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SOURCE OF PARTICLES
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Table 1.1 Some “Pure” Beta-Minus Sources

Nuclide Half-Life Endpoint Energy (MeV)
3H 1226y 0.0186
el 5730y 0.156
2p 1428 d 1710
Bp 244d 0.248
] 87.9d 0.167
3Cl 308 X 105y 0.714
45Ca 165d 0.252
ONj 2y 0.067
9“Sr/’“Y 27.7y/64h 0.546/2.27
9Tc 212 X 105y 0.292
147pm 262y 0.224
2047} 381y 0.766
Figure 2.7: Summary of some beta-minus sources.



CHARGED OR

CHARGED PARTICLES
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ENERGY Lloss BYy CHARGED PARTICLES

Boliris model | -« intevaction of a fost moving pardicle and fhe electrans of the meolivm

T
- bynary collision pictore: {he parficle cnferacts wilh 1 ofomic clectron ot the fime
¢ .2 ASSUMPIIONS : afemic electrons at rest and free

‘ Ave these .ZaSSUW.F'HoV\.S valid ?
Rlomcer ~ KeV (o~ vest) — — E;;mxnﬁ X ~eV  (~fyee)
e sHel

E,F. i
C.L € — Momenlom Jmmjér: Aﬁ - JF({‘) H'
a= ze? %

Sﬂamax/ eSSt the CGM frome where its casy fo find the Covlomb force of 1he meying parfeh  and Then
Jfrawsform it with a Lovem‘} boost

To find E o the | Lok Frame we needfo trsnsform the coordinates :
The boost has the effect of s7ueezfng the Efie/c/ fmes in the

. % direction, while the frusierse (y) component %e'ts euhancef
by the boost

x2 x2°

2"

vt q B

x3 x5’

The E’fﬁeld measuved hee n e
CM frame:

Fe @t) ze bl o)

e Ter

nb. vy = ‘l b* + »'% =\|b'+(vzﬁ)'

20
- Fet
— A = dt w— =0 —
i j_oo <\|b’1@z¢)’>3 — 3| AE= |AF1? _ 42“61’ 1
< Me 2Me biuv?

T b. Ze?
DP, = Jdex 0
—00 (\|l721616’f)2 )3

Now we have fo sam all the single energy loss DE  for each electrons inside The mediom . So
we V\QQJ *

. In/egra/ over all he Po:;(b/e b 2 we need fﬁe nomber Jt’(/tk.'/y Ofe/ecfmns
. ]nmherem/ sum over fhe F electrons in each atom /'nfhe 716"937‘ mafer(a/

We conscder a volome element  dV= ombdbdx  and an electron nomber density  We

— 5 dE = AE*WQ'AV = 41T3!—z€4 Ne db CJ)‘
Iral b
L | 5| dE (b) = 4T EEY |y, db +— L dF _ 4TEYRY ne | Sk bw 1 EO_U’ ’
I mevt b b [ ] fmevt [N T T T [ S

T . Q(VV\«:'lrz
_ .y |- dE _ 4wzl 4 | (XCMev® whee e = L ME
C}X I/Vle"U"z




Befhe- B[ocK ﬁrmo[a

COVI Qo't’r(l’l ‘H’P

uantum (arred/gn/ fthe mean é’nerqy /&JS Fer vnit /fwgﬂr 67 moa’erav’é‘/y velafivisiee

l/leau/ [oarhc[es with chavae Ze s well described b}«

iF Ho>Me Wax 2 Me(pY)*

transferr:

K= 0.30% Mel 5¢cmz
I

4 dE s 22 Z (1., 2m.c? B2y Wnas
e— _x = (47TNA7:f mecC )@ Z 5 In 72
fe= €% =28 fm=cosa3NeV

“M& Mmec?

_52_

max K(uegdrc eucrgy

C

8(67)

-1 2
MeV a e
2 Z [ d ]
gorredmn close To \shell
oundpries (relevaut at
small E

Ea:u version fo revnember:
!

L4de. Ao | () 4[4
75;-0.504!‘(2\!6&\ I(A)?[e_lm(

(*me (F ¥ )2) f
IZ

]

10, “K{""\'] ™" ™ T g DL A(rv;qg f},,wﬁdi
A\ _

A ]
Mass stopping power [MeV c¢m?/g]

~dE/dx (MeV g”lem?)
Normlazied to densi y'

100 1000

10
By =p/Mc

10000

Ssame  minimum Wlue

=3

g

0.001

utonCu

Bethe

it

1000

\ Minimum
\ ionization
\
\

\\\\\\\

\\(I ut d

L4

001 01 10 10°

L I
10 100
[TeV/c]

L 1 L L I
0.1 1 10 100 1

[MeV/c]

Aica\ cases most re\a\'\vishc

RULE oF THUNMB: for Br=3 dE - 5 NeV a“cm’ Farhc(es (eca cosmic ) have SE ~ ‘
d d .
: — +he7 ave called” WP i T
RANGE maximom distance loefake 7%&7‘ {he /o&v-'/t‘c/e 57[0/95
M b At ver enersies 9%, 4 .4
+rhe nb. At very low eryres -<E i
—dE 1 K3
E dx .o
BRAGG PEAK : all located at a distauce where the velease of @V:frgy (s Mmaxiwuwm (u:us[ly befere
fhe particle stps)  This is becavse —j_)'i %
HIOOO Braaz PEEW

Distance travelled [cm]

Figure 3.6: Energy loss as a function of travelled distance. the curve clearly
exhibits the typical Bragg peak. This qualitative behavior can be understood
in term of the non-linear Bethe-Bloch function (~ %)
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Enera\r loss for eleclrons and FoaVrons
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Figure 3.11: Fractional energy loss per radiation length in lead as a function
of electron or positron energy. Electron (positron) scattering is considered as
ionization when the energy loss per collision is below 0.255 MeV.
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This Kind of measurement can be affected by sn vncerlainty duve to moltiple scatlering .
A charqed particle {raverscng o medivm csn be c/ef/ecv’eo/ éy mauy smal ,Sfaf/erfwa Vaw?/es
This is due mainly by Covlomb .Scaﬂeriha described by Rutherford cross section :
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For vnavu( small cle/[edioms the net e//ecf /s described [97 a Causssanm (/'a/ea//y). However
scafleving  From the Coulemb field of The atomic nucless does net obey exoclly fhe 7.L.c.
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Table 2.1 Radiation length X, for some common materials

X, : parametrize

2 Material Radiation length Xy
properties
of the Air 304 m
medium Water 36cm
related to interaction Shielding concrete 10.7 cm
with nuclei (both Nylon 36.7 cm
angular deflection Aluminium (Al) 89cm
anq ra.diation Silicon (Si) 9.36 cm
emission) Iron (Fe) 1.76 cm
Lead (Pb) 0.56 cm
Uranium (U) 0.32cm
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MATERIAL

Numbers are kinetic energy (keV)
Start from 3370 keV photon

Positron annihilates with electron of the
medium (they got slowed down and
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Several Compton scattering events

Photons disapper completely with
photoelectric effect
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A Too snace DErEcror ? Simply caeomm%c[ + sphere
e radivs wmost be COmFaved with 4he P‘no-\'on aesorbtion lema‘ﬂn.

e IF Ada. <€ R dhe size of the detector is Bi?_ enovgh To malke
all 4he ?ho’\‘ov\ interactipg . Of course we have "fo fake inte
dccount the range of the ewiffed e~ but usvally sre & Xabs.

Photoelectric FO LLY CONTA lNED ?ART[

Escaping scatiered
gamma ray

AlLLY CONTAINED

Single Compton scattering

Pair production

ra

NUcLEAR cCcROSS SECT/ON

TM:— Telastic + Vinelstic

- Hadron con tnteract with wuclel via strong interaction % 5
T~ 440 “A? em?=4-A7 wb

J Iu feracv[ion /eua'fh
%

4

Ao LA | ﬁ(ﬁ).’4_= L)?ss;
f }Vﬂ/ocfmelasﬂc P NA‘4':{0—ZG (f éml

ELECTROMAGNETIC SHOWERS

e Rossi mode|

T S‘far”(im% de-h b’ wilh  Eo P ,/54;-
- Aﬂev X. a ele” pair is Froc!uced (& prod.) = \f___(/%m,
( - AHer Xo each e7/et ProclUces a §y (Brems) \\\\\ﬁ\

- FEr E. lavee evmu?h "'L\.‘a Frocess Keela.s ref)e&'hn?

# of Farv‘icles ]\/({):_g'f A= % 0 1 2 3 4 5 6 7 8 tXl

- Each Far‘hc(e is carryfw% 5 smller and smaller energy - E® = E

L
- Whew E@) is equa) Yo the Eo. the  shower stops -
(Vl.b- ECV‘ 'S Jt(ne QV\EYQQ\{ W‘ﬂEYe :“—XE on ~ %‘Braw\s) Eck = E:Z’ —5 |fmax = hﬂ,u—g))
- Below E. (At the end of the shower) i o
b ¥ ave S'(offeol \oc/ Compton and Ph,elec. effect . They ave not obsorbed -
7uick/7 : we need fo covnpare the absorbtion /eng‘fh with the radiation E / o
\evmaﬂn N o ;1:,,%?::,,‘0%

E[MeV)
Xo(Pb) = 0.56 cm

b e/et velease all {heir avers (E) 1 one Xo by ionization.



Table 2.1 The numbers of positrons that are generated in em shower development and the frac-
tion of the total energy deposited by these particles. Results of EGS4 simulations.

A Shower energy — 10 Gev 100 Gev

- =H= © f Fo sétrons Absorber | tet E+/Ep tet E*/Bun
Aluminium (Z = 19) 91 26% 1750 27%
Tron (Z = 26) 285 27% 2020 26%
Tin (Z = 50) 427 2% 4330 25%
Lead (Z = 82) 554 22% 5730 23%
Uranium (Z = 92) 612 23% 5970 23%

- Examfle of Q 40 Gel ewm. shower

L Hos"' of 'H\e ene nat{ Je f)osa:‘} is o]UQ 'i'o S(ow e‘/e’f
b T lead more than g0z of Eo is de
an e‘nerju{ < 4 MeV (lo\, lonization  since below erifical eweray)

- Shower profile
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FERNI ENERGY LoSS CALCULAT/ON

3ohr's and Bethe's resalt works under Fhe assomption st mediom s oot offected \;\’ {he cﬁérg,«f particles
Ac{ueuy 'Hle Fdr“hc[e Proc(uces an —E’(T/f) ‘H\fﬂ‘ acts on Mec‘\'Um a’\‘oms /lmo)eco[es causd."’l; /?o(arh’?a“fian ofl'f.
7111'5 eﬁec‘/ /s /qsrame‘/rf?eol éy the dielectric constant of‘fhe medivm £

° Zsa’/kof/'c medivm — FeC e = n+ i«
T \aLSorh‘hon
refraction vawmetey
index o olesc:"beao'(;he
Yopagati EN.
P ) gt
E is a fonc‘/?on of fhe ﬁe7uem67 w of the £n waves (ie. the Ey=hw) . Thewfore it%s

convenient fo introcluce The ‘o (conlained iE) Jeloewdevzce Ly vsdng @ Fovrier {rausform formalism

4. We comru"}e the work done éy ‘he E(Z'/t) 2emerafeo/ 197 The mavfha ckav;eaf P (v, 7€) on one & of

‘H‘\Q M&Jium: iog
AE+ Le f EH) T@dt  where dE) = Te@dt isthe o displocen

2 We pecform the Fourier Transfom vewrtint E (% t) as:
—Jn 1 | — . —t(i‘;—wf)
t(%lf) = (Z—TI.)ZIJ%{IJW E(KIU))G

3. Rememberin that for veal functions f(¥) the £T. i such that fw)= J ) am/uu'n2
/%r%va/ 1heorem

AEQ)= e ﬁej{w Z (w)- E*w) dw Where E(w) = jﬂ{. E(E',w)em‘l’ ¥

(em

This s the contribotion of 1 electron at some impact parameter b to the ehensy loss.

4. We uweed fo sum vp over oll the electrons in the medivm assuming rsoJmPrc denscty n.
We vse the infinttescmal volume bdé dbdx fo counts e (which are n-b-dé.db dx) .
We wneed theefore fo infegrele over a vauge of b snd owrall aungles.
Before c/pm2 1het we recall 1hat The molecular pelarizabilily can be expressed ss:

-6 F L% =% [€@)-¢] E@) wheve £ isthe 4 .fe inthe £t ovbitsl
SD 5 dE _ i j‘f‘.ﬁ’ — —
P l,)a— 2 ﬁc ad'w EW) E(w -« F™(w) dw

Therefore j%‘k 0 &> dhere exist w where  Tm (£(w)) # 0 (élvsorbin; medum)
>4

S. To cempute BWw) we can vse  P(E,t) and A@Et)  wave equafions  wilh wom—zero soorce

The mdlion of the chorawl Pevhc[e can be cxpress«f 137 a char?e dewsdy P(Zt) = Fe S(Z-vt)
and a current deuscly  JT(E ) = VL(EL) - Ac/oe//y )s convenrent To sglve 1he - in the
Fourier space

G s S(Ww-K-%)
E@ K-S e@

ARw) = £@ Z & (Kw)
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n

E () & (—z‘»z T oy <-;w)> Hik)

6. Using ¥ and eva(uahmaﬂne ivtegval  elfminating the § fomelion  we dlain w= K-V = ki
The components of L@ con e how ewlvated and & complex function 2 (with diwmen sion of

L7%) emerge s

= @ Wi o)
tv—l CZ

A clePeV\ds on w ‘(hrouoah E@) * it con emerge an ima inary ,oaﬂ‘ fov some specific
ndewvals in /raz?uewcy where n=ReNE@ has larae valves .  N.B. e ve/acf/y of the L£HN. in The

mediom eme wr%}s as

a

\] FeEW))

#. The vesolt conn be sumwarized ay;

de
dx bsa

energy loss per onil /ew;/lo ofa

il 4
- i@ Re |<w A¥a Ki(k*a) K. (\3) <525(w) -i)clw cfloraoo) P with T and 7ransvevse

79 distance from its path /arg er than 5

Wkere |/<o 8(/10‘ \/-4. ave ‘H/ne moJ[ffeo/ Bessé),/-awcfrbns :

*for Fad —5 KU o~ -InE _osn Uew 2

. /ér 2

LIN/TTS |t

19 ~ N2 ptoo "
® ka v {,u_a ((d- (OU 4 10 H?( d "/69 =0.5710 1%7/. 'U"VC) <Z—E> :z(z? §R/+ w ln(l'/\li)(—l)—(lfﬁze(w))dw.
T Sy TV Jo a ’ e(w

<
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2z

¢ A3 <4 }3—71 : (if_) = (F9'we (n'(i'”?’C) it ln wp = <1 Znel

* Xa 21 ZY

m

dx Qwp

b>a cr

FAls real  — [3E mo| (exp dewping)

f Xis purelq (‘vma?imavy hece 15 wo exp (whew B>
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& (w)

s/ | eEl L - 4
xdw (4 {525@;))

jh '/h(s /(‘m.‘vl ﬂ:ere ‘s po A Je/oet/chemte in ‘i’lf am/ ﬂlew %/:ere 'S dn

N =
ener loss even at ‘n Y e c//'sféil/l(é 7 he

/n/\/fé’rfrefdrl[an cs That Zhe
cauergy cén be lost in Sorm of £ waves e Y are produced and emifle)
fVom the chariec/ f&rﬁcl&l . 73:'.5 1S ‘/Ae ex/v/&fna‘h'oﬂ o/ Cheren Kov Wec/.



| CHERENKoV EFFECT|

s Cherenlhov vadiation (s an EH. reodiation emfed when Cﬁav;,w/ />:3r"//'(/9_5‘ pIss '/él’odah Q electric
medium ot a speeo/ gred‘fer Yhaw the 59(?:4 of //‘7&7‘ in that mediom

- Constrint - v > % —2|f” Pineshad= % where i = Re\F

= Chereullov emission angle @ |cos & =PL or|an g h??nz—:t
7 n

- For goses | = 1t 7§ with  § 2 10" %|——> PBhhweshold =4% vi=-§ —>  Fhreshoid ZS
2
e Cherenlhov  anole close fo {he Shveshold - cos 6: ~ 1—% ;, PritE — B~ (InE
U
2 4 z
* # of Cherenllov Y - aiN|) | @ sintf. = =t2° <1~4_) ~ 330 5in%0c (E) evico? (2=1)
(in vnit enerqy and spce) AEIX fc fem,c? B2n#(€)
4 . 2
- N.B. = P |- - in the cax o >>m 72 S % S ) . .
g T E 1+ 7 2N “ET d 1ign 17

@
°
]
a
=
<
2
2
2
(3]

Figure 3.20: Cherenkov angle as a function of the momentum for different par-
ticles. ‘I'_“l(gi:l‘l::“]“‘)l \E’D‘:l‘(:? the SuperKamiokande detector, that is based on Cherenkov
Tn o a& s W_fi =p
nt+2
yuoto 1 310° m/s
aria 1,00029 2.99910° m/s
acqua 1.33 226 10% m/fs
ghiaccio 131 2.2910° mis
sale 1,54 1.9510° m/s
alcool 136 2.210° mis
vetro (Crown) 15 210% m/s
vetro (Flint) 165 1.8210° m/s
solfuro di carbonio 163 1,8410° mis
sodio liquido 422 0,710% m/s
arseniuro di gallio 36 0_83‘108 m/s
silicio 34 0.88-10° m/s
diamante 2417 1.2410°% m/s
(quarzo 151 1,96"108 m/s




Densita di alcuni solidi

(a 0°C, 1 atm)

Nome Densita (g'om’)
Allsminio 270
Argento 1049
Acclale )|
Cemento 27340
Ferve 759%
Ghdacclo 02
Geomma 1.3
Legno (densita media) ars
Legmo i cedre 031444
Legno d'ebano 098
Legno d'alme 054460
Legne di pine blanco 0.354.50
Legne di guercia U449
Marmo 271

Niched 88
Uvo 193
Cirone K448
(sso L7424
Piombo 1134
Platinoe 2.3
Rame 39
Stagmo T8
Sughero 0.224.26
Terra (valor medio®) 252

Tungsteno

Vewrs

Lince

Densita di alcuni liquidi
(a 0°C, 1 atm)
Neme I Demsita (g'om”)
Acqua 100
Acqua di mare 1025
Acetane (.79
Alcoad (etilico) 0.806
Ammoniaca 0.77
Henzina 1 .64
(.‘lkcdl_a | 1.261
Mercurio 116
Olbe d'obiva .92
Oblo &k paraffina 0.n
Densita di alcuni gas
(a 0°C, 1 atm)
Neme Formula :r:‘:,:
Acetilene CaH; 1.173
Arta 1.2492
Ammoalaca NH,; 0.771
l:':;'::: C1, 14976
M‘::::‘o:: 41 co 1.250
Elo He {L17H
Ossigeno O, 1.429

Oono 48 2.144




PETECTORS PROPERTIES

zn a Jefe(far Fhere are sSome am:e/m‘s to Keef fn m[ﬂa/ -

. 573:43( Sformation
. e//r'c/enc7
. resolvfion

rate and f/'mm?
. //'nﬁarh‘«/

COVNTING DETECTOR : - Stenplesf defecfor
-Lfmary fw/orma“lion (YES/No)
- cal  medsure an evewnt rate

s usefol on/y rf the fhc/ory )Orov:'rJeS Somé ,preo/ic-/fon sbout the 1t

CONCEPTUAL DETECTORS AND DETECTOR CHAIN

DETEcTOR CoNcEPT #4

> dis prodwin & d
zevler ﬁsmf\ e:o“‘;'a igniicuii\n

s Box ;Cl//eo( wilt thin ///gﬁf materil (js@

— When e PaHrc(e is cvossing the volume i%praJucas 2 s@ml )Dreoor‘/ional fo AE<Ts

= The walls of the detector are fossce the euergy les? i The walls conao? be osel ](ardé{&ﬁ"“
bot fhat fufrg;/ shovld be Follen inte accovnt

r Heasurimg the posifion of The box (e ifs cenfer) we con measuve fhe pescion ef & point on the fra jectory
of a ché?ﬁéc{ 'oar{che

Xy X2
DETECTOR CONCEPT #2 H =[] I o
%1 — o= 2 -
s U Y6 H al 6= atau (xl —XL)

o« Two detectors that measure the frousverse posilion X of o chovged particle af fixed z

- We are able to moessuve the beam divergevce (ama[e;)
— The detector +hickuess adds an uncertainty due 1o Hu(’f(P[e Coulemb Sceﬁevfua

DETECTOR CcoNcEPT #23

e Box ////eJ wilh éeavy/‘/ense waterial

- Padicles are ﬁof}:@d inside the volume AE=Te and the s,[awal is fra}aorf/bna( fe To

- Destructive measurement
- Loncept ofF roige (s re levant (only ioniztion euergy loss is imporisnt).

DETECTOR CONCEPT #4

. Boxfi//a/ with hesvy/dem;e maleria) with & vadjoactive souwce rnside

= Alﬁo L’eke AE=T0
- The walls of the defecfor con be a soprce of neise.



DETE<CTOR CONCEPT # S

- Multi chauuels detectors : a single spsfem tmode of sevecal replicas
of the same vnit (the chauuel)

We cannet save al\ the
infos aboot the evewts

The trigaer observes the event
and choose ifi.s ZOOJ or not

(quickly) the elecfronic 5iana| veeds
fo be amplified
Event Keicue
e IRIGRER (pre)Amplification building oo -
Beam collisions, Noise suppression
Decays,.. -
Detector
‘*- Divided in subdetector - ' -
Each with multiple
channels Data acquisition
DAQ
Event Signal formation ( )

(i.e. a decay of an unstable
particle, a reaction process,...)

Digistization Data

(sometimes trasmission
analog signal)

(electric signal
on each detector

Interaction of final channel) |
tate particles with th Dh4Q - lati
Z;:c{:,ar SR Slow control (HV, gas flux, T, p, currents,...) A& : Yrauslations

inlo bits
(The Jm'ﬂer system use that)
Figure 4.2: Scheme of a detector chain.

I 'I'Véws rmation o £ the physical
“in p.p-we lock for ‘””9/'? eup s eUeufain a: eleffrom‘i Q’gvssla
- Fach evenl /s /'a/gm///fea/ Ay :‘fsﬁ'na/.s?bfe.

thad uneed 1o be reconstrvcted

Exalmra‘e ¥4 delector divided into mu//ff/é subdetectas (BsBar exp. SLAC)

1) Vertex 1racker

2’) S["e‘{'“’me*eﬁ' (o\v{{ $ chawber) g
3) H advon ®ID ([ heyenWov det) ‘ j\ \
4) K/ o~ detecks ( em ce‘orime'\ev) \\
5) SPBC‘Womeﬁer maa_vte“r (8¢c)

4 ) Huon id

e

Figure 4.3: Scheme of the BaBar experiment.



UNCERTAINTY * weasurement of the deviation of fhe wmeasured yalve Srom the exoected troe valve.

Con be =lalisfical or S,(/,s'/ema'/('c‘.

RESoLUTION - smallest nomber we con resolve

PRECSION i how close ave differedt measoremends of the ssme quanViiq? Tu o7her words i1 messuce fhe
repeatibility of the weasurement. (statistreal uncertainty)

AccorAcy @ how close /s yeur measurement to the frue valvel  (bias? Need aood calibration)

precision
accuracy

average
_~ value

value —»=

real
value

number —3m

Resolution: the smallest quantity you can resolve

Figure 4.9: Representation of precision, accuracy and resolution.

DEAD TIME

j/ we wavz‘/‘ 7[o mea sere 'HZe m‘/e of Sr na’s we neeo/ 7‘0 comloare ‘H'ze Jur&‘{'foln of 'H'Je
s:‘zna\ w§“/\ ‘(’be V&e a+ Uul-l‘cl/\. i'|‘ Q qrs. - r‘/ 7‘/’)8 545#1@/5 Qre Ver7 C/aée V2 /I‘Vne -fﬁé
dete ctor msy not be folly efficienl 1o detect Thew .

The defector may be not fotolly active dvring a recovery fime T or msy be (aﬁ?//é’/é’/y
(ha ctive dur:‘un% a cerfain time Zp ( data processcng. , .. 2)

4
N —— ﬂze Jeﬁ’cfer‘ Qln of acce/of cvents af a rofe > —
Tyt C R
MODELS +oOR DEAD TIME
: the detector can
sl L o Feact docn‘aa the dead
; . W e i 9 A e ime we con find 4he tre rete
2 S time | l ] -
i I having measurd 1he sle
Events in detector Time —> N
: ' L""* T‘M Jon o Tm fora detector with
; " tally insensidi .
first bl d Dead — i ve
;:/Sent gszzltsesemn b 2 — dur\‘za dead+ime dead -h\mf Zo as
Figure 4.11: Different output of a detector affected by dead time.
e = Tm—
1- mTp

T ININ G PROPERTIES :—Caf&bi“{ of a defector 1o determive The fime whew some event has haffmod
~ Fast fime fo dransfer the electronic siqnal info. to a memory
— livetime : the delector con be om only for some {im

L/NEHR/TZ

* We Uso&\\\’ wawl Yo weasure an obsevvable by Vneaw.rinca rlﬂenomem well correlated with that observeble

ea obs. = D | correlaled quamttty = 4= c‘f‘c‘.rae capviers )

e It s important % verify that the corvelation is linesy | Zn fact wvion- imeu.‘h{ can  (ntrodvce

limcfotions in ?:ekd‘{/'on aud resolion -



- exlveme offect of uon liuearity :  satoration , i.e. independently | .
on the valve of H{he obs. L/
the weasuvement is aivivma alWé}’S
the same ovtcome . V

EEFICIENCY :

- Ratio between the wnumber of particles actoslly counted and the number which is
GXPQC*CA. &= # counts

o Tloo /y,oe.s . # ef\'fedco/

— ACCEPTANCE :- 3eame7[r/'ca/ covevane : (s the detecdor in The right

sition ?

- Can be calcolated evalvad ing the solid awgle /pemem‘aae covered by the detector

— (NTRINSIC : _ s the deleclor gble fo see a s{éha/ Whenever for sure |1 should see Sometham)

- (s thee a Par*(ic(e— matfler (nfecacdion mechantsme active in the Je'?[«?/cﬂ”?

e« HOW PO You NEASURE EFFICIENCY

] 2 T2 RPTE OF DOVBLE cOINCIDENG

UNKNoW N — e / detector

/
veference defector{ —s 4 trigger 1 ’—1
(efficiency Known : £4) I / iD— Ro
M
=4

Ry — 5 RITE OF TRIFLE COINCIDENE

veference delecdort s €2 ‘ / trigger 2 }
(efficiency Wuown :g,)

{particle

E= R- <; i & R =g>
R Fiee K

- Notice that a time cancidence dmong these 2 delectors musT be defived : a geood

s nal (s acce/:/ecj /‘)[ amJ am/y /f /ﬁze 2 '/H ers ha ens within //'m;'/e chosem
&W?ovw% ¢f Fime, 23 P

- N.B. inthis Way we ave Mmeasdrin the intrinsic accepfonce vnder +he assam,o‘/.'on +hat
the 3 defector have & qeom . artanqement soch 7hat every event defected in fhe Trig

and +h‘az must (eaye a sigmﬂ in the detector. Ofherwise acre,a?‘awce corrections need o Afdff/;a

. Wl’ll’ch is '”ne error on €

K N-K Exp (K)= NP
B (K, Np) = (§) P ) {vu(w) = Np (t-P)

E =_Nﬂ:
72 P L P i s Ll e {Eed
N Var (€) = Ne(4-P) — p(4-P) £ R .
v Re 5




ACCIDENTAL CO/NC/DENCE :

- We waat to deduce the cavsa) relationship from correlated cvents : e.g. Z have
2 dedectors / /'/f fhef beoth ?il/e an clectrre 5/'? na)] 7 have a St'ghdlc’len*

Suppose fhere is some process (radicactivily, themms) exc, electric norse, _..)
that (s Proclucm%-{l/te same electric siqm! —> norse even?

Both det. are sewsilive to That nace bit there is no covsal connection between The
9 electric  wnoise .si?na/s.

Accideundal coincidence rale :

Ri: vate of noise in detector 4 Dt coincidence ?aJre
Ra ' rate of noise in detectoy 2

To detect a s[;mal T need fo have sn el 5/’703/ in @ then wait wHhin a time At ancther
Siahd\ in @ . Bolihis can be die o The accidental coincidences of The hoises

—_— RACC =ZR (i“e_RM> / pi "-_'Rg

2 Pfdc“h‘cd\ solution - maJorHy /o re

) we ac7u/re the everit only when 2 maJ’ow'fy Of
chovnels have fived (o suppress a ccidewtals)

- Aw:onea n defecfors (wi'/h same £) dhe frob- fo havwe K detectors with Sc';,na}
Is given by

n-g
Z4 Pk, n.€)



DETECTOR AMPLIFIER

[ONI ZATION CHANBERS
. Realization of delec for concep #4 o t . — T .
v A particle \oses its energy inside the semsctive & GX? “ ST
matersl of fhe defecor S .l
- The enerqy 65> fransforms inlo cho rge carfiers w hich G ’
Figure 4.4: General scheme of a ionization chamber.

con be collected Using an E
- The collectsd céar?es con be read vsing au smplifier and forms

collection 4ime

the electric sig ol e
e The ?euem/ scheme qfcéar?e collection /Jra(ess IS v

t=

LT, _ _ Fnergy lost w | —

« How mIny charje arriers . -Sf;nal =N! = s

Cost of one cavrier - .

t

A QS

. The cosl of one covrier a/eyends on 1he energy Joss  mechsusm : _L

~ eV (eevmiww/lmfars) t

— [ONIZATION - carrier : e'//'an pRir co.s‘f‘-'[
) I ~ 30eV (gases)

~ SCINTILLATION ¢ £arfier : P/)a/ﬂi?s cost i~ 10-200 eV (opmal— w band)

- LATTICE VIBRATION : corrier : fbonon.s cost: ~ melV

. Statistical model! : Forssonian Jescribes  Fhe proeess M= Ne < =\Ne

- The reladive flucfuation of #carriers and thevefere eneray Joss
4

Ne

[vctoation 'S S L
/ 2z

FANO FACTOR

« Not all +he energy loss goes into visible cavrriers

&;

N: cacriers

N
_ BN s
Ey
%
£

£

Ne cavvriers

Ni: aud Ne are -2 issonian vactak so fheve ave a loF ofwa../ Vo bave = /_’/-xed L (Nf can be
smaller than Ne) Tf Eo ie fixed for any Ni fluctustion we can alwiys find a Ne soch thot exscth

Fo is absorked :
W‘lere {

a7 = \N/

Tz = (Ne

— |ZE& =&

(ornbfnin? 7%882 ex]oression.s 7{oae'/-hep- 1

"4
—_— S = Ee lE Q; NA]

Ed.' ée i fe

D‘ZJ["VL"”? the apete o fo ProJuce one sin?/e pair (ionization) as £.= E e have:



< - [ﬁ(fo _i>£r/z N Ead RN (s, _> R

i \ Es £, E: \&:

Evem"‘haujld we ossumed fhat the indvidval processes o/ exc. and jon. fo be Forssonian
'Hne FVOC@SS af crea“"ima Ars (8 &Huall\( o Lbrssonian cn/y once d mu//f'f//'m//'ve
facter F is introdvced . This is becovse 1he physical processes are net entrrely vncorrelateo
as i shovld be for 2 fna’eyeanﬂ/ Forss. process . The Fono faclor was nfroduced 7o explain
the oifference betweeen 1he :f)'/mfcffd and exp variguce of the cwn/fﬂg.

COUNTING DETECTOR

- Examples of covnting
1 v

. ACCELERATORS Co0l/1510)S - N=gsT<L —— measarement o f < in collision process
* DECAYING OBJECTS : N=& DT (V Z‘P) —>  measurement of Iifetime £
e FIXED TARGET COLL/S/ONS N=sg (N%) Ll —b measuremeul o o f \mi} fixeo/ fargﬁ

e Commenis

~ Totel error on o /T a(elnend.s on N, on the lifetime, cfficiency , ...
- We are nof sosuming 1he B¢ presence. (thet need 4o be subdnscted)



GAS DETECTORS

. ',Z'm/oorfdnf because chave ool /oav—‘frdes , especia //y HIB, feave & small ament =f ener ¥ in the g
Hewce as is the best condidate fo be 4he least perturbing device for chdrge,o/f& icles detection

* Based on the concepl o f driff velocity
» Very thin in order To not modfy the momewhim of Thep.

- UsualI7 they are inserfed in o maguedic feld as prl of & magqnelic s pectrometer To measure p
. B/v /oas/:'zima fthe jonizalion clysiers d’vn2 +he 'r’raJ'edar/v we cau reconstroct the frack —>

able o measure pcsH‘\‘on.S in space
T

GAS ION1ZAT(ON

e The (zassecée of a chorzo_d Far*{'l‘c(e Froa\uces s twil of electrons (LY /—an,-;a'/iovl)

Absorbtion length ((mean free path) Amone =2 ionizaliens A :_:fq- (>\uo(mm))

« The #¢ frod(/cec/ m o distonce [ hos & Poisson distribulion with M= AL

° 2 prancipal GAs standards

= STP <8+&V\dar<§ TemPera‘{ore and Pvessone) T=24%3.45 K=0C - P= 40°% = 1bar
- N7P (Normal Em,xsve‘l'ure and Pressure) T= 29345 K =20¢C , P=401.325 KPa = 4atm , KsT=25mdV

» PHASE S

- Pr{vvxdry jonization the chayae r:av-Hc[e ex-}rec-l's an e fram o ?95 “fg

molecole . £g. 7TA — A% o
\
- Secondary ionization : the extracted e has sufficient ener v fo ionize ¢ || Y“mwm
other 445 molecules: F.g.: eA—eA%e” i \
b

) primary instantaneous
) and secondary retarded

- Ponning o ffect : The qas molecole is exciled to o metastable state.
’ The de-excilation hd/o/pen; fhvouah a collision wilh a
nearéy m«y/ecale which resvlts in the re‘f&rdoa) »
emission of o €. Prevaledt in mixtures with uoble
?aSes | Ej- Tere) A — T (ere”) A*

A¥B — AS'e~

orC * * + -
A A > Az -—> A? e o ipr:mary instantaneous

o=

&=

e e e B

) primary instantaneous and
j secondary instantaneous

e

yz

e The cost W 7o )orac/uce an electron is connected fo the E loss ass:
path 'wa-”n
|

Y
W<N = L<dE — |w=_L .4,
§ <Nz  dX

# e!crea'fed s\ona'\\ne on. ?a"rh



= Usua(ll{

W > jonization

Pdem‘r\‘a\ s

L

Gas WaleV) faleV) I(eV) Gas mixture® Wal(eV)
H; 364 36.3 1543 Ar (96.5%) 4+ C;Hg (3.5%) 244
He 46.0 423 24.58 Ar (99.6%) + C;H; (0.4%) 204
Ne 36.6 364 21.56 Ar (97%) +CH,4 (3%) 260
Ar 26.4 263 15.76 Ar (98%) +C3Hg (2%) 235
Kr 24.0 24.05 14.00 Ar (99.9%) + CgHg (0.1%) 24
Xe 21.7 219 12.13 Ar (98.8%) + CsHg (1.2%) 238
COy 343 328 13.81 Kr (99.5%) + C4Hs-2 (0.5%) 25
CH, 29.1 27.1 12.99 Kr (93.2%) + CaH; (6.8%) 232
CoHg 26.6 24.4 11.65 Kr (99%) + CaHg (1%) 28
CyH; 275 258 11.40
Air 350 338 12.15
H,0 305 299 12.60

60 T —r —

° Xe AA'

= 1000 T

sof = 7 | wien

a0f Wi(eV) 1

i \ B;G 100 H ‘
30F ] 1 4
26 4"{‘”‘ k‘S‘wi;. . Ar
20 F 21 A /0.)2 4 e oo tgte =====]
O, ./ 33 c:c Xe Xe
Ne W " "
10F 7 "’/ i c:{“ . 0l - v i -
3 R
[ 10 20 30 40 50

Nprim (=1 atm-1)

Figure 5.2: Left: number of ionization per cm. The cost is shown along with
the molecule/atom name. This value scales with the pressure of the gas. Right:
cost of an electron as a function of the energy. Notice that it does not depend

on the

energy of the particles.

addin

a second gas

i the mix{ove he'lps
1o redvce the cost
(amd increase +he s?ln\[ox'//‘)”‘

~ Probability of e~ emission
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107 10’
= B
3 2
9 19? 10" §
3 m
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Energy of the emitted electron (AE)

- Rav;ge of primary electrons
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Path of 1he electrons prodwed by {he iouialion in a wire chamber :

Photo-electron

y-Axis [cm]

Large E [field close
) lonisation to the adode:
\ further ignization!

| / further tonizations and
om v an avalauche
pn can trapped by an ion!

f > .
o 23 Wire (Anode) > o accelevates the e~ /eaa/:n to
g C\‘Za*me()_

Attachment gjectd

(electron moving|under E field to the anode!)

ol (prodyicing electrons by ionization)

is [em]
- Cluster size dislribulion (percentage)
CH, Ar He C0,
» k
Primary and secondary 1 78.6 65.6 76.60 72.50
| 2 120 15.0 12.50 14.00
Electrons are close together! 5 A 54 P TS
¢ 15 44 40 e Little dependence
They appear experimentally as 3 095 223 12 L40
on gas type
a cluster of few (k) electrons 9 g 153 972 100
7 044 105 050 075
8 034 0381 036 055
9 027 061 025 0.46
0 o021 0.49 0.19 038
11 0.17 039 0.14 034
12 0.13 0.30 0.10 028
13 0.10 025 0.08 024
14 0.08 0.20 0.06 0.20
15 0.06 0.16 0.048 0.16
16 (0.050) 0.12 0.043) 012
17 (0.042) 0.095 0.038) 009
18 (0.037) 0.075 0.034)  (0.064)
19 (0.033) 0.063)  (0.030)  (0.048)
>20  (11.9/8%) (QL6KY)  (109/k)  (14.9/k2)

DRIFT VELOCITY MODEL

| The lienizatidn Llosders can be rellected Lf an E /Vla/ucuoa an electric slana/ on the electrodes
The e ave moving lowsrds 1he anede and af #Le_ ssme fime  theyre éouncmg aaams{ {he

melecvles [ ]
[ ]
JdU = -~ 74 m X ol Lot
On average * m T £ ¢ 77}:{ X B — K d KE. z T is af/f/ca/ ﬁtcf/on f/me Swle

We can define the Vnob:‘/ﬁ’z/»f such %ha?‘ ﬁ:/t —E_)

~ If B=0  wmdlion can reach constout drift velocty

dv. = == d7 —=_ e - € e
—eEF - KWy —— Z2Y% 0 > |V;= —F — = —_— ==
dt g K /: A m 1|\
What is =z 7 MACRO HlcRo

» s the {ypiml {ime scale of the friction .

» 71 can be ke/oresen{ad by The sversge fime belfween 3 colfsions of the parlicle with mass
m onder fhe action of the e)('/erﬂa/ﬁrce

— /\&/\,,/ ﬁ/g Z’e %Z:%



» Howdo estimste € : = pNa —_ |l = (rouahly e sfimation , see below for
i \n_ Ihe’ wmore corvect on e)
» What about the behavioor o £ the elecfrons?

- 7F we compute the l“"’”f"‘zé n 46 ¥m (that 15 Hhe scale where the quaniom effect

is important). However the intermolecular distance £» Acomy —>

» If shovld be connected with the cross secfion of the process. We [Kuow Fhet
the V.hesm SFree pafh IS %_ and & aooo( 3(/.\*355 for e s t: /=% ) T/zerefore:
assuwumg V= Ve

— |4 =~ pove
T

DRIFT oF ELECTRONS
- Bach time the particle collides with the molecoles it releases some enera37 . We coold comeJFG
the worlk dowe ‘ol{ the exfernal E/ie/c! as

e ElX
aund it should be ec)u,a‘ i (# collisions  x ewerar st i if"”?sc‘on) (for the evergy con servatfion))
W ctx =N Mg

the number of colliscons jn a | /
distauce L can be evalvated as (we can neglﬁ Fhermal cweray

N, = L at NPT ~2smeV)
c VT

Pu#f”? all faacfher g

2 g |[((B\ 4 AE)
L W(n_)cr_(e)\]z_

P V4 is o fonction of the redvced field Ef . Fora o3 W avdume at some Fixed pressure v 1s equivalent do the presa

and Yoevefoe E =D The condifion where Ud ~const at £ means the defector is more shible = iportauf.
n ewd[Ton] n

P X an T ave function of £. ﬂ»ey do ndl 4?&5‘((@[{7 C/:dee with &

» Ramsaver effect : for electron with E~sel the < decveaes —> Vu reachs a maximym

¢1()(1§‘+3az molecole) ‘ fradion of e"“ﬁﬂ loss 1 one colliscon
e

T S T 7T T 0 f T
[ 2 n A ’ - .
|| 9 I Ramsauer ]| ) ! b (erganic) indecvle absorbs guergy in
08 T~ minimum 0 ‘ d IN
P ] oM, \ 1] the collision tnder toto- vibrslional excitalion
B = |
Ar 1 . " \ { states.
L ] B J
F - 10 | S
] "B e ]
10 (o ot DT G ) SR DANTONN 1 1 (MNO SO e O TN 105 | ol gl o aaal .uj
0001 0.01 01 1 10 0001 001 01 1 10
(b) e
(a) £ (eV) ¢ (eV)

Figure 5.7: Ramsauer effect in CH4 and Ar.

P X is \av%e\q affecied by fhe 945 natore . T & is below any wmolecolar level X hag an duerage vale gien
by clastic scatertng. Tf &is laeger than a i olecolar cneqyy level, lavger X ave posscble —> change on 7.
This con be used fo fone the va fo a descred valve addin componeunts in fhe gas mixiures
(esfec'ta\\\( a(soavuc olles  sunee ‘H\eq have  sewral voto vib. stales swescble evew withe c;qerales <{e)



» Tt'/’mca\ nomber s f;re': Vd N.Z—io/g_sm n a ‘/}/Prﬁa/ ?ﬁe/d ojf E'\’d—iof_(/:

DRI\FT OF |ONS

- Moch |eavier than elecfrons

» In each collision ﬁley loss & substautial amavnt of energy A ~4 (he &q condifion cannol be reached)

2
®» We con derive X from elastrc Scaﬁeh'nca Winemadics @ A :HL ';—T = ('SLMZ
M+m)

b It connot be eascly accelerated —>  Eiope v Etpepmar = ST

,/l-

a2
» Typical valves Uy ~ 0.04 CVI: =

D \F - US (ON Figure 5.8: Tons drift velocity as a function of E/p for several ions.

« The wmeotion c\escvif'ﬁon of e-fins i the gas s slatistical : V4 is the aversqge valwe of an ensamble of

o/rffff‘m? e”/ions. Each e will cover in principle 1he same distance L in a different {ime o1

* The e/ions are indeed sub Jeet fo a dffusive  process

% Avode

I H [ o X
U

fontzafion scle

}

— The o/f//u scve proiess con be ok sceiled ; o 1D, Al{ a Gaussian ,D.a’.f. (i, O/VTz(z‘))
(preb 4 find an e” ot some =X+ (z-vst) after atime t) (isoTROPIC BIFFUSION)

4 3 _r2 Z 2
qxé= 2Dt o — 2o f o~ e < £ e X° 4 (z-vib)
a /j f <\l-e7r..21>t> gli 4D+.>

P D can be deferminal by calculoting the vaviance of the sum of {he X; displacemeris :
v

ul Tntstal there are Ne xaﬂen‘wa & 64
precesses. ) pdf(e) ~ e
& é X = ZZ{ = Z z.i, ws G; fo/f(ca.s 6:) ~ i;— if -1<cl.cq

fs%e(m(om X‘Ij&/ 2
Ne 2 N
s Var (X) = X - T = X = j(;x;)- TTfc) dx,
; ;

<X>= X-U,AT =0

-2
/g_ e £ |where €= %:wz(mwm Sree f&ﬂn)

4

To com/)u'/e it we assome that F(x:) =




{£=,_ivn1rc‘ D=2£¢
s e NeZgi- AT (nz)'S A2 Fae =-2(15_2)At Yl
[~ 3 n 3 m
¥ Dz—é—vc)\.
3

BY usc’(/t? M= -;_Z' and Va=ME and At = "I;_ we obtain :

eledron
B e R L\ FE
. - om | 2 KT L
\ fon s f-%KBT — Q;—\|e"_E

Lav?ser i5 L, lesser is € , hoffer sre the clectrons (iows) — /arger is the diffvsion

» Diffoseon js active n 3D

- loho)‘ﬁ'ool(h&\ Jiffusioh :—alov)oo fhe drift direction

- consequences on drift length L

and drif {ime Ot

— Trusverse dffvsion: - slon the divection trausverse fo
drif# rection

— Consequeuces on J/oér/:a/ resolution
n case ojlsagmenfeo’ read out

electrodes

DETECTORS BASED ON THE DRIFT TINE NEASOREWENTS

e Tdea: Kuowing the drift ve\ocf*fy U4 (Wwith hia\/\ accovacy)
we can Tafer the distence d of the track from
the aunode fo.u‘//'an

ts: stact fime of fhe siqnal induced
— = Uy - (.fa L .[.o) to the awade by he e Vnovl'ma

t. time when the e ave Proclucec/ DT e ampiication T

(measured by an auxiliary detector,

= Figure 5.10: Sketch of the drift principle.
Fast scindi lladion c‘e&ec“or/ qg. ~ 4ns)

. Resolution : since  VUd ~ o ‘% a ad Ty, v dns —> Qv 014 mm

e CVLINDRICAL GAS DETECTOR

- Radial E field vsed 4o collect onthe cendral ancde s
wive +he iont2afion c'/armec/ a/ona 7%9 7LraJ'e cfary N / 5

Cathode (tube)

Anode (wire)

== Ex'lervlal “(Ube I/{ef‘!‘ af roomcl VoH’-\ e wh(\e "Hne cemjrre\
Wwive af posilive vo Haae (respect to ?mlma’) Vo ~ KV

- The € field is nof really vaiform : i c//l/evae.s ¢lose to @@1
the anode sur face .

- Problem : AVALANCHES




The high electeic field awvnd the wive is able to accelerate

fhe e "well loeyomol the egulibrivm ehergy reached c/UV‘l'w?, the
drift. — produclion of awlonches (in 1he form of e”and jons)
due fo electrons which are /'Onl’?lhgf

gas cathode
as

‘ ‘_5 JA AT '“12\1 shiet o wavin
AN %&{ 7 NN slowl ‘oacK Yo "“l\e
68 /\; e y

cathode  Vjwoo1 M
73
B = a

> e~ distribution is suweked

e anode wire .
ticle; (b) the info the wire

Figure 5.13: Sketch of the formation of an avalanche around tk
(red ci (a) Production of ion-electron pai
electron gets close to the anode, acquires a 1 much larger
than the equilibrium energy of the drift and starts to ionize the gas by itself:
(c) two charge distribution develop in the space close to the anode, one i
due to the electrons produced in the cascade (pink) and one po
to ions; (d) the charge distributions continue to grow and extend
wire; the electron are quickly absorbed by the anode wire (that is a very
conductor) and disappear, while the ions are slowly moving to the cathode, not
shown in this figure.

P SIDE EFFECTS oF AVALANCHE

- Phaton emission e excited molecvles and atoms /'.so?‘rop/“ca{ly emit /Ohafans that can induce other

avalanches —— discharges , detector breakdown n
. savrion: addtion of quenchers ( hydrocarbon) fo the gas !’”
mixfore which can absorh the \:‘ao‘kons emitied.

+ S!Dace Cﬁarﬁe e a fdf of e~ aund fons close to the anode can chanje Fhe /acal?fiek).

* Resolfion <y as Jfoncfion of +he distonce d

= lon?’.'iuaﬂ‘na/ diffusion effect I3(d) = \d (&(cm3 E direcfion)

— Geomelrical effect: Tf the charaJ parficle is cressin the drift fube fae from the anode wire,
the averege trfectovy of the wonization clusters s almest L to the c/wrgea/
Iwrhc(e Frach. (ﬁ domination of diffvsion e/(ﬁzf)

Close to anode Intermediate

Anode wire | | Anode wire | | Anode wire |

ﬂ’(“)”‘l‘aq-(é)'v-sva If the cﬁa?ec‘ farh‘c[e is crossing the dvift tobe close fo the anode wire,

\ the avem«ae ré'jem"ory of the ionization closters s Ffar from beiuz 1

beates (= dominalion <f geom. effect) .

(N. Filatova et al., NIM 143 (1977) 17)

- These = fm'm‘.s lead to different effect onthe resolvtion  Ta . £

x (mm)

Figure 5.16: Resolution on the distance from the anode (o4 in the text) as a
function of the distance from the anode (d in the text).

- Gain - most im ‘T)or‘ld((\-\' cluavﬁlw i a gds detector
- ?m litode' of +fhe Se'?mal for o single e drifted
(=}

e Auode

charge collected  og scale

. increasing Vo does not meaw slways to Tncrease
the «Zm‘ . the best s when jbi:s haﬂocns

(whee an wncrease of (o tesalts in an increase i the ZAWL):

voltage appied - linear scale



e [IMITATIONS OF A G AS PETECIOR

— Rate copabiltty - Fis limited fo the e~ drift ve/ocf717 ~ 10 “Uhs
L Proror““ona[i'l‘l{ . the arrl{eA VoH’age. needs fo be in the fro/oorfionafve?jan
L S!aa-fial resolufion :  iF is limited BY {he (steval diffusion
- Timing _ resolvtion: A s limided by the /om?iﬁ:c/{wa/ di ffusion that con be fzar{ially mh‘(’?afeo’ by
[4)
the preseuce of o magneffc Feld

- To overcome these /orob/ems we can Wloz/lfy the detector 3eame7’ry (wiC(ro—PA\'\e_m Besde\.)

DRIFT cHANBER

o Molti cell detector

- Each cell has sn anode wive Wf’f at (/l\'z(l\ vol\‘a%e and  surrounded
b‘{ cathode wires ['(ela‘f at %m\n\é \xoﬂian ot

- Hiala Seamem'(&‘['ioybf The wove cel\s — Hhe beHer is +he )oer/ormawce
0 0
(wore Poin’ts to reconstroct the Track.

IEG II Cylindrical Drift Chambe
2k cells. Each cell can be seen a
circular

. Se%mew‘rco{ dnodes detector

| = i
| == =17
O Figure 5.19: BaBar Cylindrical Drift Chamber. It has several segmented anode

and cathode planes.

« What hapoens if Z put o magnetic field 7 The field lines ave distorted
a ' g

7mm in DR3; Smm in ZD) 7mm in DR3; Smm in ZI

No B field B field along wires
NN\ NN/ \ V>
\Z \ )
\""Z A=
S - & SN
AN N\

1y N2\ 1/ 720\/ZAAN\\

TINE PROJECTI(ON CHANBER (TPC)

e lavee volome of Ios comawned tn a vessd with 'hnofaces VLeP’l'

at o loo‘\ew\‘ﬂa\ Sifference soch fo have a voifocm E Freld . o I
. janiz;n3 far\'fr'c/f’s fo be detected comes from sn inlernal inferaction rm‘v(\ - Qfg r——
and leave a trail of ionization closters whch drift fo the anode QR

E, B field

3P reconstruction of )oar4|'cle 'frsjecfary

 longHodinal drift distance 2 (b i + e
REsiLuTloﬂ : ai:‘f: byl s‘{;}\;mﬁ(my{%eﬁjsw ‘g? =A U': qu.—LIUd (ta:-te) Diffevent pad reaol out sygtem e
A

(X.Y) Pad Stereo-Strips. RO-Strips
* X weasured by {he geawwydaﬁon of the anode 2 _ SwwSibs -

+hvooab\ an awxfl;f('ca-ﬁoh staae I ’ ' ‘
Rescorsan : given by the sive Gof readot pad. a= =2 R 4] il = 1P
= Compass, LiCt




» GEN. (Gas Elecron Nulliplier) : amplification .s-(;aae tn the TP

Cathode « The hial electric /{eld ‘ndvces an aqualanche
/[u// of new others e aud rons. ZTons are trs

by the GEH ifself QVofd(‘Vla, Them To drifd o the
cathode

+ The syalsnche is local j.e.

- - 'I“ m \ \ it involves onl\/ one hole (+he
f m - L vest o][ 7Lhe CFN is Vlo*
Tl T sppecied by it the pare
Anode capagiry is hiah becave fhe
Figure 5.22: Sketch of the operation of a Gas Electron Multiplier element, Jeéd region Conlribufine Jo

frequently used as amplification stage in a TPC.

dead fime is very limited

Ar + quenchers-(C0:.CFy)

« The gain is /Dro/oorfforzd/ fo fhe a/J/a/l'La’ vo/fdze
(IDYOF. re-a Ton) -

Three GEM (one on top of the other)

Micro-megas B0 o s i

« Alecnative To GEN : the amplificetion is mede {hwouq
a mesh of wires (insfead of haw‘ma

Flavur foils)

e Limitation ond operafional ,prolz/emf

Depthof Deector [c7]

$‘< nerid B :
| - High gan £10%) ~
RN

~ Back plane insulator cswno? discharge guickly : charge beild up

fl'e( 0( O(t's'/O r{l.OVI  insulating layer
I/
T Disaharge between .Sﬁm'f; : mafml/y dve to sfilﬂe—a{ges on the s+h'P : ’.0 .

- Use of gas mixtore with l/n[elrocavbo\/\s . Oyganic covn,oovwds tend i
to form on the electrodes. Jocsl Aef)osc'-h'al? of (t)charge : continuous
exfraction of e due fo the hfah E in fhe iusa/afm} /a}/er euevated e
bo{ this @ charnae >nd then sFovHAweous valonches (Nalter effect).

o L ]
\
*G)@é\@%}@@&
Py
@
g
®
o
®
» +
g

« M(CRO- STRIP GAS CHANBER

. 51ri1>-hlﬂe aeovne‘{ry. very uavvow conduchive ribbon as ingulator

. Thin sncde o wollect electrons ; nearby cathode s-fh‘,os L collect tons. ...

g (om/aaa‘ read ovt .s,oe‘/r'a/ resolufion ef 50/1”)

. E/,Cr:zemy reachs a plaieav ruereascng. \fo while $he qatn incresses
expaweur‘:?s[l;/ (nb. i#%5 wposscble fo increase 1he 9ol =0 because the
dischwae /N’ob incresses as well )




MOMENTUN MHEASORENENT

« The {eick is to vse s Vnagne*\’c Field B to bend the -fmJ'ec/ory of 9 cb&kyea/fo&rf/'c/e.
Zu fact:

F=- 97xB - 98 = 97,
m

= s — R[] = 03 % R[m] B[T]

F=mL

>

. The 1rack can be reconsructed by a gas defectr  from which we messure +he radis
of corvatore R

. RI%iol(‘\¥ . defined as P_-‘E isdhe quaniily measured CANN
n %evxera\ | Onll{ wilh 4he KMGW[CJ?Q af 2e we cawn «'mﬁr =

o Approximation : in
1

enevsl B sud L (defector /en;fh) are cuch That
6 is very sma I and the '/ré\/'ec/ory /em77% b=R6 ~ L . At:ijrc(/\

R
&\nca\ee is 050&\\&( aﬂ;roxivvnaﬁ&i as Own xlan ';_*/)

S| A
T/_'i'amd 20 — S=tLg
A
—sx Ll e 12
—L- 4 o L R 25
Zxthwd 2 5 QoL
R 2 2 R
ra
z 0.3 L_
— | E- oo

beam

target

——— L

magnet track-defining
chambers

track-defining
chambers

Figure 5.27: Scheme of a magnetic spectrometer in a fixed target geometry. The
magnetic field is perpendicular to the page, parallel to y. The track-defining
chambers can measure the position of the passage of the particle, thus the de-
flection of the track due to the magnetic field.

e Different mogunetic field confrigorations
7 (/ ”

—_

DIPOLE MAGNETIC F/ELDS

Pre/errao/ Sfor fixed favae'f' e)r/berrmeﬁs (what weve ased alae)

» R is inferred measaw'v:? fhe deflection angle NO

by measuving the divection of the /aan‘icfe before
Om aud asfter 1he md;vlc'/r'c'/?elal Oout

® B
= Hy-X s 2l 17
A@ = 800+ - @I'M o~ 4 3 _ X2 ~Xy 24 lx 2]
L L ? :‘ Figure 5.28: Overview of the LHCb experiment at the LHC. Magnetic system
— ‘Z ~o is highlighted in light blue.
po= 4L & L — > R~ L RN
R R A8



» Resolution (V. Vauilly)

q"(Ae) ~ 29«

©i

» Resoluotion  (m

= ©.3 BL N Q—f;.\, — ¥ q_P.\. - 2 Tx
2 AG i’ Py AY) = e o3BLd P-L
U/v‘;'/:/c scaﬁerm?)
us -3
I APJ_MS = P sin QYMS & P@rms = 18.2 \II He(//c — G(E) } - 4.5-40
Xeo P . :
B B[TIL-X.[n]

SOLENOIDAL MAGNET

p R s inferred UStng imduy ware ,oofw:b than with the
— befler SPr
The detector is ]o/aca{ inscde Eiie mag netfic volume &Hawivg
a precise ‘/racéfim?. and & precise messucement of fhe

dipole maequet

Sa iﬁa 5- //sag‘ﬂa
For a smal fraction af the “4rack (3 consecotive measured (3 —_ 3 x
Po\-mjs) tha SA%H'K is : ‘
Sox, . HtX —
2
S=R (1-cos Az_e) ~ R (86)° 1 8| _LRe £2 with € the swall (cw()-fh of & piece
8 SR EN) of +raJec{oY7 between 3 Po{n'ts
[ Resoluhow :
for  paitls —
T3 = \IEO; - p- 03812 SO R (entive tack) Th - 70 R
Z / gs B Z o550l . P N+4 a3BL?

» Can be
cirevlav aczlerstor -

- ToRo/DAL NAGNET

re][erreJ AecaUSe AIn éf A wv

3,20’ around a colliscon /Dai'ﬂ?l oA Q"

(a) ATLAS magnetic configuration

- HOW To CHOOSE THE LAYoOoT

* We wust ose & small space  (short L)
e We woust Use & lovt? track lemjh with a smaller B =— foro/dal

— OVERALL MOMENTUM

RESOLUTION

n, %) ey

momentum resolutior

@
8

20+

/_ ap) |reck
P lerror

100 200
momentum, p [GeVic]

300

Tx

(b) Momentum measurement with 2 mag-
netic fields

with & lawe B — solenoios)



PARTICLE IDENTIFICATION| : i.e determine dhe mass of o particle

- Most rvelevant techuiques:

— dEJx meawremeMS

- Time of Flighl messurements

— ChevenlKov ejgfecf - based detectors
— Absorbtion of héc[mns

|ENERGY L0S5 MEASURENENTS |

- The Bethe-Blech corve as 2 fonction of P & no more universal : ¥ depends on 1he
+1Pe of partie. Heasor(ma & peint (f,gf) we can pstform & Py

- N.B. Stce the cre & ot linear they con boe fkesev(\‘ degeunevste foin‘ls — PID A\'fffcu”‘
Moreover the tntvinsic Aucluation of 5’; have fo be talken into accovnt.

03

L KT 4cm ArBCH,

(80:20)
p=50GeV/c
¥ K&u ]
o1/ ]
2 3

01 1.0 10 100 . - . energy loss, AE [keV]
gy x ont y 1 the
momentum, p [GeV/c]

F

Figure 6.1: 4£ normalized to
of the particles. Different curves for the

« Tu qas defecor we have vsrious cells . Fach cell with a svena] due fo s/osrh‘c{e can be used
to ineasuve the # of = released 67 the particle in tha cell . They aye sobject s Risson
]Cluc(uah‘oh (clue to Caum,‘ffmz) and o landao fluc‘('u&‘(%on.

Usually a trumcated mean al«aoV‘HVlWL is ued fo boild aneslimalor of AE. (revnoviv\a the
sam\)\e with (I\{%hes{ d%x — Letler eﬁ/{maf{an)

- EXANPLE : Allce exrerzvnew’r

7556 —— L if estimated caunffng 1he ion. ¢ losters Nein some
600 P@7T cell of Z,@s detecTor . Zf the detfector signa/
& 500 anmr[HuJe is prop. fo # ion. closters  ({hrouqh +he
% :zz - oo il 3st’vwdue G)/ the valve of AE that cell cau be
£ 200 \ ' oblsined . as:

100 | bDE = G- N,

3 2 4 ibo A2 |8
Ry e By eslimating The poth length of the chorged
Figure 6.4: Signal from the ALICE TPC as a function of the rigidity. p&n‘ic(e fyd J@c{or}/ i the cell © B2 Leol)

— dE | AE

_ dx = Lcelf
TINE OF FLIGHT

. Usosl\7 itis used a scinlillator becsose it is fast . Heayuriwa The arrival fime of a s;.'?na) +, and l?fSoHrad:‘w&

the collision evend dime 4o i is Po.ssi\:\e 4 messure the To® of +he P&rffcler

.US[M? : (S t -4, = L_ o A0 L(i ’i) = %(\IP.;:M} T lF\:M‘Z)

A is /oassc‘b/e fo a//s//‘mgu,(sh z/oavh’c les with same P



particle delay ADC
counter gate D
stop Q
’|’p _______ start

Figure 6.6: Scheme of a time of flight measurement with the DAQ chain.

« If a¢ t=1he fime vesolution the sa,oava‘hom Fowerls qu-—‘—f_i We csn v /7
fo o’ua'/!t/l?u,tsl’l different Parfrc/es :
s 4
as |
L
& 25 f
£ 2F
% 1.5:
05 |
nl'l
momentum (GeV/c)
| CHERENKOV DETECTCRS
 RECAP
wax
h C) 4 . 4 6c For ‘3=
* T reslncl cffect /B > r —> EmisSion o/ X at cos6. = F—“’
rar 6‘ <0 on ?:
e un }or lr7um’ and solid IS 14<nc2s sl
n for Goses goes like n=h-% ~ P11 (or ww §t4)
8 2 “
medium n O (B=1) Ny (eVTem™)
air 1.000283 1.36 0.208
d US@fU/ re/afion,s 1 isobutanc 1.00127  2.89 0.941
4— i i ‘water 1.33 41.2 160.8
+ S f Ve = Al quartz  1.46 467 196.4
Pt dilrey G D
Medi 5=n-1
= For taases we c)efme S=n-4 heeiiu'rl’:}m 3.3210’5 1?3
co 4.3x10% 34
b Ptle = ——= — R=mEY:= m beet _m_ H,0 0.33 1.52
\]S (5t2) \IS(Srz) \z§ glass 0.46-0.75 1.37-1.22
» Chevenov l(qh’( yeald
4 {
4 tans e blue—ov
- ﬂ = o7l 2t n’O. Ar-dy i te N~ 480 sin?o. (cm™)
dx i Mo Xy 350—550 m dx

1 ho.aF;vj( cle

RING CHERENKOV DETECTOR PID
—De+e_c+€m3 1he am%\e at which the cherenlhov lfgr(nf
do & PID

1{
ces =

i AR
— M= P-V)-COSQC

¥

is ?rodUced we can

o= | 'l RingImaging CHerenkov (RICH)




o CHERENKOV THRESHOLD COUNTERS P)D

. Usima The Fhreshold condition /§>hi we €an
discriminate Far‘lic(&s witlh ssme momenom

FU#I‘W? a series of Cherenlfov covnters with
ffeveal matevial ( differenl n)

Aerogel Neopentan Ar-Ne
n=1.025 1.0017 1.000135

e Exa m!o/e‘l g DIRC (De‘{ec'(‘c*r of Iw/ernal/y Qef(ec‘fec’ Cheren Kov ((a(ﬂ‘})

Syadlhefic sfuufi‘ as cadialer | L"f infernal reflection {raps o qeod fyaction of
ChecenKov [ight . This con be understood (ompavc‘na, B’ aces (n%) with +he AV\%[Q
of internal ref/e,c.-?’/bl? @y = arcsin (%;)

— Hu/-/('/nle re///ec'l[r'ons can fro/DQ?d{e ﬁne //?[t'f fo the end of 'I%e kaclia‘ﬁor
(iJr (s w@th'wa as a /t'?lr/ ?(Lfa[e) .

Ml end of the bsrs ther is H:0 with ny ~ ny.

= T’fte cherenKov Y are Yhen imaaeé to a surfaced covered by PHTs.

g = T T T T
i ~PMT + Base B
Detector Y -11.000 Z085 [ BABAR
Surface 4 s St
/ Purified Water @ RN i
17.25 mm Thickness /- Light 3
(35.00 mm Width) Catcher \
P Tk Bar Box \
Trajectory L’
Wedge
x ht PMT Surface—"

-
N\ Window ,~ Standoff Box =

4.90m I 91, H10m0 117m - Momentnm  (GeVic)

4x1.225m
Synthetic Fused Silica
Bars glued end-to-end

Plan View

- Examﬁlez :  CEDBR (CERNB

-
Daghragm

I If the beam has very ‘m’ah euewa,\, and a 3“ s used as radiator
8 lon dh  I5 wneeded Thérefor? we coan use mirrors fo have /an?er B

/1'9 hi /aafhs 2

Figure 6.17: Drawing of the CEDAR (Cerenkov Differential Counters with
Achromatic Ring Focus) Cherenkov light detection apparatus.
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PROTO - DETECTORS

| SCINTILATOR

— How s made:

+ &iwh‘[laﬁ'w% material i
+ [ight quide Scin‘ril\a‘\tm% Light <SS S :|
+ Phofo o CP“T ) materia\ ‘gfufcde 2 2 L 7/

- How does it worlk -

1) A particle excites the scindillator melecwles

2) /JZH s fransferred to the PNT where it is convered in ]Dhofoekcfrans
which ate am’b):‘fieo/ throvgh a dynodes asscsde

3) Corent siamﬂ/ 57 am/o//'/[fec/ electrons

o |SCINTILLATING MATERIAL| : lominous uaterial :
Flooresceuse (fast #0ns),
- Basic properties Fhos,ooharcme (slower)

1. Tt shovld convert the Eyu of +he Clqew&ed Fadi:\é into detectable \-}3\:& with M‘\a\/\
scidi\\aiton efficiency

2. Jinear conversion : ‘iah‘( yield o deposited enery

3. Mediom sheold be transpavent fo the wave/ew?m of its own emisston

4. Shert decay time of the induced lvminescence — fost pulse 8ewem1ed

S. Geod optical quslily material

€. Index of vefraction unear w1.s (g\ass) fo pecmit efficient c@u’al(mna of the

.S’cim'{((/a'/fah /I'ZM‘ fo a Fbafamv/{//o/iek fube or other /1?hf sensor.

= Light yield

There cen be differen! fime-scale for different emission
-t - f e totale

N(t)= Nfe_r‘ + Nee %

Absorption “decay of the excitation”
(very fast, Fast (1-10 ns)
100 ps) “Slow (100ns — ps)

= Tempo

-~ 2 CATEGORIES

» OoRGANIlc ( Inydrocarbons) -sizeable  amount of ((3Wr , fast, easy To be handld (plastic)
Scindillation  mechonism * ’/Va nsifion 19;91/weem yno/ew/ar or otamic en. loeb

> ZNORGAN|C ¢ lof of //ghf , usva(ly slower , cvystals
Scinlillafion mechanism : driven by the bond strvctore



s ORGANIC SCINTILLATIRS

- EMISS5/0N WAYS

Molecular states

singlet states . & &
s, = —_ Scintillation is based on
Mo s " wmas  the 2 m electrons of the
C-C bonds
Sa tnplet states
. "o 0 et
0.15 e¥
| )
‘hoschorescence
oY eree C
4 6V <
S forompt} {—"">  Emitted light is in the UV
N range

— WAVELENGTH SHIF7/ING @

General Technical Data —

Base Polyvinyltoluene
Density (g/cc) 1,032 glec
Refractive Index 158

Expansion Coefficient (per’C,<67°C): 7.8X10°
Softening Point 70°C

Vapor Pressure ...... May be used in vacuum

Solubility
solvents, chlorinated solvents, acetone, etc.
Unaffected by water, dilute acids, lower
alcohols, alkalis and pure silicone fluids or
grease

Soluble in aromatic

Light Output At +60°C = 95% of that
at+20°C. Independent of temperature from
-60°C t0 +20°C

1) Padide excifation : molecules excited (bath eled @iic
and vibrational  model)

< 10 ps ~ o emission (M\ema\

2) Singlet decay
U L)

c\e%rac\a-\tm)

3)j/uoreswl/lct : Site Seo  (1-10ns)
4) phesphovescence : Tz 1o Se  (100us) . nb.Trip lef state
acceséble via infernal o:(etavac\a‘\?on

we can  Shift the em sscon wave/en?/h a/a/v/'ng Jhe

scintillator
P Ex. pelimeric material (pelystivene) can be deped with flvors

Primary  Secondary

ﬂuol[ 1 fluor Final fluor

VAN

Polystyrene

emissions

absorptions

200 300 400 500 600
wavelength (nm)

- NoN LINEARITY  (and satoration)

[ Polystyrene (PST) |
Density [g/lem?] 1.06
Refractive index 1.06
Absorption coefficient [cm™"] 0.01-0.003
Softening temperature [K] 355-360
Hygroscopic no
Wavelength of emission maximum [nm] 430
Light output [% of anthracene] 56 "
H/C ratio 1.0 rid
Decay time [ns] 2-3

dL/dx

dE/dx

Organic scintillators

= 100 MeV cm? ¢!

/uce emessa per unita di lunghezza

- dr _ A.dE/dx

dx 1+ ky - d%x

Name density refractive typical A time const. Relative LY Relative LY
[g/cm®]  index [nm] [ns] to anthracene to Nal(Tl)

naphthalene 1.15 1.58 | 348 1 1 0.800 monocrist

anthracene 1.25 1.59 | 448 30-32 100 0.714 monocrist 05

NE 102 A 1.032 1.58 | 425 25 65 1.105 Er

NE 104 1.032 1.58 | 405 1.8 68 1.100 E

NE 110 1.032 1.58 | 437 3.3 60 1.105 Er

BC 412 1.032 1.58 | 434 33 60 1.104 | B

BC 414 1.032 1.58 | 392 1.8 68 1.110 | Bicron

BC 416 1.032 1.58 | 434 4.0 50 1110 | B




- INORGANIC SCINTILLATORS

- ENISSION WAYS -
a) Delocatzsd boning - N - G 5*&/ caun Canfa/ﬂ /‘mlourl"//u D e. aJoWr'ona/ level in #he &wa‘;&f
f— 1he so called Acrwarors ceniers

=« Actvation ceter excted states Excilation jndveced by the passage of a pariice could lead to:
. & .

D

Activation center ground state

7 3) e can  jomp o the conduction band lesving a hole tn the
vmew va lence ‘;in ' ’

S b) one of the e from the acfivation center could come to +he hole
=F s ’eé\w‘m a hole in the aclivation cenfer.

’ (w-cown) |,) the e in the cond. band jump dewn to the nearest activadion c.
; ) Jomg

I e €) this lrst e can Jomp to the activation c. below aud emit a scintilladion y.

- LIGHT _SsPECTRUH

T
R R REE]

PMT SPECTRAL SENSITIVITY (Rel. Units)
SPECTRAL INTENSITY (Rel Units)

°
s
7|
B
s
4
3|
2|

1
3

WAVELENGTH (nm)
Figure 8.7 The emission spectra of several common inorganic scintilla-
tors. Also shown are the response curves for two widely used photocath-
odes. (Primarily from Scintillati phor Catalog, The Harshaw
Chemical Company. The emission spectrum for BGO is from Ref. 72.)

- LICHT YIELD V.S. TENPERATURE

Nai(T)) (From Harshaw catalog)

g

40F csi(Ty

Relative light output-percent
o
=3
T

L N L n L
-100 -60 -20 0 20 60 100 140
Crystal temperature -degrees centigrade

A list of inorganic scintillators

Name density refractive typical A time const. Relative LY Absolute LY
[g/cm?] index [nm] [us] to Nal(Tl)
Nal 3.67 1.78 303 0.06 190
Nal(Tl) 3.67 1.85 a10 0.25 100 a80K 4x104
Csl 4.51 1.80 310 0.01 6 as80K
Csi(Tl 4.51 1.80 565 1.0 45 a80K 1.1x104
SLil(Eu 4.06 1.96 470-485 1.4 35 a8s0K 1.4x10
BaF 4.88 1.49 190/220 0.0006 5 6.5x103
310 0.63 15 2x103
7.13 ‘ 2.15 480 0.30 10 2.8x103
y 8.28 ‘ 1182 - 440,530 0.1 100
LAr 1.4 1.29 120-170 0.005/0.860 a 170 nm
LKr 2.41 1.40 120-170 0.002/0.085 a 170 nm

LXe 3.06 1.60 120-170 0.003/0.022 a 170 nm 4x104




e NOBLE GAS Sc/NTILLATORS

Noble gas and liquid

E 10 [t; T T T T
0 w1 ! -
<10 Er T W*W T Recombination time is 45 ns
el A M ™.
de-excitation and = E i ;/
excited dissociation S
molecule Y rd o my LA
excitation /&\ @ AN\N\P vsefol forPp =
( Ebz 1 "
ad 2 % 0 %026 46 80 80 100 12 140
e R T uv )

@ collision AN @ 130nm (Ar)
~ with g.s. \ 150nm (Kr) Triplet states excited by larger dE/dx

\\\‘ a atoms ~ 175 (X ) (delayed fluorescence)
ionizati 3 g : nm (Xe
= ®—ED — 6P

ionized /
molecule /recombination
o

o SCINTILLATIONY EF‘F/Z/EN(IV h Prn’ce fo /oa7 7 froc/Uce one carr/'ebof r’m]érma‘}ion

Camalogaus 0/[ w for ?aSD

INORGANIC : fo create a) we need an e-h poIr: we need fo pey Edf’ ~ Q0eV (in Nd('l'i))
(Tn Nel(Ti) ~427 of Edep /s converfed ints /igh?‘ - E,y’i’.?ev)

QRGANIC 400 eV per fha?‘o}’l

LIGHT GUIDE

- Rem. scindillation /I? hiis emitted I'sgfrgg/'za//y ([keren/{av //'2[17‘ is emitled m a

precise direction).

= The [iaht collection needs to be maximized
- The /r'ahv‘ can go c//mcf/y fo The /ho/o sensor oF can be Vgut‘a’eo/ /éray;/z Fhe

‘nternal kef/ec{ian plrocess :
vy
ho y-l
7 6o, P>

- the light guide most mechanically match the size of the lahafoswwar (ko air in between , ux
DF“HcaI %lue or ?rease)

/fmale fér internal re//e:/ion ;B = sresin (ﬁ*)

o

“fish tail™

- Examg/fj -

Transparent, not scintillating
(but they produce Cherenkov light!)




SCINTILLATING F(BERS

. TAey are at the seame +ime either scintillator snd I H « idle
. Can be very small (zo0oum diamefer)  (reund or%uared?

« The fraction of solid am;/e is egual fo 1he maximal theoretias| fraction of //'3h1‘ af one end

n,
4’=¢< ¢
4 f | |4 | & € 1. dol | 4 _ 4 o C n.
T "o |9 s = d = 2_(4-“50:) = z_a sin o) = 2 (3-12) R
zQ ©

e CLADDING : external material "o /ord’ez‘/ the internal sn'nfr‘//a/fw? covre

light transport by total

typ. 25um internal reflection
cladding :
(PMMA) ¢
n=1.49 ‘l
polystyrene - - — |
n=1.59
N a
typically <1 mm n; '
&> arcsin 22 = 69.6° aQ —3.19, inone direction
ar
minimize Ngaq4inq
Ideal: air (n=1), but impossible due to surface

imperfections

* NMULTI- CLADDING

. cladding
multi-clad fibres (PMMA)
n=1.49

for improved

25 pm

aperture
core
d< 5 30 polystyrene
e o
; fluorinated

and absorption uter cladding
length: 2>10 m n=1.42
< 25 um

for visible light

* LIGHT PROPAGATI/ION

C Am/ mperfections af the core- cladding inferface mey distorb fhe fotal internal reflection
— Some of the scindillstion //‘?hf may be reabsorbed n the fiber due fo overlap of 1he emission and

dbsarbtion bands of fhe fluorescent species
- R&}//e/ h scaflerine from small density Flvelvations in 1he core can deflect on opfresl rsy 7hat is ndt

/ohaer 7‘07‘@//7 mfema//y ref/ecfec/

— aflenvation /fwgfh L (depends on 1) LodOem-foum — 7 =Z.e

Hence fo Jhe PH7T are arriv/‘n? Sfew féa¥0n5

e TRACAING WITH FIBERS

/f\/\\\/ Y~

) /( /' geometrie planari =3

(end cap)

- Fine ?mnu/ar,;ly
i lOW ma ss

-| Fast s:ana/ (ns) = =
- Cen ba ads P ted '/g Variovs 3% wetr '7 i with i scmlata: (e Portont and warsliot By 7o
geomeme circolari

(barrel)




DETECT PHOTOWNS

« Goal : convert .fi(qu/LT info_an electric 5/;?:/:.9/ 15_'— 49 : ::_» IJ

* Remember that 1he light wave/emi-fh o range From ov fo RED T — | —.
* The frick is usiwa the ,Dhafoe/ec‘fr/‘c éy‘fécf. Aowd
- QUANTUN EFFICIENCY @ abilily 7o convert photon in & defectable electron
PMT - PHOTONULTIPLIER TUBE

- HOW DOES IT WORK?  The a/mees are Keplat Az;her aund
: hfj her va/faJ¢$

h ‘} o Incoming Photomultiplier Tube K ' JQA
F olp- gensei/lve Photony 0w ?i[ -UF Sigqnal , roun
material ot a — Q?.%?\e VAL 1 Anodff/ L d

Vleaa-f ive IDoILeM/fia/
e vacovm Fub
the emitled fho?:/ecv‘ran )
oes inlo & collection field Focusing
and it accelerated (~100eV) and
Socused onthe 45t dinode wheve

theve is a aecovwlavy emission :f

\’Ioltage E)roppiné
Resistors

N()Hipliraﬂovt -51&52 : oneaach
Jymadeﬁrfher sewna/ary emissions
fake f[aze —> dvalanches

Figure 1
Power Supply

électrons

e PHOTO - CATHODE

- T# /DVocz/Uce.S dn e’from 1) 3/ via fho?’oe/ecfn'c ejfjfed
"Ad'ua\\\{ 3 .s‘fe')s :

1) The molecole/atom is ionized (via pheloelectric effect)
2) A very small Kinedic cnergy e should Find its wy eut of 1he material
3) Escafze info The vacoom of {he PHT fobe

Semitransparent photocathode

i o wmust be 7uHe thin  otherwise e~ just lose it= Kinetic
I emeray inthe material . For this veason is betler to
Use semicondvetors Since the active region an be few 20am
- o however if it's very thin is also transparent to the pholon
(because he thickuness can be v abs lewgth ) — no Y Svserbir

Tyfrca “7 : [EU ~ 3el/ (metals)  (semiconduchs

y Wor K funch’m P 3-4eV [/ 4SeV

TL\Q e~ :ouu Le slso
'('\’Aﬁwd |o\’ e'aj]','m"ly

Eo i [ Prdon e\nEWaV has to be suffictent 1o br:'c/ae +he
EAapp > 0 EAT band gop Eq but also o overcome the electron
Ec Y | Won>E affini/y Ey , so thatl the electron <wn be released
E infe the vacvum.
t( _- |Fo
EF - —— =
Ev \ Low werk Joaction (a5 for semrconductors) means

a  \ thermeionie enlission (ex‘poVJen'/i&/ with {‘em,:eva‘}uré



— THERNg 1onic EHissioN  ( PNT NOISE contribution)

» the fhmlacafao/e con emit e jfor theomal Fluclvations —s noisel
—w
» corent thermeionic Jewu‘}y-‘ JT=ATe Ac=124-10° A2 YT =75 ey

KZ

— PNT WINDOW

» Dholocathode mustbe in vacoum —s there must be @ window 7o hold +he
a cuumn

» The window must be ﬁraw.spamnf to 1he /'?hf fhat goes ihrw?h it — usoally
lass or befley, fused silica. Of coursethere is o minimon ewergy onder whirch

it (5 no more frdwsloarenf

" {Philips Phatonic)

Spectrost ™
203
when
W glass o imo
. AR I
) 20 300

Transmission

of various
Cutoff

] Due to the o

| glass window  §

100

PM windows LEE

80
not shown:

MgF,: cut @115 nm

LilF:  cut @105 nm

L
)
ol
150
agnm)

— QUANTUH EFE(CIENCY

| ] A\oove some q;-luo/f eV\eh?jy one FhoJfO-e(edron hes a chance +o exit
the csthode - This chance c‘e?e\ncls op the energy of flno“"on .

» An empiric definition of overall efficiency for This detection is :
(de/uewds on )

F# ,Dho?‘oe/ecfmns
# fn(fo/eVl‘f fho?"ohs

Quantum efficiency (E) =

—=JcsTe

(solar] |\ ,T,,,,min.,.//\,\. =

a
- Hbling]

P Radiait | canaidivitly bsl=| I| «— emitled ¢~ currend [A] : ]foraaivemk: S= XQF
i PR) e—+ (peidend power of { 2140

« DYNODES

- MULT(PLICATION : one electron exlracts move Hthan one electron From 1he o’ynoc/e

g¥ T T T T T 171
Low kin energy c 40
Few sec electrons from £ 10
the surface

H
3
5
z 2| High kinetic energy

";; _| Several secondaries but deeper in the

bulk of the dynodes

10|

0 100 200 300 400 500 600 700 800
Primary electron energy—eV.

Figure 9.3 Variation of the secondary emission yield with primary electron energy for standard
dynode materials (lower three curves) and an NEA material [GaP(Cs)]. (From Krall et al.%)

- NEGATIVE e~ AFFINITY

» Dymades wade with NEA wmaterials  (oxydes)
9 More & per stage and Wence less dynodes for the same ampl.
2) Kinetie epergy oiste. less spread ot (less wacistion inthe trnsit fime)



- VOLTAGE DIVIDERS & GAIN UNCERTAINTY

Voltage divider for dynodes

overall gain = a8V

Relative error on the gain

# of incident p.e
\

The first stage
fluctuation are
the most important

av|
Ed

1 1 1 1 1
—tS ot E—
5 8 8 N 5-1

20-30% gain fluctuation are
common

e PMT EQUIVALENT RC CIRCUIT

PHOTOCATHODE

ANODE g'ST'\';JT - | R . T
= § > g
col
=t
z)=CNeps| |
s
TYPIcAL PNT ANoDE PULSE
= Typ/'ca( wavajorm properf'ies
v
WAVEFORM
baselin - b
° < Charge: integral over time
E Puise width .4 :H:V{'
1y Aa=2 L ®
At

Fig.20 Anode pulse response of a fast-response PMT.
Vertical scale, 100 mV/div Horizontal scale, 5 ns/div.

- T/ming

No. of secondaries in photoslectron squivalents

2 of the secondary electron yield from the first d
umber of incident photoelectrons. Two cases
odes (b = 5) and NEA materials (5 = 25).

R = auodic resistauce @ load rescsteuce (So)
€ = capacitance
T=Rc , T :sialllsfion time

~gtee e e

-t
_C_’V_Qi— f 4 T T=Cs
Zsl

- For the sranal Fit:

+ <A
_t-e —¢-cC
A(e T, —_p T

vy =127

) t2a

with A,c, T 3 Faraw\e‘xers and T= Re,

B : bateline

per forma nces : transit flme (.spresé)

[

Exponential //'3111‘ /ou/se

[IaSSiCa( /lah'{ fylse wh‘/{.

— FWHM ~ 4 ns -1ons

Classical ﬁ?h?‘fu/se with 7>

T<c Tg



e LED LIGHT MEASURENENT

e We shine //'3h71 or & PNT us:‘n9 a Lep (mimic scint //3&1)
qulardum eff.
+ Charge of the PNT pulse ! |9 =6:@E-N +9e

S it ix
- 88888838

?
aam

« Floctvation of the chavsa : = G'{é?E)z-N+ [l S S

 POS(TIoN RECONSTRUCT/ON IN A Sc/NTILLATING BAR _wiTH 2 PMTs

~ NETHO0O 4 e
Vejf © effec’{i(/c light y;/gc,‘{/ A4S EM
h g v
[P} —"— FT] 7 sterting fime

to=T+ & , b

VA, Veg h = Vesr f'.; t + const
=T+ Sy Loh 4y,
YA, Vegr

- METHOD 2 : charge omloa(ancg
——— e

= / Ey: ener < clef)osi‘feo[ bl/ ery
@ b E QE: c,u,agu’wm efficiency
< /L l £ encrgy deposited per light pholon

created in scintillator
ot ¢ afleuvation //'?Ln‘ coefficient

B e e (]

— |x= iln(a)

Eis = %-c}cpl——(x (_li' —1)]

.SUHN,AR\/ OF PRODUCTION AND SI6NAL PROCESS

PULSE SHAPING ANALOG TO DIGITAL DIGITAL
SCINTILLATOR PHOTOCATHODE EAbESFTESgH CONVERSION DATA BUS
A d NN | — > = >
AN | — v_
INCIDENT LIGHT  ELECTRONS ELECTRICAL charge in pulse pulse height
RADIATION SIGNAL « abs. energy « absorbed energy
|~— PHOTOMULTIPLIER —»{
number of photons number of photoelectrons charge in pulse

« absorbed energy « absorbed energy x« abs. energy



SENICONDUCTORS ERE
AS e
« SEMIcONDUCTORS : A sewmicondvclor i3 a syslem where T have The valence band N E T e
covnP(de‘t/ fl'“ ;8 the condvction Land CQmF\de_ly evnP+k( e {5‘5;. 7‘2
at =0 and such that &t T>o there is a promotion and  so conduclion . 4;:'” so;m s.;:
(see CM-notes ) s | o | S
- INTRINSIC SEMICONDUCTERS @ - t ¢ inthe conduction band = # holes in the valence bond
— n. M =P(T) =Ny
— ~Pp.Ess Ny =240"m® (53)
— Ny = ‘l”t Roe 'B—z’-ﬂ 8t T=20¢ {n:__i:,,“M g&)

- condvction is /ooss[b/e only between +he valence and
‘Hae calnc/ac//om band

-~ EXTRINS | SEHICONDUCTORS : aé/?ea/ sem/'conJUcfors

e DOPING : is a trick ta maKke easier +he conduction a—
Feote n o 2o
hole
\3,,\2?,{%:/ kO s =3 S

B

-n- cJOEiV).% e Crem‘in? 8N excess of & fhrouah the itnsert of o donor

material (with more valene €) — =, P

impurit
impurity P ¥

0 exs‘m?\e: Si (4 valenee ) + P (S valena e’) @ e e

= E—Jozimz: V- crea"i\nod an excess of hole 1%&’00311 H\e m sert of an accelofor
materia) (with less valence e )
- example: Si (4valence €) v BorAl

- p-n_ junction

- What is it: JUVIC'HOV\ between o F-AoPeA piece and —
a Yl—do)oed Ffece Sieate iy o s

Electron Energy

- What ha?Pths: Free chav?ss are moving to the other side b
of the J‘ov/tc((on IEavim% behind the dopam‘ atoms

with their stofic charge
» donor ions ave positive (1hey have lost the electron)on fhe n side
b accepfor ions are uo;m‘ive (they bave lost the hole) on the p side

- Depletion region region aroond the jonction tntecfsce , majority of fharﬁe cawriers are her
’ 0

eNp o< AL Xn

ppomion T — P ={

[l -eNa - Apizco
vl v :’h- L c)7V =-f(x) . dv _ {—QTN"XfCh o< x<cXy
—— dx? £ i B
) eNAX-rCr —Xp <x <O

g



SEM\CONTNCTOR DETECTORS

® PROs : — Dense, compact — e resolvton
- Good euer ’ resolstion (/or Si the e-h cos1 is ~3.6eV)

—Re‘sffve(c{ /ds'f' : >40 ns

® CONs © - Conmot cover large sovface (teo expensive)
__ Sul,J~ec+ o radiation Aa\maae ( cr:{sfa( (aHice dislocation)

e PHOTO D\ODE

- What ts M+ - it is & semiconductor diode sensctive fo )phofom radia{ien
Zf produces an electrical correaf ‘f it dbsorbs the /Dkai'a/b.
(net for single photon : very noisy)

cathode

=
— How ss “ made PIN : p-n \)'umdion ateoctore with (0n3 intfrinsce Veafan L h
- How does it woeh . if the photon has E>Egp ond it is sbsorbed in .
e the c/e/;Ie tion r&jion it forms an  e-h pair. The hole ol /
. moves fowsed fhe onode aud the e toward the cathode L
\ thanks fo T belween the doner side (+cha|r3¢) and the Q.E|~8304| Gry

AccePTov sole (- c‘wv?n)

- SPECTRAL RESPOXSE

- Avacancke Po (APD)

~ Whast is it : & pholodiode which , vsing fhe avalanche cffect provides au hr’gh
gain effect fo the indvced  photo current

a How is it made: P-i stroctore  or PIPN strvctore
- How does i+ work : /71 is a/o[/,‘ea/ an high /oa/sri?m‘('on volfaae Which induces an
e

svalanche affer the formstion of The eh pair
o K T e P Vo ~ g00-200 \  : |inear behaviouv : amPl{-l-uJe < # Y
AT; | o ®» Vo 2300V : Geiaer weode ie, wo liwear(’i\/ anywore:; amf/,'/ua/:ucoysi-

(M.b. Gain is very seusifive fo Vo/fa?e stability sud Jempeko?‘w’@)

- HYBRID PO (HPD)

- How (s it wade - f\no‘\'oca*tede + pe. acelerstion + silicon detector (P\nc‘ko\(oc\eﬁ

~ How dees & worli: the fho'/oas'/hmfe abserbs ay awd produces pe’ . The pe is acelerated
with an exfernal E field . The /Dhafac/fo«/e detects The csmfe/es’tas‘feo),ﬁe7

éwv

oing NP T waowy A
s 2 ] _  eAY >
\ G (o] Mev s. 103

ITTTTTITTTITTTITTT

PD or APDZiheon



Single photon detection ***
with high resolution

- PRO : .Sm%\e pe. detection with [/u't;h resglufc'on i 7 50001 E;au

— SILICON PHaTO NULTIPLIER  (SiPM)

- How is if wmade : watrix (4x4 mm?) of small APDs (10x10um?)

wovkl‘ma in Geiger mode.
- How does it work : the malrix is a g

\'a{-}ai counler : the App ama}o?
sf?wal is used on)y to ?euera{e ON[fOFF informalon .
Photons are covnted by covnding how Mny APD are ON.

- PROs - f'n'gh ¢ fficiency To see each sing le photon [ low gain flectuston ,; con sustain hh}fn
rate ; very ?ood +iwxiv\e) per formance .

* STRIP SENSORS

= Chart)es are Froc\\sced and moving in the Ao_f:[e:ﬁon re%fon
(a tonization chamber)

A

- Electrodes are vealized with Im'%hlc/ dotzed Si (lar%er dOPM%,
(ar?)er conduct: Vl’{y)

- Indvced charge on the sfrips bu

lds op  the Fgnal ey clos
am Pl{jter is needed.

- APPLICATION ©OF STRIP SENGORS : Sitlcory BASED VERTEX TRACKER

» VERTEX : Po'w\'\' wm Sfﬁce where  a %rouP of /Dar'{'l'c(es come from . There can be mu/ﬁ‘ple
vertexes in one collision event. There is one moin vertex (colliscon point) in one

collision event . There csn ke Vnu/f:',o/e moHiF/e collision evends with multiple

cellision vertexes (LHC).

> How is it made - The beam ipe s tnside /
partices are co//[dx'(ng cnthe center,

Sirips e mea &\omb z and
a(on% ¢

Several coaxial (aycrs

e PIXEL SENSORS Babarsil

- 2D m&','rt'ccf of Si sensors —3D yes : 10'10/«,(072

detector
- electronics [ocated conder the sewnsors N =
~ = 7o
- Siin ) dna 8 AL
9 I e P IXE / n / y (< a:’o:ga:’o:'a/aa 4 7

INCIDENT DETECTOR AMPLIFIER

\ electronics
RADIATION i
s,
- bump bonds Y (SRR
1 - L7 Z 777
AN ®0 | E I LT L L L L
! y vy i

e DARU CURRENT

- Electrons csn 9° infe the conduction band by therma| floctostion

— =2_
—_ F(—r): CT?/Ze 2T



INDUCED CcHARGE AND CURRENT

- Concept of induced corrent on electrode K -

- rate o fchanee of electrostatic flix enthe =lectrode surface (not the
collection of charge by the electrode)

- requives +o cmmf)u*e the Total Sield F (xy,2¢t) (dve fo bias vo/faaes/ fz‘)rea/s/oace chsr?e,
and wmoving charaes) at every fime instonl , fhe inlegral of fhe Flox on electrode surfar.

« RAMO's THEORE M

- The Chav?e 9a (o nd cyrrent Zs) induced on an clectrode -
A BY a movima Joo)'l/l‘} cloav?e 714/1'7‘[4 Ve/oc/"/y v Ts ; %
3 iven Ly %/

“qVw ) = -qu B &) Vy () >
wheve Vw (x) s the we(ahﬁima otentia) at Fo)‘vrl-,\f j cal his
le. ‘H’Ie /Dofen%ial oéf& ined in -:LEe Fo;‘n*/-x/ where 7”49 s o SCatiebi

is located , in an alernative setting : all the electrodes V=0 ?

other than A are set to grouvnd and the potewtial of A
is sel 1o 1he vnid valve.

- N.B, Charae 9 s mov/na with Ve/ow‘fy 7 vader the real EfielJ due to all electrodes V.
Proof -

-We veed fo vse the Greencs /'c/ewfr'f;/ yvlvzv' IVVZV': JV'jTVdS—jV%dS
¥ v v pY,

Con fiquration ¢ Confisuratfion 2
v v

VA=\/3=V¢ “Vp=Vez =0 V/l(‘i Vel-: Vcl-‘\/o(=V;_:'=VF(=0

vV = -4Tp= 0O

o o
—  (vdl s (v Mys =0 — | vg Mds - (vy Wxas + [vid¥ de - (v, Vads=
an dn dn n dn
'aV aV Zﬁ q ZA A

5 Ve 4T9 +Va4T9 =0 —> kg =-V5q = - V(g  — ciﬁ_vwé»?-e




EXAHPLE: DRIFT TUBE

_. x10°
< 0
- Wr—T— T T T T T T 100
c
4 (1) (pA) Per cent of integral
5 (left-hand scale) (right-hand scale) -
©.0.01
s 150
| P
0.02-
B — e
o 0
o ) w 0
h | 1x10° tns)
-5 0 5 10 15

time [s]

7 want to Cam/om/e the nduced chawae onthe anode . First of all [ef s com})u‘l'e fhe
radial Pos:."/ian of the (on function of fime : rf=0)=a

dt =it> r(t)

\

= 'Uc|=/U.E(r)—)'Ua=°’_V:/4 V. 4 ,\rc/r=/u‘/

i < a \I 4+ Vet
dt l(8) ¥ [n (3)

37 (n (k)

- Typrcal va/ues : Vo= 4KV ~ 10 %s _ gd cm? : d=s50um b= 2cm
i VT TR T T

—> F(H)=4em &> tow~ 10 ns

Thew +the incloced  <verent /s :

ol d9a _ _dVw 5 - _ dV dr: =-£,VUiqg="9E, U5 E
ST ar ! dar dt | T

@A _ AN A\ - e T4 A 4 |z, -4 4
N T r)(ln(%)\f)'u o OM(:?-))'] T

=l 4+ £ 1+ L

Floati ng stri o] silicon sensors Example 2: Double-Sided Strip Detector v Induced current (charge) in microstrips
The strip pitch is assumed to be small compared to the thickness. ov
p—
The electric field is similar to a parallel-plate geometry, except in the [
immediate vicinity of the strips. |
The signal weighting potential, however is very different.
Weighting potential o
map of sensing d
electrode |
T charge
ov 3
W At LA ! __moving away
gL / from
—t i electrode
Q=0 o
if measurement time

Weighting potential for a 300 um thick strip detector with strips on a < pulse duration
pitch of 50 um. Only 50 um of depth are shown. > Q#0!



CALORIMETERS

e« The 003l /s fo measare the emf:r?r/
and also #ime aud direction

of a parficle abgorbm? it Totally (fully destudive)

< TYPLS :  HADRONIC CALORINITERS , EM. CALORINITERS

e 2 CLASSES :

=~ SAHPLING CACORIHITERS

» Passive absovLima and active sevnflz'nz matevials

®» Po- G scintillstors ,jenrzation chambers efe.

P Counts uvmber of shower TracUs in the active materials, shower frachs
arce mamlc/ froduce,cl in the passive abswlo.'un? matertalss

— HOMOGENEUS CcALORIMETERS

P Same malerial where the shower is ewlm‘n7 ond shower fracks ave
Ioroo/uc/ma carers g/ :'mﬁrmav‘fon

* ENERGY RESOLUT/ON OF A CALORIMETER

3 : stochagtic term (due to the fad

e Fo: energy fo be defecfell — SE - 3 g b ® ¢ that E. < Np — ("_W)
Depos(fw/ energy £ E E° b * hoise ferm (Vlc'f re/ade 7‘0 5)
Lot v enengy lost ¢ : constsat ferm (im/verfec# calibration
1 ._.-""- Z Z,.... (become veater at

non vuiformily , euetgy lost before the cal.)
— > | caL

« BAsic oF SHoWER TRACKS DETECTION

.Energy a/elposc/ec/ in 4 vrad. Iewa}h; E, = JE) .

= <__ Xo
E.
» Total fescli lengih - Tl 1= ( )-xa
7

on

dx

ZS’& : /emgﬂﬂ necessary fo procuce
e TE _ 4 _ |Lsig . Ve | _| |[F | o] |Flss 1 carvier of info.
; . ’_ l_.
E \n Lrot Es n Lrer F o Fane’s factor (4 for scint
materials, o.4 for Si)

¢ CALORINETER ANGULAR DISTRIBYTION :

d
"y < (X E ds .
o= ZY9E F, (400 s@E)rg oxe = R_Z T.f - R
2 & > E {EL
y = % F¢ (¢,6,F) T ($) :%# T($) = ‘é—‘ > ER L a}ﬁ_ﬁ
E;‘




. €MN8 EcAl ( homogenous)
V)

* How 1& 1T MADE *

More on CMS ECAL

‘l
LT
3 "iu.,,... I

Sumf & Comcdrmmor f

g ¢ Raw response
&

‘Supercystals’
(5x5 crystals)

Barrel
‘Supermodule’

End ‘Dee’
(1700 crystals) (36r‘62c2|?yst:|1)

SANPLING CALORINETERS

Lead tungstate crystals (25x25 mm?)

(76000)
X, =0.89 cm
Ry =2.2cm

Very dense, very compact!

Fast scintillation (80% light within 25 ns)
Blue light, well matched to photo-sensors
BUT

only 70 photons / MeV 11! (lead \‘\?)\M- yletd in
fovor of fast scintillotion)

Calorimeters are

inside the magnet coils

Minimize the material
in front of the ECAL !

CMS ECAL energy resolution

1 GeV particle

Resolution in 3x3 crystals

» Radiation resistance, but light yield depends on the absorbed dose! 4 = o
12} 3pe = —:‘/mzz.’:%
f o __28% o 0425 . Mlpe 9
1} E - JEGen) EGeV)
= 3 " BUT a shower can extend over more than a single
" . G X 08"
Example of calibration: . . E\I [ crystal : Crystal “clusters” (3x3, 5x5,...)
need to follow constantly the light yield changes! N 06f
S [ Some “lateral” losses, add in quadrature 2%
04}
[ * Noise term (b)
Photo-sensors: 02l ~ The APD waveform is sampled at 25 s frequency
2 i <l (pedestal subtraction in each channel)
APD 5x10 mm? (partial coverage!) | CMS ECAL - ;J'r,e::a;:; rr::(;ir:ysl:\aiicr:a:ezeme noise | (for 3x3 b is 120 MeV).
G ~50 0 | S i aal . | ~ BUT APD are noiser and noiser (integrating dose) ( add to b 30 MeV)
QE ~70% 50 100 150 200 250 — BUT there might be pile-up (high luminosity) ( add to b 100 MeV)
E(GeV) + NB: add in quadrature
e Differeat strvctore : — _ _
L
i~
¥ 'a I
MV —<\ s
me
~
)
F&ss?ve malevial - al
Cdensey Py [Fe active waferia

eg sciatillator et

it samplec the shower evolution
ele‘lec“v«a e c(t\araed Paw‘l icles

- (Ar ATLAS CAlLORINETER

p Accordion

9{eemeﬂ'!/

®» How does it UuuorK:

- shower pacticles %ewerﬁed in the Pb layers
— ionization o{ LA
- collection of the charae ((‘ons/e"Jr(f‘f')

» PROs :

- FAS‘I' collect’on 220”)9"7"/

- ko Jead .sl:aces

194000 electronic chaunels

-In-ln‘nsical(y radiation folerant

beller E

resolytion

shower in Pp

ionization

of LAratoms
we Sollect 4he charge




- KLOE scivTiieATING FIBERS t LEAD SANPLING CALORINETER

P Same conceﬁf of ATIAS e lorivmeter
bot withovt noble //'7ur‘a/

b T/ is wmade 5}/ B cheels interleaved with
//bers (Jmm o’iame"er)

z A Tow (K) Density Xo (cm) Ry (cm) Ec (MeV) dE/dx (min) Wi(ev) F

- MORE ON NOBLE ¢L(QUID e e

Argon 18 399 873 1.40 140 9.0 319 an 236 o1
Krypton 36 838 119.9 242 a7 59 16.5 328 184 0.06
Xenon 54 1313 165.1 295 29 52 13 n 156 0.04

P Useful becsuse 7%67 can be vsed for beth scintillotion ond  jonieation

- scidillation : /ar laosi-//'on measuremen T } Both Ioraw'a’e PID

- lonization : for colorimeter measurements (eg. DN devble phase TPc)

-~ HADRONIC SHOWERS AND HADRON(c ¢ ALORIMETERS

» NUCh more COm*P((Ca.l-eA "H(\aw em. Showe"s Anelastic interactions

» Hain com/ooner;fs : pions (but od only)

- charaed pions teinferact
- nevteal pions o’ecay promply T y¢  — em. svbshowers

P Scale lem34l/\ gtven by intevaction Iew;'Hn (|ow%ev than X)) Ny v 35 gem . AS

HADRON I EH

> /\araer [ateral spread  (doe to S‘fmn? intevaction, {ylp/cal E scale
" ~350NeV for rsusverse momentum)

altitude above sea level [km]

- SUMMARY Pig

layer layer
tracking electromagnetic hadronic  muon
system _calorimeter _calorimeter _system
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ELECTRONICS

/ Awalo% siawa\ : 6)5251 iufo am/o/fﬁca'lfoh, 5hafim3 , fransmission...) /i\

e TYPE OF SI&NAL variable amFlHude

\ D:’ah‘a/ .sigma/ ; (us<J inle bt conversion , data s.guiw;) v,

constant amp(:“’ude/ bot variable {(WLQVKA rrrTTTTTTT

TIME

e BASIc AROVUT DIGITAL LOGIC

A [ LI LT ExcLusive A | L
AND . o) :

d )~ LI T 237 > 1 Ln I

OUTPUT IS HIGH WHEN BOTH INPUTS ARE HIGH.

OUTPUT IS HIGH WHEN ANY ONE INPUT IS HIGH.

AL LT
OR
s_[LJLILILILILILIL
B
OUTPUT IS HIGH WHEN ANY INPUT IS HIGH.

When outputs inverted: NAND and NOR

e BASIC MODEL FOR A DETECTOR

detector amplifier V: Qs fesoot feotr

i= Co+ G _’“c |.._ Example

velocity of 9 D W B ii‘ﬂ\‘

charge carriers Equivalent Circuit ‘
t U (e .
®0 Cy rate of induced dq i
charge on sensor at m
l electrodes i GO gl 15"

Q t ! Rl o
signal charge Qs charges moving in detector capacitance
detector induce change discharges into amplifier - ]
of charge on detector
electrodes
| : el

v PULSE SHAPING

. 9 Cow//ic{ing o/;ljecf/‘ves:

) Limi the bondwidth to matda the mea surement “'*I}e
fime —> foo /ar?e bandwidih increases the noise JL _— T

) Contsin +the ,au/sc widlh so that Svccessive 5ia’w6’
Fu/ses con be measuvred without overlap (file-ur)
—> shor? ]oalse durafion increases the allowed 5¢'gual
V'S'(e kuf Qlso Zhe hoijse.

AMPLITUDE

. EXamIDlQ of &.SfW)FIQ Sha/’ﬂ" : CR-R¢

[ the h[a‘n—f)& ss fi/v‘ek setc the c/ulra'('[om O/J'[/ne ulse o have o Je(ay fime Ty
- fhe /aw—Fass Filter Increases fhe rise fime {o /imil the norst band width,

7 Keq c{esiﬂn Faravvne']‘e\r : fnea(/’u'vuzf Jn‘vwe — /t s/ommafes ‘//)e nojse bsnc/«n'a'*é

SENSOR CURRENT INTEGRATOR HIGH-PASSFILTER  LOW-PASS FILTER

“DIFFERENTIATOR “INTEGRATOR"
T Y

I T e RN
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Flash ADC
counter

Vi compars fors
wwwww l encoder /\ /
®
N o—t >_1/3_7 puise comparator contrl
J shvnr ook
R analogue B ™ |
Cer il [ A dotna
> S I — o
o Q
it P
[ oxc

s
®
= - My = start S
g L <| L digitised
L1~ T stop R | | output
e start stop

* WILKINSON it framsfarms C/zarge wlo pom ber Of clock (Time over ﬂzVesllm/d)

W ILKINSON  ADC WI(LKINSON TDc




