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| have not attempted to call out every neutrino experiment by
name - apologies if your favorite experiment is not mentioned

| have not attempted to discuss every detail of detection
techniques, but instead to give you an overview of general
techniqgues which are applied in many different types of
experiments
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Quick reminder from Boris’ talk

All the constituents of matter are ~10-1°cm in diameter.

A neutrino does not interact appreciably with another
constituent of matter unless it is within ~10-1°cm of it.

In other words, it must make a direct hit, or it will just pass
by. That 1s why neutrinos pass so easily through matter.

J. Raaf Summer 2018 'Neutrino University" at Fermilab




Neutrinos’ probabillity of inferacting

General trend: cross section increases with increasing energy
(also true for neutrino-nucleon cross sections, not shown here)
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Neutrino inferactions

At low energies, neutrinos
interact with atomic electrons
and nuclei as a whole

Neutrino-electron elastic scattering

Vy Vy Ve c
e e e v,
Neutral Current Charged Current

Nevutrino-nucleon scattering

At higher energies, they
interact with nucleons (n or p)
inside a nucleus

At the highest energies, the
neutrino will transfer enough
energy to the nucleus to
break it apart

Neutral Current Charged Current

Vg Vv

A Ve

Vo )
/:\ S
N = neutron or proton

h = hadron(s) [, K...]
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Cawmilo Mariani’s lecture
Ve e on July 12 will cover
neutrino interactions in
W more detail



Observing neutrino interactions

Flux of neutrinos (#/cm?/s)

\ Cross section (cm?)

\
Nops x MT | ®(E,)o(E,)e(E,)dE,

Since the probability for interaction is very small (~10-38 cm?),
increase your chances of seeing a neutrino event by:

O Making the detector mass large (and with high efficiency)
O Sending a lot of neutrinos through it!
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Intferactions of particles with maftter

In neutrino interactions we only see the (charged) particles exiting
the interaction, but actually we don't even see those directly - we
only see them by the energy they leave behind

O Need to identify particle fype, and measure the energy and direction,
and charge too (if detector is magnetized), then add up all the
energies to work backwards and get the neutrino energy

O Neuvutral particles can only be detected if/when they interact to
produce charged particle(s).

= Understanding/recovering energy lost from undetected neutral

’IrohOrT’rlCIlES is a big deal for precision neutrino experiments; not covered in
is ta

Parficles lose energy primarily by two processes:
O Inelastic collisions with atomic electrons of atoms in a material
= Causes excitation of atom (“soft” collisions) or ionization (*hard” collisions)

O Elastic scattering from nuclei (less frequent than electron collisions)
= Known as multiple Coulomb scattering; changes particle trajectory

Additional processes for energy loss (not complete):
O Emission of Cherenkov radiation
O Bremsstrahlung
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Inelastic collisions with atomic electrons

Charged particles with energy larger than the binding energy of
electrons in an atom lose energy by ionizing the atoms, kicking an
electron loose from the atom

. > 0“”' o
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Q"._."‘ P
90 o ®
®@ o

Sometimes a freed electron has enough kinetic energy to cause other
ionization events = these are called delta rays

L

Not all collisions cause ionization; some just cause excitation of the atom.
De-excitation produces low energy photons (scinfillation light)

O The number of photons is proportional to the amount of energy deposited by
the ionizing partficle
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“Heavy"’ charged particles (i.e., not electrons)

Particles in the range of By ~ 0.1-1000 lose energy primarily by ionization
O Bethe-Bloch equation (below) describes mean energy loss in that range
O Most particles in accelerator-based neutrino experiments are in this range

To get mean energy loss
(MeV/cm), must multiply

by density of material \
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“Heavy” charged particles

Region just above minimum ionization is known as the “relativistic rise” where

dE/dx roughly plateaus, but is very near

(I.e., not electrons)

minimum

O Particles near the mimimum are often called MIPs (minimum ionizing particles)
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“Heavy"’ charged particles (i.e., not electrons)

Particles below the minimum ionization point start to lose more
energy as they slow down

O Can be used to identify which type of particle you have detected

To get mean energy loss
(MeV/cm), must multiply

by density of material \
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Partficle |denftification with dE/dx

For a given momentum, dE/dx is different for particles with different masses
Measure both momentum and dE/dx = particle ID (for a certain range of momentq)

32 vy , S ———
ES | PEP-4/9 TPC
dL - i 28
dr (2 ~
§ 24
p °
- — = 20
mce 3
l T 16 &
dE  m? 12
[ (X [ - -

Momentum (GeV/c)
A stopping particle deposits most of its energy at the end of its frack = Bragg peak
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Mean energy loss <dE/dx>

Problem: Bethe-Bloch formula only gives the mean energy loss
O Single measurements have large fluctuations (Landau distribution)

O Need mulfiple measurements of dE/dx to get an accurate estimate
of energy loss (sampling)

Gaussian

s peak
| Landau
v distribution
2> of energy
XF'/‘ o
e
high energy tail
dE/dx
Methods to deal with the fluctuations: Most probable Mean
* Measure dE/dx many times along a track and fit a value value

Landau distribution
* Neglect x% of measurements with highest dE/dx
(typically 20-30%), restrict dE/dx (“truncated mean™)
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Mean energy loss <dE/dx>

O Problem: Bethe-Bloch formula only gives the mean energy loss
O Single measurements have large fluctuations (Landau distribution)
O Fluctuations in energy result in fluctuations of particle range

O Need multiple measurements of dE/dx to get an accurate estimate
of energy loss (sampling)

= 320

LATrIAT data

Charged pions and muons traveling through the LArAT TPC
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Particle challenge! Bubble chamber data

Can you find the neuftrino interaction? Is it CC or NC¢
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Particle challenge! Bubble chamber data

Who’r can you ftell me about the particles exiting the interaction?

-
\ ,t‘ oo

Invisible neutrino

T - collides with proton
irst deutrino_event

Argonne National Lab

~12-foot hydrogen bubble ch mbe

’Nov. 13\1-970\\ s
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Particle challenge! Bubble chamber data

Who’r con you ’reII me about the particles exiting the interaction?

Charged current event:
= nevutrino is transformed

to muon ROy 3ot
/ ; Heavily ionizing

proton track

: 3 Collision also A >
. =g creafes a pion N P Invisible neutrino
— N : :

collides with proton

irst rfeutrmo event e
Argonne National Lab AN
\1~2ioot hydrogen bubble ch mber S
Nov. 13 ek i s
. . LA : \wlO\-./\ - ’ . ; "': ‘&‘
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Bubble chambers

Camera

A

A
(>
(&
Ligqu C

- c
Piston

Super-heated liquid (e.g. A
hydrogen) kept just below
boiling point and under
pressure Particles

v

AO00

Fo
VOV

Al
Magnet coils

00800

Charged particles traveling

oo
v

Through |IC|UId ionize the S Fermilab 15tbuble chamber
hydrogen along their paths, | — '
tiny bubbles form around the Magnetic field

ions

Pressure in the tank is reduced
to allow the bubbles to grow
larger in size

Take photos from several
angles

Repressurize the liquid to
collapse the bubbles, in
preparation for the next
event
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Bubble Chamber Data Analysis

Hired scanners carefully examine every photo...

Looking for things like this
O Measure track curvature

O [dentify particle types and
energies

-
._/
5 -
b
b
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Bubble Chamber Data Analysis

Hired scanners carefully examine every photo...

Looking for things like this
O Measure track curvature

O [dentify particle types and
energies

\-

,!._
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Momentum measurements

Momentum by curvature: A particle with momentum p, x5
traveling through a uniform transverse magnetic field B, /3 ; >
will travel on a circle of radius p: ‘}\%

plGeV/d = 0.3B[T)p[m] B
2 s Q
=5t

O Measure the sagitta and chord of a track to determine its

momentum: b€2 50000
P ~ 03— 20000 |
83 10000 =
5000;
Momentum by range: If the detectoris T o
long enough to stop a particle, you can S s f
determine the momentum by measuring § b
its range S
20
O How far (on average) willa 1 GeV/c muon =
. . . _ 3 E
travel in iron (density = 7.86 g/cm?)¢ N |
i 2 5 10 2 5 100 2 5 1000

By = p/Mc
002 005 0.1 02 05 1.0 20 50 10.0
Muon momentum (GeV/c)
0.02 005 0.1 02 05 1.0 20 50 10.0
Pion momentum (GeV/c)
0.1 02 05 1.0 20 5.0 10.0 200 500
Proton momentum (GeV/c)
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Momentum measurements

Momentum by curvature: A particle with momentum p, :;S
traveling through a uniform transverse magnetic field B, /3 >
y l
will fravel on a circle of radius p: ‘?\%
O}
GeV/cl = 0.3B[Tp[m B
plGeV/cl = 0.3B[Tp[m |
p
O Measure the sagitta and chord of a track to determine its —
momentum: b€2 50000
p = 03— 20000 |
88 10000 =
Momentum by range: If the detector is g
long enough to stop a particle, you can S s f
determine the momentum by measuring  § L
ifs range 2
O How far (on average) willa 1 GeV/c muon =

travel iniron (density = 7.86 g/cm3) ¢
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Modern-day bubble chambers: Time Projection Chambers

Can collect energy lost both by ionization and by light production

O Several different types of TPCs: liquid single-phase, liquid dual-phase,
gas

lonized atoms are kept from recombining with their stripped off
electrons by an electric field in the detector active volume

Anode wire planes:
Uu vy

Liquid Argon TPC / —-_:

m.i.p.ionization:

6000 e/mm

L

LY }‘-_
VL

L

Cathode VL
Plane AV
A

AV
A
A/

1‘1'{
‘—
Ed,m ~500V/cm
time
>
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Typicol Time Projection Chambers
W

Ly \\m“li:::lm'l“' -,”.'
\\\\ \\\\\ ”i!,','y'”””” /59/, /

. \\\\\\\\m il

MicroBooNE [ N
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Time Projection Chamber Dato

e uBool/\TE o MBOQ,NP .
. Ly

SIMULATION 1.8 GeV electron neutrino

B3em

18 cm

Run 5177 Event 729, February 27tR, 2016

Event number : 27404 | Run number : 8115 | Spill : 51004 | Time : Mon 2012-01-23 06:04:28 JST |Trigger: Beam Spill

T2K ND280
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Emulsion Detectors

Use photographic films (emulsions)
layered with passive absorbers
(target material for interactions) to
track ionizing particles

Build detector from modules of
interleaved film/target layers

0.2cm

12.5¢cm
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Typical Emulsion Detectors

DONUT Detector

Identification of
muons coming from
tau decay
Calorimeter determines
energy of decay products
Drift chambers record

decay particle tracks

Magnet spreads tracks
of charged particles

Emuision target
with planes of
scintiliation fibers

block particles
other than
neutrinos

OPERA Detector

|Sleel shield to

First direct evidence of tau neutrino!

Muon spectrometers
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“Heavy"’ charged particles (i.e., not electrons)

For particles with By 21000, radiative energy losses dominate

O Bethe-Bloch not valid here (dE/dx in this region is not simply @
function of B).

To get mean energy loss
(MeV/cm), must multiply

by density of material \
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Bremsstrahlung (loraking radiation)

Emission of EM radiation (photons) arising from a charged particle
scattering in the electric field of a nucleus

For heavy particles, this starts fo dominate the energy loss when they are
ultra-relativistic (above By~1000)

It is much more important for electrons, as it is the dominant energy loss
mechanism above electron energies of ~10-100 MeV (depends on

material)
Available on PDG WWW pages (http://pdg.Ibl.gov)
| l‘-\‘\l Illlll I [ llllll | T T T
" \, —0.20
= \, N Lead ( Z =82) .
B \ Critical energy i
=~ 1.0 ——E]Cd“)”‘\\j\:ﬁ (Eionization = Ebrems) oas ~
50 i Bremsstrahlung ] <\If0
: i =
%"’g _//\ B 2
, S F o —0.10
Fractional | Tonization . '\
05— 7
energy loss per /' . L
radiation length Togs Radiation length
,. 1 (X
”Positron .
annihilation — 7]
0 | 1| 1 111 Il e N |
1 1000

E (MeV)
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Radiation Length & EM showers

The radiation length, X,, of @
material is defined as the distance
over which an electron loses all but
1/e of its energy (~63%) via

bremsstrahlung radiation:
A
Xo =~ 180? g/cm?
O Measuredin cm orin g/cm?
O Roughly, an electron emits one
brem photon for every 1 X, of
material fraversed

Radiation length also describes the
distance over which photons pair
produce (interact with a nucleus to
convert to an electron-positron
pair): 9

)\pair — ?XO
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Simple model of EM
shower development

1X, 2 X, 3X,  4X,

Shower continues until all
electrons fall below the critical
energy (i.e., no more brems).
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EM Showers

The length of an EM shower is
typically measured in units of X,

The “width” (tfransverse to initial
particle direction) is measured in
units of Moliere radius (R,,):

 21.2 MeV

R
M Fo

Xo

Roughly speaking, all EM showers look
similar, independent of material and energy

Cloud chamber photo of EM

shower traversing brass plates
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Hadron Showers

Hadrons (particles that interact via the strong force, like baryons
and mesons) are likely to inferact within one “interaction
length” (4,)

Can produce tracks and/or showers

O [f the initial hadron only has enough energy to fravel less than one
interaction length (losing energy via ionization only) = track

O If it has enough energy to travel longer than one interaction length,
you'll probably get a shower

O Hadron showers are complicated, and can have some EM showers
embedded within them!

Hadron showers are typically
“wider” than EM showers.

Primary hadron A

slow pions EM showers from n’—syy
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EM vs. Hadronic Showers

3000

3500

SlalsW ¢

#
Beam direction

Side view

3000

NOVA - FNAL E929

00:13:53.087341608

-Top view

NOVA - FNAL E929
Run: 15392/55

Event: 125664 / NuMI|
UTC Wed M 2014
04:55:46.939251776

2800

4000 4500

Color denotes
deposited charge

4000 4500 5000 5500
z (cm)

3000
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deposited charge

3400
z (cm)

Which is an EM showere

Are these CC or NC
neutrino interactions
are these?¢
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3000

EM vs. Hadronic Showers
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Event: 125664 / NuM|
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neutrino interactions
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Energy loss by atomic excitation (scintillation)

Some of the energy deposited by a moving charged particle is in
the form of atomic excitation

O Atom decays to its ground state by emitting photons: scinfillation light

O Key property of scintillation mechanism: medium must be tfransparent to
its own light over large enough distance for the light to be collected

O Light output per unit length is proportional to the stopping power (dE/dXx)

Light can be collected in two ways:

Photosensors view scintillator volume directly Photosensor is coupled to wavelength

shifting fiber embedded in scintillator

] r~_ PR -~
,’ S~o-" S~o-" ~So
1
S 7
~ 7
\\II
7

NOVA, MINERVA, MINOS, SciBar,
Photosensors and others use this technique

Borexino, KomLAND, Double Chooz, RENO,
Daya Bay, and others use this technique
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First idea for a liquid scintillator neutrino detector

Reines & Cowan (who were the first to deftect antineutrinos)
built a prototype liquid scintillator detector called “El Monstro”

GIANT LIQUID SCINTILLATION DETECTORS
AND THEIR APPLICATIONS*

FREDERICK REINES

Los Alamos Scientific Laboratory, Los Alamos, New Mexico

I. GENERAL CONSIDERATIONS LEADING TO THE
DEVELOPMENT OF LARGE DETECTORS
WHEN Clyde Cowan and I started in 1951 to pursue the free neutrino,! we
knew that an essential ingredient in any successful scheme would be a solid
or liquid target consisting largely of protons and measuring approximately
a cubic meter. Furthermore, the events which occurred in this target had to

PHOTOMULTIPLIER TUBES
b \'F \
CONTAINER FILLED WITH Iy 2 m

SCINTILLATION LIQUIDS.
VOLUME, 3 cu.m

Fig. 1. Sketch of ‘El Monstro’, first Los Alamos attempt at a giant liquid scintillation
detector (1952).
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This was actually approved by the lab director...

20 kiloton nuclear bomb

Fireball!
- vo+p—et+n

Buried signal line
for triggering release

\Ui

0}
\\
Back fill —= Vacuum
pump
“El MOI’ISU‘O” ‘
suspended in a —0
vertical shaft \{acuum

line

Vacuum —-
tank & Feathers and foam to

cushion the landing

Idea: detect antineutrino interactions by recording scintillation light from
positrons produced in interactions. Detector must be in free-fall fo avoid
shockwave from blast. Wait a few days, dig up detector. Analyze datal

But then they had a better idea...
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Savannah River Neutrino Detector

A refined version of El Monstro (called the Savannah River Neutrino Detector) was

used in the discovery of the antineutrino via the inverse beta decay reaction,
using delayed coincidences of scinfillafion light

Neutrino source: reactor (not nuclear explosion)

(Rl
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Fosiron So0po

Incident
antineutrino

Gamma rays

Gamma rays

Neutron capture

Inverse
beta
Positron decay

annihilation

Liquid scintillator
and cadmium

v +p—et+n
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Modern-day liguid scintillator detectors

KamLAND

Measure all of the energy a
particle deposits in the s
detector using scintillation light e

Plastic
Balloon =™—1[ /1
2

. <
Mineral }

Determine position of an o TR

Inner Detector Outer Detector

Aala A
3

U

=

=

. . . . . LumLHF:D ?,:.fﬁt..ﬂfgé PMT
iInteraction using fiming and s

density of collected photons ‘
at each photodetector

&6\3‘3’/
60/’,
< yad (N, /em)g,,
“~~~_ ’
/*‘~~
(N /Cm)near ~ TSNl
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Typical Modern Liguid Scinftillator Detectors

FF
i
W

\‘.2

OAAAN A AN

Daya Bay

R = o

e —

o

) ‘
SRR
- ' " :
Borexino Detector
, Stainless steel sphere photo: BOREXINO calibration
Nylon outer vessel :
'Nylon inner vessel
Fiducial volume

»

Internal
PMTs ~

Steel plates

for extra

shielding
AN

N A ' = (A8 |
\ N ; ‘ ”“3; . 140 ‘\a

\m«éﬂ_‘/ il
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Segmented Scinftillator Detectors

[ ] Elevation View
— F 3
Side HCAL
Side ECAL + -
c o=
= o ° 2
S o5 8 g2
k=) D = [
MINERVA |3||2 i s 35
V = g Q- | D o c 0 E E
ol oo Active Tracker E £ = A = °
HIE 5 Region E5| 35 33|23
AIE 5 Fs | =8 &
21 E Liquid Kre) 8.3 tons total o0 © 0 c
‘3 . 8T w QO o
& Helium =] Z S
= 15tons | 30 tons s b
Side ECAL 0.6 tons v
T Side HCAL 116 tons
S v
ToAPDRea:tx.J — “ 5m a2 m —H
7 L=
<ar:
= o gh
o | NOVA O
.,0' =
- 3 —
Particle Traject
Waveshifting
Fiber Loop
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n

Cherenkov light will be emitted if a particle’s velocity is above
the speed of light in that material: c 1

Uthresh Z — = Bthresh Z -
n n

: : : 1
Light is emifted at an angle: cosfc = e
n
'ffi,'.‘l‘. y 1
,// /‘I"i “", DPthresh = T (7’L2 _ 1)
/ / s" % \ * Particle type Momentum threshold (MeV/c)
Water (n=1.33) Oil (n=1.46)
/\\\ Electron 0.58 048
Muon 121 99
’\- = Proton 1070 880

Photosensors
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Cherenkov radiation

The speed of light in a material depends on the index of
refraction of that material: Cvacuum

Cmaterial —
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Cherenkov photons per unit length

Wavelength dependence ~ 1/22

d’N  2raz? 1 2raz? |
= 1 — = ——5—sin" O¢
dAdx A2 B2n?(\) A2
A
Advanced Test Reactor
Energy dependence ~ constant =
d?> N az? 1 az? 5
— 1 — = ——sin“ O¢
dEdx  hc B2n?(\) he
>
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~ Typical Cherenkov Detectors
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Cherenkov Challenge

Which ring is made by a muon?
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Each “dot” is one PMT that saw light. Color indicates time (blue = early)
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Cherenkov Challenge

Which ring is made by a muon?

m—

Each “dot” is one PMT that saw light. Color indicates time (blue = early)
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Solar Neutrino Cherenkov RIings

Super-Kamiokande

Run 1742 Event 567835
96-05-31:19:27:14
Inner: 118 hits, 157 pE

O e | SN CYEINL LISPIAY [DNU_UUUUUUDDHBY UUU.LAQAdD 37037 1] Il
File Move Display Data Windows

E=7.76 MeV
cos Ogyn = 0.986

Resid{ns)
> 182

+ -45- -22
« -68- -45
« -91- -68
+ -114- -91

¢ -137--114 A
<=137

Typical Solar
Neutrino Event

0 500

Hit Times (ns)

1000 1500 2000

More difficult to see the ring (typical electron energy ~few MeV)
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Radiochemical Experiments

Neutrino absorbed by nucleus, converting neutron to proton

O New nucleus is unstable

O Chemically extract the unstable radioactive isotope from the
detector and wait for its decay -- count # of decays

Each detected decay = 1 neutrino interaction

~Homestake
" experiment

37 37 =
ve+ °'Cl — “"Ar4e
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Summary/Things to Remember

We don’t see neutrinos directly; we only see the remnants of
their interactions

O Charged particles are “easily” detectable

O Neutral parficles must first interact to make a charged particle,
and then we can detect them

Neutrino detectors (and all particle physics detectors) see
parficles by the energy they leave behind

O Energy loss shows up mainly in the form of ionization, scintillation
light, and Cherenkov light, and bremsstrahlung (at higher energies
for heavy particles, even at low E for electrons)

O We measure quantities like energy loss per unit length, particle
range, and track curvature to understand the type of particle
and its momentum (or energy)

O In some sense (with caveats), the type of detector doesn’t really
matter, as long as you do a good job of collecting ionization and/
or light...
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Thank you

Super-Komiokande MINERVA

NOVA (3D view)

‘ MicroBooNE

Summer 2018 'Neutrino University" at Fermilab




References

M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018),
“Passage of particles through matter”

W. R. Leo, “Techniques for Nuclear and Particle Physics Experiments: A
How-to Approach”

J.A. Formaggio and G.P. Zeller, Rev. Mod. Phys. 84 (2012), “From eV to
EeV: Neutrino cross sections across energy scales”

J. Raaf Summer 2018 'Neutrino University" at Fermilab 53



Additional slides
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Extruded PVC plastic tubes with a wavelength-shifting fiber inside,
filled with liquid scintillator (mineral oil + pseudocumene)

O Scintillation light deposited in each tube is proportional to the
energy the particle lost in that tube

O Wavelength-shifting fiber shifts the light to range in which the
photodetector (APD) is sensitive, and transports it down the tube to
the photodetector Both ends of

14,000 ton Far Detector fiber go to

O 344,000 detector cells read by APDs one pixel

300 ton Near Detector

O 18,000 cells (channels)

32-pixel APD

J. Raaf Summer 2018 'Neutrino University" at Fermilab
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MINERVA

[ ] Elevation View
[ ] F 3
Side HCAL
Side ECAL 4 N
i c o=
= W @O
g ‘ 'ga 0 8 1]
N o5 o 8
=2 ® - Do E o =
(JI:J 2 / dEJ,E Active Tracker E £ 5 £ E UE) E E
3|2 il Hegtan 5| 85 [« |28
a||E § o & 3 o
£ Liquid % o 8.3 tons total % 8 g
@| Helium 3 2 S
< 15tons | 30 tons E S
Side ECAL 0.6 tons v
Side HCAL 116 tons
— Y
e -+ 5m rd—2 M —»

MINERVA uses bars of plastic scintillator with a
wavelength-shifting fiber running along length of
bar. Fibers from 64 bars are attached to a 64-
channel PMT

Light collected in each bar is proportional to the
energy deposited by the particle
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Energy loss by light production

Charged particles can produce light in materials
O Scintillation in some materials, due to excitation and ionization

O Transition radiation when a charged particle crosses a boundary
of two materials with different dielectric constants

Noft typically used as main detection principle for neutrinos, so |
won't cover it here aside from definition

From Wikipedia: “...the electric field of the particle is different in each
medium, [and] the particle has to ‘shake off’ the difference when it
crosses the boundary”

O Cherenkov radiation when the parficle is traveling faster than light
travels in that material

Neutral parficles (y and n) must interact first, and the resulfing
electrons, protons, recoiling nuclei or other charged hadrons
produce light
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Multiple Coulomb Scattering

A charged particle traversing a material is deflected by many small-angle
scatters in the electric fields of nuclei, known as Coulomb scattering

O Heavy particles aren’t affected too badly, so a straight tfrack assumption is not
unreasonable

O Electrons, due to their small mass, are more affected by Coulomb scattering

Typically a large number of scatters, in the mostly-forward direction. No
significant energy loss.

- x/2 >

Available on PDG WWW pages (http://pdg.lbl.gov)
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“Heavy"’ charged particles (i.e., not electrons)

For particles with By < 0.05, non-ionizing energy loss

O Bethe equation needs “shell corrections” added to correct for atomic binding. This
works down to f~0.05; below that, the parficles are moving at about the same
speed as the outer shell atomic electrons, and stopping power is proportional to

. C | | | | | | | | 7]
o0 . /]
To get mean energy lqss RS -
(MeV/cm), must multiply & u* on Cu 1
by density of material \ >100 w2\ -
E -/ Bethe Radiative 3
- -/ Anderson- i
°§ o Ziegler .
o) - D Radiative .
” EE effects Eyc
210 F23 reach 1% E
8 E3” Min ¢ 7 Radiative g
o C mimum losses 3
% - ionization 1_/_ ___________ ]
2 i h{uclear : _________ T _________ ]
< - plosses 0 N\U | LoomcF==mmm T _ ]
Without &
= l | | ~ IR
0001 001 | 0.1 1 10 100 1000 10* 10°
By
| | | | | | | | | |
1 1 100 1 10 100 1 10 100
[MeV/c] [GeV/c] [TeV/c]

Muon momentum

For g~ 0.05-0.1, Bethe equation needs “shell corrections” added to account for atomic binding

Below p~0.05, particles are moving at about the same speed as the outer shell atomic
electrons, and stopping power is proportional to
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Particle interactions # billiards I

Probability of interaction for billiard balls depends on the sizes of both,

and how well they're aimed at each other...
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Particle interactions # billiards

Elementary particles don't behave like billiard balls -- they instead behave as waves of
probability, so they might interact but not guaranteed. We talk about a particle’s “interaction

cross section,” which is proportional to the probability of the particle interacting.
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