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11.2 The electromagnetic cascade

e e et e o T ST .

f an electromagnetic cascade developing in

Fig. 11.1. Cloud chamber photograph o

spaced lead plates. (From Ref. 11.11, with permission.)




T < Eg Mearved Aomxzslion ¢ T < §
E .
= FGOT Il
ZQUFCMQ' frovk lengl a0 2”""'3"9’ Bout
O"(E) T( ot) £ =
-~ @ Jf

Move Cj,o,v\ensﬂﬁ ,..6 Wwe expav\i% vaniana
A (;e«cr Avies

E)= To + @ E+GHET+

2 | 2 L
rE)) O o+ Gt
E e €

a |TE) . & @t oF




{8 _ 2L
E \’% 2 T Connlandt v
- \ | AL onftnTCiong
et clo| net
Shchaitic texm Notse term de,fww( on ww
bR t&AMM " elecfamic. node :V &Zw N
Ao tke Ahotsey ‘ﬂjvl*'oaciim‘? )/C:S\JWW ok .
oke,wlrpmu/d’ pile ~up o gﬂw%'a'

S chaste T,e”“" (Sawp(m?, ﬂvm)

Tu homagentews calovimeres | jnfringic

MM — the veslhion belfey EJ " Gano Fadtey -
S .
’ J/\A So‘w\rirﬁ cadovi M.z;kvx Treve. ove vercohons

b

in TRe Y '-3, d\ﬂ‘f?d pa\\/ﬁ-&u thadt Cwis

< ochve ﬁwfzv& ,
| = Hey
. . -t- ot ‘H\ld._\/\w by
New, —{? / l.NTevs Jﬁ) Xo . |
--{'T




No(se Tevm "

R Elechom‘;f NQ‘\VQ -
o depends on et fedmigpa
Cond veed-aut elechonies

S g»u,a;m,, bareo) /)abr\f)(;? b homa W |

+ Jharge crflecon kc_ﬂ\jv&w y&d&;}%u

— intreons  nth aéeecwea/u‘wa, m%
Keep netde < [6D M@V[dah@i |
_ aweite frm  veedmcad b..o( .A;A(,v-eo/y\}?, /éamP{;n‘
/@KAJ\'OW , dme o Lngreoned M arm plit

ethe,

s




Cowﬁ—avi' 'k""'\

_. &meﬁ‘wn umce_\(t’uvxxfu

i

(vuv‘a,t%»\ i cell- fo-cll C«waws)

mte.

\/av(a_{\m 01C TRL Cp.ﬂaw{:wwj“er i\ae,/dp




Ie 1

PHysics oF  HADRoNIC  SHOWERS

o H’Okoevwxs PNAMQ-e_ Z Cascade oL |
‘Semimé‘ P“‘AT"("J: cﬂ\av?d'ar«d newfral
(P\‘ov\s, nemtrous, on'&rwg ,Qﬁ-

NS oL AnE 5 LpD 038 Ce Vg

@ Move C,ww.rﬁ&x tHhan degﬁbw?,"%c— inel
be amse &L T mabave sfvov?, jnFe racffons

a~d because Tllz,}, ave wp of bt

hodronic OU\A eJec;fYOW%heJ\‘c CamFo\nev\f'I

® — T —> Y —> -elcdwwo-ﬁwﬂk doxads
o for E>1GeV , TRe cross -felias W cm?,
boeakiy o The ene gy and av\"ﬁ*e‘t‘g{x gl
ta i dent Pm'ﬁdé. |
Fr = GA” 5 =30~

o Tn arabqy B X, we Gudefice af
hadreni %Mb’ﬁ% ]e»jW\, .

N A |
}G‘— ff\lg\?.q?m, | o

L ] ard o hodvmic i wkevalon l@»{ﬂ;\
. A ML

AT araw




Material . Z A plgem’] Xolg/em?] A [g/cm?] PY7x
Hydrogen (gas) 1 1.01  0.0899 (g/)) 63 " 50.8

Helium (gas) 2 400 0.1786 (g/) 94 65.1
Beryllium 4 9.01 1.848 65.19 75.2

Carbon 6 12.01 2.265 43 86.3
Nitrogen (gas) 7 1401 1.25 (g/l) 38 87.8

Oxygen (gas) 8 16.00 1.428 (g/l) 34 91.0
Aluminium 13 26.98 27 24 5.9 1064 39
Silicon 14  28.09 233 22 106.0

Iron 26 5585 787 139 )9 1319 [T
Copper 29  63.55 8.96 12.9 1349
Tungsten 74 183.85 19.3 6.8 185.0

Lead 82 207.19 11.35 6.4 194.0
Uranium 92 238.03 18.95 6.0 9-31 1990 ‘Lo

ForZ>6: A, > X, %a,\,ngﬁVs?)wm

;lo? Scale
1005

10

Xo A, [cm]

0.1 o
100




|

Q@ it ton. Towvere WW o} A< omdavied Grrslerashe
50, Metver /aam—ma( owt  move Pensvennddy Han
€. m- S‘MY. _ i W\M/('A“W

« N\, tre e e path  befwten Wlmlh ond
/QA\'?& ~bom v U 17(»« " e .

Max d&/’\&JYmc skm-cy

trax (D) ~0-2 L E (ceV) + 07
NI—Z/)

6 [0-/I) meedled P cocdin  phetn uph ~] TeV
So, hedvonre  colovimeted  muot e wudn
thisker  than ddmwadn. Ca o vi mett

. > (\/7?7@ ujﬁ Nhstae y Memlg} ‘W Codoinad
@ ey 0:7& vodiun N4(>\

Jn

“—‘??Cmm(.aﬁ(? neek nof be ay Line ag € m .
Cdl Size ~ Rve Cin .




% l
| |
‘ A Wﬂd? O—(- PYOC&YS‘QS j\n\/o’vf.@L ' Qmm/,«[o_u‘.
éFme-amP ey d o#kn( by 10 CeV o~ |Fe/LAv
s g i
pYoCESS 'fg q_ f‘ti/
Qmo(av(\f '})w‘)tb‘f\ { ov EAGW 31
Elcdhw-?wfc Cascade ( e W) 2.0 nuswithE
Nwlem B.E. + “7 P"OO’MC* ron ’20~é,. invisble
Se onday TIt ‘ot 2echion %2
Newtrons £ 10 MeV ' 4.9
® Newtrons EL 1O MeV . 3.9
Residusd vaudeay exu fation enerw 3.7
Z74 Pam‘des joni 2&ATon 2-3
Iow[z;&I\Tm 6;} PY:NY? J)m%m | - L
Unlike em. Ahowers which  convevt v\u\/‘-?
R ena a ,va('D f O 2—«}“501/\., k_aolmm'g
S hswotvs pre duce a variable fudion of
inwisible enezy, .
— nudeay fwecak—w(:) aLsorbs b\wd;y\a' mvm_
— mewfrines, lou emw me udyong |
® - muewnd d‘a’d’«“— vena, L tdle m%
=  wuda  les .st\" Fan  e.m. Shaweig
‘\Comqav\mi\-‘oﬂ" needeol




o Fludunatons bedween decﬂfvw\a.?»\@tz

and-

hetety  Qve hrq,o_

4(:vtm

a ‘\L‘T\ U/\Q% hadvonic dhotwer ( 7~ 150 6*9
CM-()LEJ‘(’)?, ( Catoninment Adhner )

hod raric Wcmw N ‘\QJMJCQ

—

7 Vdvj\' “TIO 'v?CéMLM e\/a;fwa_ 2. m. Cowpmw
— ’PMM“OM (N Tre Y\ﬂh\r& D{' SP_CUY\JAV(CA

=  Wovke %ew ve_so hfion

~ A adori medfer S cadhin

,_5‘\ " Yo " (e fe v
g“;ﬁaﬁ:?e% W ool

-——-)er\evm [oss - ‘O "nﬁivm

—> Ioackdmo\cl 60v o dotfecfovs 94’70«':(

(el v\% Wiy Sefechot)

PO

Hodrowic  ghetvers ave.
longe v
w:‘z:r
%M MoVe
/bhl(‘l‘ dobeyr -

Han EM Chetoers c:f. Aawe —enevay/ |

Mg




| |

COMPENSATION

Saqard, e
| Gorimeder vespocte fo hodvins £ veqponse ® EM
| Bt R
| Also, L@W;Wﬂwmd@m 15 T EM Wm
Nhswies  n lavgev Arann”
Te gyt (w7
| @Mdaw"- | Q,{-"— fom Eem
| Ro = 5&«\'6"

B he hood vom e CMFW\M

E, + (£ &1 Fo|

Epm B,

¢ R __ — -7
T R T e - $eaEite) e

O VE
S\Gwe, 670"4"2’9.
DF  Rfsint 4
Dp  VlLar

TC@ o> +be

2803 Ufsuint e




Mt =Y Ompament of ﬁm& |
(oxfra praxs veleoned in Q) A son

 ‘._. U ,}\adm?we-m adve

' ~ W Hhia Al'\\:j:o;‘%mm s

117(, achve AAwA- I
'FWE‘(IMe\/, Wecﬁv\‘c Q&ﬁld" i T
»Nf,fm W‘E,M&@(Z

TVERTs

ALL
EVENTS

LS
Vv

CALORIMETER RESPONSE
CALORIMETER RESPONSE

— e Urmniam oltorber ""a”‘ﬂf*‘f} m,u/cbrm and.

. , L bindirg 2neg, AsVEQ)

WW Y’- Yo .

Grrpenn e

gttt

o deceare Ee ! L2 wede al— /VNJJJ'?'

i.»pw‘fwd"
g ,

COMPENSATZD

|
1]
L2 QS
ENERGY IN ARBITRARY UNITS ENERGY IN ARB
(Cushman, Instrumentation In High
Energy Physics, World Scientific,1992) )

1.0
ITRARY UNITS

e e Gy ' S i
S R e ke TR




|

| T o )1 S0, ¢ XCED)
..--E—:-—) = --E’/(H"FCU)‘{':"O £ g)%

Offev  Tnaver

F;{'MN[?, Mae dﬁJr Te C}joviwder
= longlidinad bt (devel Lenkage |

e o, 10
ve,

| (afe_puagﬁo o Q}\LW) 5
Con Lnstsdl  (sw—vedolntion
. e N
M(icd-cher &c}uwﬂ-"ﬁ hod roni ; I Zlv
Ce.ﬂg)r&m}e—!’. | , , , e(%)
Wp plream Emrﬁ___lffﬁ_ : |
o Showers Atarf ia “dead wedevial T vﬁm\X of

colovi metev (omv - MJWK ) Aa[w\dl W

L Use Pre-Shetwtr defechy in fot o&f; Ciﬂm&&iav
—2 Yecorey Ame enegy -
=> inproved bo\vk?‘mr& Y‘QaCd\Ow dume P
beltev /\"PJ"J vesstinLion 0
S et




L |
ks Rﬁ(wem Galorimedevs

| | | /C-? £%)
,o~ Excel(u\'%' Wv?sa, vue—&,J\q,L Mne mah
of tre et o A"-'(’CA‘M inThe achve nlodiva.

¢ Moy &‘%&W t ment Aoter
ard. Lwrwmli? M? %

o Mainly wed ao EM Cadoimeters in HEP.

"; - SUV\'{'L (u?ov' cofovi mefers G—QC“‘&S*AA )
loi’\(iﬁvﬁm\-—-—Q Li’\f‘ “.’

BGo (B»_(mw'f'f\ GQ(WMJC ov B(;,Ge 0, >M%{L3
CsT (CsI (T wed by Bater )

E735@ ¥ wred  Nal (Te)

PbiNG, (Lend fwvsm b‘“w‘d"g ATLAL)

- Cevaxfcm/‘ Caloyinefers
o Madpriel Wik &u V'Cﬁﬂd\ve. ( ndax Lﬂ«wg
va‘;m'c et Jts ih T skwfer,[aree?l«;&
Cevenkov

£g, PbO QLUA Cd:ux)
S Nob‘e_ L'\‘V"*O( CCL(_M"NZJ,QVL (4" hV; ';)

) . ~ xm%&l&m weW(LkY b NAqg)"\D/é

 bedt mw,fﬁrwf@«&, but '[Bo Connpescf [ HEP.




i
g
£l

Ok

‘Figure 11.4 Typical readout techmiques for calorimeters: (a) lead-
scintillator: sandwich, (b) lead-scintillator sandwich with wavelength
shifter bars, (c) liquid argon ioniz hamber, and (d) lead-MWPC
sandwich. (C. Fabjan and T. Ludlam, adapted with permission from the
Annual Review of Nuclear and Particle Science, Vol. 32, © 1982 by
Annual Reviews, Inc.) i :

Poode s

ST




...c.s.w?uuu ROR KR LIRS Prl ‘ ww i tW39I
(BN =N "W9 45 0 ppdp  wikg (W3 DD

Y3LINOTVO NODUY alndN fa




A9D C 1 HA+101ZN]
00s¢ 000¢ 00S¢ 0002 006 | 0001 00S 0 eop;...mU
: : : . or
(0]
0ct
091
A9 € "IHA+1012ZN3
00S¢ 000¢ 00G¢ 000¢ 006G 0001 00S 0 00S |my
- " + LISEL | — L S J LI - | ] v LIS — LA v 1
e g 08
2] 5 00!
TeiL veen - 0St
o5t sopp)
£ [ ‘ o.oN
A®9 ¥ ‘LHI+1012N3
00SE  000f 00SZ 000Z 00SI ©000L 00S O  0OS—
]H. 1@ Y rT | SR 1 ~ ¥ ¥ [ v? Ty rr 7 | IR m o
ssT v _ 4 00l
e «"N”M ...... 9 .m 002
Coos  veom 4 oo¢
™ 4 oov
A®9 G ‘IHA+101ZN3
00S¢ 000¢ 00SZ 000CZ  00G1I 0001 00S 0 00S—-
LA | | . | . T Y T T 7 0
TR L R .._.M ] | |
s Fecti GZ
oS Tores  wewoon
.Iom. X 0s
0 vE1 sl Sl
%28 veon : B .
mao .._...N 00!t |
ﬂnu_:a ‘S0°0=0)3 SUO0J}I9|J WDIQ s3]
hbi 444 @a) 1ovg N | o



2
(&)
Q
n
-
Q
-
e
3 ;
[} . )
o E
L o
. L
N 2
(=]
°
N\ o
o~
a\
/
%
e ————
. Y
'l— lll!lllllllllll‘llIll]ll.!lllllllllllll!l"lll o
o (@ Q (o]
] a 3 3 8 3 3 3

< " L) N N ' - -




A99 ABiau3
o8l 091 oOvl 0ZL 00l 08 09 OF O2 0
~ EFTOTERRE T - Tg -3 p ol e TN s LR = o
] J_A [ [ Tall __ _§
..... 0c
4 ov
| 1 o9
) _ 1
__ “
- o8
3 oot
| ,n. 0zl
d ovi
091
A9 0S| O} 0| Suold woag 1531 0jog




LSLs = owbig [ W 2 L = owbig
96°6L = UDaN - c6'vL = Uoap
L9%'L = pasonbs-1yD 1£0'L = paionbg—1yo
SNOYAvH SNO¥L0313
. UOHINOSRY JOYOWLIOI0D
)™y AR
- orl 0zt .00t - OR 09 S 24 0
,|11. ™7 TrUrTUrTTTTTTY Ty Y | G R | | N S B U
- .,.L---.Qu-..-.,L-..-4rwh¢--:_.-..®-..®--®0.n_w¢ 3,
e k%, ;, v 3
. * Weoorrrennnn....... 0_0,]..
. W, ¥’ . b m
: L | f*..& 3
A21:906°0 = ONINdAVS SR
T9-38C°0 = INVISNOD N Voo
ol ¥9'l  =3SION ,...i 0
. . R i '
\E, sel ‘0 = ONNJVS o \ ﬂn
| uﬁuunm._o = »z&mzoo y H
it
3 mzoyn_wg._ anv mzow»ou._u ¥04 SLINS3Y AOY3INI HOH
ml?. ¥ =3 o= ‘.M.U.D e

910
ALY

1LZA
820

€0




Ac \ >03 E:Emﬁoz weosg

ost oor 0S o

r T — T T _ _ — T wl - T ! T | 000
- o D o 3
— 1 200
— | =3 ¥0°0
- €0O0F 6T0=N 4
— 200°'0 ¥ L5410 = § — 900
- €000 3 8000 = 9 1
- NOILAN0S3Y W3 «S " A oo
F— “ ———— “ H—+—+— “ +—+—+—+— 010°0-
g —|.,5600-
X . $ 1 —
_ W W ﬁ : _

F 0000

; $ $ ]
— (e —| <000
¥ ALIBYSNIT W3 7
1_ | _ L | L , ,_ {1 _ e




P. Bhat (D) DPF 1992

1.2 e |
| p tons  Dep TestBeau

1 F it to (~.614/E + 1.0054)

o>

]
o]

N
\\

ff:s"" ¢ eg/‘ie pﬁ-g

3 2 N Y TSN SN W S ST W B |
1 0 . . /10(26 Ve
' ~ _Beamzmom (GeV/c
Pion response normalised to 150 GevV'




U POVIPULAL Dojuiidtu JU doyquiily 0UidEdAJUl dy} TOUIMU o SUlSEIIIUL

ﬂBuﬁEo_no oruoIpey I0j £0°0-20°0
pue o:oqwmﬁobou_o 10} Eouaoa ® Jo uonoely e are A[eord4} ‘K[jeonepenb

“Pappe 9q 0} ..E:S ES..EOo oﬁ >oU up uaxyey os 8 a1e saId1ou9 [V 210N

661 ‘1D 12 %£< m\,\og Iy pmnby +94/0

~ :Bundures . 0a
0661 ‘v 12 sualyag a/*/s€0 uwsonsed+n |
S :8undures SNAzZ
0861 ‘v 12 susppiq a/l* /€50 Jups + S[qIe N o
| e o wnamﬁmm WAVHD
2:235 | -

s661 1o 2 youduo g/t /oro 1y vs_siﬁ

L 4 SVILV

661 10 12 oeqy  F/*/ST°0 |

- 8w od
0661 Ip 32 susxyeg  g/M/g1'0  Jutos 83_?: |

e :3updures sndz

Q9661 enpueT gk /5700 (LL) 1D [o1reg eiski)

0661 v 12 Amenyy  7/*/s00 = sseBpery vdO

- €861 - |
}09d pue woojg .m\., /920°0 (I BN Ired [eisk1)

on2uBDMO0493] 7

_uowﬁo.uo,m. ._.ﬂ._ , . L __Juowradxyg




