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 Photons and electrons are fundamental particles.
Precision e/y measurements enhance physics
discovery potential for future HEP experiments.

* Performance of crystal calorimeter in e/y
measurements is well understood:

— The best possible energy resolution;
— Good position resolution;
— Good e/y identification and reconstruction efficiency.

* Challenges at future HEP Experiments:

— Radiation damage at the energy frontier (HL-LHC);
— Ultra-fast rate at the intensity frontier;

— e/y and Jet mass resolution for future lepton colliders
(ILC/CLIC/FCC).
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Existing Crystal Calorimeters

75-85 80-00 80-00 80-00 90-10 94-10 94-10 95-20

Date

Experiment C. Ball L3 CLEO I 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) CsI(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 (Xp) 16 22 16 16 27 16t0 17.5 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%+Si PD 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 10% 104 104 10°

Future Crystal Calorimeters in HEP:
LYSO for COMET (Mu2e, Super B and CMS at HL-LHC)

BaF, and PbF, for Mu2e and g-2 respectively at Fermilab
PbF,, PbFCl, BSO and BGO for Homogeneous HCAL for LC
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CMS PWO Monitoring Response
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IEEE Trans. Nucl. Sci., Vol. 44 (1997) 458-476

Light output reaches an equilibrium during irradiations under a
defined dose rate, showing dose rate dependent radiation damage

dD =Y {-a;Didt + (D" — D;) b;Rdt} 11 BTCP-2162R
i=1 | L.O.=9.3p.e/MeV (200 ns, 20.0°C)
biRD§!
—(ai+bR)t 0_—(a;+bR)t 1
D= E{EMR —e I+ Dfe } 3

> ¢
g |

e D;: color center density in units of m~—? 8 0.9 7+

- . = [ 4y

. DE: initial color center density; -g) g
— 08|

e D%l s the total density of trap related to the color center in T ¢

the crystal; < * e ‘ o ole

«©

e a;: recovery costant in units of hr—! e 0.7 * e ¢ .0
5 11

e b;: damage contant in units of kRad~1; Z

e R: the radiation dose rate in units of kRad/hr. 0.6

dose rate (rad/h):
| ‘e 15 _>|<_ 100 _>|<_ 500_>|0 ‘e recovery...
Do — Z”: b; RDg! 5% 100 200 300 400
eq — — q; + bzR Time (hOUrS)
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5 t010 nm black spots identified by TOPCON-002B scope, 200 kV, 10 uA

Localized stoichiometry analysis by JEOL JEM-2010 scope and Link ISIS EDS

NIM A413 (1998) 297

Atomic Fraction (%) in PboWQ4

As Grown Sample

Element Black Spot  Peripheral Matrix;  Matrixs

O 15 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
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. Talk in CMS Forward Calorimeter
IEEE Trans. Nucl. Sci. NS-51 1777 (2004) Taskforce Meeting, CERN, 12/10/2010
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Predicted ionization dose induced damage agrees with the LHC data

In addition, there is hadron induced damage at LHC
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Bright, Fast Scintillator: LSO/LYSO

Crystal Nal(Tl) CsI(TI) Csl BaF, BGO LYSO(Ce) PWO
Density (g/cm?) 3.67 4.51 4.51 4.89 7.13 7.40 8.3
Melting Point (°C) 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
Moliére 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 2 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 ? (nm) (at 410 550 310 300 480 402 425 ?
peak) 220 420
Decay Time ° (ns) 245 1220 26 650 300 40 30 ?
0.9 10
Light Yield b€ (%) 100 165 4.7 36 21 85 0.3 ?
4.1 0.1
d(LY)/dT b (%/ °C) -0.2 0.4 -1.4 -1.9 -0.9 -0.2 -2.5 ?
0.1
Experiment Crystal BaBar KTeV (GEM) L3 COMET CMS A4
Ball BELLE KOTO TAPS BELLE (CMS, MuZ2e, ALICE g-2
BES Il S.BELLE Mu2e HHCAL? SuperB) PANDA  HHCAL?

a. at peak of emission; b. up/low row: slow/fast component; c. QE of readout device taken out.
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BOET-LFS-L e LYSO is a bright (200 times of PWO), fast (40
' ns) and radiation hard crystal scintillator.

CPI-LYSO-L ] * No variation in emission spectrum was

CTILSOL = ob-se-rvec?l after y-ray:s |rr§d|at|on, indicating
2.5x2.5x20%€m scintillation mechanism is not damaged.

SG-LYSO-L B  y-ray induced radiation damage in LYSO does

not recover at room temperature, indicating
a stable calorimeter in situ.

e y-ray induced absorption coefficient
measured for 20 cm long LYSO crystals after
200 Mrad irradiation is about 2 m.

e y-ray induced light output loss measured for
14 x 14 x 1.5 mm plates after 100 and 200
Mrad irradiation is about 6 and 8%
respectively.

e The material is widely used in the medical
industry with existing mass production
capability.

_SIC-LYSO-L o

SIPAT-LYSO-L ot
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Rare earth export | Rare earth strategic | Rare earth market
Elrgazel ot iz el control in China reserve in China going to normal

Iridium Wiarket HrICE‘V ruza3
Crucible
24% \

Processing
1%

Assuming Lu,0, at $400/kg and
33% yield the cost is about $18/cc.
Quotations received at $22-25/cc.

Current Lu,O; price indicates that LYSO

price is going down from $42/cc last year
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An Option for CMS FCAL Upgrade

14 mm

}‘/,l W 2.5 mm

LYSO 1.5 mm

4x WLS fibers

1x Monitoring fiber

Talk in CMS Forward Calorimeter
Taskforce Meeting, CERN, 6/17/2010

Issues: Radiation hardness of
the photo-detector and Cost

One of two options Issues: Radiation hardness of

for CMS Upgrade photo-detector and WLS fiber
Pb

/ LYSO

y

Issue: Radiation hardness
of the photo-detector

PD

Readout

Reduced Crystal Cost & Damage
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CMS ECAL endcap: Single Crystal: 160 cm3
Total number: 16,000 Total Volume: 3 m3




A Shashlik Cell Irradiated at JPL

Coupled to PMT LYSO Plates Aluminum Foil W Plates
(14x14x1.5 mm) (14x14x0.015 mm) (14x14%2.5 mm)

Aluminum foil plus Monitoring fiber
Tyvek paper wrapping beam dump
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OET/Zecotek LFS: EWRIAC = 1.5 m™ after 100 Mrad, corresponding to

25%/2% LO loss for 2.5x2.5x20 cm/14x14x1.5 mm after 100 Mrad

Emission Weighted RIAC (m™)

LRI | T T Tr1T
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A 2.5x2.5x20 cm and four 14x14x1.5 mm LYSO were irradiated by 800 MeV and 24
GeV protons at LANL and CERN respectively. The expected RIAC at n=3 is about 3 m-?,
indicating a light output loss of 4 and 6% respectively for direct and WLS readout.

10—
"""" et dot-b-mm ¥ 56 plates: 100 [ 14x14x1i5 mm3 LYSO platés
""""" adiated-by.24.GeV. proton.boam.at- LERN. . Readout: 4x 127 rm Y11 WLS fibers + PMT(R2059)
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LSO/LYSO

Density (g/cm’) 7.40 6.71 4.44 451 4.89 6.16 5.23 3.86 5.29 1.03
Melting point (°C) 2050 1950 1980 621 1280 1460 722 858 783 70*
Radiation Length (cm) 1.14 1.38 3.11 1.86 2.03 1.70 1.96 2.81 1.88 42.54
Moliere Radius (cm) 2.07 2.23 2.93 3.57 3.10 2.41 2.97 3.71 2.85 9.59
Interaction Length (cm) 20.9 22.2 27.9 39.3 30.7 23.2 31.5 37.6 304 78.8

Z value 64.8 57.9 333 54.0 51.6 50.8 45.6 47.3 45.6 -
dE/dX (MeV/cm) 9.55 8.88 6.56 5.56 6.52 8.42 6.65 5.27 6.90 2.02
. . 420 430 420 300 340 371 335 356 408
Emission Peak® (nm) 310 220 300
Refractive Index" 1.82 1.85 1.80 1.95 1.50 1.62 1.9 1.9 1.9 1.58
A i 100 45 76 4.2 42 8.6 141 15 153 35
Relative Light Yield 13 4.8 49
D Times 40 73 60 30 650 30 17 570 20 1.8
ecay Time?(ns) 6 0.9 24
d(LY)/dT ¢ (%/°C ) -0.2 -0.4 -0.3 -1.4 —;19 0 -0.1 0.1 0.2 0

a. Top line: slow Component’ bottom line: fast Component_l. N. Tsuchida et al Nucl. Instrum. Methods PhyS Res. A, 385 (1997) 290-298
http://www.hitachi-chem.co.jp/english/products/cc/017.html
2. W. Drozdowski et al. IEEE TRANS. NUCL. SCI, VOL.55, NO.3 (2008) 1391-1396
Chenliang Li et al, Solid State Commun, Volume 144, Issues 5-6 (2007),220-224
c.  Relative light yield normalized to the light yield of LSO http://scintillator.Ibl.gov/
d. At room temperature (20°C) 3. http://www.detectors.saint-gobain.com/Plastic-Scintillator.aspx
. . http://pdg.lbl.gov/2008/AtomicNuclearProperties/HTML _PAGES/216.html
#.  Softening point
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b. At the wavelength of the emission maximum.




Pulse Height (a.u.)

| BaF,
L 1.5%; cube
F —Tyvek wrapping. t=15=02ns
| —EBlack wrapping, t= 1.5 =02 ns

Ti ick-off
Jime pic

| 1.5%; cube

- —Tywek wrapping, t=17 +02ns
|-—Elack wrapping. 1= 18 +02ns

| ceF,

| 1.5%; cube

| —Tyvek wrapping. £=1.7 =02 ns
| —Black wrapping, t= 16 =02 ns

Time pick-off

BGO
1.6%; cube

|-—Tywek wrapping, t= 1.8+ 02 ns
|-—Elack wrapping, t= 18 +02 ns

| Cs=l
L 1.5X; sample

L —Tywek window. t= 2.0 =02 ns
| —EBlack window. t=1.8+0.2ns

=

Pulse Height (a.u.)

11 1 I_
=

-

L —Tywek window. t= 38202 ns

-5 1] 5

I —Elack winld-:rw. t=20= i:].:!' ns

| Tywek window, t= 3.5+ 03 ns

—Tywek window t=386 £0.5 ns

—Tyvek window t=36+ 1 ns

- —Elack winidnw. t=304 IIZI.3 ns

_Elilack window r.r' 33+05ns

| _Eilank wnil:lnw t=35+1 nls.

Time {ns}) Time (ns) Time {ns} Time (ns) Time {ns})
[~ ime pick-off B ime pick-off ime pick-off
i Time pick-off B
| LaBrsCe w'_ LaCl, Ce Mal{TT) B CsI{T) Cel{Ma)
L 1.5, sample L 1.5%, sample 1.5%; sample L 1.5X, =ample 1.5%, sample

—Tywek window t= 38 £ 1 ns
_Ellack winoow t,- 35 +1ns

Time {ns})

-5 0 b

Time (ns)

Time {ns}

25 i
Time (ns)

Time {ns})

Measured rising time is dominated by photo-detector response, and is affected

by light propagation in crystals. Rise time of Agilent MSO9254A (2.5 GHz) DSO

and Hamamatsu R2059 PMT (2500 V) is 0.14 ns and 1.3 ns respectively.
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FoM is calculated as the LY in 15t ns obtained by using light
output and decay time data measured for 1.5 X, crystal samples

Crystal Relative LY Total LO LO/in 1ns LOin 0.1ns LY in 0.1ns
- (%) A, (%) T, (ns) A, (%) T, (ns) {p.g.fMeV, (p.e./Mev, {p.e.jMeV, (photons/MeV)
XP2254B) XP2254B) XP2254B)
BaF, 40.1 91 650 9 0.9 1149 71.0 11.0 136.6
LS0O:Ca,Ce 94 100 30 2400 78.7 2.0 110.9
LSO/LYSO:Ce 85 100 40 2180 53.8 5.4 75.3
CeFs 7.3 100 30 208 6.8 0.7 3.6
BGO 21 100 300 350 1.2 0.1 2.5
PWO 0.377 80 30 20 10 9.2 0.42 0.04 0.4
LaBr;:Ce 130 100 20 3810 185.8 19.0 2299
LaCl;:Ce 55 24 570 76 24 1570 49,36 5.03 62.5
Nal:Tl 100 100 245 2604 10.6 1.1 14.5
Csl 4.7 77 30 23 (> 131 7.9 0.8 10.6
Csl:Tl 165 100 1220 2093 1.7 0.2 4.8
Csl:Na 88 100 690 2274 3.3 0.3 4.5

The best crystal scintillator for ultra-fast

timing is BaF,, LSO(Ce/Ca) and LYSO(Ce) with
LaBr; and CeBr; as materials of high potential
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BaF, for Mu2e Calorimeter

I T I [ [ | !
"On Quality Requirements to the Barium Fluoride-Crystals" 1.0 —R3197 R2058 =
NIMA 340 (1994) 442-457 S Cs—Te Cathode Bialkali Cathode Y .. 3~
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¢n 0.8 Window \ Window S
< Z
. — 20
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fast component at 220 nm u \ Spectrum 5 -
[ [ [ _ \ .
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. . ot W\ /N BaF,:La(1%) -
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= T / AY N\ H\"'-...‘_ S 5
H s 2
experiment. | / TN SO )
l Lo hoeor o1 1 RS
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[ PMT:R2059, HV=-2500 V, Tyvek Wrapping
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0 b—
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component: (1) solar blind I G g
photo-detector; and . z
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B.P. SOBOLEYV et al., "SUPPRESSION OF BaF2 SLOW COMPONENT OF X-RAY LUMINESCENCE IN NON-STOICHIOMETRIC Ba0.9R0.1F2 CRYSTALS
(R=RARE EARTH ELEMENT)," Proceedings of The Material Research Society: Scintillator and Phosphor Materials, pp. 277-283, 1994.
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.' e) ]
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' ' T

. a)
Bialkali

1000 |

N
%

90% 75% 50% 25%| 10% <— Fraction Fast

Pulse Hight (mV)
|
o
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/ || -80 —
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The 15t batch of doped samples will be delivered late October

Z.Y.Wei, R. Y. Zhu, H. Newman, and Z. W. Yin, "Light Yield and Surface-Treatment of
Barium Fluoride-Crystals," Nucl Instrum Meth B, vol. 61, pp. 61-66, Jul 1991.
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A Caltech/JPL/RMD consortium is developing large area RMD APD into a
delta-doped super lattice APD with high QE @ 220 nm as well as an ALD
antireflection filter to reduce > 300 nm. See D. Hitlin talk in this meeting.

ldrlr;iclnp(*tl APD from i{.\[lll

100 T | T | T | T T T T
A
RMD 8x9mm -a Delta-doped CCD |
8014 (AR-coated) .
3 B ‘““MAA
A
S 60| e n
2 A A
= B AMAA |
Ll ‘A A Delta-doped CCD
09 o £ 40 N (uncoated)
—3 Layers = A
—5 Layer g | N onteitluminated cc
e 3 Y Front-illuminate
g
E
5
=

—

300 350 400 SPIE Proc., Vol. 4139, pp. 250-258 (2000).
Wavelength (nm)
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BaF2 crystals are radiation hard up to 120 Mrad
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1964—The 1st Ceramic Laser CaF,:Dy
e Hatch et al., Appl. Phys. Lett. 5, 153 (1964)

1980°s—The 1st Ceramic Scintillator (Y,Gd),0;:Eu
* Greskovich C et al. Am. Ceram. Soc. Bull. 71, 1120 (1992)

1985—1st Ceramic YAG (Y;Al;0,,) 10X10x2 cmwith 0.3 at. %

Nd: YAG ceramuic slab
e G.de With and H.J.A. van Dijk, Meter. Sci. Bull., 19, 1669 (1985). Lu,O.(Eu)

1988—The Gd,0,S:Pr,Ce Ceramic Scintillator
* Yukio Ito et al. Japanese Journal of Applied Physics . 27, 1371 (1988)

1997—Ce doped YAG scintillating ceramics (Y;Al;0,,)
e E.Zychetal. J. Lumin., 75, 193 (1997)

2002—Lu,0,:Eu scintillating ceramics
e A. Lempicki et al. Nucl. Inst. Meth. A488, 579 (2002)

2007—LuAG:Ce scintillating ceramics (Lu;Al;0,,)
* N.J. Cherepy et al. Nucl. Inst. Meth. A., 579, 38 (2007).

2009—LuAG:Pr scintillating ceramics (Lu;Al;0,,)
* T.Yanagida et al. I[EEE Trans. Nucl. Sci., 56 , 2955 (2009).

2010—GYGAG:Ce scintillating ceramics (Lu3Al5012)
* N.J. Cherepy et al. Proc. SPIE, 7805, 7805( 2010).
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Propertles of Scmtlllatmg Ceramicsf =
Y, ,Gdys0;:Eu® | Gd,0,5:Pr,Ce,F® LuAG:Ce®  LuAG:Pr® Gd1_5Y1_5Ga2AI3012:Ce@i
9.42

Density (g/cm3)* 5.92 6.76 6.76 5.80
Radiation Length 1.73 1.16 3.53 0.81 1.45 1.45 2.11
(em)*
Moliere Radius 2.44 2.13 2.76 1.72 2.15 2.15 2.43
(em)*
Interaction 24.5 22.3 25.2 18.1 20.6 20.6 22.4
Length (cm)*
Z value* 49.2 60.1 30.0 68.0 60.3 60.3 45.4
dE/dX
(MeV/cm)* 8.02 9.30 7.01 11.6 9.22 9.22 8.32
Emission Peak 610 510 526 611 520 310 560
(nm)
Light Yield 38000 43000 20000 90000 16000 22000 50000
(photons/MeV)
Decay time 80 20
(r\:s) 1000 3000 263 1600 37 770 100
>5000
* Data based on crystals
1. C. Greskovich and S. Duclos, CERAMIC SCINTILLATORS, Annu. Rev. Mater. Sci. 27(1997)
2. Takayuki Yanagida et al, Evaluation of Properties of YAG (Ce) Ceramic Scintillators, /EEE TRANSACTIONS ON NUCLEAR SCIENCE, 52(2005)
3. Y. Shi et al., Processing and scintillation properties of Eu3+ doped Lu203 transparent ceramics. Opt Mater, 31(2009)
4. Qiwei Chen et al. Fabrication and Photoluminescence Characteristics of Eu-Doped Lu203 Transparent Ceramics, J. Am. Ceram. Soc., 89(2006)
5. Takayuki Yanagida et al, Scintillation properties of LUAG (Ce) ceramic and single crystalline scintillator, Nuclear Science Symposium Conference Record (NSS/MIC),
2010 IEEE
6. Takayuki Yanagida et al, Scintillation Properties of Transparent Ceramic Pr:LUAG for Different Pr Concentration, /EEE TRANSACTIONS ON NUCLEAR SCIENCE, 59(2012)

7. N. J. Cherepy et al, Development of Transparent Ceramic Ce-Doped Gadolinium Garnet Gamma Spectrometers, /EEE TRANSACTIONS ON NUCLEAR SCIENCE, 60(2013)
8. N. J. Cherepy et al, Transparent Ceramics Scintillators for Gamma Spectroscopy and MeV Imaging, Proc. SPIE 9593



LuAG S1 LuAG S2 LuAG R1

Dimensi
Polishi
Sample ID (mm) olishing

o I 2 3 < . IS s ¥ 18 i 20
on

LUAG S1 25X25X0.4 Two surfaces
LUAG S2 25X25X0.4 Two surfaces
LUAG RI ®15X%X0.2 Two surfaces

Experiments
* Properties measured at room temperature: Transmittance,
Photo-luminescence, Light Output, Decay Time and
Radiation Damage
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TTUAG.CE Ceramics BIC-S1 25x25x0.4mm T
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Good Optical quality of the 0.2 mm sample approaching theoretical limit
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LUAG:Ce Ceramics SIC-S1 25x25x0.4 mm®

[ ]

‘.,_EWLT=51 8%

Measured transmittance

o Theoreﬂgal I|m|t of transmlttance 1

LuAb Co Ceramlcs Sion 32 25><25><6 4 mm

- EWLT=52.3%

Measured transmittance

'." . Theore{u;al I|m|t of transmlttance |
|

LuAb Ce Ceramlcs SIC R"1 ()] 15;{05 mm

. EWLT=81.6%

,._ Measured transmittance

. Theoreﬂgal I|m|t of transmlttance

300 400 500 600

Wavelength (nm)

Scattering centers observed in 0.4 mm samples
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LuAG:Ce Ceramics SIC-S1 25x25x0.4 mm®
PMT:R1306, Gate = 200 ns

/\ ER=18.7%
. Ped=138, Net peak 269

LUAG.Ce Coramics SIC-S2 25:05:0.4 mm®
PMT-R1308. Gate = 200 ns

ER=19.1%
| L Pegd=138, Net peak= 270

LuAG Ce Ceramlcs SIC-R1 ® 15x0.2 mm®
PMT:R1306, Gate = 200 ns

E.R=231%

. N Ped=138, Net peak= 251
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200 400 600 800 1000

Channel Number

AN

Light Output (p.e./MeV

2000

1000

2000

1000

2000

1000

' LuAG:Ce Ceramics SIC-S1 25x25%0.4 mm®

PMT:R1306

O O fa)
-~

L.O =A+A, (177
A, A, T
0 1534 46

T UAG Ce Ceram'ics SIC-52 25><25><0 4 mm®
PMT:R1306

Q Q
L.O = A +A (1-e77) ]
A, A, T

0 1 553 46

LUAG: Ce Ceramlcs SIC- R1 [} 15><('J 2 mm°
PMT:R1306

o O

0]
L.O = A+A, (1-e"™)
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L s e e e B L
- LUAG:Ce Ceramics SIC-S1 25x25x0.4 mm®
| Gamma-ray Irradiation
80 -
&
8 60 |
c
S
I= .
(/)] 40 F EWLT -
% — Before IR:51.8% |
= - —IR4.4x10° rad:51.7% .
“, __IR8.8x10° rad:51.8% .
20k IR 1.3x10° rad:51.8%
*_IR5.1x10" rad:51.7% |
oL 1 ! Lo

300 400 500

600 800

Wavelength (nm)

2000

1800

4600
b}

<1400
Q200
o

000 |
o

5800
O

—1400
200

=600}

T T T r -
LUAG:Ce Ceramics SIC-S1 25x25x0.4 mm®]

PMT:R1306, Cs-137 source, Grease
Gamma-ray lrradiation

Very promising for a scintillating ceramics based calorimeter
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- L.O=A+A (1)
- ¥ A, A, T ]
- | @ Before IR: 0 1534 46 ]
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- | ¥ IR13x10°rad: 0O 1529 46 N
i 0IR51x10"rad: 0 1532 45 ]
L | L |
0 500 1000 1500
Time (ns)
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Homogeneous Hadronic Calorimeter

A Fermilab team (A. Para et al.) proposed a total absorption homogeneous
hadronic calorimeter (HHCAL) detector concept to achieve good jet mass
resolution by measuring both Cherenkov and Scintillation light.

Requirements for the Materials:

o
g
g
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a
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a
s
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8
a
g
3
a
g
3
3
g
a
g
2
E
2
g
a
8

400
350
300
250
200
150
100
60
L]

- 8 8B 85288
e e A A M

» Cost-effective material: for 70100 m?3

» Short nuclear interaction length: ~ 20 cm.

» Good UV transmittance: UV cut-off < 350
nm, for readout of Cherenkov light.

“ek-mm-x » Some scintillation light, not necessary
- - bright and fast.
oL L1 » Discrimination between Cherenkov and

I A A scintillation lights, in spectral or temporal
S aonnoae EAT
ILCWS-08, Chicago: a HHCAL cell with pointing geometry See Adam’S talk in thIS meeting
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Cost-effective, UV transparent crystals with both scintillation and Cherenkov light

Parameters Bi,Ge;0,, PbWO, PbCIF Bi,Si;0,,
(BGO) (PwWO) (BSO)
6.8

p (g/cm?3) 7.13 8.29 7.77 7.11
A (cm) 22.8 20.7 21.0 24.3 23.1
N@A,., 2.15 2.20 1.82 2.15 2.06
Tgecay (NS) 300 30/10 ? 30 100
A (hm) 480 425/420 ? 420 470
Cut-off A (nm) 310 350 250 280 300
Light Output (%) 100 1.4/0.37 ? 17 20
Melting point (°C) 1050 1123 842 608 1030
Raw Material Cost (%) 100 49 29 29 47

IEEE Trans. Nucl. Sci. 59 (2012) 2229-2236
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— ™ % 2229-2236, also in NSS2012
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PbFCI Pure

PbFCI: Ca 1%

PbFCl: Ba 1%

13 4 . 15 \S

PbFCI: La 1%

2000 r T T
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IEEE Trans. Nucl. Sci. NS-61 (2014)
489-494, also in SCINT2013
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e —

BSO SIC1309

BSO SIC2211
n —

20 x 20 x 200 mm BSO
crystals show good optical
and scintillation properties, and
are used for an EIC beam test.

J. Phys. Conf. Ser. 587 (2015)
012064, also in SORMA2014

150 T T T

T —— ——
I BSO-8 (W22 X105 mm) =10

oo
o

[+2]
o
—T — T

Intensity (arbitrary unit)
&
T

is}
o
T

300

October 6, 2015

400 I500I IGUD. I
Wavelength (nm)

———— 100 T
gfﬂ? zggzongogg;io%”lm 500 Seed end coupled 5| BSO SIC1309 20:20<200 i’ Seed end coupled
| : THV=- , Gate=500ns - y
Ped=224, Net peak= 459.5 —
-E R=37.2% = toor o o
| ,. 2 L0 = At (1619 _
3?2 o
— - o S0 A A T 1
© | F \ -— 0 1
an 7T . \ -
60 g "N \ 2 &r 0 98.3 104 7
] "\,__’ -
E e A T N . 8 1] T - }
e PMT:R2059] HV=-2200V, Gate=500ns Tail end coupled = Tail end coupled
. @ [ Ped=224, Net peak= 451.0 £ s -
© E.R=38.3% 5
; B 100 o o ]
| 50 A, A, T 1
| Ii- A L ,er""ﬁ\“ ',\
L 25 0 96.3 103 .
P B J .
700 800 T Y re 05 500 ' To00 ‘ 1500
0 200 400 600 300 1000 _
Channel Number Time (ns)

Report in the HEP CPAD Meeting at Dallas by Ren-Yuan Zhu, Caltech

34



October 6, 2015

R1_1 T |R12

. ,..f_-_'
{ R15 ‘l ||R16

Report in the HEP CPAD Meeting at Dallas by Ren-Yuan Zhu, Caltech

HHCAL BGO SIC-C1 50x50x50 mm”

50x50x50
25x25x50

BGO SIC2015-C1 to C16
BGO SIC2015-R1 to R16

190 FHREAL BRO'SIC-CT 50750-50 i

PMT:R1306, Gate=1000 n
3 LO= 542

Six faces

Six faces

HHCAL BGO SIC-C5 505 50 50 mm’

s0r Emlsslon e EWLT: 75.3% Grease, T ek Wrapped
Tneurgl al transmitanc A
- ER=15
=3
& HHCAL BGD SICH Cj E'ﬁxs{j 5” h“’" | HHcAL 8RO sic<o S0:50:50 mm’
[} EWLT 74.0% PMT:R1306, Gate=1000 n:
2 s Emlsslon < Tieorst v L e, Tyvek Wrapped
] refical transmittanc LO 3s e.iMev
= Measu ER= we
0 _'_'_5_5'0_'_ )
g HHCAL BGO SIC-C: 50x50 lnm I HHCAL BGO SIC-C7 S0x30x:50 mm~
= PMT:R1306, Gate=1000 ns
S sl Emision, ST EWLT 75.1% b Grease, Thvek Wrapped
[ Thealgl al transmittanc LO= 520 ple./Mev
—— Measu £ R= 158l

HHCAL BGO iz C4 2550750 hm

- [ HHCAL BGO SIC-C8 50x50x50 mm®

Emission .-

— Meas
T

v
=]
=]

Light Output (p.e./MeV
s
o

.. EWLT: 74.6%
Thesr;nc al transmittance

LO= 530 ple./MeV/

2 ! i . L L L L s !
250 300 350 400 450 500 550 600 650 700 90 200 500

Wavelength (nm) Wavelength (nm)

[ HHCAL BGO SIC-R1 25x25x50 mm®
PMT:R1306, Tyvek wrapped

2
C c
]
3
r Q
w
- &
L LO = Ag+A, (1) L
<
L A T 8
Ay 1 g
o] 608 303
1 1 1
0 500 1000 1500
Time (ns)

300 O 200

Channel Number

BGO SIG

hgular 25x25x50 m *

BLUS S ]

=-Uy

%.‘.

——
gt
——

3

‘%50 475 500 6526 650 575 600 625 650 675 700

Light Output (p.e./MeV)

A BGO crystal based segmented 4 x 4 test beam
matrix is being constructed at Fermilab for cosmic

and beam tests to understand the crucial calibration
issue for a segmented total absorption calorimeter.
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Summary

Bright, fast and radiation hard LSO/LYSO crystals
offer a robust crystal calorimeter for future HEP
experiment at the energy frontier.

Fast and radiation hard BaF, crystals offer a very fast
crystal calorimeter with more than ten times
rate/timing capability for future HEP experiment at
the intensity frontier.

Novel inorganic scintillators, e.g. LUAG:Ce and
LUAG:Pr, may offer a cost-effective rad hard
calorimeter solution for future HEP experiments.

Cost effective crystals, glasses and ceramics may
provide a foundation for a homogeneous hadron
calorimeter for future lepton collider.
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