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* General considerations and motivations
* Physics benchmark

» Crystals

* Photodetectors

* Readout

* Key points in energy resolution

* Regional Centers for assembly and test
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Max Machine Luminosity 1034 cm™ s
C.q=100mb — 10°events/s
Ohiggs = | PD — 1072 events/s
20 events/crossing — 1000 tracks

1 crossing/25ns

Neutrons: 1017 n/cm? .
Gammas: 107 Gy , in 10 years

Extreme conditions for detectors

*Granularity (10°+107 channels)
*Speed of response

‘DAQ + trigger (10° —>10% ev/s)
High radiation resistance
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~75000 PWO Crystals
+ Preshower (Endcaps)

Barrel Endcap

1 coverage
Granularity (An=Ag)

Crystal Dims. (cm?)
Depth in X,

No. of crystals
Crystal Volume (m?)

Photodetector

Modularity

nl<1.48
0.0175x0.0175
2.18<2.18:23
25.8

61.200
8.14

148 <|n|<3.0
varies in 1)
2.85+2 85<22

24.7 (+#3X)

14,950
3.04
APDs VPTs

36 supermodules 4 Dees
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- Excellent energy resolution (over a wide range)
* High detection efficiency for low energy e and y

- Structural compactness:
- simple building blocks allowing easy mechanical assembly
* hermetic coverage
- fine transverse granularity
» Tower structure facilitates event reconstruction
- straightforward cluster algorithms for energy and position
» electron/photon identification
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Precision has a price... a long list to take care:

- Longitudinal and lateral shower containment

- Light production and collection

» Light collection uniformity

* Nuclear counter effect (leakage of particles in PD)
* Photo Detector gain (if any) stability

* Channel to channel intercalibration

» Electronic noise

* Dead material (energy loss and y conversions)
» Temperature stability and uniformity

* Radiation damage

» Pileup
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A crystal calorimeter is a very precise instrument that
requires a tremendous effort to be finalized

» understand & optimize crystal parameters
» technology for growing crystals
>

» extreme resolution very fragile

Is it worth?

If you look for some specific reaction...
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Low mass Higgs discovery:
I, (m, =100 GeV)~2— 100 MeV mmmmp T, /m, <103

m_=2E E, (1l -cosb)

a~0.025 GeV'"”?

c ~ 0.005

and an angular resolution
o ~ 50 mrad/\E
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Beautiful instrument & excellent physics results

n mass reconstruction = = |

Sin9|€. gamma . Em /\ G =7MeV |

heutrino counting U il |
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: mqst accurate
o UF ™ | model independent
| ‘L}/ e measurement
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1.85

BaF2 CsI(TI) Csl CeF3 BGO
4.88 4.53 4.53 6.16 7.13
2.05 1.85 1.85 1.68 1.12
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Typical light yield of NaI ~ 40000 y/MeV
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Parameter
Radiation length
Moliere radius
Hardness
Refractive index
Peak emission

% of light in 25 ns
Light yield (23 cm)

cm
cm
Moh

nm

iMleV

Value
0.89
2.2

2.3
440
80%
100

* Fast scintillation
» Small Xo and Rm

* Intrinsic radiation hardness
* Relatively easy to grow
* Massive production capability
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* High index of refraction
» Strong LY dependance on T
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Improve the low level of light yield of crystals
Keep fast response (understand decay kinetics)
Insure radiation resistance

Improve growing and production techniques
Achieve longitudinal response uniformity
Develop solid state photodtector with gain (APD)
Develop suitable radiation hard electronics
Control effects below few permill
Design low-Z support structure

- Test and assembly ~ 75000 crystals

Siena 22/10/2002 M. Diemoz — INFN Roma



Almost final barrel crystals
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Major R&D problem

— Only e.m. radiation produces a damage

— Scintillation mechanism is not affected

— Only crystal transparency is reduced
creation of color centers

— Damage level depends on dose rate

creation and annealing of color
el [Gy] centers at room temperature

B0 10200 LOE0S DOE+0e LOBAT) 10205 105400 MH!-’L‘! Lot 0BT 2 1B

IIIII

— Damage level reaches an equilibrium after

% w=h
P ‘:.Eﬁ"a - 5 \J on a small administered dose

EE | qns 015/ 1 — Partial damage recovery in few hours
e ol || g \\\ ¢ — Loss in extracted light of few % is
=30 20 ;}Eﬁ_: I HHQ}‘& " tolerable and can be followed with a

— ===/ monitor system
P 3,23 m

Dose rates [Gy/h] in ECAL at luminosity L—l 034 cm?s7!
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Sept. 1998 to Dec. 2000
6000 crystals produced by BTCP

1000 O Planningll Delivered| S0
|| B Dimensions B Transmission ||
800 401
O Light Yield H Decay time
600; 301| | O Slope/Rad.hardness |
4007 201
200 10
Owagwg,gagmgaowaamwagmwn
T ¢ E§F ¢ E f ¢ S § s FEFTEEF G
* % 5 8 8 £ 3338 2 g g8 LSS E
SR : Goals
‘Production yield -Crystals quality
. . successfully
‘Production rate <Stability of parameters : |
achieved!
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Front irrad., 1.56y, 0.156y/h

100

En__

207

Statistics on 368 crystals
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LY loss (%)

Rejected for LTslope < 1.5%/m

0051152253 354455556657 75

Mean : 2.45 %
StDev : 1.06%

IReiected for LT@350nm < 10%

B 859 2510

Sthew - 1.21%
Meamn : 3.39%

batch 1

"IN = 32 Xtals

0 1 2 % 4 5 & 7T B B 10
LY Joss (%)
N = 33 Xtals StDev : 0.9%
ean : 1.92%
batch 8
o
0 102 % 4 5 %% & 9 10
LY Borss (%)
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Technology steps in Bogoroditsk

Barrel Endcap Barrel
32 mm
44 mm 65 mm
1996 1999 End 2000

Significantly increase the production capacity:
add flexibility to the production scenario
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ENDCAP ingots
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Production of barrel crystals started in 2001: 5700 crystals delivered
In parallel R&D to increase productivity (driven by endcap ingot success)
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N =300 crystals

Mean : 9.1 pe/MeV
200 1 LY@8X(0 StDev : 0.57 pe/MeV

1 T T T

5 6 7 8 9 10 11 12 13 14
Light Yield (pe/MeV)

COMPARE:
- 260 barrel x| produced with
the standard technology Il

40 barrel x| produced with the
new technology
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Technology for 65mm ingots under control:

quality comparable with "standard crystals”

. =
ALy
iy

L - (] # L] o ™ A = T R R

Further increase of the PWO ingot diameter under study:
2Endcap or 4Barrel crystals in one ingot is feasible
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Years 2001 2002 2003 2004 2005
Quarters | 10 | 20 [ 30 | 40 | 10 |20 [3Q [40Q [ 1Q [ 20 |30 [ 40 | 1Q [ 20 |30 | 4Q | 1Q | 2Q
CERN/ISTC #354b- 6(000 barrel

Delivered | 6000

CERN/ISTC #1718- 30®00 barrel

senstlis 1500 | 1200 | 2100 | 2500 [ 2600 | 1800 | 2600 | 2900 | 2900 | 2900 | 2900 | 2900 | 1200

Sept 2001

New.sched 1500 500 | 500 |200 |200 |[200 |]400 | 25004000 | 4000 | 4000 | 4000 [ 4000 | 3200 | 800

Delivered 1500 500 | 500 |200 |200 | 200

CERN/ETHZ Contract 2600 barrel

Contract

SCIONIX 2600 [ 2600 | 2600 | 2600 | 2600 | 2600 | 2600 | 2600 | 2600 | 2600

Delivered 2600

Additionnal order for Barrd (37" SM + spares)

Potential 2150

product.

EndCap crystals production in Russia

Potentia.] £E 200 (400 |400 |400 |400 |1200 | 1450 | 7000 | 3550
production

Barrel Total
Cumulative

EE Total

Cumulative

Siena 22/10/2002

8000

8500

8700

8900

11.7

14.7

19.8

200

600

39.6

1000

Assumes 2 crystals per ingot for barrel and endcap

46.2

1400

52.8

1800

4450 1145 15.0K
K
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SiN  window E - i
P+t T conversion il ‘ .
P e acceleration {}_ 3
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+
y n
|
n ++ ¢ collecoan

-

* Insensitive to B-field (4T)

* Internal gain (needed for PWO, M=50 used, Vj50~380V)
* Good match to PWO scintillation spectrum (Q.E.~80%)
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Critical points Y244PDs per
| L dicrystal: 50 mm?

» Contributions to all o(E)/E terms N T e
« C & Idark = b (1/E) '-Z'}f:.;:i '
- excess hoise factor = a (I/NE) OO

- Gain stability = C
* Nuclear counter effect
* Radiation hardness
APDs optimized with an extensive R&D program are now in production
Capacitance 75 pF & Idark few nA =b =150 MeV (Z5x5 14=40ns)
F=2.2 (— fluctuations in multiplication) —a increase 1.6% — 2.3%
dM/dV = 3%/V and dM/dT = -2.3%/°C =>c ~ 0.5% develop very stable systems

d.

e

# =6 um (— acceptable response to ionizing radiation)

Idark increases with neutron irradiation: k
V2 contribution to noise of single channel &

after 10 years running

Siena 22/10/2002
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Vacuum Phototriode (VPT):

(Axes: 8.5° < |0] < 25.5° wrt to field)

Single stage PM fube| o B-field orientation favourable for VPTs
anode E *More radiation hard than Si diodes
$=265 5 ‘ (with UV glass window)
o :"' *Gain8-10atB=4T
— - > - Active area of ~ 280 mm?/crystal
iﬂ%@f&ﬁ? . DYNODE * Q.E. ~ 20% at 420 nm
MESH ANODE

with fine metal grid

NN

0.8 /
0.6 | .

I Arrows indicate angular
0.4 | regions of end caps

Rel. Anode Response

0.2 |

0.0 —— ‘ ‘ ‘ ‘ ‘
-90 -60 -30 0 30 60 90
VPT angle (deg.) "
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On-detector Light-to-Light readout
* 40 MHz clock

* High dynamic range tfo measure 8%
an energy interval 50MeV —»2TeV

ALL RADIATION HARD

Current Voltage Bits

Upper-Level VME

" Readout Card

(in Counting Room)

Pipeline

To DAQ>
© |

Digital
Trigger

¥+ . — — —>
A difficult and costly project! " oo
Energy nght Current Voltage Bits
_>
nght Current Voltage Blts Light
= % IS
PbWO, APD Floating-Point Fiber
Crystal VPT Preamplifier Readout

Siena 22/10/2002
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* Major revision of the project imposed by budget and
possible thanks to 0.25um CMOS rad hard technology:

> ¥ trigger e data storage on detector
> read out of data only if L1 OK

> three links each trigger tower (25 xl) Same scheme

of TP (1994)

xtals  APD Front End
ﬂ:;ﬁf; t\j : ? To Mather
_"“ﬁf’; N — * I'.Anc:'-_': - Board
Light

(Fenix ......)
Eneray Carremt Valtage i
— - - -
Lighu Current Voliags Bies
L A % A
h h
Very Front End Board Front End Board
{5 ChannelsVFE board) (25 Channels/FE baard)

‘Reduction of about a factor 8 in the number of data links
-Simplification of off-detector electronics

*Equivalent performances
Siena 22/10/2002 M. Diemoz — INFN Roma



Siena 22/10/2002

Bare/Dressed Super Modules
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"Crystal 2070
E =280 GeV

Evenis/100 MeV

40

] WA

265 275
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80I°G/E =0.40% |

ééﬁ 295
E (GeV)

280 GeV electrons:

* no sign of rear leakage,
which could cause direct
signal in APD

Resolution as a function of

energy:

* on 1999 prototype, matrix
with 30 preproduction
crystals and APDs

G 2.74% 142MeV

D 0.40% @
E  JE ’
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Standard parametrization: _

» a: stochastic tferm from Poisson-like fluctuations
- sampling contribution
(natural advantage of omogeneous calorimeters)
- infrinsic contribution from photostatistics (= L.Y.)
- other contributions often important
b: noise contribution, relevant at low energy

- electronic noise converted in energy units through N, ./MeV =
b depends on Light Yield too

c: constant contribution, dominated by stability
- dangerous limitation to high energy resolution
- important contribution from calibration constants
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photostatistics contribution, including

- LY

- light collection efficiency

- geomeftrical efficiency of the photodetector
- photocatode quantum efficiency

N,./GeV = 4000 for 0.5 cm* APD — 1.6%

electron current multiplication in APD, contributing

a square root of excess noise factor, F = 2
1.6x1.4 = 2.25%

Lateral containment (5x5 matrix) — 1.5%

Total stochastic term a=2.7%
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40 ns shaping time, summed over 5x5 channels
Serial noise (p.d. capacitance) oc 1/+
- 150 MeV
Parallel noise (dark current) oc Vt, mostly radiation induced
- negligible at the start of the experiment
- 30 MeV after one year at low luminosity
- 100 MeV after one year at high luminosity
Physics pile-up (simulated, with big uncertainties)
- low luminosity 30 MeV
- high luminosity 100 MeV

Total contribution

- low luminosity 155 MeV
- high luminosity 210 MeV
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Most dangerous at high energy
leakage (front, rear, dead material)
CMS full shower simulation< 0.2 %

system instabilities designed to be at the permill level t~3tcal
- temperature stabilization< 0.1 °C
(dLY/dT =-2.0%/°C @ 18°C ; dM/dT ~ -2.3 %/°C)

- APD bias stable at +20 mV
(dM/dV = 3%/V)

Key issues to keep c ~0.5 % :
*light collection uniformity

-intercalibration by monitor and physics signals at 0.5 %
including the radiation damage effect
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‘Focusing effect due to tapered
shape of crystals (first seen and D

studied in L3)

‘High index of refraction (n=2.3) § wE « all polished l.
enhance the effect: 0.~ 26° ss £ ™ Ra=0.34 .
A Ra=0.24 i

15 R
Uniformity can be controlled by ™ W“
depolishing one lateral face ) .
with a given roughness “”: '“--.,__'-.‘-““

PAY ALOSS IN LY -

DL LU R R R i
0 25 5 75 10 125 15 175 20 225 25
Dist. from PMT (cm)
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* A non uniformity of the light collection in the shower max region may
significantly contribute to the constant term in the energy resolution

} Tdeal light collection shape £0012

;:l -
| | S oo1 |
FNUF < 0.3%X, %um -
0.006 |
0.004 |-

d ® russian proto 2000

0.002 |- © chinese proto 2000

(crystals all polished)

IIllllllllllll|||||-..|||I--

Max Front d(LY)/dX=+0.35%/X, 5-4 020 02 04 06 05 1 12
Cfnuf < 0.3%
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*Initial calibration on test beam (as much crystals as possible)

*In situ calibration with physics events (W — e*v, Z — e*e”) using E/p from tracker
allows at low luminosity in 35 days an intercalibration (single crystal) better than 0.3%.

*Monitoring of response evolution by light injection system

DATA LINK l i j T DATA LINK

ADC & OPTO e OPTO LASER monitoring
| | * light injection
; i . :
FPPA " | SERIALIZER * A = 440 nm and 500 nm
APD 7% + 1/140 (80 Hz) beam
ADC (x 12) | gaps on 850 crystals

CRYSTAL
(1700/SM)

(i

/==

LEVEL-1 LEVEL-2 S«’ITCH LASER
(select half SM)

(200 Channels)
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-
£ S/S0=(R/RO)®
102, |rradiation and Recovery of Tower 9 F Y ;
s ] 0% - w=16
o — . Recoyer'y of damage § & |
; if no beam = ;
& Ly F
n.gal M @ t
. j Laser = o ';t
Bia i £ -:.": i:
0046 |'|"I'\. :—'.---IFL-‘,. I L L 2002
* Calibration oty F Preliminary
E
u,“.l-.q||-.l| ----- L T YRR IR | ngz Eax I | PR | o | I | i i
a 2 4 5 :} 0 12
Time [deys] o5 9 81 s 9w R/ARO

NB moderately rad hard crystals
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Response may change! Even if not foreseen

- system able to track the

BGO response decrease
(few %/year)

porting of previous year
calibration: 1.3%

+ spread after Xe+Bhabha
corrections: 0.8% from
calibration in 1991

Siena 22/10/2002

Electron energy/Beam energy

1.02

1

098 [

096 [

094 [
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(ageing
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¥
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@ RB26 (Hb
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S
.

|of som]e opticd

| compgnent)

1993

1994

600 800 1000 1

00 1400 1600 1800

Time (days)

In 1999 0.5% from calibration
after refinements of methods
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Why pre-calibration of each single channel is desirable?
* Full system test
* Be ready as soon as possible for precision measurement
independently from other CMS sub-detectors (precision on
intercalibration has a direct impact on the constant term of
the energy resolution)

A parhal calibration is anyway mandatory to understand
* Geometrical effects (energy deposition depends on n)
- Effects of gaps between crystals, modules
* Thermal stability
» Gain stability in electronics chain
* Monitoring system
* MC simulation in all its aspects
* In situ calibration through reference regions
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k sm e | Preliminary results on 95
= n_oms:omw || CrysStals - test beam 2002
ii.z— __ Relative LY’s difference | RelativeL YDIff _
3 15| ! 1) . g
:131.1_ 121
I.['.'E-
: o)
- 5
085 Bf_
09l 6
oss- " af
09 1.1 12 13 [
Laboratory LY /LY rer ol
SM not pre-calibrated: E ,
) . . L 0.1 02 03
intercalibration @ t=0 from _—

RC measurements @ 1MeV

with different read-out
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http://www.roma1.infn.it/
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wdi  Automatic control of:
F - Dimensions
S | © Transmission (radiation hardness)

sl & - Light yield and uniformity

* J
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Il primo sottomodulo!

e ] ]
e 3

i
Sottomoduli assemblati



http://www.roma1.infn.it/
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A challanging project

Intense and rewording R&D effort performed

Now in the construction phase

Few years of construction (— 2005)

Few years to understand in detail the system behaviour
* Aiming to outstanding physics results
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