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»THE PIERRE AUGER
OBSERVATORY



ENERGY SPECTRUM
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SPECTRUM &
DETECTION

»TO MEASURE THE PRIMARY COSMIC RAYS
DIRECTLY, THE DETECTION EQUIPMENT MUST
BE PLACED ABOVE THE ATMOSPHERE.

PTHIS IS ACCOMPLISHED BY CARRYING THE
INSTRUMENT ABOARD HIGH-ALTITUDE
BALLOONS FLYING AT ABOVE 100,000
FEET, ON EARTH-ORBIT SATELLITES, OR IN
THE FUTURE ABOARD THE INTERNATIONAL
SPACE STATION (I1S55).

»A GOOD EXAMPLE OF A DETECTOR DEPLOYED
ON THE ISS Is THE ALPHA MAGNETIC
SPECTROMETER (AMS), WHICH WAS
DESIGNED TO SEARCH FOR NUCLEAR
ANTIMATTER IN COSMIC RAYS.



http://www.boeing.com/defense-space/space/spacestation/
http://www.boeing.com/defense-space/space/spacestation/
http://hpl3tri1.cern.ch/AMS/Description/overview.html
http://hpl3tri1.cern.ch/AMS/Description/overview.html

ENERGY SPECTRUM

»AT ABOVE 10'5 EV, THE g 2 1 FARTICLE
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COSMIC RAYS

»OVER 70 YEARS,
PHYSICISTS HAVE
STUDIED COSMIC RAYS
WITH ENERGIES IN
EXCESS OF —10'4 EV BY
USING THE EARTH S
ATMOSPHERE ITSELF AS
PART OF THE DETECTION
EQUIPMENT.



PARTICLE CASCADE

PTHIS TAKES ADVANTAGE
OF THE INTERACTION
BETWEEN A HIGH-"-ENERGY
COSMIC RAY AND THE
AIR, WHICH PRODUGCES A
CORRELATED CASGCADE OF
SECONDARY PARTIGCLES.



PARTICLE CASCADE

P THE PROCESS BEGINS WITH THE COLLISION OF THE

PRIMARY COSMIC RAY WITH A NUCLEUS NEAR THE TOP
OF THE ATMOSPHERE.
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Top of the atmosphere
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Proton collides with an

PTHIS FIRST COLLISION atmospheric molecule.

TYPICALLY PRODUCES 5. X
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PARTICLE CASCADE

Primary Cosmic Ray

»PIONS COME IN THREE
DIFFERENT FLAVORS.
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PARTICLE CASCADE

P THE SUBSEQUENT
COLLISIONS ARE
SIMILAR IN NATURE TO
THE PRIMARY
COLLISION.

)THIS PROCESS THEN
LEADS TO A CASCADE
OF PARTICLES WHICH
IS REFERRED TO AS A
"HADRONIC SHOWER'.
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PARTICLE CASCADE

Primary Cosmic Ray

7
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PARTICLE CASCADE

Primary Cosmic Ray

PTHE PHOTONS {}
INTERACT WITH THE nuclear interaction
k¥ O“4"-with air molecule
NUCLEI IN THE AIR TO / ¥
PRODUCE ELECTRON- - k0 0
POSITRON PAIRS, :
+yr'w
PWHICH IN TURN WILL hadronic
cascade
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'BREMSSTRAHLUNG .
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PARTICLE CASCADE

Primary Cosmic Ray
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PARTICLE CASCADE

PHIGH-ENERGY COSMIC RAYS ARE BELIEVED TO CONSIST
MOSTLY OF CHARGED NUCLEI.

Yy primary ~ “hadron” primary

.

»GAMMA RAYS HAVE
BEEN OBSERVED
WITH ENERGIES AS ‘@&
HIGH AS ~1014 EV. #

)BOTH TYPES OF CASCADES ARE CALLED 'EXTENSIVE
AIR SHOWERS' (EAS).



DISCOVERY OF EAS

»)EXTENSIVE AIR SHOWERS
WERE DISCOVERED IN THE
1930's BY FRENCH
PHYSICIST PIERRE VICTOR
AUGER.




EAS DEVELOPMENT

»AS AN EAS DEVELOPS INTO THE
ATMOSPHERE, MORE AND MORE
PARTICLES ARE PRODUCED.

»A SMALL FRACTION OF THE
KINETIC ENERGY OF THE PRIMARY
PARTICLE IS CONVERTED INTO
MASS ENERGY.

PTHE REMAINING KINETIC ENERGY IS
THEN DISTRIBUTED OVER THE
SHOWER.

PTHE PROCESS OF MULTIPLICATION
CONTINUES UNTIL THE AVERAGE
ENERGY OF THE SHOWER
PARTICLES IS INSUFFICIENT T0O
PRODUCE MORE PARTICLES IN
SUBSEGQUENT COLLISIONS.




EAS DEVELOPMENT

)THIS POINT OF THE EAS
DEVELOPMENT IS CALLED THE
'SHOWER MAXIMUM'.

»BEYOND THE MAXIMUM, THE
SHOWER PARTICLES ARE
GRADUALLY ABSORBED WITH AN
ATTENUATION LENGTH OF
~ 200 G/CM=2,

»RIGOROUSLY THIS IS A MEASURE
OF THE DEPTH OF MATERIAL
PENETRATED BY THE SHOWER.
(MORE ON THIS LATER.)




PROPERTIES OF
SHOWER MAX

»TwWO PROPERTIES OF
THE SHOWER
MAXIMUM ARE
IMPORTANT TO NOTE:

1 s AT MAXIMUM, AN
EAS TYPICALLY
CONTAINS —1-1.6
PARTICLES FOR EVERY
GEV (10° EV) OF
ENERGY CARRIED BY
THE PRIMARY COSMIC
RAY.




PROPERTIES OF
SHOWER MAX

>»TWO PROPERTIES OF
THE SHOWER
MAXIMUM ARE
IMPORTANT TO NOTE.

2. THE AVERAGE
'"SLANT DEPTH' AT
WHICH THE SHOWER
MAXIMUM OCCURS,
VARIES
LOGARITHMICALLY WITH
THE ENERGY OF THE
PRIMARY COSMIC RAY.



PROPERTIES OF
SHOWER MAX

»PTHE SLANT DEPTH X REFERS
TO THE AMOUNT OF
MATERIALS PENETRATED BY
THE SHOWER AT A GIVEN
POINT IN ITS DEVELOPMENT.

»X IS CALCULATED BY
INTEGRATING THE DENSITY OF
AIR FROM THE POINT OF ENTRY
OF THE AIR SHOWER AT THE
TOP OF THE ATMOSPHERE,
ALONG THE TRAJEGCTORY OF
THE SHOWER, TO THE POINT IN
GQUESTION.

| X[grom?]



PROPERTIES OF
SHOWER MAX

AL 3 N A5 0 SRR S b N I —~. 0

»PTHE SLANT DEPTH X REFERS
TO THE AMOUNT OF
MATERIALS PENETRATED BY
THE SHOWER AT A GIVEN
POINT IN ITS DEVELOPMENT.

»AN AIR SHOWER TRAVELING
ALONG AN EXACTLY VERTICAL,
DOWNWARD TRAJECTORY
TRAVERSES — 1,000 G/cM2 IN
REAGCHING SEA-LEVEL.

»OBVIOUSLY, AN INGCLINED
SHOWER WILL TRAVERSE MORE |
THAN 1,000 G/cM2 TO REACH T s -'-“'-*%«]000,
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PROPERTIES OF

SHOWER MAX
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¢ Auger FD ICRC17 (prel.) = stat.

P»THE DEPTH OF
SHOWER MAXIMUM IS

DENOTED " Xiar s

PTHIS FIGURE SHOWS A
MEASUREMENT OF THE

AVERAGE Xuc AS A
FUNCTION OF ENERGY.
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PROPERTIES OF
SHOWER MAX

. . :
- J *
. .-"“
el AT — IR : ' e
) T 402 i ﬁ-* N gt A TR TR AT T ..‘”.—.‘2\‘ L
K NM“"“‘“"'

— QGSJETII-03 |
---- QGSJETO1
-------- SIBYLL2.1
-+ EPOS1.6

[y
R
.t
.
PR}
.
e
.
PR}
'R}
“"
.
Y
.
e
.t
.
.
Y
"

R}

“““
Y

)
)
ot
s
.

E
- ] l ] |
- Mﬂéuwny T R

E [eV]

10" 10" \...



PROPERTIES OF
SHOWER MAX
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PROPERTIES OF
SHOWER MAX

p—
N_ 900

PUHECRS SeeM TO
GET HEAVIER AT THE
HIGHEST ENERGIES.
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LGROUND ARRAYS

P)SHOWERS WITH ENERGY
ABOVE 1075 EV CAN
PENETRATE TO HALF THE
VERTICAL ATMOSPHERIC
DEPTH.

PTHERE IS ALSO
SUFFICIENT NUMBER OF
PARTICLES IN THE
CASCADE SUCH THAT THE
REMNANT OF THE
SHOWER CAN BE
DETECTED AS A
CORRELATED EVENT BY
AN ARRAY OF INDIVIDUAL
PARTICLE DETECTORS ON
THE GROUND.



LGROUND ARRAYS

»THE THRESHOLD (THE
LOWEST ENERGY
DETECTABLE BY AN
INSTRUMENT) OF SUCH A
"GROUND ARRAY DEPENDS
ON THE ALTITUDE OF THE
ARRAY, AND THE
SEPARATION BETWEEN
DETECTORS.



LGROUND ARRAYS

»EACH STATION OF
THE ARRAY SAMPLES
THE DENSITY OF
PARTICLES IN ITS
NEIGHBORHDOOD OF
THE SHOWER.

»THE FOOTPRINT OF
AIR SHOWERS
TYPICALLY CAN

EXTEND FOR SEVERAL
KILOMETERS.



LGROUND ARRAYS

»PARTICLES IN THE AIR
SHOWER ARRIVE IN
THE FORM OF A THIN
PANCAKE TRAVELING
AT ESSENTIALLY THE
SPEED OF LIGHT.

»)BY MEASURING THE
TIME OF ARRIVAL OF
THE SHOWER FRONT
AT THE INDIVIDUAL
STATIONS, THE
DIRECTION OF THE
PRIMARY COSMIC RAYS
CAN BE CALCULATED.




LGROUND ARRAYS

>|:EINVENTIEINALLY,
THE ENERGY IS
DEDUCED FROM THE
DENSITY MEASURED
AT A GIVEN DISTANCE
FROM THE CORE OF
THE SHOWER AT
GROUND LEVEL.

PTHIS DISTANCE IS
CHOSEN TO MINIMIZE
THE UNCERTAINTIES.
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LGROUND ARRAYS

1962: JOHN LINSLEY SEES FIRST E> 1020 gV



LGROUND ARRAYS

PAGASA:
» 100 KM=2

PPLASTIC SCINTILLATORS






AIR FLUORESCENCE

) FLUORESCENCE': PROCESS BY WHICH ATOMS
ABSORB PHOTONS OF ONE WAVELENGTH AND
EMITS PHOTONS AT A LONGER WAVELENGTH.

PE.G. FLUORESCENCE LIGHTS

1 s AN ELECTRIC CURRENT PASSES THROUGH AN
ELONGATED BULB, COLLIDING WITH MERCURY ATOMS.

2 s THE COLLISION PROCESS EXCITES THE MERCURY
ATOMS, WHICH THEN EMITS ULTRA-VIOLET (UV) LIGHT.

O = THIS EMISSION IS ACTUALLY REFERRED TO AS
'LUMINESCENCE'. THESE UV PHOTONS ARE THEN
ABSORBED BY THE PHOSPHOR COATING OF THE
BULBS, WHICH RE-EMITS IN THE VISIBLE. IT IS OF
COURSE THE RE-EMISSION PROCESS WHICH IS
PROPERLY CALLED FLUORESCENCE .



AIR FLUORESCENCE

PTHE PASSAGE OF
CHARGED PARTICLES IN
AN EXTENSIVE AIR
SHOWER THROUGH THE
ATMOSPHERE RESULTS
IN THE IONIZATION AND
EXCITATION OF THE GAS
MOLECULES (MOSTLY
NITROGEN).

»SOME OF THIS
EXCITATION ENERGY IS
EMITTED IN THE FORM OF
UV RADIATION.



AIR FLUORESCENCE

PTHE SCINTILLATION LIGHT
1S COLLECTED USING A
LENS OR A MIRROR AND
IMAGED ON TO A CAMERA.

PTHE CAMERA “PIXELIZES”
THE IMAGE AND REGCORDS
THE TIME OF ARRIVAL OF
LIGHT ALONG WITH THE
AMOUNT OF LIGHT
COLLECTED AT EACH
PIXEL.

»THIS CAN BE MADE ON
CLEAR, MOONLESS
NIGHTS, USING VERY FAST
CAMERA ELEMENTS T0O
RECORD LIGHT FLASHES
OF A FEW MICROSECONDS.



AIR FLUORESCENCE

»AIR FLUORESCENCE WAS
STUDIED IN THE EARLY 60's IN
LANL.

»IT WAS A METHOD FOR
DETECTING THE YIELD OF
NUCLEAR EXPLOSIONS IN
TESTS.

»MANY CHARGED PARTICLES ARE
EXPELLED FROM A NUCLEAR
EXPLOSION, AND THESE
PARTICLES WILL ALS0O PRODUCE
SCINTILLATION LIGHT AS THEY
PASS THROUGH AIR.

»THE AMOUNT OF LIGHT CAN BE
USED TO ESTIMATE THE TOTAL
AMOUNT OF ENERGY RELEASED
FROM THE DEVIGE.




AIR FLUORESCENCE

)IN 1967, GREISEN'S GROUP
CONSTRUCTED A FULL-SCALE
FLUORESCENGCE EXPERIMENT.

»THE CORNELL DETECTOR
IMAGES THE NIGH-SKY USING
500 PHOTO-MULTIPLIER
TUBES (PMT), DIVIDED INTO
10 MODULES.

PEACH PMT 1 A PIXEL
COVERING A SOLID ANGLE OF
~6 DEG BY 6 DEG.

»EACH MODULE 1S EQUIPPED
WITH A O.1 M2 FRESNEL
LENS.



THE CORNELL
EXPERIMENT

>PMTIS WERE ARRANGED AT
THE FOGCAL SURFACE
(RODUGHLY SPHERICAL).

» AN OPTICAL FILTER WAS
PLACED BEFORE THE LENS
AT THE APERTURE.

»IT OPERATED FOR
SEVERAL YEARS BUT WAS
NOT SENSITIVE ENOUGH.

PLENSES WERE TOO SMALL TO
COLLEGCT SUFFICIENT LIGHT,
AND

PTHE ATMOSPHERE IN UPSTATE
NEW YORK WAS TOO
CONTAMINATED.



AIR FLUORESCENCE

>IN 1976, PHYSICISTS FROM
UTAH DETECTED
FLUORESCENCE LIGHT FROM
COSMIC RAY AIR SHOWERS.

P THREE PROTOTYPE
MODULES WERE USED IN A
TEST AT VOLCANDO RANCH.

»EACH PROTOTYPE HAD A
1.8 M DIAMETER MIRROR
FOR LIGHT COLLECGCTION.
X20 INCREASE!

PTHE CLEAR DESERT AIR
ALSO PROVIDED MUCH
IMPROVED VISIBILITY OVER
THE CORNELL EXPERIMENT.



AIR FLUORESCENCE

»THE UTAH GROUP
CONSTRUCTED A FULL-
SCALE DETECTOR.

»THE FLY’S EYE BEGAN
OBSERVATIONS IN

1981 AND WAS
OPERATED UNTIL 1993.



THE FLY’S EYE

»THE DETECTOR ARRAY
AT DUGWAY COMPRISED
OF 67 MODULES.

»EACH WAS HOUSED ON
CORRUGATED STEEL
BARREL ON A MOTOR-
DRIVEN ROTARY MOUNT.

»DURING OBSERVATION,
THE MIRRORS DIVIDE THE
SKY INTO 880 PIXELS.

P THE TRAJECTORY OF AN
AIR SHOWER CROSSING
THE SKY WAS IMAGED
ONTO A SUCCESSION OF
TRIGGERED PIXELS.




LGEOMETRICAL
RECONSTRUCTION

\—Shower Axis

1 s SHOWER DETECTOR
PLANE (SDP).

Shower — |
Detector
Plane



LGEOMETRICAL
RECONSTRUCTION

1 s« SHOWER DETECTOR
PLANE (SDP).

2- AXIS WITHIN THE
SDP; I.E. TIME-FIT.

Detector

Fit: £ = 1, + (R /c) tan(X/2— X;/2)



SHOWER PROFILE
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SHOWER

>Ne SsHOWS THE SHOWER

SIZE AS A FUNCTION OQOF
SHOWER DEVELOPMENT.

PCONTRIBUTIONS TO
AMOUNT OF LIGHT ARE.

»(V: DIRECT CHERENKOV LIGHT
FOR SMALL VIEWING ANGLES,

»Sc: SCINTILLATION
(FLUDRESCENGE) LIGHT,

»R: CHERENKOV LIGHT FROM
MOLECULAR (RAYLEIGH)
SCATTERING, AND

»M: CHERENKDOV LIGHT FROM

PARTICULATE (MIE)
SCATTERING.
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MONO VS. STEREDO

P
»MOND i
UNCERTAINTIES. by Air Shower
N XOJ:““\/ p
»P)STEREO SOLUTION. Vit
i \\\
Detector

Fit: ;= t,+ (R /c) tan(Xy/2— X;/2)



RESULTS FROM THE
FLY’S EYE
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RESULTS FROM THE
FLY’S EYE

»CoMPOSITION
CHANGE BETWEEN
~1017 EV AND
~10171° EV.
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Not long ago in a country far,
far away...

THE PIERRE AUGER
UOBSERVATORY



AUGER LOCATION
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THE HYBRID
CONCEPT



LGROUND ARRAY

) 1600 STATIONS
) 3000 KM2
) TRIANGULAR GRID

P 1.5 KM SPACING



(Cherenkov)E ROUND ARRAY
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Temple scientist Z
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THE WATER
CHERENKOV TANK
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THE WATER
CHERENKOV TANK



DEPLOYING THE
LARGEST ARRAY EVER
BUILT



TYPICAL UHECGCR
EVENT




TYPICAL UHECGCR
EVENT

Lateral density
distribution



THE HYBRID DESIGN



FLUORESCENCE
DETECTOR



INSIDE THE BUILDING



THE FLUORESCENCE
DETECTOR
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HYBRID DETECTION




Elevation angle QO [deg]

HYBRID DETECTION

O O O O O
O O O @] O
@ o (@) @ @
/H\\.,.
O o) . e | O o]
I \\--___--/
Vv \
r'/ Y
O O fl '
TN
@) | @ )
N
O O

30
O
25 o
20 ©
O
15
O
10
O
5
O
of
70 60 50 40 30 20 10 0

Azimuthal angle ¢ counter-clockwise from East [deg]

HYBRID RECONSTRUCTION: USE ALL

)
;

PIXELS AND TANKS



HYBRID EVENTS

GOLDEN AND SUB-THRESHOLD HYBRID EVENTS



WHEN SIZE MATTERS
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DEPLOYMENT



SUMMARY

PEXTENSIVE AIR SHOWERS
»DETECTION TECHNIRUES

P THE PIERRE AUGER OBSERVATORY



COMING NEXT

(AFTER THE BREAK)

VHE GAMMA RAYS

HAWDC OBSERVATORY

THANK YOu!



COSMIC RAYS FROM GROUND- MIGUEL MOSTAFA
ISAPP 2025 - LECCE

THANK YOU!





