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Mo@va@ons	for	Nançay	setup	
Presenta@on	of	instruments	
•CODALEMA-3	
•EXTASIS	
•Compact	Array	&	Composite	Trigger	
•NenuFAR	
Illustra@on	of	performances	
Outlook



3

Mo@va@ons
To	explore	new	or	neglected	ways	of	exploita@on	of	the	radio	signal	emiUed	by	EAS

R.	Dallier	-	ARENA2016

Lacks
Determina@on	 of	 Xmax:	 seems	
needing	 high	 antenna	 density	
(contradictory	with	high	energies)		

Covering	 large	 areas:	 standalone	
detectors,	 but	 either	 reject	
pa ra s i @ c	 t ran s i en t s	 ( s e l f -
triggering)	 or	 use	 scin@llators	
(slave	mode)		

Detec@on	 range	 in	 classical	
[30-80]	 MHz	 band	 too	 short	
(sensi@vity	too	low)



Mo@va@ons
To	explore	new	or	neglected	ways	of	exploita@on	of	the	radio	signal	emiUed	by	EAS

R.	Dallier	-	ARENA2016

Lacks Solu@ons?

Look	at	high	frequencies?		

Very	 selec@ve,	 composite	
radio	 trigger	 with	 several	
a n t e n n a s	 ( i n c r e a s e d	
sensi@vity)?	

Look	at	low	frequencies?	
3-polariza@on	detec@on?	

Observe	 mainly	 inclined	
showers	with	sparse	arrays?

Determina@on	 of	 Xmax:	 seems	
needing	 high	 antenna	 density	
(contradictory	with	high	energies)		

Covering	 large	 areas:	 standalone	
detectors,	 but	 either	 reject	
pa ra s i @ c	 t ran s i en t s	 ( s e l f -
triggering)	 or	 use	 scin@llators	
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Detec@on	 range	 in	 classical	
[30-80]	 MHz	 band	 too	 short	
(sensi@vity	too	low)

Could	radio	detectors	be	
“stand	alone”?
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Could	radio	detectors	be	
“stand	alone”?

Some	of	these	topics	are	explored	with	several	instruments	individually	-	This	conference

LOFAR	HBA	-	RosseUo,	#33	(follows)	
ANITA	-	Deaconu,	#38	(friday)	
EVA	-	Pfendner,	#44	(friday)	

GNO	(𝜈)	-	Wissel,	#4	(today)	
LOFAR	-	Bonardi,	#34	(today)	
ARA	(𝜈)	-	Pfendner,	#44	(thursday)	

(former	aUempts	on	LOPES	&	AERA)	

T-REX	-	Schröder,	#2	(wednesday)	
AERA	-	Kambeitz,	#22	(friday)

(sorry	if	I	forgot	some	names!)
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CODALEMA	/	EXTASIS	
purposes	

To	explore	all	these	
possibili@es	at	the	same	

place	

To	help	radio	detec@on	
becoming	a	stand	alone	

technique

{
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Exis@ng	instruments:	

CODALEMA	3	

An	array	of	wide	band	standalone	staBons



CODALEMA-3

57	BuUerfly	antenna	and	
LONAMOS	LNA	(exported	on	AERA)13	par@cle	detectors	(scin@llators)

8

[20-200]	MHz

R.	Dallier	-	ARENA2016

T



“Tripole”:	
A	newly	designed	3-Polariza@on	antenna

9R.	Dallier	-	ARENA2016

• 3	channels,	1GS/s,	externally	(“SD”)	triggered	
• Aim:	tes@ng	the	“far-field”	hypothesis	(no	
longitudinal	E-field	component)

\EW

\SW-NE

\SE-NW



57	standalone	radio	sta@ons13	par@cle	detectors	(scin@llators)
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Technical	data

• 340	m	x	340	m	(0.12	km2)	
• 0.8	m	x	0.8	m	plas@c	scin@llators,	4	cm	
thick,	seen	by	2	PM	

• Sampling	1	GS/s,	12	bits,	2.56	µs	
• Cabled	array,	central	DAQ	
• Generate	a	trigger	signal,	to	be	sent	to	
any	other	detector	(by	cable	or	
ethernet)	and	a	GPS	data@on	sta@on

• Triangle	1600	m	x	1400	m	(1.1	km2)	
• BuUerfly	antenna,	LONAMOS	LNA	
• Sampling	1	GS/s,	14	bits,	2.56	µs	
• Frequency	band	[20	-	200]	MHz	
• Self-triggered	array,	local	trigger	(T1	&	
T2),	local	DAQ,	data	transfer	w.	fibres	

• Rela@ve	data@on	accuracy	~5	ns	
• 20	-	25	W	power	(depends	on	ac@vity)

DATABASE	
for	all	arrays	
Event	Builder

“AERA-like”	
central	DAQ	
T3	level	

Radio	event	
builder	

Switchable

5/13	trigger	
Energy	range:	

2.1016	-	5.1017	eV

Pure	radio	T3	
Noise	rejec@on	
99%-100%
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Exis@ng	instruments:	

EXTASIS	

Search	for	the	low	frequency	components
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Why	looking	at	low	frequencies?

Benoît Revenu Colloque PNHE, 03/04/2014

Radiodetection of EAS in the kHz-MHz range

"6

"⌫ / ⌫�1.5

year reference frequency message

1970 Allan, Clay, Nature 225, 253 2 MHz 100 times higher than at 32 MHz

1970 Prescott et al, 11th ICRC 3, 717 3.6 MHz, 10 MHz higher than geomagnetic, no detection at 10 MHz

1971 Stubbs, Nature 230, 172 2 MHz 250 times higher than at 44 MHz

1971 Hough et al, Nature 232, 14 3.6 MHz 10 times higher than geomagnetic in 20-60 MHz

1972 Felgate, Stubbs, Nature 239, 151 6 MHz two polarizations, not only geomagnetic

1973 Clay et al, 13th ICRC 4, 2420 100 kHz

1973 Gregory et al, Nature 245, 86 100 kHz large SNR, not only geomagnetic

1985 Suga et al, 20th ICRC 7, 268 50 kHz, 170 kHz, 1.6 MHz Akeno, huge field strength vs geo-magnetic/electric

1987 Nishi, Suga, 20th ICRC 6, 125 26-300 kHz Akeno, monopolar, 1/d, 2.5 km

1991 Castagnoli et al, 22nd ICRC 4, 363 470 kHz, 2.6 MHz EASTOP/EASRadio, amplitude ↗ when freq ↘

1992 Baishya et al, NCimC 16, 17 2 MHz, 9 MHz TR is not the only mechanism

1993 Kadota et al, 18th ICRC 4, 262 30 kHz-3 MHz AGASA, mono/bi polar
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Why	looking	at	low	frequencies?

Benoît Revenu, SUBATECH EXTASIS, 25/02/2014

Emission mechanisms in the kHz-MHz range

!27

year reference mechanism

1957 Wilson, Phys. Rev. 108, 155 geoelectric, recombination

1968 Charman, J. Atm. Terr. Phys. 30, 195 geoelectric, acceleration of electrons

1972 Allan, Nature 237, 384 maximum coherence

1983 Kaneko et al, 18th ICRC 11, 428 charge-excess in air and at the ground

1985 Nishimura, 20th ICRC 7, 308 TR of electrons on the ground

1985 Suga et al, 20th ICRC 7, 268 TR of electrons on the ground

1978 Sivaprasad, Aust. J. Phys. 31, 439 geoelectric, acceleration of electrons

• clear evidence of a strong increase of the radio pulses amplitude with decreasing frequencies"
• no definitive conclusion, not enough data, no proper atmospheric monitoring"
• bipolar and monopolar pulses have been observed"
• no satisfactory underlying mechanism"
• low frequency band unsued since 20 years

Summary
•	Theories	were	not	complete	

•	The	“classical”	signal	should	be	seen	at	low	frequencies	
•	But	if	there	was	“another”	process?
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“Standard”signal	
[20	–	200]	MHz

“SDP”	signal	
[1	–	10]	MHzShower	core

EXTASIS:	the	“sudden	death”	pulse	from	the	
shower	ex@nc@on	at	ground	level

•	Principal	pulse	amplitude	scales	as	E	and	decreases	~exponentially	
but	SDP	amplitude	scales	as	E	and	decreases	as	1/dcore	

•	Polarisation	lies	in	the	plane	transverse	to	the	(observer-shower	
core)	direction

Easy	core	location	by	
triangulation	at	ground	level

Vertical	polarisation



EXTASIS:	search	
for	the	low-
frequency	
components

15

[2-6]	MHz
R.	Dallier	-	ARENA2016

X X

X

X
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•BuUerfly	type	+	modified	LONAMOS	LNA	
•Ver@cal	and	NS	polarisa@ons	
•The	op@mized		9	m	pole	acts	as	a	part	of	the	antenna	
•Currently	2	antennas,	600	m	apart	
•Soon:	7	antennas	over	~1	km2	

•Several	versions	since	~1.5	years	
•First:	sampling	18	MS/s,	8	bits,	1	ms	
•Soon:	sampling	0.5	GS/s,	8	bits,	10	ms			
•Frequency	band	[2	-	6]	MHz	(low-pass	limited)	
•Externally-triggered	array,	distribu@on	by	ethernet	for	
the	5	new	antennas		

•Signal	is	difficult	to	find!	(not	found	on	AERA	LF)
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1.5. Dämpfung des Hintergrundrauschens durch die Ionosphäre

Rekombination von Elektronen und Ionen entgegen und erscha�t so ein Gleichgewicht an
ionisierten und neutralen Teilchen.
Sowohl die Ionisation wie auch die Rekombination hängen von der Teilchendichte der
Atmosphäre und der Strahlungsintensität der ionisierenden Strahlung ab. Letztere nimmt
natürlich mit ihrem Weg durch die Atmosphäre ab, während die Atmosphärendichte
steigt. Zusätzlich ist die molekulare Zusammensetzung der Luft ebenfalls höhenabhängig,
wodurch sich die jeweiligen Ionisationsenergien und die Rekombinationsprozesse unter-
scheiden können. Mit all diesen Faktoren zusammen kann man die Ionosphäre am Tag in
die drei Bereiche D-, E- und F-Region unterteilen. Dabei be�ndet sich, wie in Abbildung
1.7 zu sehen, die D-Region in einer Höhe von ca. 50 - 90 km, die E-Region in 90 - 150
km und die F-Region, welche man wiederum in die F1- und F2-Schicht unterteilen kann,
darüber [11].
Interessant für die Dämpfung des Hintergrundrauschens im Niederfrequenzbereich ist die
D-Schicht. Hier wird vor allem Sticksto�monoxid durch Strahlung der Lyman-�-Serie bei
121.5 nm ionisiert. Allerdings ist die Rekombinationsrate aufgrund der vergleichsweise
großen Luftdichte hoch und die D-Schicht verschwindet, wenn die Sonneneinstrahlung
über Nacht aufhört, innerhalb weniger Minuten.
Am Tag werden Radiowellen im Bereich von <10 MHz in der D-Schicht stark gedämpft.
Die Energie der Radiostrahlung geht dabei über die Beschleunigung der Elektronen und
Ionen verloren. Bei höheren Frequenzen wird die Dämpfung immer schwächer. In der
Nacht nimmt die Dämpfung der Wellen aufgrund der nicht mehr vorhanden D-Schicht
und der folglich viel geringeren Ionisation stark ab. Dann werden niederfrequente Signale
zwischen Erdboden und E-Schicht re�ektiert und sind so über Entfernungen von mehreren
1000 km nachweisbar. Es ist also ein Unterschied des Hintergrundrauschens zwischen Tag
und Nacht zu erwarten, wie in Abbildung 1.8 dargestellt.

Abbildung 1.8.: Minimale weltweite Rauschtemperatur [3]

11

	 From	Tim	Huege,	Physics	Reports	620
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Instruments	in	progress:	

The	Compact	Array	&	the	Composite	Trigger	

Clustering	and	increasing	selecBvity	&	sensiBvity



The	Compact	Array	&	
the	Composite	Trigger

19R.	Dallier	-	ARENA2016

Detect,	select	and	
reconstruct	EAS	online



Aim:	building	a	composite	trigger,	able	to	detect	and	select	online	
the	EAS	events	by	tes@ng	in	real	@me	all	sky	direc@ons	at	once

20R.	Dallier	-	ARENA2016

Compact	array	(working):	
•10	antennas	(+LNA)	
•NS	&	EW	polarisa@on	
•5-branch	star	array	
•24	to	146m	spacing	
•SD	triggered	
•6	μs	snapshot	
•400	MS/s	
•[10-200]	MHz	
•Works	offline	as	an	
interferometer	

•Sensi@vity	x	⎷10	
•Ac@ve	since	2013
•Used	as	a	test	bench	
for	the	composite	trigger

Composite	trigger	(s@ll	in	progress):	
• 5	antennas	
• Circular	polarisa@on	
• [30-80]	MHz	
• Self	detec@ng	mode	
• Con@nuous	sampling	@100	MHz	
• Real-@me	so|ware	(GPU	5	Tflops)	
• For	each	successive	@me-window	

corresponding	to	the	array	@me	
aperture	(500	ns):	generate	~2000	

beams	in	sky	(~2°	apart)	via	
beamforming,	and	search	for	

beam(s)	containing	signal	above	
some	intensity	threshold



SD	triggered	mode:	offline	reconstruc@on	
of	1000	events	out	of	80000	triggers

21R.	Dallier	-	ARENA2016

A.	Lecacheux	-	ARENA2014

Towards	a	very	efficient	and	wide	
frequency	band	sparse	array?
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Instruments	in	progress/project:	

NenuFAR	

A	radiotelescope	for	EAS	and	a	pathfinder	for	SKA-EAS?



NenuFAR:	twice	
the	LOFAR	core	
sensi@vity	@	

Nançay

Astronomical	radio	
interferometer	

SKA	pathfinder,	LOFAR	Super	
Sta@on	(LSS)

23R.	Dallier	-	ARENA2016
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Transient	Buffer	Board	(to	be	
implemented)	

Currently	22	arrays	installed	

52	arrays	in	Nov.	2017	

Comple@on	to	96	arrays	
foreseen	late	2018	

Anyone	can	apply	for	
observa@ons

96	arrays	of	19	antennas	(Compact	Array	
type)	in	dual	polariza@on	[10-80]	MHz	

96	out	of	the	1824	antennas	(1/array)	
devoted	to	UHECR	detec@on	(ext.	trigger)



Another	possible	use	in	dedicated	observation	mode	(not	100%	of	time):	phasing	each	mini	array	in	
different	directions,	the	whole	covering	all	the	sky	(“Compact	Array”	mode)

25Effective	area:	19	x	single	LBA	station
R.	Dallier	-	ARENA2016



26R.	Dallier	-	ARENA2016

CODALEMA	3	/	EXTASIS	

Illustra@on	of	the	performances	

A	mulB-hybrid	event,	Xmax	reconstrucBon	

wide	band	advantage	and	polarisaBon	features



Scin@llators

𝛳	=	46°	
𝜑	=	6°	(~E)
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Tripole	24-82	MHz

Tripole	120-200	MHz

EW

NE-SW

NW-SE

EW

NE-SW

NW-SE

LF	1.7-3.4	MHzHorizontal

Ver@cal

EW NS

Compact	Array	-	24-82	MHz

EW

NS

Self-triggered	sta@ons	-	PSD

Noise

Signal

Compact	Array	
Polarisa@on	figures
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Raw	signals	(V) E-Fields	(V/m) SELFAS	Simula@on	(V)

FM	notch	filter

Noise	part

Signal	
part EW	-	convoluted

NS	-	convoluted



Reconstruction+of+the+parameters+of+cosmic+ray+induced+extensive+air+showers+
using+radio+detection+and+simulation

F.+Gatéa∗,+R.+Dalliera,+L.+Martina,+B.+Revenua  
aSubatech)*)École)des)Mines)de)Nantes)*)CNRS/IN2P3)*)Université)de)Nantes,)4)rue)Alfred)Kastler,)44307)Nantes)CEDEX)3,)France 
E*mail:)florian.gate@subatech.in2p3.fr

Depth !
(g/cm2)

Number !
of particles

ground

Xinf

Xmax

X1

• Plastic+scintillators+
! duty&cycle:&100%&
! sample&secondary&particles&at&ground&level&

• Radio+antennas+
! duty&cycle:&potentially&100%&
! sensitive&to&the&full&EAS&development

• Energy&of&the&primary&particle&
!
• Arrival&direction&
!
• EAS&core&position&on&the&ground&
!
• Xmax:&atmospheric&depth&at&which&

the&number&of&particle&is&maximum&

Strongly&correlated&to&&
the&nature&of&the&primary

Motivations+for+a+pure+radio+reconstruction+method

20+E+200+MHz+
In&this&band&the&method&is&not&
able& to& reconstruct& the&
shower&geometry.&

20+E+150+MHz+
In& this& band& a& minimum&
appears&and&we&obtain&Xmax&=&
668&±&61&g/cm2.

Due& to& the& finite& number& of& antennas& and& their& pattern& on& the&
ground,& it& can&be&difficult& to& constrain& the& shower&geometry&with&
the&sampled&LDF.&The&choice&of&a&particular&band&can&be&useful.

20+E+80+MHz+
In&this&band&the&constraint&on&
the& shower& geometry& is&
stronger& and& leads& to& a&
smaller& reconstruction& error:&
Xmax&=&673&±&26&g/cm2.&Similar&
observations& can& be& made&
for&smaller&bandwidth&within&
20&!&80&MHz&like&40&!&70&MHz.

• The& method& has& successfully& reconstructed& the&
parameters& of& interest& of& this& event,& with& a& good&
accuracy.&&

!
• The&possibility&to&select&the&frequency&band&at&which&
the& event& is& reconstructed,& as& it& is& the& case& at&
CODALEMA,&is&a&real&asset.&

!
• The&method&is&under&deployment&on&the&CODALEMA&
data& set.&Moreover& the& study&of& the& influence&of& the&
antenna&pattern&on&the&reconstruction&is&in&progress.&

!
• A&more&quantitative&study&of&a&possible&second&order&
effect&on&the&LDF&(Cerenkov&ring)&at&high&frequency&is&
in&progress.

Influence+of+the+frequency+band

Outlook

SELFAS&performs&the&computation&of&the&
electric&field&at&every&simulated&position

Simulation+of+100+protons,+50+iron+nuclei+
!
Common+characteristics:+

• Reconstructed&arrival&direction&
• Arbitrary&primary&energy:&2x1017&eV&
• Core&position:&(0,0)&
• Electric&field&computed&by&SELFAS&(V.&Marin,&B.&
Revenu.&Astroparticle&Physics,&35(2012)&733!741)&

!
Specific+characteristics:+

• Realistic&X1&values&from&EPOS,&an&hadronic&
interaction&model.&(K.&Werner,&F.&M.&Liu&and&T.&
Pierog.&Phys.&Rev.&C&74&(2006)&044902)

An+event+detected+at+CODALEMA Simulation+of+the+electric+field+produced+by+the+event+

The&CODALEMA&experiment&(see&R.&Dallier&et&al.,&
ICRC)2015)proceedings)& located& in&Nançay,&France&&
is& an& experiment& dedicated& to& the& study& of& ultra&
high&energetic&cosmic&rays.&The&detection&array& is&
composed&of&two&types&of&detectors:

The&radio&signal&produced&during&the&development&of&an&extensive&air&shower&(EAS)&in&the&atmosphere&is&now&quite&well&understood&
and&its&description&via&the&simulation&is&successful.&The&shower&geometry,&described&in&particular&by&the&atmospheric&depth&Xmax&at&
which&the&number&of&particles&is&maximum,&is&strongly&correlated&to&the&nature&of&the&primary&cosmic&ray&which&has&generated&it.&The&
geometry&also&influences&the&electric&field&distribution&at&the&ground&level&and&makes&radio&observables&sensitive&to&the&cosmic&ray&
nature&through&the&reconstruction&of&Xmax.& In&this&contribution&we&propose&a&method&to&reconstruct&all&the&parameters&of&the&EAS&
detected& at& the&CODALEMA& experiment& based& on& a&Monte&Carlo& approach& and& performing& a& detailed& comparison& between& the&
simulated&radio&footprint&and&the&one&sampled&by&the&CODALEMA&array&of&antennas.&The&method&is&explained&here&through&one&of&
the&detected&events.&To&validate&the&method,&the&latter&has&also&been&tested&on&a&simulated&event&with&a&blind&Xmax&search&and&we&
found&the&injected&Xmax&within&3%&of&errors.

The&detection&array&at&CODALEMA&with&the&scintillators&
represented& by& the& red& circles& and& the& radio& antennas&
displayed&as&the&black&and&white&squares.

This&event&has&a&multiplicity&of&9&
antennas&displayed&in&red

Experimental+observables+used+for+the+reconstruction:

• The+arrival+direction:&(zenith,&azimuth)&=&(26°,&124°)&&
Reconstructed&from&the&electric&field&arrival&times&in&
antennas.&The&relative&arrival& time&(ns)&with& respect&
to&the&first&antenna&is&displayed&on&the&map&below:

• The+electric+field+lateral+distribution+function+(LDF):&the&maximum&electric&field&received&by&each&antenna&
as&a&function&of&its&distance&to&the&shower&axis.&The&LDF&is&retrieved&from&the&filtered&signals&in&the&20&!&80&
MHz&band.&The&two&figures&below&show,&on&the&left,&a&filtered&signal&and&on&the&right&the&LDF&of&the&event,&
here&as&a&function&of&the&antennas&positions&in&the&CODALEMA&coordinates&frame:

Construction+of+the+simulated+LDFs:

The&simulated&electric&field&as&a&function&
of& time& (ns)& in& the& polarization& East!
West&filtered&in&the&band&20!80&MHz.

The& LDF& as& a& function& of& the& antenna&
positions& from& the& particle& core,&
calculated& from& each& antenna&maximum&
signal.

The& Interpolated& LDF& that& allows&
to& know& the& maximum& electric&
field&value&at&any&position.&

First&interac+on&point

Maximum&par+cles&produc+on&rate

Maximum&number&of&par+cles
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Easting

The& agreement& between& the& simulated&
electric& field& distribution& and& the& one&
sampled&by& the&CODALEMA&antennas& is&
quantified&with&a&&&&&computation&at&every&
possible&core&position.

(Xmax,++++++++)

Errors+propagation+on+the+detected+electric+field

Core+position

Xmax

proton
iron nuclei

Best&&&&,&corresponding&to&the&best&core&position&
obtained& with& each& simulated& event,& is&
displayed&as&a&function&of&their&Xmax&value

The& reconstructed& core& position& corresponds& to& the& position& having& the& minimum&
value&of&the&&&&&.&A&scaling&factor&is&taken&into&account&in&the&&&&&calculation&at&each&tested&
position&in&order&to&compare&only&the&shape&of&the&LDFs.

for+each+simulated+event

Reconstructed+parameters+and+errors

In&order&to&estimate&the&effect&of&the&error&on&the&electric&field&on&the&Xmax&reconstruction,&a&10%&
realistic& gaussian& error& is& added& to& each& antenna& electric& field&measurement.&A&Monte&Carlo&
method&is&then&applied&on&the&150&simulated&events.

Each& of& these& best& positions& is&weighted& by& its& corresponding&Xmax& probability& taken&
from&the&Xmax&distribution.

Xmax+=+673+±+26+g/cm2.

Easting:+++++++80.2+±+9.0+m++
Northing:++++E10.5+±+8.0+m

The&geometry&of&a&shower&influences&the&shape&
of& the& LDF.& The& method& minimizes& the&
geometry& giving& the& best& agreement& to& the&
experimental&LDF.

<<<<

Energy

Corrective+
factor

The&corrective&factor&distribution&is&calculated&
from& the& corrective& factors& corresponding& to&
the& best& core& position& obtained& for& each&
simulated&event

Energy:+
(2.0+±+0.7)+x+1017+eV

The&relation&between&the&scaling&factor,&the&energy&at&which&the&primary&cosmic&ray&has&been&
simulated&and&the&resulting&electric&field&amplitude&is&parametrized.

Set+of+150+simulated+events

Reconstruction++method

proton
iron nuclei

proton
iron nuclei

proton
iron nuclei

The& amplitude& of& a& simulated& LDF& is&
determined& by& the& energy& at& which& the&
primary&cosmic&ray&has&been&simulated.&Their&
relation&can&be&parametrized.

The& procedure& permits& to& construct&
the&Xmax& probability& density& function&
of&the&experimental&event.

We& obtain& an& histogram& of& the&
core& positions& from& which& the&
most& likely& core& position& and& its&
uncertainty&are&calculated:

The&corrective&&factor&mean&value&and&
standard& deviation& are& used& to&
calculate& the& energy& of& the& primary&
cosmic&ray&detected:

The&20& !&80&MHz&band& is&chosen& for& this&event&because& it&allows&a&
good& minimization& while& keeping& the& maximum& possible& signal.&
Higher& frequency& ranges& can& be& used& for& events& sampled& by&&
another&antenna&pattern.

SELFAS	simula@on	
•Search	for	best	core	posi@on	
•Search	for	best	2D-LDF	match	
•Recover	EAS	Xmax	&	Energy	
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Pure	radio	method	
Talk	F.	Gaté,	thursday

673±26	g/cm2



Reconstruction+of+the+parameters+of+cosmic+ray+induced+extensive+air+showers+
using+radio+detection+and+simulation

F.+Gatéa∗,+R.+Dalliera,+L.+Martina,+B.+Revenua  
aSubatech)*)École)des)Mines)de)Nantes)*)CNRS/IN2P3)*)Université)de)Nantes,)4)rue)Alfred)Kastler,)44307)Nantes)CEDEX)3,)France 
E*mail:)florian.gate@subatech.in2p3.fr

Depth !
(g/cm2)

Number !
of particles

ground

Xinf

Xmax

X1

• Plastic+scintillators+
! duty&cycle:&100%&
! sample&secondary&particles&at&ground&level&

• Radio+antennas+
! duty&cycle:&potentially&100%&
! sensitive&to&the&full&EAS&development

• Energy&of&the&primary&particle&
!
• Arrival&direction&
!
• EAS&core&position&on&the&ground&
!
• Xmax:&atmospheric&depth&at&which&

the&number&of&particle&is&maximum&

Strongly&correlated&to&&
the&nature&of&the&primary

Motivations+for+a+pure+radio+reconstruction+method

20+E+200+MHz+
In&this&band&the&method&is&not&
able& to& reconstruct& the&
shower&geometry.&

20+E+150+MHz+
In& this& band& a& minimum&
appears&and&we&obtain&Xmax&=&
668&±&61&g/cm2.

Due& to& the& finite& number& of& antennas& and& their& pattern& on& the&
ground,& it& can&be&difficult& to& constrain& the& shower&geometry&with&
the&sampled&LDF.&The&choice&of&a&particular&band&can&be&useful.

20+E+80+MHz+
In&this&band&the&constraint&on&
the& shower& geometry& is&
stronger& and& leads& to& a&
smaller& reconstruction& error:&
Xmax&=&673&±&26&g/cm2.&Similar&
observations& can& be& made&
for&smaller&bandwidth&within&
20&!&80&MHz&like&40&!&70&MHz.

• The& method& has& successfully& reconstructed& the&
parameters& of& interest& of& this& event,& with& a& good&
accuracy.&&

!
• The&possibility&to&select&the&frequency&band&at&which&
the& event& is& reconstructed,& as& it& is& the& case& at&
CODALEMA,&is&a&real&asset.&

!
• The&method&is&under&deployment&on&the&CODALEMA&
data& set.&Moreover& the& study&of& the& influence&of& the&
antenna&pattern&on&the&reconstruction&is&in&progress.&

!
• A&more&quantitative&study&of&a&possible&second&order&
effect&on&the&LDF&(Cerenkov&ring)&at&high&frequency&is&
in&progress.

Influence+of+the+frequency+band

Outlook

SELFAS&performs&the&computation&of&the&
electric&field&at&every&simulated&position

Simulation+of+100+protons,+50+iron+nuclei+
!
Common+characteristics:+

• Reconstructed&arrival&direction&
• Arbitrary&primary&energy:&2x1017&eV&
• Core&position:&(0,0)&
• Electric&field&computed&by&SELFAS&(V.&Marin,&B.&
Revenu.&Astroparticle&Physics,&35(2012)&733!741)&

!
Specific+characteristics:+

• Realistic&X1&values&from&EPOS,&an&hadronic&
interaction&model.&(K.&Werner,&F.&M.&Liu&and&T.&
Pierog.&Phys.&Rev.&C&74&(2006)&044902)

An+event+detected+at+CODALEMA Simulation+of+the+electric+field+produced+by+the+event+

The&CODALEMA&experiment&(see&R.&Dallier&et&al.,&
ICRC)2015)proceedings)& located& in&Nançay,&France&&
is& an& experiment& dedicated& to& the& study& of& ultra&
high&energetic&cosmic&rays.&The&detection&array& is&
composed&of&two&types&of&detectors:

The&radio&signal&produced&during&the&development&of&an&extensive&air&shower&(EAS)&in&the&atmosphere&is&now&quite&well&understood&
and&its&description&via&the&simulation&is&successful.&The&shower&geometry,&described&in&particular&by&the&atmospheric&depth&Xmax&at&
which&the&number&of&particles&is&maximum,&is&strongly&correlated&to&the&nature&of&the&primary&cosmic&ray&which&has&generated&it.&The&
geometry&also&influences&the&electric&field&distribution&at&the&ground&level&and&makes&radio&observables&sensitive&to&the&cosmic&ray&
nature&through&the&reconstruction&of&Xmax.& In&this&contribution&we&propose&a&method&to&reconstruct&all&the&parameters&of&the&EAS&
detected& at& the&CODALEMA& experiment& based& on& a&Monte&Carlo& approach& and& performing& a& detailed& comparison& between& the&
simulated&radio&footprint&and&the&one&sampled&by&the&CODALEMA&array&of&antennas.&The&method&is&explained&here&through&one&of&
the&detected&events.&To&validate&the&method,&the&latter&has&also&been&tested&on&a&simulated&event&with&a&blind&Xmax&search&and&we&
found&the&injected&Xmax&within&3%&of&errors.

The&detection&array&at&CODALEMA&with&the&scintillators&
represented& by& the& red& circles& and& the& radio& antennas&
displayed&as&the&black&and&white&squares.

This&event&has&a&multiplicity&of&9&
antennas&displayed&in&red

Experimental+observables+used+for+the+reconstruction:

• The+arrival+direction:&(zenith,&azimuth)&=&(26°,&124°)&&
Reconstructed&from&the&electric&field&arrival&times&in&
antennas.&The&relative&arrival& time&(ns)&with& respect&
to&the&first&antenna&is&displayed&on&the&map&below:

• The+electric+field+lateral+distribution+function+(LDF):&the&maximum&electric&field&received&by&each&antenna&
as&a&function&of&its&distance&to&the&shower&axis.&The&LDF&is&retrieved&from&the&filtered&signals&in&the&20&!&80&
MHz&band.&The&two&figures&below&show,&on&the&left,&a&filtered&signal&and&on&the&right&the&LDF&of&the&event,&
here&as&a&function&of&the&antennas&positions&in&the&CODALEMA&coordinates&frame:

Construction+of+the+simulated+LDFs:

The&simulated&electric&field&as&a&function&
of& time& (ns)& in& the& polarization& East!
West&filtered&in&the&band&20!80&MHz.

The& LDF& as& a& function& of& the& antenna&
positions& from& the& particle& core,&
calculated& from& each& antenna&maximum&
signal.

The& Interpolated& LDF& that& allows&
to& know& the& maximum& electric&
field&value&at&any&position.&

First&interac+on&point

Maximum&par+cles&produc+on&rate

Maximum&number&of&par+cles
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The& agreement& between& the& simulated&
electric& field& distribution& and& the& one&
sampled&by& the&CODALEMA&antennas& is&
quantified&with&a&&&&&computation&at&every&
possible&core&position.

(Xmax,++++++++)

Errors+propagation+on+the+detected+electric+field

Core+position

Xmax

proton
iron nuclei

Best&&&&,&corresponding&to&the&best&core&position&
obtained& with& each& simulated& event,& is&
displayed&as&a&function&of&their&Xmax&value

The& reconstructed& core& position& corresponds& to& the& position& having& the& minimum&
value&of&the&&&&&.&A&scaling&factor&is&taken&into&account&in&the&&&&&calculation&at&each&tested&
position&in&order&to&compare&only&the&shape&of&the&LDFs.

for+each+simulated+event

Reconstructed+parameters+and+errors

In&order&to&estimate&the&effect&of&the&error&on&the&electric&field&on&the&Xmax&reconstruction,&a&10%&
realistic& gaussian& error& is& added& to& each& antenna& electric& field&measurement.&A&Monte&Carlo&
method&is&then&applied&on&the&150&simulated&events.

Each& of& these& best& positions& is&weighted& by& its& corresponding&Xmax& probability& taken&
from&the&Xmax&distribution.

Xmax+=+673+±+26+g/cm2.

Easting:+++++++80.2+±+9.0+m++
Northing:++++E10.5+±+8.0+m

The&geometry&of&a&shower&influences&the&shape&
of& the& LDF.& The& method& minimizes& the&
geometry& giving& the& best& agreement& to& the&
experimental&LDF.

<<<<

Energy

Corrective+
factor

The&corrective&factor&distribution&is&calculated&
from& the& corrective& factors& corresponding& to&
the& best& core& position& obtained& for& each&
simulated&event

Energy:+
(2.0+±+0.7)+x+1017+eV

The&relation&between&the&scaling&factor,&the&energy&at&which&the&primary&cosmic&ray&has&been&
simulated&and&the&resulting&electric&field&amplitude&is&parametrized.

Set+of+150+simulated+events

Reconstruction++method

proton
iron nuclei

proton
iron nuclei

proton
iron nuclei

The& amplitude& of& a& simulated& LDF& is&
determined& by& the& energy& at& which& the&
primary&cosmic&ray&has&been&simulated.&Their&
relation&can&be&parametrized.

The& procedure& permits& to& construct&
the&Xmax& probability& density& function&
of&the&experimental&event.

We& obtain& an& histogram& of& the&
core& positions& from& which& the&
most& likely& core& position& and& its&
uncertainty&are&calculated:

The&corrective&&factor&mean&value&and&
standard& deviation& are& used& to&
calculate& the& energy& of& the& primary&
cosmic&ray&detected:

The&20& !&80&MHz&band& is&chosen& for& this&event&because& it&allows&a&
good& minimization& while& keeping& the& maximum& possible& signal.&
Higher& frequency& ranges& can& be& used& for& events& sampled& by&&
another&antenna&pattern.

SELFAS	simula@on	
•Search	for	best	core	posi@on	
•Search	for	best	2D-LDF	match	
•Recover	EAS	Xmax	&	Energy	

29R.	Dallier	-	ARENA2016

Pure	radio	method	
Talk	F.	Gaté,	thursday

673±26	g/cm2

Xmax	=	591	±	77	g/cm2(previous	event)
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Example	of	high	frequency	signals

𝛳	=	75°	
𝜑	=	131°	(NW)

Mul@plicity	36	antennas	+	10	Central	DAQ

•

•

•

•

•

•

•

• •

•

•	Central	DAQ	antenna	
•			No	data

Dependence	on	distance	almost	only	visible	above	150	MHz	⇒

(Central	DAQ	signals	not	considered	here)

Noise	part

Signal	
part

FM	notch	filter	(no	
deconvolu@on	here)[20-80]MHz

for	inclined	showers
Difficulty	to	fit	a	2D	profile	in	[20-80]	MHz	⇒	difficult	to	get	shower	parameters	(core,	Xmax,	energy)
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Example	of	high	frequency	signals

𝛳	=	75°	
𝜑	=	131°	(NW)

Mul@plicity	36	antennas	+	10	Central	DAQ

•

•

•

•

•

•

•

• •

•

•	Central	DAQ	antenna	
•			No	data

for	inclined	showers,	while	with	high	frequencies	smaller	antenna	density	could	be	enough

Dependence	on	distance	almost	only	visible	above	150	MHz	⇒
Difficulty	to	fit	a	2D	profile	in	[20-80]	MHz	⇒	difficult	to	get	shower	parameters	(core,	Xmax,	energy)

(Central	DAQ	signals	not	considered	here)

[150-170]MHz

Noise	part

Signal	
part

FM	notch	filter	(no	
deconvolu@on	here)
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Even	up	to	300	MHz…
Currently	the	antenna	response	is	known	only	up	to	200	MHz,	but	it	could	be	

parameterized	up	to	300	MHz	where	there	is	s@ll	signal.	Poten@al	instantaneous	band	
would	be	[20-300]	MHz	!



𝛳	=	32.2°	
𝜑	=	-90.4°

															𝛳B	=	27.3°	
													𝜑B	=	-89°BNançay: !!!
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A	pure	charge	excess	event

EW

NS
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Outlook



LOFAR

CODALEMA

T-Rex

SKA-Low

ANITA,	RASTA,	ARA,	ARIANNA,	EVA	(𝜈)	

GNO	(𝜈)		

AERA

TREND	(𝜈)

R.	Dallier	-	ARENA2016

Current	or	foreseen	UHECR	/	Neutrino	radio	detec@on	projects

35
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Nançay	facili@es:	a	swiss-knife	
for	UHECR	radio	detec@on

• Unique	wide	frequency	band	(2	-	200	MHz)	
• Mul@-scale	antenna	densi@es	
• Test	bench	for	future	projects	(e.g	SKA,	see	
T.	Huege’s	talk	on	friday)	

• Anyone	interested	is	welcome	!
R.	Dallier	-	ARENA2016R.	Dallier	-	ARENA2016


