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Why Crystal Calorimeter?

 Photons and electrons are fundamental
particles. Precision e/y enhance physics
discovery potential.

* Crystal calorimeter performance in e/y
measurements is well understood:

— The best possible energy resolution;

— Good position resolution;

— Good e/ v identification and reconstruction
efficiency.

* Crystals may also provide a foundation for
homogeneous hadron calorimeter with dual
readout of Cherenkov and scintillation light.
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H—Yyy Search Needs Precision ECAL
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History of Crystal Development
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Crystals for HEP Calorimeters '

PWO(Y)

Crystal Nal(Tl) CsI(TI) Csl(Na) Csl BaF, CeF, BGO
Density (g/cm?3) 3.67 4.51 4.51 451 4.89 6.16 7.13 8.3
Melting Point (°C) 651 621 621 621 1280 1460 1050 1123
Radiation Length (cm) 2.59 1.86 1.86 1.86 2.03 1.70 1.12 0.89
Moliere Radius (cm) 4.13 3.57 3.57 3.57 3.10 2.41 2.23 2.00
Interaction Length (cm) 42.9 39.3 39.3 39.3 30.7 23.2 22.8 2017
Refractive Index 2 1.85 1.79 1.95 1.95 1.50 1.62 2.15 2.20
Hygroscopicity Yes Slight Slight Slight No No No No
Luminescence ® (nm) 410 550 420 420 300 340 480 425
(at peak) 310 220 300 420
Decay Time ? (ns) 245 1220 690 30 650 30 300 30
6 0.9 10
Light Yield b< (%) 100 165 88 3.6 36 7.3 21 0.3
1hG1 4.1 0) 4l
d(LY)/dT ® (%/ °C) -0.2 0.4 0.4 -1.4 -1.9 0 -0.9 -2.5
0.1
Experiment Crystal BaBar KTeV (L% L3 CMS
Ball BELLE (GEM) BELLE ALICE
BES Il TAPS PANDA
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a. at peak of emission; b. up/low row: slow/fast component; c. QE of readout device taken out.




1 Crystal Density: Radiation Length '

1.5 X, Cubic Samples:

.

CsifNa)  ‘Csi(Tl)  LaBra(ce)  Nal(T) Hygroscopic: Sealed

Non-hygro: Polished

[ R L == ] Q

PWO LSO LYSO BGO CeF, BaF, LaCl,(Ce)

Full Size Crystals:

BaBar Csl(Tl): 16 X,

L3 BGO: 22 X,

CMSPWO - CMS PWO(Y): 25 X,
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Measured with Philips XP2254B PMT (multi-alkali cathode)
p.e./MeV: LSO/LYSO is 6 & 230 times of BGO & PWO respectively

Fast Crystal Scintillators
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Taking out QE, L.O. of LSO/LYSO is 4/200 times BGO/PWO

Hamamatsu S8664-55 APD has QE 75% for LSO/LYSO
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3% to 80% measured with Hamamatsu R1306
PMT with bi-alkali cathode
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2% resolution and proportionality are important

for y—ray spectroscopy between 10 keV to 2 MeV
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Low Energy Non Proportionality ' -

D: deviation from linearity: 60 keV to 1.3 MeV
Good Crystals: LaBr;, BaF,, Csl(Na) and BGO
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Crystal Calorimeters in HEP

T, %
"
et
- T o
: Y
:‘ 4 A
d

Date 75-85 80-00 80-00 80-00 90-10 94-10 94-10 95-2
Experiment C. Ball L3 CLEOII C. Barrel KTeV BaBar BELLE CMS
Accelerator SPEAR LEP CESR LEAR FNAL SLAC KEK CERN
Crystal Type Nal(TI) BGO CsI(TI) CsI(TI) Csl CsI(TI) Csl(Tl)  PbWO,
B-Field (T) - 0.5 1.5 1.5 - 1.5 1.0 4.0
Finner (M) 0.254 0.55 1.0 0.27 - 1.0 1.25 1.29
Number of Crystals 672 11,400 7,800 1,400 3,300 6,580 8,800 76,000
Crystal Depth (Xo) 16 22 16 16 27 16to17.5  16.2 25
Crystal Volume (m?3) 1 1.5 7 1 2 5.9 9.5 11
Light Output (p.e./MeV) 350 1,400 5,000 2,000 40 5,000 5,000 2
Photosensor PMT Si PD SiPD WS%+SiPD PMT Si PD Si PD APD*
Gain of Photosensor Large 1 1 1 4,000 1 1 50
on/Channel (MeV) 0.05 0.8 0.5 0.2 small 0.15 0.2 40
Dynamic Range 104 10° 10* 104 104 104 104 10°

Future crystal calorimeters in HEP:
PWO for PANDA at GSI

LYSO for a Super B Factory
PbF,, BGO, PWO for Homogeneous HCAL
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L3 BGO Resolution
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Contribution | “Radiative”+Intrinsic | Temperature | Calibration | Overall
Barrel 0.8% 0.5% 0.5% 1.07%
Endcaps 0.6% 0.5% 0.4% 0.88%
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Measured Resolution
c(E)/JE < 1% if E > 25 GeV
c(E)/E ~ 0.5% at 120 GeV

— LA N Y I Y L I B B
' . _ X 1.4f —
S Designed Resolution E= gl CMS ECAL Test Beam ]
) IR =42 Resolution in 3x3 ]
! A N (I N I S N S E - — 585 7085 5
b L — 684 1084 4
i 1 - 683 | |-1083]
L — 705 1105)
L 704 1104
_ 0.8~ -703 ||-1103]
o | cop |5 I
EED 0.6 -723 | |-1123] —
T[] Intrinsic T[] B e
| LT 0.4 ==
Photo B |
| 0.2[ =
0‘1 ! . L D:I | | | | | | | | | | | | | | | | | | | 11 | | |:
1 10 100 1000 0 50 100 150 200 250

E[GeV] E (GeV)
17

August 13, 2008 SPIE 2008, San Diego, Ren-yuan Zhu, Caltech



L3 BGO degrades 6 — 7% in 7 years
BaBar Csl(Tl): 1 - 3 % per year
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From top to bottom:
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dD = "{~a;Dydt + (D{" - D;) b;Rdt}
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Induced absorption caused by color center formation:
— reduced light attenuation length and thus light output, and maybe

— degraded of light response uniformity (LRU).
* Induced phosphorescence:

— increase readout noise.
e Reduced scintillation light yield:

— reduce light output and degrade lig

ltem Csl(TI) Csl BaF, BGO PbWO4
Color Centers Yes Yes Yes Yes Yes
Fluorescence Yes Yes Yes Yes Yes
Scintillation No No No No No
Recover @RT Slow Slow No Yes Yes
Dose Rate Dependence No No No Yes Yes
Thermall Annealing No/Yes No/Yes  Yes Yes Yes

Optical Bleaching No/Yes No/Yes  Yes Yes Yes
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Nucl. Instr. And Meth. A340 (1994) 442

* Oxygen Contamination is known to cause radiation
damage for other alkali halide scintillators. In BaF,, for
example, hydroxyl (OH") may be introduced into
crystal through a hydrolysis process, and latter
decomposed to interstitial and substitutional centers
by radiation through a radiolysis process: H? + O, or
H, + O.°, where subscript i and s refer to interstitial
and substitutional centers respectively.

* Possible means for trace oxygen identification:

— Secondary lonization Mass Spectroscopy (SIMS);
— Gas Fusion (LEGO); and

— Energy Dispersive x-Ray (EDX).
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Secondary lon Mass Spectroscopy revealed depth profile of oxygen
contamination; Oxygen control improves Csl(Tl) quality
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Nucl. Instr. And Meth. A413 (1998) 297

* Crystal defects, such as Oxygen Vacancies, are known
to cause radiation damage for other oxide scintillators.
In BGO, for example, three common radiation induced
absorption bands at 2.3, 3.0 and 3.8 eV were found in
a series of 24 doped samples, indicating defect-related
color centers.

e Possible means for oxygen vacancy identification:

— Electron Paramagnetic Resonance (ESR) and Electron-Nuclear Double
Resonance (ENDOR);

— Transmission Electron Microscopy (TEM)/Energy Dispersion
Spectrometry (EDS); and

— A pragmatic way: Oxygen Compensation by Post-Growing Annealing in
Oxygen Rich Atmosphere.
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TOPCON-002B scope, 200 kV, 10 uA, 5 to10 nm black spots identified
JEOL JEM-2010 scope and Link ISIS EDS localized Stoichiometry Analysis

| Good PWO Atomic Fraction (%) in PbWO,

As Grown Sample

Element Black Spot Peripheral Matrix;  Matrixs

O 1.5 15.8 60.8 63.2
W 50.8 44.3 19.6 18.4
Pb 47.7 39.9 19.6 18.4

The Same Sample after Oxygen Compensation

Element Point1 Point> Points Points
O 59.0 66.4 57.4 66.7
W 21.0 16.5 21.3 16.8
Pb 20.0 17.1 21.3 16.5

Oxygen Vacancies ldentified
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HORSE COLLAR

ASSEMBLY
* PHT SHIELD —\ _\

¢ magneT
71 I l Lﬂi"l l

1FLUXE

| ——

|

- 1
REMOVABLE
Q4 HORSESHOE

I =

Sl
TATIONARY  WE

Qe
il =
. = £
I .
I TR,

DRIFT
CHAMBER
CABLES

c
ELELT.

SUPERCIONDUCTING SOLENOID

BARREL CALORIMETER

>0

.C.

e

L

[,
N

FORWARD END PLUC

2 i = g —_— lim i
i bl — detector with

Aiming at
103%/cm?/s
luminosity for
rare B decays

Need fast

low noise at

the endcap

August 13, 2008

SPIE 2008, San Diego, Ren-yuan Zhu, Caltech

28



CTILSO

T TS FT e R T T T T B e

SIPAT LYSO

August 13, 2008 SPIE 2008, San Diego, Ren-yuan Zhu, Caltech



=10% FWHM resolution for 2Na source (0.51 MeV)
1,200 p.e./MeV, 5/230 times of BGO/PWO
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L.O.: 1,500 p.e./MeV, 4/200 times of BGO/PWO
Readout Noise: < 40 keV
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Normalized Ave
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10% - 15% loss @ 1 Mrad by PMT
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* Less demanding to the environment because
of small temperature coefficient.

* Radiation damage is less an issue as
compared to other crystals.

* A better energy resolution, o(E)/E, at low
energies than L3 BGO and CMS PWO
because of its high light output and low
readout noise:

2.0 (NG 0 I8 oo
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Spectral Separation of Cherenkov & Scintillation:
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Pulse Height ( V)
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1.6% for BGO and 22% for PWO with
UG11/GG400 filter and R2059 PMT
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sicsze2:pwoy) MM A factor of ten intensity of

R slow green scintillation
SIC 29: PWO(A) | (560 nm) was observed by

selective doping in PWO:

useful for dual readout
R.H. Mao at al., in Calor2000 proceedings
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Scintillation Observed in PbF, )&
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Summary

* Precision crystal calorimeter provides the best

possible energy and position resolutions for electrons
and photons as well as good e/y identification and
reconstruction efficiencies.

Progress has been made in understanding crystal
radiation damage and improving qualities of mass
produced crystals.

An LSO/LYSO crystal calorimeter provides excellent
energy resolution over a large dynamic range down
to MeV level for future HEP and NP experiments.

Because of the expected huge volume needed
development of cost-effective UV transparent
material, such as doped PbF,, is crucial for the
homogeneous HCAL concept.
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