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The ‘Why’ and ‘How’ of Crystal Calorimeters IThe ‘Why’ and ‘How’ of Crystal Calorimeters I

Crystal Calorimeters have been historically used in HEP:
For precision E measurements of e, γ, π0 ..
To help in position measurement 

CMS PbWO4

SamplingSampling

PlasticsPlastics

Cerenkov Cerenkov 

CalorimetersCalorimeters

ScintillatorsScintillators

HomogeneousHomogeneous

Warm Warm LiqsLiqs.. Noble Noble LiqsLiqs.. CrystalsCrystals

Low Light Yield 

Sample Fluctuations
Degrade E Resolution

e.g. 
toluene

X0 too long to be practical (factor of 2-20  wrt crystals) exc. LiXe  (avail, purity)
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The ‘Why’ and ‘How’ of Crystal Calorimeters II
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E ⊕⊕=σ

Design issues in Crystal Calorimetry:
A calorimeter design ‘phase space’:
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Focus on energy resolution: 

Stochastic Term a
Constant Term  b
Noise (low-and hi-lumi)  c

hi-lumi

(TDR)

Other Factors:
Production (Machining, Raw Mat’l Avail.)
Appropriate Photodetector exists 
(=f(λ,LY,B)) 
Exp’l Conditions (Rad Environment,Cost)
Ability to manage Temp Dependence

NaI

CsI(Tl)

BaF2

CeF3

CsI
PbWO4
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The ‘Why’ and ‘How’ of Crystal Calorimeters III
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560410Luminescence b (nm)
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NoNoNoNoNoSlightSlightYesHygroscopicity

1.851.822.22.151.501.951.791.85Refractive Index a
22211821.829.937.037.041.4Interaction Length (cm)

2.372.32.02.33.43.53.54.8Molière Radius (cm)

1.371.140.91.122.061.851.852.59Radiation Length (cm)

6.717.408.37.134.894.514.513.67       Density (g/cm3)

GSO(Ce)LSO(Ce)PbWO4BGOBaF2CsICsI(Tl)NaI(Tl)Crystal

Adapted from R.-Y. ZHU, presentation at UCSC Linear Collider Retreat, June 2002

a. at peak of emission;  b. up/low row: slow/fast component;  c. measured by PMT of bi-alkali cathode.
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A Crystal Calorimeter Timeline

1970 1980 1990 2000 2010

1990 1995 2000 2005 2010

CLEO-II1977 1998

1989 1999 2008

L* (BaF2)
L3P (CeF3)

3256 CSI
27 X0

CP Violation

12k BGO
24 X0

Gen’l Purp

672 NaI
15,7 X0

Charmonium
Spectrum

7800 CSI (Tl)
16,2 X0

b-c-τ physics

6580 CSI (Tl)
16.2 X0

B Phys./CP Violation

23k PbWO4

25 X0

B Phys

8636 CSI (Tl)
16.2 X0

B Phys./
CP Violation

77k PbWO4

25/26 X0

Gen’l Purp

18k PbWO4

20 X0

HI (q-g plasma)

2004

1536 CSI (Tl)
8.5X0

Space γ Phys.

20072003

1200 
PbWO4

20.2 X0

Pion
Lifetime
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The CMS PbWO4 Electromagnetic Calorimeter

|η| < 1.48

61.2kcrystals

~22x23x230 mm3 (17 types)

25.8 X0

)GeV(
)915.0(770.0%55.0

)GeV(
%7.5

EEE ⊕⊕=σ

Barrel Endcap/Presh 

Endcap

25 X0

Preshower 3 X0

(Pb/Si)

1.48|<η| < 3.0
)GeV(

)210.0(155.0%55.0
)GeV(

%7.2
EEE ⊕⊕=σ

30x30x220 mm3

14.6k crystals

Choice of PbWO4:
LHC Rate (25 ns)
Radiation Env’t  
Longitudinal  
Containment (X0)

Photodetectors:
|B|=4T,
PbWO4 Low 
room-temp LY

APD(barrel),VPT (EC)

Target Performance 

Barrel

Endcap

Electronic Noise   150 MeV
Rad-induced Idark 30(110) MeV
Pileup 30 (95) MeV

Calibration            0.4%
LY Non-Uniform.  0.3%
Rear Shower Leak. <0.2%

Shower Flucs. /Tr. Lk. 1.5% GeV1/2

Sampling Flucs.     nil
Photodet. 2.3% GeV1/2

750 MeV

175 (525) MeV

c

0.4%
0.3%
<0.2%

b

1,5% GeV1/2

5% GeV1/2 (Presh)
2.3% GeV1/2

a
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Crystals: Physical and Optical Aspects I
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) Focussing effect Proximity to 
photodetector

Attenuation
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And Today...

LY Non-Uniformity

LY@8X0

0

200

400

600

800

1000

1200

-1.5 -1 -0.5 0 0.5 1 1.5 2
NuF Front (%/Xo)

FNUF

Bogoroditsdk BCTP

E. E. AuffrayAuffray, CALOR2002, CALOR2002

F.F. CavallariCavallari, CALOR2002, CALOR2002

Transmission Yesterday....
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Crystals: Physical and Optical Aspects II
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0

20

40

60

80

100

0 0.51 1.52 2.53 3.54 4.55 5.56 6.57 7.58 8.59 9.510
LY loss 

(%)

Statistics on 368 crystals Mean : 2.45 
% StDev : 
1.06%

R
ej

ec
te

d 
fo

r L
Ts

lo
pe

< 
1.

5%
/m

R
ej

ec
te

d 
fo

r 
LT

@
35

0n
m

 <
 1

0%

E. E. AuffrayAuffray, CERN, CERN

LYloss=(LY0-
LYirr)/LY0 (%) Protvino, April 02, 27 GeV e

dose rate 2-12 rad/hour, 85 h

Rad-Hardness improvements:
Stoichoimetric fine-tuning
Optimizing growth conditions
Doping (Y,Nb)

(Last 2 also improved transmission)

Radiation Hardness....

Y. Matulenko, V. Mochalov, A. Vasiliev, 
BTeV Collaboration Meeting, July 17-18 2002

Also, CMS/BTeV crosscheck on 2 CMS endcap crystals 
(lateral irradiation): Comparable signal loss rates for lo-
(50 rad/hour at Protvino) and hi-dose (20 krad/hour at 
Geneva hospital) rates (equiv.integrated doses) 
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Crystals: Technological Aspects
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Increased Ingot Size:  2 Barrel crys/ingot…

…with no change in optical properties.

In the future,

may be possible.
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n

n

n pp

+

++

+

-

Si N  
antireflecting
coating

2 4

Junction

Groove to minimize
surface leakage

current

K. Deiters, PSI

E Si3N4, SiO2, contact

p++ photon conversion
p e- acceleration
n e- multiplication

n- e- drift

n++ e- collection
contact

γγ

The CMS APD:The CMS APD: A Gain-amplification-providing,
magnetic-field-insensitive, fast, radiation-hard device:

−

⊕=
peN

Faa stat
'

Hamamatsu Photonics, 10-year R&D

Operating Gain of 50 (can go up to >1000) (b cont.)

Active Area/crystal=2 X 25mm2 (BIG)=50mm2 (a cont.)

QE~75% at λ=420nm, C=80pF, F=2@M=50 (a,c cont)

Charged-particle-insensitive (deff~6µm)
Inaccessibility Need for 1/1000 reliability over 10 yrs:
100% Co60 500 krad pre-irradiation, annealing/accelerated 
aging, then selection selection based on: VB-VR, ∆VB, Id, Id/M vs. M, Noise .
Also: Sample neutron-irradiation (2 X 1013 neutrons/cm2)  

Rejected

Id/M vs. M

R. Rusack, UMinn, CALOR2002 

20

The ‘Capsule’The ‘Capsule’

QM2002 18-24 July, Nantes, France, M.Ippolitov

Apatity Bogoroditzk
Stochastic term  a, % 3.41±0.15 3.89±0.11
Constant term c, % 1.19±0.11 0.84±0.08
Noise term  b, MeV 30.8±1.9 29.6±2.4

Aug/Sept 2001
Ebeam=30 GeV
3x3 Array
(Apatity)

same same 
APDs APDs as CMSas CMS

Photodetection:  Si Avalanche Photodiodes (APD)
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Photodetection: Vacuum Phototriodes (VPT)

φ = 26.5 
mm

MESH ANODE

RIE St. Petersburg

Rec’d:  1900 
Tested: 1300

RAL

Vacuum Vacuum PhototriodePhototriode (VPT):(VPT): Single stage 
photomultiplier tube with fine metal grid anode

To guide the eye (ie
not a fit…)

1.4 < PG < 3.8

R.M. Brown, RAL/CLRC

Anode response,  production VPTs
at 1.8T (RAL, pulsed)  vs. 
(ε X gain) at 0T (RIE, dc)

•B-field orientation favourable for VPTs
(Axes: 8.5o < |θ| < 25.5o wrt to field)

•More radiation hard than Si diodes
(with UV glass window)

• Gain 8 -10 at B = 4 T, Excess noise factor F~ 3
• Active area of ~ 280 mm2/crystal
• Q.E. ~ 20% at 420 nm
•<10 % decrease in  response after 10 years of operation
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Treatment of Photoelectric Signals

FE_BOARD

5 X
VFE_BOARD

FPPA

ADC

Fenix

CTRL
Raw 
Data

Trigger
Data

GOL

CRYSTALS and APDs

Dynamic Range ~95dB:  Dynamic Range ~95dB:  
(50 (50 MeV MeV (noise)(noise)——1.5 1.5 TeVTeV))
Need compression 16 to 12 bits:  Need compression 16 to 12 bits:  
MultipleMultiple--gain systemgain system
LHC rateLHC rate ττshapingshaping~40ns &~40ns &
40 MHz sampling40 MHz sampling

Crystal
PbWO4

APD/
VPT

Floating-Point 
Preamp (FPPA)

Optical
Fibers

ADC

Energy
→

Light

Light
→

Current

Current 
→

Voltage

Voltage
→

Bits

SADC(
40Mz)

5 p.e./MeV

Acquisition (DAQ)

‘Light‘Light--toto--light’ light’ 
onon--detector readout: detector readout: 
Must be Must be radrad--hard!           hard!           

25 25 cxcx
1 Trigger1 Trigger
TowerTower

FPPAFPPA

LHC rateLHC rate
ττshapingshaping~40ns~40ns

HIghest HIghest nonnon--
saturatedsaturated
gain chosengain chosen

Spring 2002:  Lab tests (laser) Spring 2002:  Lab tests (laser) 
with nearwith near--final VFE        final VFE        P. Jarry, CEA/DAPNIA

(in capsule)
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Detector Calibration

LAB measurements Precalibration Physics Evt. Calibration

D. D. FutyanFutyan,CERN ,CERN 

F. F. CavallariCavallari, INFN, CMS IN 2001/033   , INFN, CMS IN 2001/033   P. P. Meridiani Meridiani INFN INFN 

12M evts@
<L>=1033cm-2s-1

Z e+e-, barrel, full sim

φ-ring absolute and 
intra-calibration w Z e+e-,
possible in <1day, ~1% 

φ-ring intercalibration
w/minimum bias (jet trigger)
evts,possible in <2hrs, 1−2% 

in test beam (50, 120 GeV e), 
significant fraction of detector,
<2%<6%

Final goal is <0.5% (with  e from WFinal goal is <0.5% (with  e from W e e ν ), ν ), 
possible in ~2 monthspossible in ~2 months (const term)       (const term)       

Abs. E scale from KAbs. E scale from KLL ππ+/+/−−ee--/+/+νν, ~0.03%/channel, 1, ~0.03%/channel, 1--2 days2 days

((calocalo//spectrospectro))

Average E Average E nonlinearitynonlinearity:  0.5%  3 :  0.5%  3 GeVGeV<E<75 <E<75 GeVGeV

4h4h

M. M. KocianKocian, SLAC, CALOR2002, SLAC, CALOR2002

33--9 9 GeVGeV, 12h, 12h
0.030.03--3 3 GeVGeV

0.006130.00613 GeVGeV, 1/2h, 1/2h
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Scintillation Light Loss Monitoring

J.Donini, IPNL

cristal 13

0.57 Gy

2.05 Gy

1.47 Gy
saturation

∆laser

∆particle

S/
S 0

tt0

R = ∆particle / ∆laser

Laser Injection 
every 90 µs:

440 nm
500nm
750nm M. Dejardin,CEA/DAPNIA

CMS Saclay group, CMS IN 2002/012

Dynamic (between Dynamic (between 
physics calibrations) physics calibrations) 
correction of correction of 
calibration constants calibration constants 
by following  light by following  light 
loss due to radiation:     loss due to radiation:     
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Results from Test Beam

)GeV(
)210.0(155.0%55.0

)GeV(
%7.2

EEE ⊕⊕=σ
TDR:

TB:

Barrel

Charge (not Sampling) ADC

With Preshower

Summer 2000: 3 Summer 2000: 3 submodulessubmodules (30 (30 xtalsxtals) Proof) Proof--ofof--
principle of  ‘Lightprinciple of  ‘Light--toto--light’ readout, ASIC FPPA: light’ readout, ASIC FPPA: 

Raw events

Reconstructed
Events 

Gain shifts

e, E=280 GeV

J. Donini, IPNL Doctoral Thesis
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Assembly/QC Status:  Barrel

Assembly Assembly centerscenters at CERN,             ROMAat CERN,             ROMA
Casaccia

CERN Assembly CERN Assembly CenterCenter

Crystal (61200)

Subunit

Submodule (10 subunits)

Supermodule (36)

Module (40/50 submodules)

SM0/M4

RC CERN

SubModule
mounting

Casaccia

Module mounting start

Casaccia

CMS PbWO4

0

10

20

30

40

50

sept-98

déc-98

m
ars-99

juin-99

sept-99

déc-99

m
ars-00

juin-00

sept-00

déc-00

Dimensions Transmission
Light Yield Decay time
Slope/Rad.hardness

Automatic testing of:
• Dimensions
• Transmission (radiation hardness)
• Light yield and uniformity

ACCOS

8700 rec’d
6000 char.

RC CERN 4300 glued

SM0 !
Casacci

a

Visual 
inspection

PWO Crystals 
qualification

Gluing hall

SubModules 
mounting 

bench

Modules 
mounting 

bench

SubUnits test

Modules 
transport
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Assembly/QC Status:  Preshower

Si Sensor

Hybrid w/ 
FE electronics

Purpose: Help in π0 rejection in endcap
Status of Production:

600 Si Sensors rec’d (3 production ctrs) 
100 preproduction 
VFE Electronics: PACE-2 (DMILL, 65% 
yield, demonstrated functionality), final 
version PACE-3 in 0.25µ
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Assembly/QC Status: Photodetectors

Capsule characterization benchCapsule characterization bench

CMS IN 2000/013

SubUnits functionality test (Capucinette)

Casaccia

~35,000 APD received, ~6500 capsules made (~10%)
Photodetecton verification at each ass’y stage:
•Capsule: Gain, Idark, VB, Noise under bias
•Subunit: Idem except noise
•Submodule & Module: Photovoltaic tests

Voltage for gain 50

V
50

 c
ap

su
le

s m
ea

su
re

d 
w

ith
 C

ap
uc

in
e(

 V
)

V50 APDs measured at Hamamatsu (V)

J. Fay, IPN 
Lyon

C
ap

uc
in

et
te

J. Fay, IPN Lyon
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Conclusions
As we speak, a complete CMS ECAL 

module module with 100 channels equipped with 
near-final VFE electronics is going into 
beam: First large-scale system test.

In summer 2003 the first complete 
CMS ECAL supermodulesupermodule (1/36 th), 
equipped with final light-to-light 
electronics, will be beam-tested. 

The CMS ECAL is by more than a 
factor of 5 the largest crystal 
calorimeter ever built, with 10% of some 
components already fabricated. 

The range of applications for crystal 
calorimeters has never been as wide, 
crystals remain the medium of choice 
for precision energy measurements.
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Cooling
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Graphiques utiles
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Graphiques utiles
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Graphiques utiles
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Anode response of 
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PWO), plotted 
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Graphiques utiles
RIE Production tubes
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