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-2 Cosmlc Rays ind
o It| Messenger As ronomy
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' Gamma rays: point to sources, can be -

‘absorbed, multiple emission mechanisms

>, ' i
Cosmlc rays charged and deflected° o .
mfo |n composmon easy to detect &5 :




Cosmic ray all-particle spectrum

Equivalent c.m. energy Vs = (GeV)
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Scaled flux E#®* J(E) (m2sec! sr'!eV'?)

Cosmic ray energy & composition

Galactic: SNR Extragalactic: AGN
Hillas criterion:
Emax X Z e B Y
Max Energy
Ere, max= 26 X Ep,max
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origin
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number of e+ and e-

Composition: Measuring Xmax

Xmax is an observable that gives
information about composition
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Cosmic ray radio emission

Geomagnetic Charge Excess
vxXvxB vXvxB
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T. Huege. Physics Reports, 620:1-52, 2016 E=5x10 eV
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Radio Detection Experiments
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Cosmic Ray Detection at LOFAR

- LOFAR Radboud Array

« scintillator detectors

* Provides trigger for
antenna readout

300 m

offline analysis

60

trigger

T
pulse maximum

Signal
— Envelope
-- RMS

a0}

20

Amplitude (ADU)
o

—20r

buffer |_>

.0 0.5 1.0 15 2.0

—l ‘2 ms read-out‘

SRR RFI cleaning

———= _ = direction reconstruction
TN antenna pattern unfolding

- calibration

6 LBA stations (6 X 48 antennas) P. Schellart et al., A&A 560, 98 (2013)
+ stations outside Superterp




Stokes Parameters

Geomagnetic
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Stokes Parameters

Geomagnetic
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Event Analysis

Radiation from
track endpoints

antenna

CoREAS simulation
* no assumptions
about emission

SB et al. PRD 90 082003 (2014).

| o * independent of
LOFAR data s hadronic models
« 200-450 antennas / 3 T. Huege et al. AIP Conf.Proc. 1535 (2013) no.1, 128
event a
+ Total power within
95ns of peak w
emission 9




vX(vxB) (m)
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Simulate proton and iron showers
Power scales with energy?

Calculate reduced X2for each

ID 160198915
Sim E = 2.86e+17 eV

vxB (m)

simulation

Parabola fit determines event Xmax
Resolution < 20 g/cm?

Best fit (2016): 80% light particles
(p+He) at 1017 -1017.5 eV
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GDAS Atmospheric
Corrections

- Incoming particles

Fitted Xmax = 670 g/cm? —Y— h=3.51km

Actual Xmax = 687 g/cm?

Higher refractivity
- = = = Normal refractivity

GDAS provides atmosphere
measurements (temp, humidity,
pressure)

Any location (1°x1°), time (3-hourly)
Integrated into simulations

- For extreme conditions,
———— can shift Xmax up to 15 g/cm?

A. Corstanje Astropart.Phys. 89 (2017)

fitted parameters GDAS with data

30 0.0014 —
L ata
. . . S— f‘
+/- 20% variation in ooou\ olill!
20 . L
> simulated / realistic
2 B refractive index ¥ R A
5 108 < Realistic
T =, movset atmosphere
O 0
2 £ ol from GDAS
© T
lGJ -
4 ' 0.0004
0.0002 +
5 10 15 20 25 30 AAmi | | | Ot
Altitude (km) 0 5000 10000 15000 20000 25000 30000
altitude (m) 12

P. Mitra et al. PoS ICRC2017 (2018) 325



Calibration

measured signal
recorded in ADC
counts (P )

voltage received
at the antenna (P )

X __ by the frequency spectrum

max

iron

power per frequency

distance

frequency

Schroeder, F. Prog.Part.Nucl.Phys. 93 (2017) 1-68

C(v) [W/ADC?]

1.0 4

0.8 A

0.6 A

0.4

0.2 -

le—4

== = Feference source 1
« = =« reference source 2
— (Jalaxy

Pexpected (V)

P measured (V )

C%(v) =

30 40 50 60
frequency (MHz)

70

80
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Calibration

measured signal
recorded in ADC
counts (P )

o

voltage received
at the antenna (P )

2 independent methods

Nelles, A. et al. 2015,Journal of
Instrumentation, 10, P11005

1. Reference Source

+ Angular response

- Relies on conflicting manufacturer
data sheets

= Not easily repeatable

- \_ —”:’_‘.“-—‘ 3
B

2. Galactic Emission

- Average over whole sky

*+ Can be done anytime

= Large error bars due to
electronic noise

C(v) [W/ADC?]

1.0 -

0.6 A

0.4 -
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le—4

== = reference source 1
« = =« reference source 2
— (AlAXY

Pexpected (V)

Pmeasured (V )

C*(v) =

30 40 50 60
frequency (MHz)

70
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LFmap \

Calibration

active antenna

receiver unit

amplification

coax cable

Buffer boards!

+

ADC

QAR

coax
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Systematic Uncertainty Percentage

Clv) [WH[F[*/R,)]IH?

antenna model 2.5

sky model 11
electronic noise < 77 MHz 6.5
electronic noise > 77 MHz 20
total < 77 MHz 13

le—-5

== = Ref, Source Cal. 1

74 === Ref. Source Cal. 2

m— Galaxy

frequency (MHz)

normalized power spectral density

Calibration

CoREAS
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Galaxy
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K. Mulrey et al. Astropart.Phys 111 (2019) 1-11.
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LORA expansion

e Current cosmic-ray trigger is based on 20
scintillators on the superterp

e Expand by adding 20 scintillators at
neighboring

e Expected 45% increase in events

Installation began
spring 2018

Xx{m)

200,
150

100+

-100,

-150+

Current LORA

—200 L
2—%0'[!-'—150—'13{! =50 0O 50 100 150 200

yim)
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Low Energy Extension: Hybrid Trigger

probability

(X (g/cm?)

7e+09 g T T E
800 , ________ _
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Buitink et al., 2016
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- Proton
— lron

All CR primaries must have
same probability

10
number of detectors triggered

\rs 20 of triggering to remove bias
Current trigger
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Hybrid Trigger

Particle trigger

- High rate with low trigger threshold
- Composition bias at low energies

+ Guaranteed cosmic ray

Radio trigger

- Flooded with RFI
+ Ensures a usable CR signal

/

particle
signal

radio

signal
Tt T T W.‘.‘}'ﬁ‘:ﬁ:&-};ﬂx 0
|

Cosmic ray
+

good radio signal
+
RFI rejection

+
Reduced trigger

threshold

19



ADC

ADC

Hybrid Trigger

CR detectable with radio
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Min # detectors triggered

Bias-free detection

down to 10162 eV

Current detection
criteria

Need access to existing radio trigger
info in real time to form trigger
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Equivalentc.m. energy Vs, (GeV)
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Can we access the highest energy particles?



Lunar Detection Mode:
ZeV Particles with LOFAR

Goldstone
VLA
Westerbork
Lovell
ATCA
Kalyazin

LOFAR
Parkes moon ~

10" km?
detector area




Lunar Detection Mode: NuMoon

 The moon provides large target to detect
rare, highest energy particles

e Use high band (110-240 MHz) antennas
to form multiple beams on the moon

e Search for nanosecond pulses while
suppressing RFI

S e a o ——

Challenges:

 Must trigger in real-time
(5 s buffer)

e Signal is dispersed in
lonosphere

 Only have access to
processed signal

| 0.0 0.1 0.2
T. Winchen
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Lunar Detection Mode: NuMoon

Simulated pulse from moon
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Expected Sensitivity (200h)

108 .Cosmic Rays

Telescope Array ~ ====- Bray 2016
B Auger === This Work
1
I
10° - :
1
|
i
\ N |
' T I
ey Ry
104 i ‘ Y o ".,d |
. o
+ \\- "¢
, I' Preliminary
10 10,19. S 10,21, —rrr 1023
Energy[eV]

New sensitivity values:
« 5 stations instead of 24

« |[ncreased bandwidth

« Reduced trigger threshold

* Full detection simulation

(still relies on semi-analytical model for pulse escape from moon)

T. Winchen

T100 |

1019 1021

Neutrinos
‘ GZK+ = Auger 2015
Cosmic Strings ===+~ Bray 2016
s SHDM === This Work
A\ — Anita2012 - ... 100% Eff.

1023

E [eV]

1025

25



Summary

« LOFAR measures air showers
Equivalent c.m. energy \/§p_p (GeV)

with highest precision in radio - f f *104
P '*"""'I """I?' L L

* Xmax reconstruction resolution ol Epn Tesmen TIWTH e
competitive with fluorescence %% : hvgericec s
10Y Yo

- New atmospheric
modelling & calibration

1015

Scaled flux E*’J(E) (m’stsrlev™?)

- Multiple Extensions
(hybrid trigger + LORA)

- Lunar detection very promising T I|

111
1013 1014 1015 1016 1017 1018 1019 1020 1021

* ATIC s  KASCADE (SIBYLL 2.1)

% PROTON *x  KASCADE-Grande 2012

¢ RUNJOB *  TibetASg (SIBYLL 2.1)
. lceTop ICRC 2013

1014

(overlap with ground experiments!) Energy  (eV/particle)







Calorimetric Energy Estimate

- AERA PRL prediction
_ o _ 108 | === CoREAS prediction
Radio emission from cosmic rays S || & LOFAR events
provides a calorimetric energy =
measurement without €
. . . 70
uncertainties from hadronic 3
models g
s
Glaser et al. JCAP 1609 (2016) (7]
c 106.‘
9o |
] 0 © —e-
Integrate fluence i
of radio footprint & 10°
l4o_o400 | NN | — ‘ ”i.0116 ”1617 - “1618 — lOIIQ
f p— fZ_J,XB» —|— fz_),X(Z_J,XB») Position in ¥ xB-direction [m] cosmic_ray energy (eV)
Sew = [ 1)@
RD ' sin2 Qo r r Cosmic-ray energy given by the LORA T. Antoni et al., NIM A 513 (2003) 490.

R2 particle detector energy reconstruction
SRD — A X 107 eV (Eem/1018 eV)B (NKG fitting method)

S. Thoudam et al., Astroparticle Physics 73
(Jan., 2016) 34-43,
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* Fair weather: small amount of circular polarisation confirmed by data

* Thunderstorms: strong signal in all Stokes parameters used to
reconstruct atmospheric electric fields
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LOFAR: measure atmospheric E-field
Schellart et al. PRL 114, 165001 (2015)

Trinh et al. PRD 93, 023003 (2016)
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Thunderstorm events

LOPES: Amplification in thunderstorms
S.B. et al. A&A 467, 385 (2007)
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Magnetic field [Gauss]
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