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e C. Wilson (1901) found that an ionic current can persist

even in a sealed volume of gas. How ions are continuously

Histury of Cosmic Rays Research regenerating? Wilson suggested that the ionization in a
closed vessel may be due to an extra-terrestrial radiation

Cosmic rays research started after studies of the elec- penetrating the at;n‘lnsplmm of the e-fm..h.‘ [;Ilf{'JI“LElI'lF%L{-?I}’
. . o he could not prove it and later gave up his hypothesis.

trical conduct ; b G

TICaL CONAUCTIVE PTOPETIIES 1N QASES. '

o [n Paris in 1785 C.A. de Coulomb reported that any thing ﬁ\

/ﬁ'}‘r}“%
charged would loss gradually its charge (despite a careful '
insulation) in some mysterious way. No clear explanation s

TR i
was found. — —

:

Rutherford and Cook proved that radiation was coming
from outside the chamber. The rate of ionization was re-
duced by surrounding the chamber with absorbers of lead.
It became more or less accepted that all the “penetrating
radiation” came from natural radiation in the earth.

o Around 1900 Elster and Geitel in Berlin deduced that elec-
trical conduction in air resulted from the presence of pos-
itive and negative ions on the air.

e Certain amount of ionization persisted even above see wa-
ter, and ionization above sea varied with the barometric
pressure. This contradicted the terrestrial origin.



Viktor F. Hess in 1912 made the great
breakthrough

Hess measured the 1onization rate at different
atmospheric altitudes up to 5 km.
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Mean height

Observed radiation in ions per cc per sec

% Inst. 3
above ground s Ft 3 !
3 d1 qz VE! ‘ Uk
‘I red. ~ not red.
0 16:3 (18) 11-8 (20) 19:6 (9) 19:7 (9)
up to 200 154 (13) 11-1 (12) 19:1 (8) 185 (8)
200- 500 15:5 (6) 104 (6) 18:8 (5) 177 (5)
500-1000 15:6 (3) 10:3 (4) 20:8 (2) 185 (2)
1000-2000 159 (7) 12:1 (8) 222 4) 187 (4)
2000-3000 17:3 (1) 133 (1) 3122 (1) 22:5 (1)
3000-4000 19:8 (1) 16:5 (1) 352 (1) 21-8 (1)
4000-5200 34-4:(2) 272 (2) — ——

Hess measurements showed that some radiation was com-

ing from above the atmosphere.

e Milikan with a different experiment in 1925 definitely con-
firmed Hess results. Milikan introduced the name “cosmic

rays’.



Cosmic Ray studies gave origin to a new field
in physics ‘“‘Particle Physics”

TaABLE 3.2. THE DiSCOVERY OF THE ELEMENTARY PARTICLES

This table, an expansion of one given by Powell, Fowler and Perkins (1959),

shows how and when the relatively stable elementary particles were discovered

(antiparticles being included somewhat arbitrarily). The heavy. lines show the

discoveries made using cosmic rays. The particles are listed in order of
increasing mass, except within charge multiplets.

Date
1900 Particle Soufcg o Instrument used Specific observation
\ radiation made
1930 |
1931 |
1932 7.(v,) nuclear reactor liquid scintillator Capture by proton
1933 Y accelerator spark chamber Production of u and
1934 not e
1935 Pe discharge tube fluorescent screen Ratio e/m
1936 e cosmic rays - cloud chamber Charge, mass
1937 u', p~ cosmic rays  cloud chamber Absence of radiation
1938 loss in Pb; decay at
rest; mass
1939 at cosmic rays nuclear emulsion 7— u decay at rest
1940 A cosmic rays nuclear emulsion Nuclear interaction
1941 at rest
1942 Ty accelerator counters Decay into p-rays
1943 K"  cosmic rays  nuclear emulsion K_3 decay
1944 K cosmic rays nuclear emulsion Nuclear interaction
1945 at rest
1946 X cosmic rays cloud chamber Decay into 777~
1947 in flight
1948 7 accelerator bubble chamber  Total mass of decay
1949 products
1950 P discharge tube spectroscopes; Charges and masses
1951 mass spectrometers  of ions
1952 P accelerator Cerenkov counter e/m measured;
1953 annihilation
1954 n radioactivity  ionization Mass from elastic
1955 chamber collisions
1956 n accelerator counters Annihilation
1957 A cosmic rays cloud chamber Decay to pn~ in flight
1958 A accelerator nuclear emulsion Decay to pa' in flight
1959 D cosmic rays nuclear emulsion Decay at rest
1960 2z accelerator diffusion chamber Decay to nn~ in flight
1961 29 accelerator bubble chamber  Decay to Ay in flight
1962 .E  cosmic rays cloud chamber Decay to Az~ in flight
1963 il accelerator bubble chamber  Decay to Az in flight
1964 Q-  accelerator bubble chamber  Decay to Z°~ in flight
1965 Very many “resonance” particles with
1966 lifetimes ~ 10723 to 10719 s
1967 \ accelerator bubble chambers Total mass of decay
\ products
?7“Fireballs” cosmic rays nuclear emulsion Angles of meson
emission
Quarks? not found with accelerators; Charge £ or Ze

being sought in cosmic rays



Cosmic Ray Characteristics

e Mass Composition * Energy Spectrum
e Arriving Directions
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Top

Atmgsphere

. & Ground

e Region 1: May go up to 10" eV.

* Region 2: around 10" eV, (especially for TeV gama rays).
e Region 3:From = 10" eV to the highest energies.

* Region 4:Especially above 10" eV.
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Detectores de Superficie y Detectores de Fluorescencia
(The Pierre Auger Observatory)
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Communications pu GPS antenna

antenna >

Solar panels

Electronics
enclosure

3 — nine inch
photomultiplier

tubes Plastic tank with

12 tons of water
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Surface Detector

O~ 60° ~ 86 EeV
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The energy converter:

Compare ground
parameter S(1000)
with the fluorescence
detector energy.

Transfer the energy
converter to the
surface array only
events.
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Physics of Fluorescence Detectors

Charged particles from EAS interact with Nitrogen Molecules . The Nitrogen
Molecules get excited and they emit later (when returning to their ground state)
a typical radiation 1n the wave length range between 300 nm to 400 nm.

Fluorescence Spectrum

fluorescence yield
between 300 - 400nm

approx. 4 photons per
RN Shower particle per metre
Al tin of track

0 . N
22 24 26 28 30 32 .34 .36 38 40 42 44 46 48 .50
A, Microns—>

This radiation (commonly called fluorescence light) can travel several
kilometers throught the atmosphere (without being absorved or scattered),
and detected by an optical telescope with fast response electronics
(fluorescence detectors).



Basic Description of a Fluorescence Detector

The fluorescence light is collected by

a mirror or a lens and imaged on to a fluorescence
camera that contains PMTs. \ light emitted
Each PMT receives light coming from shower ;\is"tmpica“y
a specific region of the sky.

When an EAS crosses the field of f{:ﬁﬂ

view of a fluorescence detector, It / ?\J

triggers some of the PMTs. L
Each triggered PMT records the

trigger time and the intensity of the

signal and together with the PMT's

collector
mirror

observing direction are used to L (= each PMT observes a
determine the arrival direction, the ~ camerawith - different region of

. ] . . photomultiplier:
shower longitudinal profile (Xmax) 1 the sky

and the energy of the primary CR.



Evolution of the Fluorescence Detectors

The First Fly’s Eye - New York 1967

Greisen, Bunner et al.

F:;.I.--Ihuﬂﬂ

Ymm Carning
Glass Filssr

Frazael Lafs

Sky & Telesco October 1967



Evolution of the Fluorescence Detectors

UNIVERSITY OF UTAH

VoLUME 39, NUMBER 13 PHYSICAL REVIEW LETTERS 26 SEPTEMBER 1977

Measurement of Light Emission from Remote Cosmic-Ray Air Showers

H. E. Bergeson, G. L. Cassiday, T.-W. Chiu, D. A. Cooper, J. W. Elbert, E. C. Loh,
D. Steck, and W. J. West
Department of Physics, University of Utah, Sall Lake City, Utah 84112

and

J. Linsley
Department of Physics and Astronomy, University of New Mexico, Albuquerque, New Mexico 87131

and

G. W. Mason
Department of Physics and Astvonomy, Brigham Young Univevsily, Provo, Ulah 84602
(Received 28 June 1977)

o (a)

o

Optical Size/ Scintillator Array Size

.

o 30 0. 80 120 150
Emission Angle & (degrees)

FIG. 4. Ratios of sizes obtained from the optical
data to sizes measured by the Volcano Ranch array

¥1G. 1, Projection of the aperture of the optical de-

tector onto a vertical plane above the center of the using (a) computed scintillation light only and (b) es-
Voleano Ranch scintillator array, A reconstructed timated light from all sources, Data are plotted for
shower trajectory is indicated by the heavy llne, Cross- each phototube in all fifteen reconstructed showers,

es denote phototube apertures in which a signal was de- The shaded bands display the uncertainty due to sys-

tected, tematic effects in both size measurements,



Evolution of the Fluorescence Detectors

Utah Fly’s Eye 1981-1993

Cassiday, Bergeson, Loh, Sokolsky et al.




Evolution of the Fluorescence Detectors

ﬂ J12,,  High Resolution Fly’s Eye
(1997 -2005)

One of two sites 13km apart - Dugway, western Utah
Collecting area in excess of 3000km? at highest energies




Evolution of the Fluorescence Detectors
The Fluorescence Detector from the Pierre Au




Evolution of the Fluorescence Detectors

EUSO., A Fluorescence Telescope on Space

| Currently under “Phase A”,
Apmasphere with a goal for a three years
Fhorescence W Eﬁl‘*"""’_"’ : mission starting n 2010




Reconstructing Air Showers with Fluorescence Detectors

Recovering:

the arrival direction,
the primary energy and
the composition

From:

-PMT's observing direction
-PMTS' triggering time
-PMT's recorded signal.



Reconstructing The CR Arrival Direction

The arrival direction is obtained
in two separate steps:

/

o
XN

S

. . . —Sh er Axis
1. The observing directions of =

the triggered pixels and the

detector itself define a plane
that 1s called Shower Detectoy
Plane (SDP).

Shower

pons //%

-

2.- The SDP contains the EAS
axis. The orientation of the
shower axis within the SDP is

obtained using the trigger ti
from the PMTs.

Detector

¥

Impact Point



Reconstructing The CR Arrival Direction

The parameters that define the shower geometry are:

& Step 1: R@COHStI'UCtiIlg the SDP Rp: Closest distance to the axis.

30 Xo: Angle between the axis and the horizontal plane.
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Reconstructing The CR Arrival Direction

The parameters that define the shower geometry are:

& Step 1: R@COHStI'UCtiIlg the SDP Rp: Closest distance to the axis.

30 Xo: Angle between the axis and the horizontal plane.

n

o G2 iy . .
te OGﬂ;O%%%%%%“cﬂcﬂﬂﬂgmgﬂoﬂmﬂ@a@%ﬂ;G%%“D“O“’o‘”;’o"fﬂ%ﬂfﬂﬁﬂﬂar:; i to: Time when the showeg front crosses the Rp point.

= faRalirisRe ReRaN bR o0 o N oVt s) [sRnRrasReReRaN RN o N bRy ¥a
_QGGQGGGGOGGOO GOOOQQQD@@QGQQQOOOOO GGGO{]GI:}D{]GGO
oo oo DGDGUGG{]QQ:QIDB]:QQQGGUDGDGDGQ GoO0G
o - SU0UpReouOCnCCoUCIRoR0o oA
Ll o CNOUCUG0G0EO00 0G0
Ly 0 3 070D o

B
d

B

OGGDGGOGODQQD
CoOCDO000a0 oo a
FLUCUCROD00oon
o lepeReula sl T
OO 2 OO

——Shower Axis
the shaded region represents the
observing direction from a
—» particular PMT

////\*z.,,,.,h

Wi nooorooootdolola0ooon oo 000 B0 000 0D ORS Mran
Cooooond RO oonoo0onouoonana oo oo D s Mg o ot

FooQooooRAQOOoR o000 R0onROOROOa0 R0 00
E:DDGOOOOGOGUGGGOGOODQOEGQOOOGOUUGOOOGGODt
[ ool 0ol oo ondonoono oo ool onn
FOoOooo0Q oA oSO onoonoeRQROCoRo oo o0

1 BT R O SRR :
-30 -20 -10 10 20 30

0
Pixel azimuth ¢ [deg]

Shower
‘Detector

w [ R, = 20678.2
350:— T, = 5255.
- g T e e D
40—
: Detector
35
0 ; ybrid
- Impacf Point i
T T T T e Detection

45 50 55 60 65 70 75 X . 80




Typical stereo HiRes event




Reconstructing The CR Energy

(Preliminary Concepts)
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The shower profile has a shape that can
be parametrized by:

The Gaisser-Hillas Function
(Xmaz—X0)

a Xpnaz—X
N(X) = N ()

where:

Ne: The number of electrons (shower size)
Xmax: Depth of shower maximum
Nmax: Shower size at Xmax

A , Xo: shape parameters

Slant depth or

atmospheric depth — I p(l) atmosphere Al




Reconstructing The CR E : :
' e "==L- Generation of Cerenkov Light

b

Cerenkov light |, i Primary Cosmic Ray

UV Fluorescent photons

Cerenkov light f
Isotropic Emission

Cerenkov light

Cerenkov light




Reconstructing The CR Energy_

Propagation of light trough the atmosphere

Light propagating trough the atmosphere may suffer

Rayleigh or Mie Scattering



Reconstructing The CR Energy_

... Propagation of light trough the atmosphere

Rayleigh scattering: Rayleigh scattering is an
electromagnetic process well understood and can

be easily calculated since it only depends on the — ;p pN,, [ 400nm
atmospheric density (p) and the photon's wave g~ Xp ( )
length (A). The number of photons scattered out

of the beam per unit length can be written as:

where N, is the number of photons in the beam, and Xp is the mean free path

for scattering (Xp at A = 400 nm is 2970 g/cm?).

and the Rayleigh angular distribution 1s eN, 3
given by: didQ ~ 167

dN,

2
| (1 + cos’)

0 is the scattered angle



Reconstructing The CR Energy_

Transmission factor for Rayleigh scattering

UV Transmission versus Distance (Rayleigh)

| | I |
C B 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 3000 1DODG 15000 20000 EHODU 3OUOU

Horizontal distance (meters)
US Standard Atmosphere / Rayleigh scsttering at 380nm

FD elevation = 1500m
TRANZ_VS_DISTTDR



Reconstructing The CR Energy_

Propagation of light trough the atmosphere

Mie scattering: The Mie scattering or aerosol scattering is not
easy to calculate, since 1t varies with the aerosol shape, aerosol
size and aerosol dielectric constant. In addition, the aerosol
contents are variable in the atmosphere. The aerosols may change
as a function of altitude, composition of pollutants, and weather
conditions.

The Mie angular distribution depends on wavelength and
aerosols characteristics. However it 1s strongly peaked in the
direction of the photon. Therefore, Mie scattering will dominate
over Rayleigh scattering at small scattering angles.



Reconstructing The CR Energy_

Mie Scattering

Mie transmission factor (for the UV range) as a function of the
horizontal distance for tube elevation angles from 3°to 31°.
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Reconstructing The CR Energy_

Mie Scattering

To avoid the higher levels of aerosol concentrations in the
atmosphere, the fluorescence detector should be located at the
top of some mountains.

ring 2
an?
ring 1 -
3: =
100 m
taking data since May 1597 + taking data since Nov 1999

12 km

Schematic representation of the HiRes detector



Reconstructing The CR Energy_

Fluorescence Yield Measurements

The Fluorescence Yield has been measured in the lab by several experiments

photamunltiplier tnhe
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Nagano et al. Astroparticle Phys. 20 (2003) 293



Reconstructing The CR Energy_

Fluorescence Yield Vs Pressure

—h
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316 mm B 337 nm

- — =240 hifa

p =152 hifa
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Nagano et al. Astroparticle Phys. 20 (2003) 293
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Fig. 6. The pressure dependence of ¢ in air at 20 °C. The data of Kakimoto et al.
inn dry air at 15 70 with 1.4 MeW electrons s plotved by open sguares. Solid lines
show the best fit of Eq.(10) with the walue of 3’ as shown, as discussed in Section
4.1. The dotted line in the plot of the 391 nn dependence is the best Gt excluding
the four highest points.



Reconstructing The CR Energy_
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Reconstructing The CR Energy_

Not all the CR energy is deposited in the atmosphere!!

Primary y
Energy

C. Song Astroparticle Physics 14 (2000) 7 - 13



Depth of Shower Maximum (Xmax)
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Recovering The CR Composition

Expected Xmax distributions
Mean 736
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Important Considerations
(Atmosphere Monitoring)

atmospheric density (pressure) and temperature profiles

aerosol

clouds




Important Considerations
(FD Calibration)

absolute end-to-end

end-to-end calibration

relative calibrations




Advantages and disadvantages of Fluorescence Detectors

- The FD performs a calorimetric
measurement of the shower energy. This
means that there 1s not necessity for
simulations of high energy showers to
determine the shower energy (the energy
1s basically model independent).

- Depending on size of the collector

mirror, the FD can observe energetic
showers up to about 40 km away (large
collecting area).

- The entire shower profile may be
observed and Xmax can be measured
with good precision.

Disadvantages

- The FD only operates during
moonless nights. Therefor, it
only has a 10% duty cycle.

-The weather conditions (rain,
clouds, snow) affect the regular
detector operation.




End



Top of the Atmosphere

- Ground Level

Extensive Air Showers
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