Particle Interaction

m Many good references available

¢ “Passage of Particles through Matter”
section of the Particle Data Book

¢ Books by Leo and Knoll

¢ W. Riegler for the CERN 2008 Summer
Student Lecture & A. Weber in his lecture on
particle interactions for Oxford graduate
students in 2004
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1) Electromagnetic Interaction of Charge Particles

Z, electrons, g=-¢,

(o
M, q=2Z, e, ‘ ‘\-‘7
b “

Interaction with the Interaction with the In case the particle’s velocity is larger

atomic electrons. The atomic nucleus. The than the velocity of light in the medium,

incoming particle particle is deflected the resulting EM shockwave manifests

looses energy and the (scattered) resulting in itself as Cherenkov Radiation. When the

atoms are excited or multiple scattering of particle crosses the boundary between

ionized. the particle in the two media, there is a probability of the
material. During these order of 1% to produce an X ray photon,
scattering events a called Transition radiation.

Bremsstrahlung
photons can be emitted.




Bethe-Bloch overview

Energy loss by lonisation only — Bethe - Bloch formula
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Small energy loss
-> Fast Particle

Small energy loss
-> Fast particle

Discovery of muon and pion

Ol A, Y& OF2 2 (Emulsion & Liquid Argon Precision Detectors)

{ Pion e

\T\.“\\ Large energy loss
\ - Slow particle




Charge Measurements: 2 layers of SCD
Park et al, Nucl. Instr. and Meth. A , 570, 286-291, 2007
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TPC Signal [a.u.]
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Remember:
dE/dx depends on B!



Bragg peak

« Monoenergetic proton beam loses energy more rapidly
as it slows down; gives sharp Bragg peak in ionization
versus depth (used in proton radiation therapy)

« Using a range of proton
energies allows a varied
profile versus depth

* Photon beam (x-rays)
deposits most energy 50
near entrance into tissue

PHOTON beam
sMV

modified PROTON beam
250MeV

native PROTON beam \

250MeV

' Proton Therapy .
i,

Dose (%)
0
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Depth in Tissue (cm)



https://www.youtube.com/watch?v=FuD4z9H8Pcg

Multiple Scattering

* Particles don't only loose energy but also they also
change direction. Average scattering angle is roughly
Gaussian for small deflection angles with

g, = SOMEV, | X 14, 0.038In| X
pecp Xo Xo

X, = radiation length
* Multiple scattering will make worse resolution for
charged particle tracking.

 Energy loss distribution is not Gaussian around mean.
In rare cases a lot of energy is transferred to a

single electron : [B-Ray ]




S—Rays

* Energy loss distribution is not Gaussian
around mean.

* In rare cases a lot of energy is
transferred to a single electron

{B—Ray }

 If one excludes d-rays, the average
energy loss changes

* Equivalent of changing E,,




Landau In thin layers
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Landau’s theory J. Phys (USSR) 8, 201 (1944)

S2Ad&7|2 MA (World of muon detectors) - RPC, Drift Tube, CSC

Speaker: Dr Kyonsei Lee (m2{c &)

charge collection
is not 100%
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0-Ray : Landau distribution in thin layers

For thin layers or low density materials:
— Few collisions, some with high energy transfer.

ABmostprobanje <AE>
e / \
_— S electron
— Energy loss distributions show large
fluctuations towards high losses: ”Landau tails™ e
For thick layers and high density materials:
AE,, , ~ <AE>

— Many collisions.
— Central Limit Theorem — Gaussian shaped

distributions. R
o

AE

—



Light mass particle energy LosSS

« Atvery low By, large
energy loss due to
atomic effects

 Forlarge (and
relevant) range of
relativistic By, energy
loss is small
(minimium ionizing
particle — “mip”)

« Ultra-relativistic
particles lose energy
mostly via gamma
radiation
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Bremsstrahlung

E Energy loss by Bremsstrahlung

AU Bremsstrahlung
== . \f\f\_j\f\f‘\" S x-ray

Radiation of real photons in the Coulomb field PN
of the nuclei of the absorber medium AT

2
2 2
B P NP L TN
dx A 472'80mC2

%

Nucleus

Effect plays a role only for e* and ultra-relativistic m (>1000 GeV)

2
A
dx AAE 7%
For electrons: £ E
T x, | T E=Eem
Xo = A -
" aan,z221n 188 radiation length [g/cm?]
e

5

(divide by specific density to get X, in cm)



dE/dx x Xy (MeV)

200 [

100

Electrons

» Electrons are different 2»light
* Bremsstrahlung
* Pair production

Copper

Xy=12.86 gcm™2

E.=19.63 MeV

Ionization per X
= electron energy
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2)y and X—ray interaction

v and X-ray are neutral : No direct
inferaction with target.

* Photon interaction by
* Photo-electric effect

« Compton scattering
* Pair production



Interaction of photons

In order to be detected, a photon has to create charged particles

and / or transfer energy to charged particles

B Photo-electric effect:

e Only possible in the close
VAVAVAVAV S
@ @ neighborhood of a third collision
partner - photo effect releases mainly

+atom — atom™ + e~
y electrons from the K-shell.

Cross section shows strong modulation If E, =E,,

1
322 E
O photo = (— a'2%%, e=—25 of=8m (Thomson)

7 2
8 meC Binding Energy (keV)
{ iicinbcin N
At high energies e e N
WA Bs T YA\ e\ e\ ag
K 4.2 4551 5 e -
O photo =4 " Z - GphotoocZ al

X-rays:

A: 0.6 keV (N->M)
B: 4.4 keV (ML)
C:29keV (L —K)
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Interaction of photons T
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E Compton scattering: \ \ & / )
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Detector Response with 137Cs y source
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Interaction of photons .

Pair producﬂoM

y+nucleus — e'e” +nu

Only possible in the Coulomb field of a nucleus (or an electron) if E, > 2m,c?

Cross-section (high energy approximation)

7, 183 ~ete +e”
O pair © 4are222(—|n —1J independent of energy ! 7/+em—>e ¢ *¢€
9 73 g
7A1 e )
o Y N
9N, Xg .
i e y+nucleus—e"e” +nucleus
A 1 Energy sharing N
A N i e e, R
N A Apair between e* and e {’ (\@)i/ \\ S
9 becomes T e Tl
A pair = 7 X asymmetric at

high energies.



Energy Loss of y

y-ray energy

—

Photoelectric

Compton Scatteriqg

Pair Production

511

Pattern of Hits

Isolated hits
E
Probability of E,= - Ei=E,—2 mc?
interaction depth 1+—L-(1-cos@)
m,C
Dependence of  Energy Z Z

Type of interaction o cm?/atom cm?/g
Photoelectric Effect E3° Z*to Z° Z°to Z*
Compton Effect E®°to E* Z ~ independent
Pair Production E'tolnE Z° Z




Interactions of photons with water and lead

In summary: I, =le™
. . - N
p: mass attenuation coefficient x4 =—2oi om? /9] 4= tgnons + Hoompron * i + -

Total
attenuation

Total Lead

attenuation

log
Wp

Photoelectrit
Absorption

Photoelectric =~ T
] SCATT
Absorption




Reminder: basic electromagnetic interactions

et/e ¢ lonisation Y  » Photoelectric effect
S G[
T | N
VE E

¢ Compton effect
» Bremsstrahlung

il /I,
g E

E e Pair production

I .
E




3) Cherenkov Radiation

e Wave front comes out at certain angle

folys)

/AN

[cos 0. = i}
£n

e« That's the trivial result!

Mz H&7|2 &2 (Cherenkov detector and its applications) - RICH, Water Cherenkov

Speaker: Prof. Youngjoon Kwon (2 4| & 1)




Cherenkov Radiation

« How many Cherenkov photons are

detected? ,
N7=L ol

—— [ £(E)sin’0,(E)dE

az’ 1
=L jg(E)(l— ﬂznzjdE

zLN{l_ﬂz Z>]

with &(E) = Efficiency to detect photons of energy E
L = radiator length

r, = electron radius



Cerenkov Radiation in Popular
Culture---

e Picture of
Cerenkov
radiation from
the core of a
water—cooled
nuclear reactor.

e given oOff by fast
electrons
emerging from
fission reactions

LMIVERSTY of MISSDUOHERD LA RiEAT




CREAM Cosmic ray experimenet

New addition for Flight 3: CherCam

More powerful backscatter rejection for better charge determination

M. Buenerd et al., Proc. 29th Int. Cosmic Ray Conf., Pune, 3, 277, 2005
pa-.h'dc
Light absorption
| =

—Hongwcomb apeort plote
Silica Acroge! radiator

=7\

PMT array I

Expected performance
14o§ AZ = 0.15 for Z=1
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ransition Radiation

 Transition radiation is closely related
to Cerenkov radiation.

 Occurs when a charged particle
crosses the boundary between

materials of different refractive
indices.



4) Transition radiation

by B. Dolgoshein (NIM A 326 (1993) 434)) TR is also called

TR is electromagnetic radiation emitted when a sub-threshold
charged particle traverses a medium with a Cherenkov
discontinuous refractive index, e.g. the radiation
boundaries between vacuum and a dielectric .
layer'. medium |vacuum
1
: . AT~
A (too) simple picture H-:
<L
electron | . _
A correct relativistic treatment shows that. .. e Che‘:z:iz'v ?bS_"’P:_'Ve _ N
(G. Garibian, Sov. Phys. JETP63 (1958) 1079) radiation transition radiation

 Radiated energy per medium/vacuum boundary
. only high energetic e* emit TR of detectable
W =3 ahayy — intensity.
—> particle ID

N e? ( plasma
. =

frequency

j ho, ~20eV (plastic radiators)
&M

e



TRD tfor CREAM experiment

From S.P. Wakely presentation @ COSPAR 2006
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Summary of particle-matter
electromagnetic interactions

e*/e & |onisation Y ® Photoelectric effect

S G[
g .

= c
r Bremsstrahlung r Compton effect
< R

)
- E
E

» Cerenkov radiation _ _
e Pair production

@)
- >
VE E




5) Neutron interaction with matter

1) Introduction

2) Elastic scattering of neutrons
3) Inelastic scattering of neutrons
4) Neutron capture

6) Spallation reactions, hadron shower



Introduction

Neutron has not electric charge — interaction only by strong nuclear interaction

Magnetic moment of neutron — interaction by electromagnetic interaction, mostly
negligible influence

Different energy ranges of neutrons:

Ultracold: E <10%eV

Cold and very cold: E = (10%eV —0,0005 eV)

Thermal neutrons — (0,002 eV — 0,5 eV) neutrons are in thermal equilibrium with
neighborhood, Maxwell distribution of velocities, for 20°C is the most probable velocity v =
2200 m/s — E = 0,0253 eV

Epithermal neutrons and resonance neutrons: E = (0,005 eV — 1000 eV)

Slow neutrons: E<0,3eV

Fast neutrons: E =(0,3eV-20 MeV)

Neutrons with high energies: E = (20 MeV - 100 MeV)
Relativistic neutrons: 0,1 — 10 GeV

Ultrarelativistic neutrons: E > 10 GeV



Elastic scattering of neutrons

Maximal transferred energy (nonrelativistic case of head-head collision):
MCL: Pro=Pa=Pn ECL: Eyoun = Eaxin + Enn= Po2/2M, = pa%/2m, + p,2/2m,
MCL: p,?=pa”—2PaPno + Pro” = MAPY® = MAPA® = 2MAPAPno + MaPre®

ECL: mApn2 = - rnnpA2 + mApn02

1

We subtract equation:
0= mMpPa? + MPaZ — 2MAPARL) = MaPA + M PA = 2MAP,

Ew/ Em

0.75

The heavier nucleus the lower energy can 05
neutron transferred to it: '

0.25 f

EnO _ 4A. En0 ° |

n

_2m, Py, —~E = 4m,m

Pa = m,+m ’ (mA +m, )2 (A+1)2 Nucleon number A



P(E,)

Recoll Energy distribution of

Elastic s

Evax

0.5

0

0 0.25 0.5 0.75 1

Ey/ Evn

Energy distribution of
reflected protons for
E ., <10 MeV

cattering of neutrons

1(1+ A 1

PE,) =
(£, 4 A E,

1200(—
1000

800 Ep=9 MeV -> Eee=14 MeV

600

400}

200(—

' 2000 4000 6000 8000 10000 12000 14000
Ep(keV) (qtot-47.0)*1.59

14 MeV neutron recoil with H



Inelastic neutron scattering

Competitive process to elastic scattering on nuclei heavier than proton

Part of energy is transformed to excitation — accuracy of energy determination is
given by their fate

Its proportion increases with increasing energy

Nuclear reactions of neutrons

Thermal region Resonance region

Neutron capture: (n,y) oo

100
10 +
1

e
-

Cross section [barn]

High values of cross sections for 0.01 -
low energy neutrons 0,001 1

0,0001 T T T
1,E-10 1,E07 1,E-04 1,E-01 1,E+02

Energy [MeV]

Cross section of reaction 1¥La(n,y)!*°La

157Gd(n,y) — for thermal neutrons cross section is biggest ¢ ~ 255 000 barn
Total 8 MeV gamma-+conversion electrons



Reactions (n,d), (n,t), (n,0) ...

Reactions used for detection of low energy neutrons :

(two particle decay of compound nucleus at rest, nonrelativistic approximation)

EN + EP = Q m m,

MVy = MoVp —  J/2mE, =.2m,E, —>E, :m—:EP E, = e,

B(n,a)’Li Q =2,792 and 2,310 MeV, E,= MeV,E, ;= MeV ¢,,=3840b 1/vupto 1l keV
SLi(n,a)*H Q= 4,78 MeV, E,=2,05MeV, E,,=2,73MeV o, =940 b 1/v up to 10 keV

SHe(n,p)*H Q =0,764 MeV, E, = 0,573 MeV, E,; = 0,191 MeV oy, =5330 b 1/v up to 2 keV



Induced fission: (n,f)

Induced by low energy neutrons (thermal): 233U, 23U, 23%Pu

Exothermic with very high Q ~ 200 MeV
Induced by fast neutrons: 238U, 2’Np, #°Th

Induced by ,,relativistic* neutrons: 2°Pb

Spallation reactions, hadron shower

Interaction of realativistic and
ultrarelativistic neutrons

Same behavior as for protons and nuclei



6) Electromagnetic and
Hadronic Showers

HX7|E A 2 st=E2H A (EM & Hadron Calorimeters)

Sneaker: Prof. Sehwook Lee (= =205t m)



Electromagnetic Showers

High energy electron produces photon
through bremsstrahlung

Photon produces e* e through pair
production



Example of E&M Shower at High Energy

100-GeV atmospheric gamma-ray shower
Primary photon can convert
into e* e -pair; electron and
positron generate
bremsstrahlung photons
. which produce pairs in
‘ their turns. The shower
develops until the energies
of photons become less
than necessary to create
“0 pairs.

12000

11000 |

10000 -
9000 -
8000 -
7000
6000 -

5000 -|

-2000  -2000

Electron shower in a cloud
chamber with lead absorbers




Hadronic Showers

High—energy hadrons give hadronic
showers.

Hadron interacts with nucleus by the
strong interaction.

Number of particles produced in each
collision o« In(E)

Length scale : 1 A
A —
| iy Dl
* o, IS nuclear cross—section for strong
iInteraction

* A, = hadronic interaction length




Hardronic shower

'ELEMENTARY PROCESS’ IN A HADRON SHOWER

A PART OF THE HADRON
ENERGY REMAINS INVISIBLE
-»

WORSE RESOLUTION
COMPARED TO e, v’s

HADRON
COMPONENT

(~ 80% visible
(measurable))

HADRON (E)

(py m, )
U
~"| NUCLEUS e.g. Pb
NEUTRINOS _-~ Fe
(undetected)

NUCLEAR FRAGMENTS
+ BINDING ENERGY

7 ELECTRO-
v MAGNETIC
7 COMPONENT
9003/:;1/ (visible)
’ 70 Y E-dependent

(e == 0.1-InE[GeV])
(e.g. €/mip=0.6)
NEUTRONS

n

n

PARTIALLY
MEASURABLE

(by dedicated detecto
e.g. by ZEUS)

’INVISIBLE ENERGY’
(=~ 20 - 30%)

Fig. 3.6

'Elementary physical process’ in a hadron shower.



e/p separation
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Particle energy loss in matter

PE

electron(s)

X rays CS

gamma rays

charged particle .- .o v

Nuclear particles

«= " nuclear reaction (NI)
9

energetic neutrons dE/dx. NI

neutrino :
«2~" Weak Interaction



|dentifying particles

Tracking Electromagnetic Hadron hlucon
chamber calorimeter calarimeter chamber

II-.. B e i B

T RN =t o

A detector cross-section, ShDWII"lg particle paths

[] Beam Fipe
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B Magnet Coil [leutnan ! “H—

I E-M

Calorimeter

[l Hadron T REEO O
Calorimeter

B Magnetized

[ron
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Electron



Cosmic Ray Energetics And Mass (CREAM)

To extend direct measurements of
elemental spectra to the highest
energy practical with balloon
experiments

To have enough overlap with ground Yiming Charge

based indirect measurements Detector
To understand whether/how the B
knee" is related to the acceleratio Camara

propagation and confinement

Silicon Charge
Detector

Carbon
Targets

Calorimeter

Support
Instrument
Package




SC solenoid

15T ‘ |

CsI(TI) 16X,

Belle Detector

Si vtx. det.
3 lyr. DSSD

Aerogel Cherenkov cnt.
n=1.015~1.030

u/ K, detection
14/15 lyr. RPC+Fe



B— K’y Candidate at Belle




We observed a dimuon event
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clearly evident in
magnet return yoke
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although there were
no hits in the RPCs



