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Jialagelslitelalo)o Ml Electric field production in the shower

Radio-detection of cosmic-rays

¢ Aprimary CR arrives in the
atmosphere, and creates an
extensive air shower (EAS)

® Charged particles (e*/e7) in
the EAS create electric field
(geomagnetic + negative
charge excess mechanisms)
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Radio-detection of cosmic-rays

Full shower development
(~ 10 km): kHz-MHz

¢ Aprimary CR arrives in the
Shower front largest atmosphere, and creates an
dimension: few MHz extensive air shower (EAS)

® Charged particles (e*/e7) in
the EAS create electric field
(geomagnetic + negative

Individual contribution: GHz Charge excess mechamsms)

A ~ dpart = incoherent emission

Shower front thickness - _ .
(few meters): [10 — 200] MHz+

Electric field is measured

(usually above 20 MHz)
Ground particle distribution, SDP: kHz-MHz
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Radio-detection of cosmic-rays

Full shower development
(~ 10 km): kHz-MHz

¢ Aprimary CR arrives in the
Shower front largest atmosphere, and creates an
dimension: few MHz extensive air shower (EAS)

® Charged particles (e*/e7) in
the EAS create electric field
(geomagnetic + negative
charge excess mechanisms)

Shower front thickness - _ .-
(few meters): [10 — 200] MHz+

e Electric field is measured

(usually above 20 MHz)
Ground particle distribution, SDP: kHz-MHz

® Arrival direction (6, ¢), core position, composition (X ax), energy
¢ Different frequencies probe different properties of the shower
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How can we stu e radio-signal ?

Instrumental setup of CODALEMA/EXTASIS

The experimental site - Nanc¢ay Observatory
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How can we study the radio-signal Instrumental setup of CODALEMA/EXTASIS

The experimental site - Nancay Observatory

1600 m P

€ 4 9~ 4 & 4 -- - - & 0a

Self-triggered
[20-200] MHz
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CODALEMA results
[20 — 200] MHz

Full shower development
(~ 10 km): kHz-MHz

Shower front largest
dimension: few MHz

Shower front
thickness (few meters): [10 — 200] MHz

Ground particle distribution, SDP: kHz-MHz
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CODALEMA results
[20 — 200] MHz

Shower front
thickness (few meters): [10 — 200] MHz
[30 — 80] MHz: fewmV - m™!

& detection range (core distance)
of ~400 m
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Progress in simulation - SELFAS3 111

e \

e (Classically, working under “far-field” assumption: SELFAS2 I i, ZHAireS == or
COREAS =

* Low frequency (<10 MHz) radio emission of EAS needs a new treatment including
near-field effects (d~ 1)

* At1MHz, and R =100 m: 2L R ~ 2 = Near field!
[)(X/, tret )l' n o I(X’, tret) )

1
Ex t)= — [ d/ (| + == —_—
(= %) 4716/ ( R2(1-np 1), cOIt R(1-npB 1) |0t
Charge must be conserved: D. Garcia-Ferndndez et al., Phys. Rev. D 97, 103010, 2018, imple-

mented since 2018

X/, tret)T n? 9

R(1-np-r) c2 ot

\.

Charge density p, refractive index n = atmosphere description p(z) (g - cm3), n(z)

7

Upgrade of SELFAS with a state-of-the-art treatment of the atmosphere: E Gaté et al., As-
troparticle Physics, 98:38 - 51, 2018

* USstandard: AXax = 34.1g - cm™2,0x,,,, =89g-cm™
® GDAS: AXpax =0.1g-cm™2,0x,,., =24g cm™2
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[e(0) o2 VM R IV R ISVAN  Extracting cosmic ray features

Estimating the shower parameters

Example event
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Hz

ODALEMA - [20 — 200]

Estimating the shower parameters
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ODALEMA

PARYYISVAN Results

From Lilian Martin, ICRC2017

€ E E S § =
- e $ e Amplitude
i : Lol £ S i . footprint
- PL - ) - -
e " -
-520 £ -160
2 -0 . - <
€ E E 2
540 = S 10 I X° Vs core
S * Il S 3
$ s - S | g location
30 .
=570 . -210
10 320 330 340 350 30 370 0 S SI0 208 200 290 %10'570 530 540 550 560 570 2370260250 24033 220210
Xcore (m) Xcore (m) Xcore (m) Xcore (m)
B HAR x B s ot h .f
m % L) H mo m A
N x ) [ == = y
Y, . Ly R 0l e 2
. / X vs

‘max

oo %o 500 0 ™0 00 %00 1000 w0 500 a0 70 0 E: o ) S0 o 0 0o El
om| § wl e bl B Lateral
o . st ° Ty il . s ' distripuﬁon
geoe 3o ] Flm . Fp function
R ams i @ o LI . LT . i @ = . ) eData
e, o8 0 s|  +SELFAS
Distance to core (m) Distance to core (m) b Distance to core (mlan Distance to core (m) E

Antony Escudie Multi-wavelength observation of cosmic-ray air-showers with CODALEMA/EXTASIS - TeVPA2018 7117



Importance of the [120 — 200] MHz region

Inclined event (8 = 55°)

“'T130 — 80| MHz
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Work in progress
I

Radio-reconstruction of inclined event in [30 — 80] MHz difficult

60 400 300

25 S0 75 100 135 150 175 200
Frequency (MHz)

Radio-reconstruction much better including the HF band: X[230_200] = X[230—80] /3

Continuity in the spectra, their content is precious = only CODALEMA can do that!

Antony Escudie Multi-wavelength observation of cosmic-ray air-showers with CODALEMA/EXTASIS - TeVPA2018 8117



EXTASIS results
[1-10] MHz

Full shower development
(~ 10 km): kHz-MHz

Shower front largest
dimension: few MHz

Shower front
thickness (few meters): [10 — 200] MHz

Ground particle distribution, SDP: kHz-MHz
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EXTASIS results
[1-10] MHz

Full shower development
(~ 10 km): kHz-MHz

Shower front largest
dimension: few MHz

Ground particle distribution, SDP: kHz-MHz
[1-10] MHz: few pV - m~!
& detection range of ~1 km
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I QIR IR (R ISVAll What we are looking for. . .
Low-frequency counterpart in the radio signal

Simulation of vertical proton at 10! eV, signal observed in the vertical polarization
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ISR RN RYISVAl What we are looking for. . .
Low-frequency counterpart in the radio signal

Simulation of vertical proton at 10! eV, signal observed in the vertical polarization

0.5

Electric field in uV/m
&
wul

-1.0
— Vertical polarization at 300m to the west of the shower core
— Filtered >100 MHz
Filtered [30-80] MHz
— Filtered [1-10]MHz
L3 500 1000 1500 2000 2500
Time in ns
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The sudden death signal
SDP—total amplitude [uV/m]
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INERBERIRVYISVAN What we are looking for. . .

Detection range

Simulations (V - m~1) show a wider 2D profile at low frequencies

[30 — 80] MHz [1-5] MHz

Y-pos in metre
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EXTASIS-[1 — 10| MHz @ESUE

[lustrative example of LF detection
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[lustrative example of LF detection

EXTASIS-[1 — 10| MHz @ESUE
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Summary at LF

LF counterpart of shower development detected
Larger detection range, weaker signal

Sudden death signal still not seen = Auger
Strong correlation with atmospheric electric field

LF signal seems not very promising (very few events, low efficiency): 20
LF events seen since March 2017
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EXTASIS-[1 — 10| MHz @ESUE

[lustrative example of LF detection
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Conclusion & Outlook

* CODALEMA/EXTASIS: very wide [1-10] + [20 — 200] MHz, routinely
multi-wavelength observation of cosmic-ray air-showers in 1016 — 1018 ev,
self-triggered stations in [20 — 200] MHz

¢ Instrument and simulations very well mastered,
strong agreement

PSD (dbm/Hz)

25 50 75 100 125 150 175 200
Frequency (MHz)

¢ Estimation of shower parameters using the radio signals (9, ¢, Xcore, Y core),
Xmax, Energy) in [20 — 200] MHz, using both polarizations independently = CR
composition from CODALEMA upcoming

* Low-frequency signal seems not very promising o — W simuaton A
+ EWdata
6511

. - g

e Difficult to extract parameters for inclined showers g
= use of the HF counterpart e
6561

6574

[ CODALEMA/EXTASIS are smart, powerful instruments in a unique environment]

Antony Escudie Multi-wavelength observation of cosmic-ray air-showers with CODALEMA/EXTASIS - TeVPA2018 16 /17



Conclusion & Outlook

Thank you for listening !

S
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Back-up




BECSINIGEN  Electric field production in the shower

Geomagnetic emission mechanism:

Charge excess emission mechanism:

* Earth magnetic field,
- - =
F=qvxB

® Resulting current
perpendicular to the shower

axis = time variation = pulses
of electromagnetic radiation

s Polarized along ¥ x B

Shower axis Kahn & Lerche (1967)
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= Sum of the two contributions: interferences

* Negative charge excess ~ 10 -
20 % = medium ionized by
the air shower particles

e Linear polarization with
electric field vectors oriented
radially

¢ Time-varying charge excess =
pulses of electromagnetic
radiation

Shower axis Askaryan (1962, 1965)
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Hardware

— Database for all arrays

— Event builder

— “AERA like” central DAQ)

— T3 level

— Radio event builder

— Pure radio T3

— 340 mx340 m (0.12 km?)
— Sampling 1 GS/s, 12 bits, 2.56 ps
— Generate a trigger signal, to be

— Noise rejection ~ 100 %|

sent to any other detector and

GPS datati . 5/13 trigger
1 tati t!
oa atation station 1016 1o
1018 ev
7 SAsiNce 2013 — Triangle 1600 mx1400 m (1.1 km?)

— Butterfly antenna, LONAMOS LNA
— Sampling 1 GS/s, 14 bits, 2.56 ps

— Frequency band [20 — 200] MHz

— Self-triggered array, local trigger (T1
& T2), local DAQ, data transfer w. fibres
— Relative datation accuracy ~ 5 ns

— Butterfly antenna
— Modified LONAMOS LNA

— Externally triggered by SC

— 9 m height

— Frequency band [1 — 10] MHz




Cosmic event recorded Date, time, waveforms,

CODALEI\I/JI);VEXTAS| S arrival direction

A

Y
/

Simulation of 50
showers with SELFAS

Distance to core (m)

2
2 _ 1 (Aant =07 (Xant—Xcore,Yant—Ycore))
—> X" T Ngor-3 Zant 2

Estimation of X,_,, with the 50 o

" v ant
simulations
C(I)mbination of ();cgre, Ycore) and
with the lowest y © is the most probable set of values.
Process a set of SELFAS simulations (40p, 10Fe)
A per event to sample the X, 5x range.
Cor; position Compare the lowest X2 values versus Xmax-
nergy
X The lowest x2 determines overall most probable

(Xcore Yeore), B=ax1017 eV and X ax.



Back-up slides Extracting cosmic ray features - improvement

Before:
2 _ 1 (Aant - (Y<O;(Xant — Xcore) Yant — YCore))2
X T Nar-3 Z 2
dof ant O ant
Now:
) 2
9 1 Z (Aglytv - aFEW (Xant = Xcore, Yant — YCore))
X = — )
Naof =3 ant O'aEIXV

. 2
(Agnst - a”?@l\s(xant — Xcore)» Yant — YCore))

NS 2
ant

o

* Hybrid reconstruction: use of different detectors of CODALEMA/EXTASIS

* Multi-wavelength reconstruction: use of [20 — 80] MHz and [120 — 200] MHz
bands

¢ Increasing the dof: take into account the information of both polarizations



The sudden death signal
Number of particles at ground level
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BECSQINIGEN  Results

Atmospheric noise

Atmospheric noise temperature

fe+14 pepinumum world-vide background noise temperatures _
Atmosgh ere Day
B Atmosphere Night --------
Te+12 . Galactic Noise -
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o b |
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THuzge arXiv160107426 frequency [Hz] From D. Charrier Irepuency, oz

* Dominated by atmospheric and man-made noises (not the Galactic one)
* Atmospheric noise lower during day than night = duty cycle < 50 %

® Analysis band: [1.7 — 3.7] MHz



BECSQINIGEN  Results
Atmospheric noise
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BECSQINIGEN  Results

From B. Revenu

3

Balloon and
Satellite experiments
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log(FLUX m?s’'sr'eV")

Ankle

speculated GZK cutoff

o
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log(ENERGY eV)

dN

IN(E) = s arandE

nucléons.m 2.5 LsrLeV !
flux différentiel dans 10''-3x10'5 eV avec 0:=2.7 :

1eV

flux différentiel dans 3x10'5 eV - 3x10'® eV avec =3.1 :

T In(E) ~ 1019955 (i)w

T In(B) ~ 10%74 (—E )7

leV
flux intégré :
dN Ep' ™
m(E > E(]) =k ao_ nucléons.m_z.s_l.sr_l

=50 km 2 min~! sr! pour E>10'S eV
= 0.4 km ™2 min~? sr™! pour E>10'¢ eV

x10 en E — x1/126 en flux

ForE >1EeV:3.6 x 1072 km™2 - d~! - sr! = ~ 250 showers over 3 years



BECSINIGCEE  Cherenkov effect

Cherenkov effect

¢ This phenomenon occurs during the shower development in the
atmosphere = radio-emission is amplified

¢ Signal pattern on the ground should present a ring of amplified emission

0.0030

VE

200
Emlisslon point 0.0025

100
T 0,0020

< g
Aperture angle £2° S Cherenkov pattern

0.0015

w £ -100
0.0010

-200
Not to scale! 30 0.0005

0
-300 -200 -100 0 100 200 300



BECSINIGCEE  Cherenkov effect

Is the sensitivity preserved ?

[ —
Model : SELFAS ADC : SELFAS convol.
Sorted by distance to core Sorted by distance to core
s o
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— — —
Spectrum and amplitude variations are preserved !
L.M. ICRC July 2017
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