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QuarkNet 2002: Cosmic Rays

oQutline:

» History of cosmic rays (CRS)

» What are cosmic rays anyway? (composition, rates)
@ You’ve got to be kidding me, right? (sources)
* How do we know what we know? (detectors)

* Gamma—Ray Astronomy

» Neutrino Astronomy

.
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sHistory:
° Prehistory (pre-WWII)
® (1912) — Victor Hess used "Electroscope” to discover
that CRs come from space, not earth

sTook "scope" in balloon flights up to
17500 ft.

sFound that rate of discharge of "scope"
Increased with increasing altitude.

*Thus CRs were:

» Charged (mainly)

» Coming from outer space

"father of cosmic—rays" “ffcr
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sHow an electroscope functions:

Uncharged

Figure 1: Electroscope

oCharged particle traverses chamber
lonizing atoms.

oFreed electrons neutralize positive
charge on deflection arm

°Rate of discharge of scope Is
proportional to CR rate




QuarkNet 2002: Cosmic Rays

sHistory:
° Prehistory (pre-WWII)

® (1912) — Victor Hess used "Electroscope" to discover
that CRs come from space, not earth

» 1930-40’s — Compton, Rossi, Vallarta found that rate of CRs
depended on lattitude on earth =—» + Charged particles

» 1932 - Carl Anderson discovers antimatter (positron)
In his "cloud chamber"

» 1937 — Seth Neddermeyer & Carl Anderson discover the muon
(second of a series of subatomic particles discovered using
CRs)

@ 1938 — Pierre Auger discovers CR airshowers
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sExample of CR ' 0 1
Interacting in an -
emulsion . x
2 3
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sHistory (continued):
o Post-WWII (better balloons —p Primary CRs)
@ 1946-1954 Use of emulsions, cloud chambers, and counter
telescopes allows the determination of cosmic ray composition
» Completely ionized H, He, LI, Be, B, and heavier nuclei as well
as elementary particles: p, n, e, e
» Could reach up to a few GeV
» 1949 - Enrico Fermi proposes stochastic acceleration of CRs
» 1954-Present — Air shower arrays at MIT, Japan, Chacaltaya,
India, Soviet Union, Australia extend energy reach to > PeV
® Present:
» Satellites such as HEA@, PROTON, ... provide data

supporting "Leaky Box Model of CRs"
» Underground experiments like KGF, Homestake, MACRO, IMB
discover, atmospheric and CR neutrinos
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s\What are CRs anyway?

» As stated, they are high energy subatomic particles

» They have rained down on earth in an ~ constant, isotropic, flux for
for millions of years

» Example:
» You have just volunteered to be test subject in CR experiment
* You are put into space with no CR shielding
* Compute your radiation dosage (E deposited per gram):

» Energetic nuclear CR rate above atmosphere:

CR

rate

1 particle 1em # traversing from 6 part
iy all directions " scn?
lc

m

ey
ﬁ o
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sExample (continued):
» Your crossection:  |1.8m(height)x0.5m(width)=9000 cm’

0 parzt =54,000 part/s
scm

» Rate of particles entering you: {9000 cm?x

» Typical penetration depth: ~ 10cm

» Energy deposited per particle: ~2 MeV/cm => |20 MeV/part

» Total deposited energy per second:
MeV
part

E =20

dep

%54.000 P& < 10° MeV /s
S
~1.6x10 °ergs/
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sExample (continued):
» Compare this to the "Radiation dosage recommendation per year"
 First need energy deposited per gram:

=2.3x10 °Rad/s

E. 10°MeV/s 14MeV
d
1 Rad=6 x107 M€V = =

9 gs  7x10%g gs

» Dosage In one year:

Dosage=w X ratex time=5x2.3x10""x 3.1x10’
=350 Rad/yr

» Max recommended dosage per year: |~ 10 Rad/yr

B o= radiaionweighing facor ~5 \'€
e Shoup - 10
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L uckily for us (except perhapsfor high
energy astronomers) most of the CRsare
absorbed by the atmosphere such that

CR flux at sea level is~ 300/(m?s)

L
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@S0 What are CRs?
*Better yet: VW hy study CRsat all?

» They contribute significantly to the energetics of the galaxy

» They are messengers for cosmogenic processes which produce
the elements of the periodic table

» Solar CRs from flares and coronal mass ejections (CMES)
Influence our ionosphere and can have serious consequences
to our satellite communications

» The highest energy CRs above 10%° eV are not understood
have give us a glimpse into extremely energtic phenomena
which we can’t study on earth

» They (with y-rays and neutrinos) aid us in studying

astrophysical objects such as Active Galactic Nuclei (AGN),
supernova explosions, coalascing black holes & neutron stars,

and perhaps Gamma Ray Bursts
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CR properties: (at top of atmosphere)
o "All particle” spectrum "
(flux vs. energy) (right)

Fluxes of Cosmic Rays

w' b - i1 particle per m'-seccd)
» CR Primary composition (below) |
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*\Where do they come from and how do they get here?
» Sources of CRs
» Sun and other stars. Particles emitted in solar flares or CMESs
mainly protons and nuclei up to iron. E up to ~ 50 GeV?
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COSMIC RAYS INCLUDE NUCLEOSYNTIIETIC PRODUCTS FROM
| OTHER REGIONS OF (H'R GALAXY

=
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*\Where do they come from and how do they get here?
» Sources of CRs

» Sun and other stars. Particles emitted in solar flares or CMEs
mainly protons and nuclei up to iron. E up to ~50 GeV?

» Supernova: Stellar explosions of massive stars where matter
IS ejected into surrounding region and is swept up by outward
propagating shocks. E up to~ 100 TeV
» Nuclel may be accelerated via Fermi Acceleration and/or

blast wave acceleration

*Both transits boost CRs energy
°Predicts "power—law" spectrum
of ~ right power
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sPulsar lighhouse model:

v Beam of
N y radio

Axis of rotation waves
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*\Where do they come from and how do they get here?
» Sources of CRs

» Sun and other stars. Particles emitted in solar flares or CMEs
mainly protons and nuclei up to iron. E up to ~50 GeV?

» Supernova: Stellar explosions of massive stars where matter
IS ejected into surrounding region and is swept up by outward
propagating shocks. E up to~ 100 TeV
» Nuclel may be accelerated via Fermi Acceleration and/or

blast wave acceleration

 Pulsars (rotating neutron stars)

» Active Galactic Nuclei (AGN)

n

| “ﬁﬂ?
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Site of CR acceleration?

Chandra X-Ray image of 3C273 AGN

Obscuring
Torus

Narrow Line

/ Region

/

AGN Model

Broad Line
Hegion

Accretion
Disk
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ARotating black hole in magnetic field
relaasing snergy to inner areas
ol accretion disk 7

i l.l.l..l.l..l.

@X-rays from deep within AGN show two largely different regions near black hole.
Jets along magnetic axis is where CRs are thought to be accelerated

n

)y
“fi o
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°Okay, so how do CRsget to us from these supposed souces?
» CR propagation
» Near earth, magnetosphere deflects CRs with E <5 GeV

SOI ar Wi nd © University Corp. for Atmospheric Research p, 'JCt ’
&l - 3 *:'-- - -‘ !
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sFalse color image of the charged plasma from the
solar wind trapped by the earth’s
magnetosphere
» IMAGE spacecraft, EUV.
» Earth iIs in the center, viewed
above N. pole
® Sun is out of picture toward
the upper right
» Faint central ring i1s Aurora

‘- IMAGE __ 19’

the IMA s Explorer (MIDEX) mission Shoup - 22
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°Okay, so how do CRsget to us from these supposed souces?
» CR propagation (continued)
» At a few solar system radii scale there is a corresponding
magnetic structure called the Heliosphere which effects
CR propagation into/out of the solar system

Planetary 3 -m(
magnetospheres - -*..r
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°Okay, so how do CRsget to us from these supposed souces?
» CR propagation (continued)
» At Galactic scales, semi—ordered galactic magnetic fields
(~ 3 uG) influence the propagation of CRs.
» Below ~ 1 PeV, CRs are "trapped" in galaxy and slowing
leak out (Leaky Box Model)

sUse ratio of

unstable to

stable isotopes

(i.e. “Be)

sEscape time y - - I\B/Izigéggi]eld
depends on e Tl e e m——

R (rigidity)
but on scale of
2x107 years

2440
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°sHow do we detect CRs?
» Low energies ( < 1 TeV): Satellites & Balloons

http://atic.phys.lsu.edu/aticweb http://marge.phys.washington.edu/jacee
4 .

ATIC: Advanced Think
lonization Calorimeter

Emulsion Experiment
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eSchematic of JACEE Emulsion Detector:
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»ACE: Advanced Composition Experiment (satellite)
» Launched 8/5/97

» Has multiple -

instruments o

http://www.srl.caltech.edu/ACE
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TOP VIEW .‘I"IIP lmluilu

»One example ACE instrument:
® CRIS (Cosmic Ray | sotope Spectrometer)

L
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s\What CRIS hopes to measure: various isotopes of elements
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s\What if CR rates are too low to be seen by detectors on balloons
or satellites?
® Detect them through are showers!

2440
ﬁ o
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°CR airshower development:
° |f energy too low, no particles make it

to the ground (but Cherenkov light can) D

o All particles travel ~ ¢

o Secondaries form a thin [ p = proton
"pancake" o
l 1TeV cosmic ray 100 TeV cosmic ray : ::::::n
e" = p-c-sitron
¥ = photon
L \?H
1
\
|
1
L ]
. _ A
Air Cherenkov Airshower

Telescope Array
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vy —ray Astronomy

sExample Air Cherenkov Telescope:

» Whipple ACT on MT
Hopkins, Arizona

@ 10m multisegmented mirror

» Light is focused onto
"camera" of PMTs

» Energy threshold: ~ 300 GeV

» Objects seen:
» Crab Nebula
* 4 AGN

http://egret.sao.arizona.edu

Are y-rays tracers
for cosmic rays?

2440
“3 o
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sExample Airshower Array:
» KASCADE
(Karlsruhe Shower Core
and Array Detector)
» Karlsruhe, Germany
» 252 detectors
» 40,000 m* area

L [

Wy wg

2 | &
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sExample Airshower Array:
» KASCADE goals

&
S n
"l T= 2—.?
- : * G . o _ knee
ﬂm L ::}- AR vt ol Y -
% 0 " i .* o "..'.i
= I ":‘-‘ * ,h"-"_' | "'1..'. . Y= 3
r . R T I(E} b, E‘T E e
. Fe ' %‘a-_a,' !
| _:, L]
0% Tevatron <#%e . ankle
LHC e bt
KASCADE ' '-f{t"'."i?
i L g i il i ] i Bl i i i ||| o -J‘.-
l‘j 'l.‘ Ii'ls Il'I‘ I..'II lﬂl lll’ IU“ l“u

Energy per nuclens E (GeV)
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sExample airshower array for y-ray astronomy:
» Milagro ‘

» Located at 8600’ in Jemez Mtns
In NM.

» Detects CRs with
500 GeV <E <100 TeV

® Detects CRs at ~ 1800 per sec.
24/7/365 day per year (~ 95%)

° 723 8" PMTs and 176 8’ water
Cherenkov tanks )

» Has detected TeV level photons from:
» Crab Nebula, Mrk501 & Mrk421 (AGN)
» And perhaps 1 Gamma Ray Burst (GRB)

» http://www.lanl.gov/milagro Al
e Ll
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*The Milagro Pond: P /_,f”f

. 7
TEEEEEL s ean |, !
I-: S0 meters ;=I

< 80 meters - Pmts

. Fﬂ L
: 7\
Juan RAE e h r - = R i
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Pond

»The Full Milagro Detector:

&8 pnsaccanks, £3 cuper

176 8 x4 deep water
tanks

i "‘N@ é« e T - 0 R
Wl\
T -
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sHow Milagro determines CR direction:

n

(angleformula) A0

- - /
| —y .5
e il Shoup - 38
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sHow do we detect the highest enegy CRs? (> 10* eV)
» Pierre Auger Project:
» Located in Malargue, Argentina
* 1600 water Cherenkov tanks, 1.5 km apart 3000 km?!
» Alr fluresence telecope(s)
» Will detect CRs with E > 10'® eV up to highest energies (> 10%)
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sAnother highest energy CR array closer to home:
» CHICOS: California High school Cosmic—ray ObServatory

» CalTech, Cal State
Northridge, UCI,
local high schools

° 23 sites deployed

» Possibility for 18007?

* Have 2 detectors
per school plus
computer & electronics

Fig. 5 Operational CHICOS sites are shown as light iriangles. Additionsl potential CHICOS stes {abowt S
are shaw n as darker wriangles. dthough this datsbase s o6l under des do pment snd many sdditiond stes are
andici pated in the fulure.
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3. Site Hardware
nWhat eaCh SChOOI Slte The bamc comcept for the CHLOOS detector statiom 15 shown w Fig 3 Each stamon s configned with 2

detectons to facilitate coinaident trigges, and opecates amonomosly with GPS tume stamping (acomacy < 50 reec).

CO nS | Sts Of Data ar stord and tmmstened o Caliech via internet once pet day (dunng the mght).

N1 6602 Timer/Counte:

'
PC = Windows2000 _ Callech via
LabView internet

*\What rates we hope Fig 3 CHICOS deector stabn comepl
to reach:

Energy Threshoid Aperture Events year
10" eV 10 kn-sr 600
10" eV 200 km®-sr 120
10% eV 500 km*-sr 3

Table 1. Estimated aperture and event rates for three different threshold eneigies for an 80 site CHICOS array ShOUp -41
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*\What about neutrinos?
» Two catagories:
» Atmospheric: Produced in CR airshowers
o Problem: ratio of v_to v, ISwrong!

» Astrophysical
» Solar — tell us about nuclear funsion in sun’s core
° Problem: seetoo few of them (by factor of ~2)
» Galactic and Extragalactic
» From sources like Supernova, SNR?, Pulsars?, AGN?
* Detectors:
» Many but lets talk about:
» Super—Kamiokande
» Amanda / Ice—cubed




oFirst SuperK:
» 50,000 ton tank of purified
water, 1km below ground
11,146 50 cm pmts on inside
» Several thousand 8" pmts
on outside

Cherenkov cone
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oFirst SuperK (continued):
» Neutrino Oscillations:
» Concept of one neutrino type spontaneously converting into

another

» Used to explain "missing solar and atmospheric neutrinos

V
&

» Two requirements:

— Mixing between neutrino mass and weak
interaction eigenstates:

V. _&059 —siné?) Vi
V. ~ wmné cosd vV,

— Difference in mass between neutrino mass

eigenstates:
m, #m,

http://www.ps.uci.edu/~superk
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—— surface -

sNow for Amanda (Ice—cubed):  +%=" = o
» 100’s of 8—-9" pmts
» 1800m below ice surface
at south pole
» PMTs detect Cherenkov light
from muons traversing ice

—t+— 810 m

which were produced from 1 rusem
TeV neutrinos rising up through
earth i
eSources?: A
.. ﬂﬁ * Pulsars? i e
P i > AGN?
I ERURRY, » GRB? | e
s o R R — ——
e T oy g Efffel Tower as comparfson AMANDA A (top) R B—
; E (true scaling) AMANDA -B10 (bottom)

http://amanda.berkeley.edu
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sAmanda deployment pics:

2440
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°Cosmic Ray Summary:

@ \We’ve know about CRs for almost
100 years

» Still don’t know for sure of their origins

» First used to explore subatomic particles

@ Significant constituent of solar system
and galaxy

» Messengers from deep space
» Perhaps were significant in development of life on earth?
» Still hold many difficult but intriguing mysteries yet to be solved

2440
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