Second Order Emission Process

= pure geomagnetic radiation can not fully 60

<a>=0.14x0.02

describe our data I n

= radial component, caused by a charge i
excess, Is present - o

40 - T

E~sin(a) 8.y + a - 8qp

geomagnetic emission / charge excess emissio’n\
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A. Aab et al., Phys. Rev. D 89, 052002, 2014
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From Voltage To Cosmic Ray Energy

voltage [V]
antenna + detector response
N5
electric field [V/m]

Nl
radiation energy
fluence [eV/m?]

5l

time integral of Poynting vector

Fit 2D-LDF + spatial integral

radiation energy
of air shower [eV]

geometry correction
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1/sin(a)? with aZ_(v,B)
Nl

cosmic ray
energy estimator




Radiation Energy Fluence
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Radio Energy Estimator

[

= | PDA stations
= coincidences with surface detector

= zenith angle < 55° ]
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for a 1EeV cosmic ray
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55MHz .

Summary

= Pierre Auger Observatory:
» well calibrated environment for development of
future detector technologies

0123 45 678 910°
[H| [m]

60

= Auger Engineering Radio Array : 1|
> largest experiment to measure radio emission of extensive air showers | —
» several approaches to calibrate antennas — =

» radio emission in extensive air showers: ! S
* geomagnetic emission (dominant) I N
* charge excess emission (measured to 14% on average) 20/ =
Wi il ‘

measurement nr.

» radiation energy of air showers measured T
» cosmic ray energy resolution 17% , —

" in progress
» new precise calibration 10| =+ 3- 4 stations with signal
> data analysis of 17km? array LR e P
» reconstruction of shower maximum to get information
about the chemical composition of UHECRS
» R&D to further improve radio detection
* third polarization
* inclined showers 106
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Backup
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Low-Noise Amplifier

N connector N connector
» female
RFOUT
+VDC
RF
LPDA: Butterfly Antenna:
= frequency range: = frequency range:
30MHz — 80MHz | 30MHz — 200MHz
= gain: 19dB (typ) i = gain: 30dB (typ)
= phantom powered i = phantom powered
= power supply: 6V i = power supply: 6V
= current consumpiton: § = current consumpiton:

25mA + 1.5mA i 50mA + 2mA
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Reference Spectrum Generator (RSG)

110
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Output level in dBuvV

20

0 100 200 300 400 500 600 700 800 900 1000
Frequency in MHz

dimensions (W/H/D) in cm: 6/6/17.5 frequency range: 1MHz — 1000MHz
weight: ~580g comb spacing: 1IMHz, 5MHz or 10MHz

max power: ~ 97dBuV = -10dBm
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Cosmic Ray Energy Spectrum
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Extensive Air Showers

Primary
Particle

v - = [nteraction between UHECRSs

with air molecule

h l ~lr vlr and air molecules

= 7t €= Kt K0 70

f \ / _§ 927 = Extensive Air Showers (EAS):
F* 2 o muonic, hadronic and el.mag.

Cascade j\, B‘A’ j\' component
| B B

4+ | Fluorescence
v = K+ light
1 1z 14 1 n o K g
/ 8 “I i ! Cherenkov
Con%uognn;nt hadronic electromagnetic radiation
neuFtrlnos I component component

atmosphere corresponds to
a large calorimeter
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Second Order Emission Process

= adding a radial component clearly improves agreement

o)
o

® [°] measured

|
N
o

a = 0, pure geomagnetic

o

v2Indf = 27

pp = 082744 (20)

0 50
d [°] expected

N
-50

-50

a = 0.14, geom. + radial

501

v2Indf = 2

pp =0.93"00% (20)

A. Aab et al., Phys. Rev. D 89, 2014

0 50
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Energy Fluence

pulse maximum
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— 1000 ~ s e TSN e : |===—north-south
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=
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)
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time [ns]
B window around maximum of Hilbert envelope

B energy fluence in eV/m?
— time integral of Poynting vector

- noise expectation subtracted

> U= g (Atiﬁf(tiﬂz Z|E )

t 4_t3
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-

Energy Fluence Fit

_ —(F+ C1 €y, 5 — Teore)”
() = A exp | e~ T
_(77_|_ 02 é}—r B FCOIG)Q |
— () ex vx
0 EXpP (CeC17)2

B 3or4 stations: 2 parameters (A and o)
B 5 or more stations: 4 parameters (A, O, e xr Icore.y)
B C: constants from CoReas simulations
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Energy Resolution

energy resolution: 22%

35k . : , , , _ number of signal stations>5
N = 126 9 data 20l |N =47 ¢ data |
30l |# =0.04x0.03 model _ 1 =0.0240.04 model
o =0.29 c=0.24
s 4
i * | >
25 15} ]
o A 1 9
e 'Y = i J
o 15 i & i
-
10} * . &
5¢ J
T s #ooo Jr |
0 | ] | ] LI O . . 1 1 .
15 18 -05 00 05 10 15 -5 -1.0 =05 00 05 1.0

2(Esp — Erp)/(Esp + Erp)
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energy resolution: 17%

2(Esp — Erp)/ (Esp + ErD)

b



