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A calorimeter primer 
     à Calorimeter concept 
     à Calorimeter kind: etherogeneous/homogeneous 

 à  Electromagnetic showers   
      à Energy resolution terms 
      à Hadronic showers 
      à Compensating calorimeters 
      

 à  Homogenous calorimetry 
 à  Scintillation crystals 
 à Photodetectors 
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 Outline of the lecture 



What is a calorimeter ? (1) 
q  The main usage of a calorimeter (HEP) is to measure the particle 

energy. 

q  They typically do this by means of totally absorbing 
     energy in the calorimeter material (destructive measurement) 
 
q  What kind of particle can be measured ? 
   neutral and charged 
    - em calorimeter (photons, π0, electrons) 
    - hadron calorimeters ( n, p, π+/- ,K, Jets …..) 
 
q  Basic assumption of the response !  Linearity 

 Q (response pC) = a (Calib Constant) x Ep  (Particle Energy)    
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What is a calorimeter ? (2) 
Calorimeter and trackers are complementary in HEP. 
 Many good reasons to have it one in your detector: 
q   Energy resolution improves  for increasing energy 
    (like k/sqrt(Ep), stochastic measurement) 
 
q    Tracker momentum resolution deteriorates 
     for increasing momentum (larger sagitta errors)  
      
q    Calorimeters can be extremely fast and  
     easy to be used for triggering. 
 
q    Tracking + calorimeter helps: 
       à PID (ex photons/e,  e/pi-mu, …) 
       à Energy flow 
        (i.e. tracking correction of  energy deposits  

   to improve Jets determination .. 
        Started LEP-CDF , CMS-Atlas improved) 
 
q       In 4-π detectors missing energy  
        becomes also very important (neutrinos) 
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Risposta e risoluzione di un rivelatore

 Il segnale di risposta, Q , prodotto dal rivelatore al passaggio della

    particella determina il valore della quantità misurabile S:

      −  Q è legata ad S dalla relazione S = f(Ki, Q) dove Ki sono 

          le costanti di calibrazione. Tipicamente la risposta è lineare 

         ( E = KQ , X = V (T-T0) )      

      − La risposta è distribuita “solitamente” secondo una curva gaussiana 

          la cui deviazione standard rappresenta la risoluzione del rivelatore

Le costanti di calibrazione:

-  possono dipendere dalla posizione

    nel rivelatore

-  devono essere determinate per

    ogni singolo canale di lettura

-  la loro stabilità deve anche essere

   controllata nel tempo



How many calorimeter kinds ? (1) 
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Calorimeters have assumed any form since they were born but 
basic sub-division remains for dimension scale and methods of 
operation: 
 

    Electromagnetic, Hadronic 
      E.M. …. well described shower        γ, π0,e 
                 radiation length (X0)     
       Had .. not well described shower   n,p,π+/- ,K 

  interaction length (λ) 

γ, π0,e 

MIP	
n,p,π+/- ,K	



How many calorimeter kinds? 

    Heterogeneous: Sampling signal in active material, mostly absorbed in passive 
 material. Possibility of longitudinal segmentation. Many choices.   
 Can be both EM and hadronic calorimeter. Can be fast. 

     Are cheap. Can be adapted to many situation !  Poor resolution.  
 
 
 
 
Homegeneous: signal is fully absorbed in active material. 
  Small longitudinal segmentation. Limited choice of material. Expensive.  
     Cannot be hadronic calorimeter.  Very good resolution.  
        Timing can be great with some expedients.  

 Can be used also in other fields (PET). 
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Materiali assorbenti

Densi ad alto Z: 

PB, W ...
Rivelatori di particelle cariche, 

scintillatori, camere proporzionali,

camere a ionizzazione (Kr, Xe),

fibre scintillanti

Struttura a sandwich!!

Strati di assorbitore e

materiale attivo intervallati:
 Facilità di montaggio

 Costi ridotti

 Alta versatilità in

     - granularità di lettura

     - componente attiva

I calorimetri eterogenei
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Signal generation 
1.  A particle deposits its full energy in the calorimeter media 
2.  The energy is converted into a measurable signal   

	The most used materials à gases / semiconductors / scintillators …… 

(charge / light / sound / heat)  

  semiconductors:  dE/dx or photon-absorption       (Silicon Trackers/Vertex) 
                           + drift of e-h                         eV per e-hole pair  
  gases:    dE/dx or photon-absorption                            (Trackers) 

            + charge diffusion                                     20-40 eV per e-ion pair 
  scintillators:  dE/dx or photon-absorption                   (Calorimeters ) 

                   + light emission                                 400-1000 eV per photon  

generated charges/photons yield the measurable signal: 
statistical process = the more the better !   

1.  A particle deposits its full energy in the calorimeter media 
2.  The energy is converted into a measurable signal   
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Primer of EM showers (1) 
Dominant processes at high energies (E > few MeV) : 
Photons : Pair production                          Electrons : Bremsstrahlung 
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Primer of EM showers (2) 
An alternating sequence of interactions  
creates a cascade 
 
Simplified shower model [Heitler] 
 
E > Ec: shower development governed by X0 
 
Ø   e- loses energy via Bremsstrahlung   
Ø   γ pair production with  mean free 
       path 9/7 X0  
 
Ø  N. particles doubles every X0 of material, 
Ø  Energy gets reduced by 2 @ each iteration 
Ø  Shower continues until the particles  
     energy reaches Ec 
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Calorimetri EM (II): modello semplice di sciami

Lo sciame è creato da e+, e–

che emettono γ per BREMS

e γ che creano coppie e+, e– 

 Questi processi avvengono

   a distance di 1 X0

  In ogni processo E = Ei / 2

Alla distanza X abbiamo n

processi avvenuti con: 

 n = X/Xo

 Es = E0/2n

 Ns = 2n

La valanga si ferma ad Es = Ec

Massimo dello sciame  @  tmax = ln (E0/Ec) / ln 2 Xo,  Nmax = 2(Eo/Ec)

Lo sciame procede poi con processi dissipativi tipo ionizzazione,

effetto Compton o fotoelettrico. Si forma così la coda dello sciame

24.1Z

MeV610
Ec

+
!

Shower max @ tmax = ln( E0/Ec)/ln2 
After this point  dE/dx, Compton and photoelectric effects take over. 
Shower energy deposition diminishes and then stops. It is referred as 
shower tail.	

	 	 	 	t	(95	%)=	[	t(max)	+	0.008		Z	+	9.6]		in	X0	units	
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Cloud chamber photo of 
EM cascade between 
spaced lead plates. 
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Un esempio di sciame simulato con Geant4

Primer of EM showers (3) 
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Lo sviluppo dello sciame comporta anche un allargamento laterale della

cascata dovuto allo scattering multiplo degli elettroni e ai fotoni di bassa

energia nel range Compton.

Per descrivere l’allargamento si definisce:

75% E0 in 1RM;

95% in 2RM;

99% in 3.5RM

Sviluppo trasversale dello sciame

Raggio di Moliere
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I calorimetri elettromagnetici sono i più semplici da comprendere in quanto 

il fotone e l’elettrone che incidono creano degli sciami nel materiale il cui

comportamento è oggi completamente descritto da simulazioni dettagliate al 

computer (EGS4). 

Lead atom

Massimo 

sciame

dE/dt = E0 ctα exp(-βt)

t = X/X0

Coda

sciame

Calorimetri Elettromagnetici (I): sciami
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Energy Resolution terms 
  The energy resolution is parametrized as: 

q  Stochastic term a 
  E	∝	N	➔	σ	∝	1/√N	:	all statistical effects contribute 

i.e. intrinsic and sampling fluctuations, photoelectron statistics  

q  Noise term b (energy independent term)           relevant at low E 
  Electronic noise, radioactivity  
 

q  Constant term c (linearly dependent of energy)      dominates at high E 
  inhomogeneities, calibration uncertainties, radiation damage, (leakage), … 

2σ 

E 

Leakage	
or	



Calorimeter Types: homogeneous (1) 
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Detectable signal is proportional to the total track length of e+ and e-

in the active material, intrinsic limit on energy resolution is given by the

fluctuations in fraction of initial energy that generates detectable signal 
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Fix E0

• maximize fs

• minimize  Z/A

Risoluzione Energetica: limite intrinseco
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Homogeneous calorimeters: all the energy is deposited in an active medium.
Absorber ≡ active medium               All e+e- over threshold produce a signal

                                 Excellent energy resolution
  

Compare processes with different energy threshold

Scintillating crystals

( )  GeVE/)%31(~E/ ÷!

eV~EE gaps !"

MeV/1010
42 !÷"

Cherenkov radiators

MeV7.0~E
n

1

s
!>"

( )  GeVE/)%510(~E/ ÷!

MeV/3010 !÷"

Lowest possible limit

EM calorimeters: energy resolution
Calorimeter Types: homogeneous(2) 
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A structure of passive and active material. Cheaper. Only a fraction 
(Sampling Fraction, fS) of the deposited energy is detected (1-5%) 
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Resolu4on	scales	with		
absorber	thickness	tabs=d/X0	

σ(E)/E	~	10-30%	/✓(E)	
Notable	excep1on:	KLOE-like	
calorimeter	(tomorrow)	

Calorimeter Types: Sampling 
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Hadron showers are more complicated than EM. 
à We need to consider the strong interaction with detector material. 
In nuclear collisions, the following objects are produced: 
à   high energetic secondary hadrons [O(GeV)] 
à   electromagnetically decaying particles (π0,η ) initiate EM showers 
à   spallation p/n and nuclear excitation from soft nuclear processes [O(MeV)] 
à   part of the energy is invisible: binding energy of nuclei, ν, µ, soft γ’s 
 Different scale: hadronic interaction length 

Hadronic showers 

σtot = total cross 
section for nuclear 
processes 

Compare	X0	for	high-Z	materials,	we	see	that	
the	size	needed	for	hadron	calorimeters	is		
large	compared	to	EM	calorimeters.	

λI X0 

Polystyren 81.7 cm 43.8 cm 

PbWO 20.2 cm 0.9 cm 

Fe 16.7 cm 1.8 cm 

W 9.9 cm 0.35 cm 

π0	produc4on	..	all	
energy	goes	into	EM	
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The structure of hadronic showers 
  hadronic showers have a complex structure also in time 

   Importance of delayed component strongly depends on target nucleus 
   Sensitivity to time structure depends on the choice of active medium 

fEM	=	frac4on	of	primary	
hadron	energy	deposited	
via	EM	processes		
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Tabl e 2
Par amet er s of t he endwal l hadr on cal or i met er

Modul es
Number of modul es

 

48
Appr oxi mat e di mensi ons

 

0. 8 x 1. 0 x 1. 1 m3
Wei ght per modul e

 

7000 kg
Tower s

Tot al number ( 6/ modul e)

 

288
Lengt h ( a0=15° )

 

0. 35- 0. 78
Wi dt h ( 4r 1= 0. 11)

 

0. 25- 0. 40
Tot al dept h

( hadr on cal or i met er al one)

 

4. 5 Aabs
Layer s

Number

 

15
St eel t hi ckness

 

5 cm
Sci nt i l l at or t hi ckness

 

1. 0 cm
Sci nt i l l at or t ype

 

PMMAdoped wi t h
8%napht al ene
1%but yl - PBDand
0. 01%POPOP

Wavel engt h shi f t er s

 

UVAPMMAdoped
wi t h 30 mg/ l
l aser dye #481

Number of phot ot ubes

 

576

30 ° t o 45 ° and f r om135° t o 150° and wei gh about
7000 kg each. They pl ug i nt o cavi t i es i n t he CDF
magnet yoke and ser ve as par t of t he f l ux r et ur n pat h.
Fi g. 3 shows one quadr ant of t he l ar ge angl e el ect r o-
magnet i c and hadr on cal or i met er s segment ed i nt o 12
pol ar t ower s .

Tabl es 1 and 2 summar i ze var i ous par amet er s of t he
l ar ge angl e hadr on cal or i met r y .

2. Li ght col l ect i on syst em, phot omul t i pl i er s and f r ont - end
el ect r oni cs

The sci nt i l l at i ng pl ast i c i s PMMA doped wi t h 8%
napht hal ene, 1%but yl - PBD and 0. 01%POPOP[ 1] . The
sci nt i l l at or s, 1 cm t hi ck, ar e shaped t o gi ve a t ower
geomet r y and have aver age di mensi ons of 1 X35 X70
cm3 .

Fi g. 4 shows howt he l i ght i s col l ect ed by wavel engt h
shi f t er ( WLS) st r i ps wi t h l i e agai nst t he l ong si des of t he
sci nt i l l at or sheet s . These 0. 5 X1. 0 cm2 UVA PMMA
st r i ps [ 1] ar e doped wi t h l aser dye #481 [ 2] , whi ch has
an emi ssi on peak at about 490 nm. The WLSst r i ps but t
up agai nst cl ear UVAl i ght gui des [ 3] of t he same cr oss
sect i on whi ch ar e col l ect ed t o f or mt wo squar e ar r ays at
t heazi mut hal l y opposi t e si des of t he t ower . Each squar e
ar r ay i s gl ued t o a t r ansi t i on pi ece of PMMA doped
wi t h t he l aser dye #481 whi ch mat ches t he squar e cr oss
sect i on t o t he ci r cul ar phot ocat hode of a phot omul t i -
pl i er t ube . The l i ght f r omeach t ower i s t hus col l ect ed

S. Ber t ol ucci et al . / The CDFcent r al and endwal l hadr on cal or i met er 303

Fi g. 4. Two WLSst r i ps col l ect l i ght f r om each sci nt i l l at or
l ayer . I n t he ai r gap bet ween WLSand l i ght gui de, f i l t er s ar e
i nser t ed t o ensur e l i ght out put equal i zat i on f or di f f er ent l ayer s

of t he same t ower .

by t wo phot omul t i pl i er t ubes on opposi t e si des i n
azi mut h.

Phot ot ubes f or bot h t he cent r al and endwal l wer e
chosen t o sat i sf y t he f ol l owi ng r equi r ement s :
( a) quant umef f i ci ency bet t er t han 10%f or l i ght f r om

l aser dye #481 ;
( b) l i near i t y up t o peak cur r ent s of 40 mAat a gai n of

106 and vol t ages of about 1500 V;
( c) hi gh gai n st abi l i t y ( < 2% var i at i on) f or uni nt er -

r upt ed oper at i on and f or anodecur r ent s l a bet ween
0. 5 and 15 j uA ( hypot hesi zed cur r ent changes be
t ween Col l i der oper at i on mode and cal i br at i on per i -
ods wi t h no beam) .

Accor di ng we chose t he 12- st age Thor n- EMI 9954
phot ot ube f or t he cent r al cal or i met er and t he 10- st age
Thor n- EMI 9902 t ube f or t he endwal l [ 4] .

Because of a l at er change of t he ADC f ul l scal e,
t hese phot omul t i pl i er ar e r un at a gai n of 10 5 wi t h I a
r angi ng f r omsome t ens t o a f ewhundr eds nA. I n t hi s
unt est ed r ange, t he 9954 phot omul t i pl i er s exhi bi t gai n
changes up t o 20% as a f unct i on of Ia ( f i g . 5) . To
mi ni mi ze t hi s i nst abi l i t y, t hese phot omul t i pl i er s ar e i l -
l umi nat ed, bet ween bunch cr ossi ng, wi t h gr een l i ght ,
pr oduci ng an anode cur r ent of about 100 nA. Wi t h t hi s
f i x and af t er havi ng r epl aced many phot omul t i pl i er s,
l ess t han 1%of al l t ubes showgai n changes bi gger t han
2%as a f unct i on of I a .

Usi ng t he RABBI T r eadout syst em[ 5] , anode si gnal s
ar e di gi t i zed by a 16- bi t ADCwi t h a f ul l scal e of 750
pC. The syst em i s al so capabl e of di gi t i zi ng t he phot o-
t ube cur r ent s . The ar r i val t i me of si gnal s f r omt he l ast

Example of hadronic calorimeters 
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ATLAS:	Fe/scin4llator	
ver4cal	orien4a4on	

CDF:	Fe/scin4llator	with	
transversal	orienta4on,	WLS	
	bars	and		plexi-light	guides	
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Improvements	
with	WLS	fibers	
LESS	cracks	

Nucl ear I nst r ument s and Met hods i n Physi cs Resear ch A267 ( 1988) 301- 314

 

301
Nor t h- Hol l and, Amst er dam

THECDF CENTRAL ANDENDWALL HADRONCALORI METER

S. BERTOLUCCI , M. CORDELLI , B. ESPOSI TO, M. CURATOLO, P. GI ROMI NI , S. MI SCETTI
and A. SANSONI
Labor at or i Nazi onal i del l I NFN, Fr ascat i , I t al y

G. APOLLI NARI , F. BEDESCHI , S. BELFORTE, G. BELLETTI NI , N. BONAVI TA, F. CERVELLI ,
G. CHI ARELLI , R. DEL FABBRO, M. DELL' ORSO, E. FOCARDI , P. GI ANNETTI , A. MENZI ONE,
R. PAOLETTI , G. PUNZI , L. RI STORI , A. SCRI BANO, P. SESTI NI , A. STEFANI NI , G. TONELLI
and F. ZETTI
I NFNand Uni ver si t y of Pi sa, Pesa, I t al y

V. E. BARNES, A. DI VI RGI LI O, A. F. GARFI NKEL, S. E. KUHLMANNand A. T. LAASANEN
Depar t ment of Physi cs, Pur due Uni ver si t y, W. Laf ayet t e, I N47907, USA

H. JENSENand H. KAUTZKY
Fer me Nat i onal Accel er at or Labor at or y, Bat avi a, I L 60510, USA

Recei ved 6 August 1987

The CDF cent r al and endwal l hadr on cal or i met er cover s t he pol ar r egi on bet ween 30 ° and 150 ° and a f ul l 2n i n azi mut h. I t
consi st s of 48 st eel - sci nt i l l at or cent r al modul es wi t h 2. 5 cmsampl i ng and 48 st eel - sci nt i l l at or endwal l modul es wi t h 5. 0 cmsampl i ng.
A gener al descr i pt i on of t he det ect or i s gi ven. Cal i br at i on t echni ques and per f or mance ar e di scussed. Some r esul t s of t he t est beam
st udi es ar e shown.

1 . Det ect or geomet r y

The l ar ge angl e CDF hadr on cal or i met er has cyl i n-
dr i cal symmet r y and cover s pol ar angl es bet ween 30 °
and 150° . I t consi st s of 48 st eel - sci nt i l l at or cent r al
cal or i met er s wi t h 2. 5 cmsampl i ng and 48 st eel - sci nt i l -
l at or endwal l cal or i met er s wi t h 5. 0 cmsampl i ng.

Each cal or i met er modul e i s di vi ded i nt o pr oj ect i ve
t ower s, each cover i ng appr oxi mat el y 0. 1 uni t i n pseudo-
r api di t y and 15 ° i n azi mut hal angl e, mat chi ng t hose of
t he el ect r omagnet i c cal or i met er whi ch i s i n f r ont of i t .
Thi s segment at i on i s f i ne enough t hat quar k and gl uon
j et s wi l l nor mal l y spr ead over mor e t han one t ower .

For each 15 ° azi mut hal sl i ce t her e ar e 24 t ower s i n
al l , of whi ch 12 ar e t ot al l y i n t he cent r al cal or i met er , 6
t ot al l y i n t he endwal l cal or i met er , and 6 ar e shar ed.

The cent r al modul es, cover i ng pol ar angl es bet ween
45 ° and 135 " , ar e 32 l ayer s deep and wei gh about
12 000 kg each ( f i g. 1) . They ar e st acked i nt o f our f r ee
st andi ng " C" - shaped ar ches whi ch can be r ol l ed i nt o
and out of t he det ect or .

The endwal l modul es ( f i g. 2) cover pol ar angl es f r om

0168- 9002/ 88/ $03. 50 V El sevi er Sci ence Publ i sher s B. V.
( Nor t h- Hol l and Physi cs Publ i shi ng Di vi si on)

Fi g. 1 . Cent r al cal or i met er modul e. A l i ght gui de i s sket ched :
sci nt i l l at or s i n successi ve l ayer s ar e r ead f r omopposi t e B- si des .
For each t ower l i ght i s col l ect ed by t wo symmet r i cal l y posi -

t i oned gui des .
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q  A hadron calorimeter shows in general different response to 
hadronic and electromagnetic shower components 

 
q   The fraction of the energy deposited hadronically depends on 

the energy 

R
. W

ig
m

an
s 

N
IM

 A
 2

59
 (1

98
7)

 3
89

 

à  Calorimeter	response	to	
hadrons	becomes	not-linear	

à  Energy	resolu4on	degrades	

Hadronic Calo: Compensation (1) 
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Hadronic calo: Compensation (2) 

24

Risoluzione dei calorimetri adronici: e/h

-   Ee  ed Eh compenenti elettromagnetica e adronica della sciame da adroni

-   e ed h risposta del calorimetro alle singole componenti (in generale e>>h)

-   La risposta del calorimetro allo sciame è: Rh=eEe+hEh

-   Dato che  la frazione elettromagnetica varia con energia ..  if e/h diverso da 1

   →   NON LINEARITA’ + peggior risoluzione energetica …..   in particolare per jets

Rh

e > h

Rh

e = h

Uno dei limiti alla risoluzione e risposta dei calorimetri adronici e’

legata alla  diversità nella risposta tra elettroni e adroni

I calorimetri adronici con migliore risoluzione e linearità  sono quelli con 

e/h = 1 in cui σ/E = 35-45 % √E(GeV) vs 80-100 %

q  To “Compensate” a Hadronic Calorimeter means make e/h ! 1 

q   To do so .. there are typically 3 ways (example for common e/h >1) 
    à A) enhance sensitivity to low neutrons à boost h (H-enriched) 
    à B) add special absorbers for neutrons (Uranium)à boost h 
    à C) Reduce electron response à correcting sampling fraction 
 Magic	Thumb	Rule	(Wigmans)		Fs	(Lead/Fiber=	4/1)	
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Chorus example of compensation 
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More	detailed	discussion	on	compensa4on	and	nowadays	trends	and	
developments	will	be	shown	on	Friday	by	Dr.	Gabriella	Gaudio	!		DREAM	project	

CHORUS: esperimento per lo studio dell’oscillazione del neutrino

“Spaghetti” calorimetro: sampling di piombo e fibre scintillanti, con risposta

equalizzata per elettroni e adroni

( )
%4.1

%32
!=

GeVEE

E
"

In questo tipo di calorimetri si ha

compensazione regolando la risposta

elettromagnetica (Wigmans) Vpb/Vsci=4/1.

Le prime tecniche di compensazione

usavano invece degli strati di uranio per

aumentare la componente adronica (Fabjan,

es. ZEUS). Questo però comporta delle

fluttuazioni intrinseche della risposta

maggiori e quindi una peggiore risoluzione.

Es. calorimetro adronico (comp. HW): CHORUS
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The	ZEUS	Calorimeter	with	U	plates	
got	a	good	compensa4on	(e/h)	and			
similar	resolu4on	for	Eh	>	5	GeV:	

σ(Ε)/E	=	35%/sqrt(E/GeV)	

E. Di Capua et al. / Nucl. Instr. and Meth. in Phy. Res. A 378 (1996) 221-232 

Ba -lml P@ef/c) 

Fig. 15. Calorimeter response as a function of the pion momen- 
tum. 

signal distribution, which is Gaussian as in the electron 
case, is plotted in Fig. 15 as a function of the nominal 
momentum P. corrected for the shift of 370 MeV/c, found 
with the electron data. The measured pion momentum 
dependence may be parameterized as: 

S = (15.3kO.2) X P(GeV/c) - (5.8?1.0), (2) 

which corresponds to a positive intercept of 380?65 MeV/ 
c. A different value of this quantity, which is expected for 
electrons (compatible with zero) and pions can be under- 
stood on the basis of the following considerations: 

_ a comparison of the response to electrons and pions of 
the same energy shows deviations from exact compensa- 
tion (Srlectron > S p,on). Therefore, at high momenta, the 
increase of the electromagnetic energy content in the 
hadron showers (E,, I&,, m In(E,.o,.)) induces an energy 
dependent enhancement of the signal. 

- At low momenta (-1 GeV/c), the contribution from 
neutral pions becomes negligible and small multiplicity 
processes dominate. In this case, the effect of the particle 
masses not converted into visible energy in the readout 
gate becomes visible. 

Both the above effects indicate that a straight line fit to 
the data taken in the stated momentum range should have 
an intercept at a positive value of the abscissa. This is 
confirmed by the Monte Carlo simulation, which predicts 
an intercept of 340?50 MeVlc. Fig. 16, where the re- 
sponse per unit energy is plotted as a function of the pion 
momentum, one finds that the calorimeter is linear within 
2% in the range 3 to 20GeV/c and that there is no 
evidence for saturation, even at the highest energy. 

In conclusion, the SPS pion/electron linearity measure- 
ments are internally consistent and in agreement with the 
simulation, in the hypothesis of an offset in the nominal 
beam momentum. 
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Fig. 16. Calorimeter response per unit momentum as a function of 
the pion momentum. 

From the Gaussian fit to the response distributions one 
determines the energy resolution a(E)/& which is plotted 
in Fig. 17 as a function of the pion energy. The errors 
assigned to each point include a systematic uncertainty of 
about 2% determined by applying different event selection 
criteria to the data, and studying pions hitting different 
calorimeter positions. The above uncertainty is lower than 
that for the electron case (t5%). The main reason is the 
larger number of calorimeter modules involved in a hadron 
shower. Note that a study performed with the FAROS 
detector, similar to the case of electrons, does not show, as 
expected, any crack effect. The energy dependence of the 
resolution is parameterized as: 

-=i 

Fig. 17. Pion energy resolution as a function of the energy. The 
open circles show the Monte Carlo predictions. 
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a(E) (32.3?2.4)% 

E vs6 
+ (1.450.7)% 

The predictions of a Monte Carlo simulation are also 
shown in Fig. 17. 

The experimental energy resolution can be interpreted in 
terms of the different energy resolutions of the fiber and 
strip sectors: 

a(E) 
~ =$c(c~,lE)~ + (1 - k)(a,lE)* , 

E 

where k is the measured energy fraction in the fiber sector 
(0.89 at 10 GeV) and a,lE is its expected resolution 
(30%/A +OS%), while us/E is the resolution of the 
strip calorimeter alone. As an example, the above formula 
yields, for the experimental resolution of 11.6% at 10 GeV, 
an energy resolution of 60%/d for the HAD2 calorime- 
ter. 

The longitudinal and transverse shower development in 
the calorimeter is shown in Fig. 18 for a 10 GeV/c pion. 
Many events are superimposed to obtain the average 
behaviour. Fig. 19a shows the projection of the shower 
onto the transverse plane. In Fig. 19b it is shown that a 
cylinder containing 95% of the shower energy has a radius 
of about 25 cm, almost constant in the energy range 
explored by our measurements. This result is in excellent 
agreement with the Monte Carlo prediction, also shown in 
the figure. 

The longitudinal development is presented in Fig. 20a 
for different pion momenta. Fig. 20b shows the fraction of 
energy deposited at different calorimeter depths normal- 
ized to the total calorimeter signal. In both cases, the 
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Fig. 18. Shower development for 10 GeV/c pions. Different grey 
zones correspond to different pulse height levels. The continuous 
line is 1% of the maximum intensity. 
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Fig. 19. (a) Shower projection onto the transverse plane orthogon- 
al to the beam direction for 10GeVlc pions; (b) transverse 
dimensions of the pions shower as a function of the energy: the 
black circles represent the radius around the shower axis which 
contains 95% of the energy. The open circles show the Monte 
Carlo predictions. 

Monte Carlo results are also given; the comparison indi- 
cates very good agreement. 

We also studied the calorimeter performance for the 
measurement of the shower direction. The angular res- 
olution is determined using the center of gravity of the 
energy deposition in each calorimeter plane. Figs. 21a and 
21b show, respectively for the two projections (the beam 
goes along x), the energy center of gravity distributions 
(per plane), induced by lOGeV/c pions. From the knowl- 
edge of the center of gravity coordinates in the different 
planes, event by event one can determine the shower 
direction. The distributions of the fitted angle, for both 
projections, are shown in Figs. 22a and 22b for 10 GeVlc 
pions. We obtain an angular resolution of about 60mrad 
(HWHM) at 10GeVlc for the two transverse projections. 
The effect of the beam angular spread (<l mrad), folded 
into the measurement, can be neglected. The Monte Carlo 
predictions, shown in the figure, are in agreement with the 
data’. 

From the electron and pion response of the calorimeter 
we can determine the experimental e/n ratio. In Fig. 23 
we plot the ratio of the average electron and pion calorime- 
ter signal, computed at the same (corrected) momentum, as 
a function of the momentum. The systematic error, due to 
the response disuniformity, has been added to the statisti- 
cal error. In the same figure, we also plot the ratio of the 

’ A better angular resolution was obtained in CHORUS using 
the calorimeter information and the position of the neutrino 
interaction point in the emulsion target (31. 
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Basic principle: a charged particle crossing a scintillator loses energy,  
                          exciting atoms or molecules of the material   

                         ➪ photon emission (UV-visible) follows 

λem > λex 

Light emission: 

Ø  can be instantaneous, <10-8 s, (fluorescence) or delayed,   
  ms to hours(phosphorescence)  

Ø  Has one or two exponential decay time tD   (fast, fast/slow) 

Scintillation process 
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Scintillators: characteristics 

Relevant characteristics for particle detection: 
 
✗  Light Yield (LY) number of photons produced for a given absorbed 

energy 

✗  Transparency to the emitted radiation 

✗  Spectral emission compatible with light detectors (photosensors), 
where light is collected and then converted into electrons via photo-
electric effect 

✗  Linearity of response 

✗  Time response 

✗  Density, X0,  Rm 
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Types of scintillators 
Organic scintillators 
✗  Complex organic molecules (typically soluted in plastics materials) where 

UV light is emitted after excitation of molecular levels. Other molecules 
(wave length shifters) are then added to transfer light into visible 
radiation  
Ø  Fast emission time (2.5-10 ns) 
Ø  Low scintillation efficiency (< 2 k photons / MeV) 
Ø  Low density (1 g/cm3) 
Ø  Can be easily machined to any shape (fibers) 

Inorganic scintillators 
✗  Crystals (alkali, alkaline earth and rare earth), usually doped with 

impurities uniformly dispersed throughout the crystal lattice 
Ø  High scintillation efficiency ( 10-70 k photons / MeV) 
Ø  Slow emission time (100-600 ns) 
Ø  High density (4-7 g/cm3) 
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Types of scintillators 
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History of Scintillating Crystals 
M.J. Weber, J. Lumin. 100 (2002) 35 

21 Century: LaBr3 

Nineties: PWO, LSO 

Seventies: BGO 

Fifties: NaI and CsI 

June 27, 2012 Talk given in CMS Forward Calorimetry Task Force Meeting at CERN by Ren-yuan Zhu, Caltech 5 
Ø  Discovery and development of new scintillators driven by basic R&D in physics 
Ø  HEP has played a major role in developing new scintillators at an industrial scale 

and affordable costs (CsI, BGO, PbWO) 



Crystals for HEP Crystals for HEP Calorimeters 
Crystal NaI(Tl) CsI(Tl) CsI BaF2 BGO LYSO(Ce) PWO PbF2 

Density (g/cm3) 3.67 4.51 4.51 4.89 7.13 7.40 8.3 7.77 

Melting Point  (ºC) 651 621 621 1280 1050 2050 1123 824 

Radiation Length (cm) 2.59 1.86 1.86 2.03 1.12 1.14 0.89 0.93 

Molière Radius (cm) 4.13 3.57 3.57 3.10 2.23 2.07 2.00 2.21 

Interaction Length (cm) 42.9 39.3 39.3 30.7 22.8 20.9 20.7 21.0 

Refractive Index a 1.85 1.79 1.95 1.50 2.15 1.82 2.20 1.82 

Hygroscopicity Yes Slight Slight No No No No No 

Luminescence b (nm) (at 
peak) 
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Experiment Crystal 
Ball 

BaBar 
BELLE 
BES III 

KTeV 
 

(L*) 
(GEM) 
TAPS 

L3 
BELLE 

 

Mu2e 
SuperB 

HL-LHC? 

CMS 
ALICE 
PANDA 

HHCAL? 

a. at peak of emission;  b. up/low row: slow/fast component;  c. QE of readout device taken out. 
June 27, 2012 Talk given in CMS Forward Calorimetry Task Force Meeting at CERN by Ren-yuan Zhu, Caltech 6 

       Typical LY of NaI ∼ 40000 γ/MeV 

Broad variety of scintillator parameters: relative importance 
depends on the application 
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Excitation, Emission, Transmission 

Black Dots: Theoretical limit of transmittance: NIM A333 (1993) 422 

LSO 

LYSO 

No Self-absorption: BGO, PWO, BaF2, NaI(Tl) and CsI(Tl) 

LaBr3 

LaCl3 

June 27, 2012 Talk given in CMS Forward Calorimetry Task Force Meeting at CERN by Ren-yuan Zhu, Caltech 9 

Emission Spectra 



Detecting the light: Photosensors 
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Light is guided to a photo-detector (i.e. photomultiplier tube, silicon 
photomultiplier) and converted into charge: 

  Conversion of a photon into electrons via photo-electric effect  
  Amplification of the electron signal by factor 105-106 via 
secondary emissions on dynodes or avalanche in silicon   

 
Photo-detector requirements: 
  cover a large range of wave lengths (UV to IR) 
  good efficiencies, single photon detection possible 
  cover large active areas (SuperKamiokande O 46cm) 
  PMT (SiPM) are (not) sensitive to B-Field 
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Silicon Photosensors 
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§  A silicon photo-sensor is “in practice” a  reverse Silicon N-P junction with a photo 
     sensitive layer where “photo-electrons” are extracted. 
§  The reverse bias helps to create a large depleted region and reduce to negligible 
    values the “dark current”, Id,  i.e. the current seen without any signal in input 
§  3 work regimes: 
  ! Photodiode (G=1) all e- produced in the photosensitive layer are collected at the anode.           
   ! APD (G=50-2000)  , or Avalanche Photodiode, working in proportional regime and  
  ! Geiger APD (G=105-106) working in Geiger mode 
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Silicon Photomultipliers (SiPM) 
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The basic SIPM element (pixel) is a combination of Geiger-APDs and quenching resistors   
    à a large number of pixels are electrically connected and arranged in two dimensions; 
    à Each pixel generates a pulse of the same amplitude when it detects a photon .  
    à The output signal from multiple pixels is the  superimposition of single pixel pulses.  
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Ø  Single photon counting 
Ø  Photon Detection Efficiency 
Ø  “Intrinsic” not-linearity 
      on the response. 

18 Data Analysis 
¾ Fit individual QDC spectra 

 
 

� G: Gauss distribution 
� P: Poisson distribution 
� a: gain 
� µ: number of primary fired pixels 
� 'µ: probability of cross talk + afterpulse in gate (1 
µs) 

� V: width of individual pixel peaks 
oV(N) = (Vped

2 + N Vsig
2)-1/2  
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Emission Weighted QE   
Taking out QE, L.O. of LSO/LYSO is 4/200 times BGO/PWO  

Hamamatsu S8664-55 APD has QE 75% for LSO/LYSO 

LSO / LYSO 

LSO / LYSO 

June 27, 2012 Talk given in CMS Forward Calorimetry Task Force Meeting at CERN by Ren-yuan Zhu, Caltech 10 

Photosensors & Scintillator matching 
Coupling scintillator light  emission spectrum  to  
Quantum Efficiency of photosensors is essential 

30	21/3/2018	 S.Misce/	@	Frasca4	Detector	School:	Calorimeter	Primer	

Mu2eMu2e

BaF2 Scintillation Light 
Fast at 220 nm: 0.9 ns, Slow at 300 nm: 600 ns

R. Y. Zhu, "On Quality Requirements to the Barium Fluoride-Crystals," 
Nucl Instrum Meth A, vol. 340, pp. 442-457, Mar 8 1994

7/27/2015R.-Y. Zhu - Crystals: Optical and Scintillation Properties, Radiation Damage4

BaF2	
Fast	and	Slow	components	



Forecast for tomorrow lesson 

    Tomorrow we will describe few practical example at low energy: 
    à Electromagnetic , homogeneous!  
Many possible “on-paper” solutions depending on requirements: 
-  High sampling heterogeneous calorimeter (KLOE-like) 
-  Homegeneous Liquid Xenon (MEG-like) 
-  Homogeneous Crystal like detector (kTeV, BaBar, CMS …) 
-  At low energy, Mu2e for the high intensity regime. 
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Un esempio di EMC a campionamento fine: KLOE

1.2 mm

1.35 mm1.0 mm

Lead

 Active material:

•1.0 mm diameter scintillating fiber

High sampling structure:

• 200 layers  of 0.5 mm grooved lead foils

• Lead:Fiber:Glue volume ratio = 42:48:10

  Calorimeter thickness = 23 cm

 Total scintillator thickness ~ 10 cm

Lead-Scintillating Fiber Calorimeter with

excellent timing performance.
24 barrel modules, 4m long + C-shaped
End-Caps covering 98% of solid angle.
Time res: σT = 54 ps / √E(GeV) ⊕ 50 ps.

Energy res: σE/E = 5.7% / √E(GeV)

KLOE-like	
B-Field	at	0.5	T	
Eres:	5%/sqrt(E/GeV)	
Tres:	50	ps/sqrt(E/GeV)	

12 x12 mm2 SiPM (MPPC)
R&D
Test of 600 this year in 
Large Prototype (beam 
2014)

MEG	
No	B-Field	
UV	ext	2”	PMTs	
70	ps	@	52	MeV	
1.6%	@	52	MeV	gammas	
	

CMS	
PbW04+APD	
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Longitudinal development 
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10

Sviluppo longitudinale dello sciame

 Profilo longitudinale dello

sciame in funzione dell’energia.

 Il massimo dello sciame varia

come ln(E)

Per la scelta dell’assorbitore,

occorre vedere quante X0 sono

necessarie per assicurarci il

contenimento dello sciame.



Silicon PMT : quenching 
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•  The MPPC (multi-pixel photon counter)  is one of the devices called silicon photomultipliers 
(SiPM) or Geiger APD. It is a photon-counting device that uses multiple APD pixels 
operating in Geiger mode; 

•  The Geiger mode allows obtaining a large output by the discharge even when detecting a 
single photon. Once the Geiger discharge begins, it continues as long as the electric field is 
maintained.  

•  One specific example for halting the Geiger discharge is a technique using a so-called 
quenching resistor connected in series with each APD pixel. This quickly stops the 
multiplication in the APD since a voltage drop occurs when the output current flows. 

MPPC Structure
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