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Energy Loss by Photon Emission

lonization is one way of energy loss el
Emission of photons is another.|

Optical behavior of medium is -
. charged
characterized by the (complex) ES&&S atormic
0 . o electron
dielectric constant U (irtual

photon

A R e UareRefractive index
A Im U= k Absorption parameter

charged
particle photon

€=& +i€ ...

.- | o _ optical | absorptive X-ray
Represents/describes interaction of
(virtual) photons with atoms of medium

CEI.E"!I{W ionization |transition radiation
radiation

[ Cherenkov radiation-
d Transmon Raqlatlon

[Bonic boom for char ged part
A is produced by relativistic charged particles

when they cross the interface of two media
of different dielectric constants

A significant radiation
in the keV range.very useful for electron/pion
separation

Both effects are not really contributing to the energy loss of the particles!



Cherenkov Radiation

® L er e nrhadiation is emitted when a charged particle passes

though a dielectric medium with velocity

: _ N . 1 speed of
classical picture: wave front or coneunder L e r e ndngle [ FouEEs light

1 . .
in medium

; Typically O(1-2 keV
Lign (< / o> / cm) or O(200-

) W 1000) visible
photons / cm

Visible photons:
E=1-5eV,;
& = -B@W0Om

continuous wave front light cone emission
emission from track when passing thin medium

number of emitted photons per unit length and unit wave length interval

mainly UV photons!



Cherenkov Radiation Detectors

Unique tool to identify charged particles with a high separation power over a range of
momentum from few hundred MeV/c up to several hundred GeV/c

A charged particle with velocity b=v/c greater than local velocity of light in a
medium with refractive index n=n(a) may emit light along a conical wave front.

The angle of emission is given:

<dE> > . o
N\ T HZ 3n QC
dX Cherenkov

Radiator
+

Photon detector

C Particle ID: Threshold (detect Cherenkov light)
and Imaging (measure Cherenkov angle) techniques

C Fast particle counters, tracking detectors, performing complete event reconstruction, ..



Transition Radiation

® Predicted by Ginzburg and Franck in 1946

emission of photons when a charged particle traverses through the boundary of two
media with different refractive index

(very) simple picture medium | vacuum

—

. . . . - - electron
formation of an electrical dipol with (transition) radiation

charged particle is polarizing medium

polarized medium is left behind when particle leaves
media and enters unpolarized vacuum

®* Radiated energy per boundary

only very high energetic particles can radiate significant energy
need about g> 1000

Simulated emission spectrum

in our present energy range reachable with of a CH foil stack

accelerators only electrons can radiate
but probability to emit photons still small

photon energy
y maximum
in X-ray

dN /dE * 10

region (8 keV)

N oC ]

photons

Ol =
EM
137

need many boundaries (foils, foam) to get a few photons 0o e

E,KeV



Detection Principle: Y-Absorption A nical e on angle: Q g
[Electron-ID] i

INIRIRINNI o s=TaZgw,

: . | Wires 3
Radiator foils
| (hw, » 20eV)
ample: A - > ON RadlatlC ACKE ~
- > DE 2non-pased ge s
A 4 dlameter, equipped a 30 diameter goid-pialed RE C
R=1082mm 9 ; \:‘\\ é' 7I\I T T T IIIHl T T T II\Hl T T I\\II‘ ]
= 0.25 _— 7
\ SN & [ ATLAS Preliminary ' b
S o0 10 .
b o 0'2: *  Electron candidates ;? é‘g ﬁk ]
\ % - = Generic tracks &‘ ]
%015 ©  Electrons (MC) 2 -
y @ r a ; ectrons 1
RR=—5E1)i4mnr:1m A :i:: B Generic tracks (MC) # from Conversions
R =443 mm { -g) 0.1 L i’ -
SCT % f = ’ B
R =371 mm i L Mainly Pions o :
R =299 mm 0.05 3% % EET Eﬂ-ili-@% ------- g IRT q ]
C endcap |
0 _I 11 1 1 | | 1 1 | | | 1 L 11111 ‘ i
R=122.5mm 10 1‘02 y-factor 1¢° . 10* |
Pixels {R =88.5 mm
Ri=0imm Pion momentum (GeV) Electron momentum (GeV)




Advanced Concepts in PARTICLE IDENTIFICATION (PID)

Essential to identify decays when
heavy flavour are present: everywhere

Admirable workmanship in radiators
and light transport:

V Vacuum Photon Detectors
I PMT, MaPMT, MCP - PMT
I Hybrid Tubes (APD, HAPD)
- LAPPD

V Solid State Photon Detectors
I Silicon-based (VLPC, CCD, SiPM)

VV Gas-based Photon Detectors
- Photosensitive (TMAE/TEA in gas)
- MWPC /| MPGD + Csl

V Superconducting Photon Detectors
i Transition Edge Detectors
I Kinetic Inductance detectors
- Quantum dots, carbon nanotubes

Excellent PID capabilities by combining different
techniques over a large momentum range

TPC + s TN L R
dEd.
(aEdx) C O

ALICE PID
example:

HMPID (RICH)
TRD

PHOS

2

10
p (GeVic)

4

U Threshold Cherenkov Counters i photon counting

(Aerogel + PMT)

U RICH Detectors (particle momentum and velocity

A Cherenkov angle and/or yield):

- TOP principle: 1-time of propagation + Cherenkov
angle (instead of 2D imaging)

- RICH + TOF: Measure timing of Cherenkov light

- ALICE MRPC: Gaseous timing

- TRD: Cluster Counting method (dN/dx)



Imaging Cherenkov Detectors

®
®

low chromaticity

minimize S . .
» . q ‘ high granularity
maximize Np,e. high packing density

Separating two particle types using the signal
from a RICH detector is illustrated for K and p
from a test beam

Gaussian response, s, ~ 0.7 mrad
Peaks are separated by 4 mrad =6 s,
Generally: N, = |m;21 m,?|

2p?s, 21
Adjusting the position of the cut placed
between the two peaks to identify a ring as

belonging to a K or p gives a trade-off
between efficiency and misidentification

=]
[43]
p
=
-
g
o
D
2
c
@D

Goal: detect the maximum
number of photons
with the best angular resolution

Separationpower:

Q- G =ns,

Cherenkov Angle (rad)



Several Key Photon Detector Technologies

Vacuum photon detectors: Photo Multiplier Tube Vacuum photon detectors: Micro Channel Plate

CHANNEL
4 CHANNEL WALL

/ QUTPUT
INPUT ELECTRODE

ELECTRON
o—4

; INPUT ELECTRODE # —
s ; - STRIP CURRENT
Dynodes . \ )y ¥ (Hamamatsu)

W
Gain

photocatrode

4

Photon-to-Electron Converting Photo-

Cathode Frem]
Dynodes with secondary electron emission e
Typical gain ~106. -
Transient time spread ~200 ps

Sensitive to magnetic field + high gain up to 5 x 10°

Choice of Photo-Cathode: high QE + fast signal (transit time spread ~20 ps);
for the wavelength of incoming light h ) + less sensitive to B-field (0.1 T);
Concerns: dynamic range, time dependence b - limited lifetime (0.5 C/lcm2);

of response, rate capability (RN - limited rate capability (mA/cm?)

O Gain fluctuations can be minimized by operating in
the saturation mode

U Kind of 2D PMT:

il

R RS

matiplioe

T

_L/\’R\

b 2 O i

Solid-state photon detectors

Photo Multiplier Tube photocathode O More compact, lightweight, tolerant to MF, cheaper, allow fine pixelization, ...

- dynodes and anode E.g.: Silicium Photon Multiplier (SiPM)
+ silicon sensor i

: et | Q Fully solid state photon detector, large array of tiny avalanche photodiods
Hybrid Photo Detector focusing 1" r O p-njunction under large reverse-bias voltage, packed over a small area and operated in a limited
clectrodes “ . . . . . .
| a— U Geiger mode above breakdown voltage = detectable electrical response from low-intensity optical signals,
Il | down to single photons
5 R | Q Binary output, linearity achieved by summing cell outputs
slieon T SiPM 3x3 mm? attached directly to BICRON-418 scintillator
3x3x40 mm?
Signal is readout directly from SiPM w/o preamp and shaper !

2000

- : :

?.
- : v
SES MEPhIPULSARAPD, U=57.5V, T=-28 C

0 Sensitive area: 3x3 mm2 # of pixels: 5625

O Pixel size: 30 pm x 30 ym

O Depletion region: ~1 pm

O SiPM noise (FWHM): room temperature 5-8 electrons
-50C 0.4 electrons

QO It takes 3.6 eV to create an electron-hole pair in silicon.
Using an accelerating voltage 20 kV - ~ 5000 electron-hole
pairs, amplification in 1 step - Good energy resolution
0 But: High voltage, ion feedback - requires good vacuum

. B % 8 8 B B OE BB




Many Clever Techniques for Ultra-Fast TOF and TOP

Fast progress in the new DIRC-derived concepts, including time-of-propagation counters -
exceptional time-resolution of O(10ps), based on MCP-PMTs

Belle Il Time of Propagation RICH (TOP)

Based on a DIRC concept: instead of 2D-imaging
A 1D + Time Of Propagation (TOP, path length)

MCP-PMT

grism

Installed between drift chamber and calorimeter
V Single photon efficiency; < 100 ps SPTR
V few mm spatial res.; operation in 1.5T B field

Generic R&D: combination of
proximity focusing RICH + TOF
with fastphoto sensors (MCP-PMT
or SiPM) using Cherenkov photons
from PMT window

Cherenkov photons from PMT
window can be used to positively
identify particlesbelow threshold
in aerogel

aerogel

LHCb TORCH (Time Of internally
Reflected CHerenkov light) for Run 4/5:

Prompt production of cherenkov light in quartz bars
Cherenkov photons travel to detector plane via total
internal reflection and cylindrical focusing block

V 70psper photpspertréck5

V Photons detected by square micro channel plate
PMTs; resolution improved by charge sharing

(one of many)

Collision Particle
. ntial |
Radiator photon paths
(quartz plate)

* Expected to install in
ool ey,

23.50 /7 25
85.74
40.28
1.478
41.22
48.16
1.592

Cherenkov photons
from aerogel

"\.‘ ____-“______““_____““_

Cherenkov photons
from PMT window

MCP-PMT time [ 1bin=25ps]



MPGD-Based Gaseous Photomultipliers
GEM or THGEM Gaseous Photomultipliers (Csl -PC) to detect single photoelectrons

Semitransparent Reflective
Multi-GEM (THGEM) Gaseous Photocathode (PC) Photocathode (PC)

Photomultipliers: x
Csll~560

<

A' CsiI~2860AA 7
- -

V Largely reduced photon feedback
(can operate in pure noble gas & CF,)

V Fast signals [ns] 4 good timing

V Excellent localization response

V Able to operate at cryogenic T

Single Photon Time Resolution:
250 —— 7™

200} Ch S S .

150 L1l S (RMS) ~ 55 pum
100[ ‘

su_ 1A L L Beam ~ 100 pm

0 :
45 55 65 75 £ S _—_
time {ns) 9

Micromegas: s ~ 0.7 ns with MIPs
E.Nanp) NIMAZTIL(¢20Q) ) 4;8r. Meinscihadtiet al, NIl 28335 1200)3 8L D.Mormanmet al., NIMKERK( 220839 D3




Particle Identification Summary

There is a wide variety of techniques
for identifying charged particles:

- Transition radiation is useful in

particular for electron identification
aerogel

- Cherenkov detectors are in
widespread use. Very powerful,
tuning the choice of radiator

Pion-Kaon separation for
different PID methods.
The length of the detectors
needed for 30 separation.

PID Detector length L (30) (m)

2
= . : 10
- lonization energy loss is provided p (GeV/c)
by existing tracking detectors but Particle ID: Combined Methods
usually gives limited separation, at
low p
NA49
Particle identification
] . b by simultaneous
- Time Of Flight provides excellent MheasuremeTIrTie
momentum range 5 to
performance at low momentum K Sello-for canfral

With the development of faster
photon detectors, the range of TOF
momentum coverage should increase
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Advanced Concepts Pilcosecond

hY

Several types of technologies are considered for iPicosecond-TimingFr ont I er O :

U lonization detectors (silicon detectors or gas-based devices)

U Light-based devices (scintillating crystals coupled to SiPMs, Cherenkov absorbers
coupled to photodetectors with amplification, or vacuum devices)

CONVENTIONAL MCP — PMT APPLICATIONS: ATLAS HGTD (CMS ETL)
TIMING WITH LGAD:
BELLE Il TOP:

Quartz bar Spherical
Expansion mirror
prism .
not to scale particle

PANDA ENDCAP

CMS BTL TIMING
WITH LYSO:Ce / SiPMs

BTL LY30 b « 598 rvadont -mh-nr-l—nun( o

Possible
Photon Paths
Photon
Detector

LAPPD TIMING PROJECT: GASEOUS DETECTORS APPLICATIONS:

T e ALICE MPRC TOF: PICOSEC - MICROMEGAS:

window

Radiated Cherenkov Cathode pickup |\~ Sy
Photocathodeon & photon mcmﬁ,es ;
inside of window b Photo-electron \ — =

i 3 from cathode Differential signal to
Pair of micro- front-end electronics
channel plates ———3

Output pulse of

1 107 electrons

RF strip- 2 5 e Anode pickup |
line anode : — electrode

Examples of timing detectors at a level of~ 30 ps for MIPs and ~ 100 ps for single photons



T MING Detectors with a Tew 1

Picosecond-level timing was not the part U RegularPMTsA | ar ge area, € but slow
to over large areas:
. . ] A ultimate time resolution ~ 3.8 ps (single-pixel devices)
Became available through plqngerlng R&D A radiation hardness up to ~ 20 C/cm (HPK, ALD-coated MCP-PMT*®
on LGAD / crystals / precise timing with Si:

Detector Experiment or Maximum rate Maximum Timing resolution
beam test anode charge
dose

[ MRPCpresenly | ALICE | ~SO0Hgom Gmacky) | - | ~OpomackGroseny™ | (4] |
Plan: ~50 kHz/om “(racks) | - | Plan~20pohmck | (4] |
. [ MCPPMT [ Beamwst | - [ - <i0pymek’ | [189] |
V 4D pattern recognition for HL-LHC [ MCPPMT | Lesrtsst | - | - | oipuphown” | 4] |
: o ] 4 [ MCPPMT | PANDABameltest |  10MHgom (asen | 20Cem™ | - [ i |

pile-up rejection: tracking ~ O ( 1 @ NS ) |y Y. SV T N I S N .
- i 3 [ MCPPMT |  TORCHtst | - | 34Cew” |  S0puphown’ | 27 |
& timing detectors ~ O ( 1 PO s )
[ MCPPMT | Bellel | <AMHJMCP (hoton) | - | 80120 psphoion™ | [3) |
A ATLAS HGTD, CMS ETL (LGAD) [ LowganAD |  ATIASest | M0MHgow™ (rack | - | ~34pimackisinglesensor” | [3435] |
; : [ MedimgeinAD |  Beamest | - [ [ <iSpwmk' | 9] |
A CMS BTL (LYSO +SiPM) S PIN diode (o gain) | Beamtest(eleotro) | - | | mpymceve | 31 |
[ SPMT (highgain) | Beamtest—quartzrad | - | <i07neunonvem’ | - Dpomck’ | (8] |
[ SIPMT (ighgoin) | Beamtest-scinttles | - | <107neuwonyem’ | <7Spomack” | [41] |
[ Dimond(aogain) | TOTEM | —3Milgom’ (acks) | - | ~90 poracisinglesensor * | _[36] |
-timi ion i ' [ Micomegas | Beamtest | IO0Hgom (mack) | - |  dpyimck | [313040)
VA ps-timing reconstruction in calorimety [ Micromegas | Lasertest | ~S0kigom’ (asertes) | - | ~76pyphoton

L .
(resolve develop. of hadron showers, W S P

*** Status of the present experiment J V a 6 yalr)@,v 1906 11322

triangulate H A g @rim. vertices)

A CMS HGCAL (Si & Sci.+ SiPMs)
V Radiation hardness: LGAD-sensors,3D-t r enc h S

V TOF and TOP (RICH DIRC) PID A V Large scale applications : system aspects of timing detectors
new DI RC applicmtions (~ 1006s of
& 1 0 & srpeoMIP/pixel) V A5D r ec on space-points/ ms+iming are available at
A both at hadron / lepton colliders each point along the track A LHCb Eol for LS4 is of general

interest across experiments;
V General push for higher luminosity at
LHC, Belle-ll, Panda, Electron-lon Collid. V LAPPD A large-area ps- PID/TOF for hadron/lepton colliders
A Fast timing is needed at colliders, fixed Incom Inc. company started to produce LAPPDs A cost still
target, and neutrino experiments has to be controlled



Basic Principles: Low-Gain Avalanche Detectors (LGAD)

LGADs exploit the avalanche phenomenon of
a reverse-biased p-n junction: Internal gain
(~10) is optimized for high bias (fast

Critical regions of the LGAD design:

collection, reduced trapping), low noise, A Central area (gain region, multiplication
high rate layer)
Uniform electric field, sufficiently high to
LGAD Structure: activate mechanism of impact ionization

A Highly resistive p-type substrate (MEHEgEation)

N - Implant Edge Termination

- Lightly-doped N-type deep diffusion (JTE)
and addition of a field plate

- Allows high electric field in the central r
region since breakdown voltage
VBD(Edge) >> VBD (Central)

\
|

v
P type multiplication layer ¥
N Diffusion (JTE)

P ty'p.e‘(:) substrate P+ electrode ’
Resistivity ~ 10 KQ-cm y. Peri p he ry

- P-spray/stop: counteracts inversion and
cuts off current path

Electric field profile is |y SV - Biased guard ring around the detection
crltllct;all_5|r1f:e tze chadrge . region collects the surface component of
multiplication depends (&)

P P ton(E) = o, e () the current

exponentially on it.




TIMING DETECTORS for ATLAS / CMS Phase-ll Upgrade

ATLAS High Granularity Timing Detector: CMS Endcap Timing Detectors:
Equipped with LGADs (1.3 x 1.3 mm? pads) targetting > 50 ps resolution (rad-hard only viable solution)

QarLAs
s o on vz zwas ]

Active
area
120-640 mm

ATLAS

A High-Granularity Timing Detector
for the ATLAS Phase-ll Upgrade

L Bl i A MIP Timing Detector
. for the CMS Phase-2 Upgrade
Single layer Technical Design Report

Two layers
Two double sided layers in front of Calorimeter endcaps: Two double sided layers in front of Calorimeter endcaps:
Coverage: 2.4 < d < 4.@z™85mh E3yemageR f.64<CH < 3.0 with 0
Post irradiation: 4 fC and 50 ps achieved (high/uniform efficiency) g SMS Phiase Il Priiminary FNAL T8 Feb 2020

HPK 3.1, 1.8x1.3 mm’ low power, -20C .
ETROCO Discriminator output = low power, 20C = P CO I I Ins @

of~=8 s, sracte bk pows; 200 ICHEP2020

= high power, 20C

HGTD Test beam Preliminary 1HC--‘TD Test beam 2019 Preliminary

3x10 ne/cm?, 740V

"

=50%) [ps]

CFD

o (f

Pre irradiation
40-50 ps after
discriminator with
full efficiency

Time Res. (TQT) [ps]

3 4 - 197080604020 02040608 1

15 20 25 30 35
MPYV Collected Charge [fC]

Collected Charge [fC) X [mm]

U LGAD are currently produced by 3 foundries (CNM, FBK, HPK)
U LHCDb is developing a time-tracking device O(100 ps) device, based on 3D trench Si-sensors with
a more uniform field/charge collection, and a goal to withstand fluence of 10*¢ - 10" n,/cm2



JTowards Large Area in Fast Timing GASEOUS DETECITORS

Multi-Gap Resistive Plate Chambers (MRPC):

V ALICE TOF detector (160m?) achieved time res. ~ 60 ps
V New studies with MRPC with 20 gas gaps using a low-resistivity
4 0 0 -thickglass A down to 20 ps time resolution

Signal electrode  Stack of equally-spaced resistive
Cathode 10KV plates with voltage applied to

external surfaces (all internal

plates electrically floating)

(-8 kv) Pickup electrodes on external

*  160pm-MRPC
¥ 140pm-MRPC

surfaces - ( any movement of

charge in any gap induces signal

A 120pm-MRPC

(-6 kV) on external pickup strips)

Time resolution (ps)

(-4 k) Internal plates take correct

voltage - initially due to

electrostatics but kept at
correct voltage by flow of

(-2kv)

I .20. L .25.

Flux (kHz/cm®)

s ~ 25 ps timing resolution (per track)

electrons and positive ions -
feedback principle that dictates
equal gain in all gas gaps

Anode O V

Signal electrode

ﬁwm*“' -~

PICOSEC

Micromegas

Cherenkov radiator + Photocathode + Micromegas'

[ Twzd

Tested in RD51 testbeam July 2021

| < Proareirier
24ps timing
resolution

Planarity
< 10pm

10x10 module
ocfcm

Single pad (2016)
21 cm

httpz:/findico.cern.ch/aveny/1040898/contributionzs /43884127
attachmen:s/2265036/384585 1 /PICOSEC-update-final _pdf

Custom pre-
amp cards

25
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Radiation Length (X;)

' Main energy loss of high energy photons/electrons in matter
— pair production (g) and bremsstrahlung (e®)
' Can characterize any material by its radiation length X,

— 2 definitions (for electrons and for photons)

X, = length after an electron looses all but 1/e of its energy by Bremsstrahlung
Xy = 7/9 of mean free path length for pair prodution by the photon

.= \Very convienient quantity

— Rather than using thickness, density, material type etc. detector

often expressed as % of X,
— tracking detectors should have X, as low as possible (<< 1 X,)

ATLAS and CMS trackers: 30% - 130% X,

not really ntransparent o, high pr ob:
tracker far before electrons/photons reach calorimeters
Aps@dower o detectors in front of <ca

measured ECAL
energy for such early showers

— calorimeters should have X, as high as possible (typically 20...30 X,)



6. ATOMIC AND NUCLEAR PROPERTIES OF MATERIALS

Table 6.1. Revised May 2002 by D.E. Groom (LBNL). Gases are evaluated at 20°C and 1 atm (in parentheses) or at STP [square brackets].
Densities and refractive indices without parentheses or brackets are for solids or liquids, or are for cryogenic liquids at the indicated boiling
point (BP) at 1 atm. Refractive indices are evaluated at the sodium D line. Data for compounds and mixtures are from Refs. 1 and 2. Futher
materials and properties are given in Ref. 3 and at http://pdg.1bl.gov/AtomicNuclearProperties.

Material Z A {(Z/A) Nuclear * Nuclear @ dE /dz|,;, ® Radiation length©  Density Liquid  Refractive
collision interactior MeV Xo {g/em3} boiling index n
length Ay length A; { ol } {g/em?} {cm} ({g/f} point at ((n — 1)x10°
[g/em®} {g/cm?} 5 for gas) 1atm(K) for gas)

Ha gas 1 1.00794 0.99212 43.3 50.8 (4.103)  61.28 - (731000) [0.0838)[0.0899] [139.2]

Hs liquid 1 1.00794 0.99212 43.3 50.8 4.034 61.2879 866 0.0708 20.39 1.112

Dy 1 2.0140 0.49652 45.7 54.7 (2.052) 1224 724 0.169(0.179]  23.65 1.128 [13§]

He 2 4.002602 0.49968 49.9 65.1 (1.937)  94.32 756 0.1249[0.1786] 4.224 1.024 [34.9]

Li 3 6.941 0.43221 54.6 73.4 1.639 82.76 155 0.534 —

Be 4 0.012182 0.44384 55.8 75.2 1.594 65.19  35.28 1.848 —

C 6 12.011 0.49954 60.2 36.3 1.745 42.70 188 2.265 ¢ —

Na 7 14.00674 0.49976 61.4 87.8 (1.825)  37.99 471 0.8073[1.250]  77.36 1.205 [298]

0, 8 150004 050002 632 9.0 | (L801) 3424 300 L141[1.428] 0018 1.22 [206]

Fs 9 18.9984032  0.47372 65.5 95.3 (1.675)  32.93  21.85 1.507[1.696]  85.24 [195]

Ne 10 20.1797 0.49555 66.1 96.6 (L.724) 2894  24.0 1.204[0.9005] 27.09 1.092 [67.1]

Al 13 26.981539 0.48181 70.6 106.4 1.615 24.01 8.9 2.70 —

Si 14 28.0855 0.49848 70.6 106.0 1.664 21.82 9.36 2.33 3.95

Ar 18 39.948 0.45059 76.4 117.2 (1.519) 19.55  14.0 1.396[1.782] 87.28 1.233 [283]

Ti 22 47.867 0.45948 79.9 124.9 1.476 16.17 3.56 4.54 —

Fe 26 55.845 0.46556 82.8 131.9 1.451 13.84 1.76 T7.87 —

Cu 29 63.546 0.45636 85.6 134.9 1.403 12.86 1.43 8.96 —

Ge 32 72.61 0.44071 88.3 140.5 1.371 12.25 2.30 5.323 —

Sn 50 118.710 0.42120  100.2 163 1.264 8.82 1.21 7.31 —

Xe 54 13129 0.41130 1028 169 (1.255) 8.48 2.87 2.953[5.858]  165.1 [701]

W T 183.84 0.40250 110.3 185 1.145 6.76 0.35 19.3 —

Pt 78 195.08 0.39984 1133 189.7 1.129 6.54 0.305 21.45 =

Pb 82 207.2 0.39575  116.2 194 1.123 6.37 0.56 11.35 —

U 92 238.0289 0.38651  117.0 199 1082 6.00 =032 ~18.95 =




(/EydE/dt

- shower maximum (peak of energy deposition) slightly energy dependent
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Electromagnetic Cascades (ll)

Longitudinal profile Transverse profile

Multiple scattering for electrons

Shower profile for
electrons of energy:

k Photons with energies in the region
10, 100, : B ¢ :

| of minimal absorption travel away
from shower axis

C Moliére radius sets transverse
shower size, it gives the average

lateral deflection of critical energy
electrons after traversing 1X,

Transverse shower containment:
75% Eg within 1Ry, 95% within 2Ry, 99% within 3.5Ry,

C Calorimeter granularity !



6. ATOMIC AND NUCLEAR PROPERTIES OF MATERIALS

Table 6.1. Revised May 2002 by D.E. Groom (LBNL). Gases are evaluated at 20°C and 1 atm (in parentheses) or at STP [square brackets].
Densities and refractive indices without parentheses or brackets are for solids or liquids, or are for eryogenic liquids at the indicated boiling
point (BP) at 1 atm. Refractive indices are evaluated at the sodium D line. Data for compounds and mixtures are from Refs. 1 and 2. Futher

materials and properties are given in Ref. 3 and at http://pdg.1bl.gov/AtomicNuclearProperties.

Material Z A (Z/A) Nuclear @| Nuclear | dE /dz|,;, ® Radiation length¢©  Density Liquid  Refractive
collision |interactidn MeV Xo {g/cm3} boiling index n
length Ap| length A { 3 } {g/em?} {cm) ({g/t} point at ((n — 1)x10°
{g/em®}| {g/em?] t for gas) 1atm(K) for gas)

Hs gas 1 1.00794 0.99212 43.3 50.8 (4.103)  61.28 d (731000) (0.0838)[0.0899] [139.2]

Hs liquid 1 1.00794 0.99212 43.3 50.8 4.034 61.289 866 0.0708 20.39 1.112

Dy 1 2.0140 0.49652 45.7 54.7 (2.052) 1224 724 0.169(0.179]  23.65 1.128 [13§]

He 2 4.002602 0.49968 49.9 65.1 (1.937)  94.32 756 0.1249[0.1786] 4.224 1.024 [34.9]

Li 3 6.941 0.43221 54.6 73.4 1.639 82.76 155 0.534 —_

Be 4 9.012182 0.44384 55.8 75.2 1.594 65.19  35.28 1.848 —

C 6 12.011 0.49954 60.2 36.3 1.745 42.70 188 2.265 © —

N2 7 14.00674 0.49976 61.4 87.8 (1.825) 37.99 471 0.8073[1.250]  77.36 1.205 [298]

09 8 15.9994 0.50002 63.2 91.0 (1.801) 3424  30.0 1.141[1.428]  90.18 1.22 [296]

Fy 9 18.0084032  0.47372 65.5 95.3 (1.675) 3293 21.85 1.507[1.696]  85.24 [195]

Ne 10 20.1797 0.49555 66.1 96.6 (L.724) 2894  24.0 1.204[0.9005] 27.09 1.092 [67.1]

Al 13 26.981539 0.48181 70.6 106.4 1.615 24.01 8.9 2.70 —

Si 14 28.0855 0.49848 70.6 106.0 1.664 21.82 9.36 2.33 3.95

Ar 18 39.048 0.45059 76.4 117.2 (1.519) 19.55  14.0 1.396[1.782]  87.28 1.233 [283]

Ti 22 47.867 0.45948 79.9 124.9 1.476 16.17 3.56 4.54 —

Fe 26 55.845 0.46556 82.8 131.9 1.451 13.84 1.76 T7.87 —

Cu 29 63.546 0.45636 85.6 134.9 1.403 12.86 1.43 8.96 —

Ge 32 72.61 0.44071 88.3 140.5 1.371 12.25 2.30 5.323 —

Sn 50  118.710 0.42120  100.2 163 1.264 8.82 1.21 7.31 —

Xe 54 131.20 041130 1028 | 169 (1255) 848 287 2.053(5.858)  165.1 [701]

W 7 183.84 0.40250  110.3 185 1.145 6.76 0.35 19.3 —

Pt 78 195.08 0.39984 1133 189.7 1.129 6.54 0.305 21.45 —

Pb 82 207.2 0.39575  116.2 194 1.123 6.37 0.56 11.35 —_

U 92 238.0289 0.38651  117.0 199 1.082 6.00 ~=0.32 ~18.95 =




Hadron Showers and Nuclear Interaction Length (1)

Interaction of energetic hadrons (charged/neutral) through matter involves nuclear interaction :
excitation and nucleus break up => production of secondary particles + fragment

Nuclear
evaporation

-

Hadronic interaction:
Elastic: B

p + Nucleus — p + Nucleus
Inelastic: Fission
p + Nucleus —
ot + 7~ + 7Y +... + Nucleus*

— Nucleus B + 5p,n,, ..

Nucleus* — Nucleus A + n, p, , ... n 1
— Nuclear fission “ g

Heavy Nucleus (e.g. U) n
\ R4

Incoming
hadron

e

-  C—— 7
lonization loss 3 _ lonization loss

Intranuclear cascade )
(Spallation 1022 s) 4 Intranuclear cascade
Inter- and (Spallation 1022 s)

intranuclear cascade

Internuclear cascade

IGEY 6 ... Hadron showers are much

longer than EM ones i
how much, dependson Z Fe

100GeV =n

A Number of particle produced ~In (E) with
average transverse p of 0.35 GeV/c

A For E > 1 GeV, 0 ~ 0, A%7, with (i,= 35 mb
and independent of particle type * ,p,K, &

A Convenient to introduce the hadronic
nuclear interaction length i mean free
path between nuclear collisions

, A1/3 ,N :Noe_'a

total(inel)

Some numerical values for materials
typical used in hadron calorimeters

N [em] | Xo [em] "\F\
-

79.4 42.2

’ L, and X, in cm

[\

83.7 14.0

16.8 1.76

17.1

10.5

38.1

0 10 20 30 40 5 60 70 80 90 100
4




Electromagnetic vs. Hadronic Showers

* Development of hadronic cascade (shower) by strong interaction of
hadron with nucleus

hadeen /7
- Z‘D’

T p K

\

multiplicity o In(E) ::

® Hadronic showers have two
main components

hadronic

charged hadrons, breaking up of nuclei (binding energy) nuclear fragments, neutrons
electromagnetic
decay of neutral pions: p°A 2 g100% branching ratio)

% Hadronic and EM energy component usually have different detector
response

100 GeV hadronic energy is not 100 GeV EM energy response in detector

In general, hadronic showers are characterized by large fluctuations. complications
hadron calorimetry.



