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* Precision photons and electrons
enhance HEP discovery potential.

* Crystal performance well understood:

* Best possible energy and position resolution;

* Good e/y identification and reconstruction
efficiency;

e Excellent jet mass resolution with dual readout.

* Challenges at future HEP Experiments:

* Rad-hard LYSO:Ce/LuAG:Ce for HL-LHC and FCC-hh;

* Ultrafast BaF,:Y/Lu,0;:Yb to break the ps timing barrier
and for ultrafast calorimetry;

» Cost-effective crystals for the proposed Higgs factory.

arxXiv: 2203.06731 and arXiv; 2203.06788
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Crystals damaged by both proton and neutron. Damage by proton is larger than that from

neutrons because of ionization energy loss in addition to displacement and nuclear breakup
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Inorganic Scintillators

TNS 65 (2018) 2097; NIM A 940 (2019) 223; TNS 67 (2020) 1086

BGO pixels for
* Pixelized detector is standard in medical  —
industry. Laser slicing & micropore provide
excellent coverage and position resolution. ===

— N csiomi pixet panel |}
* Ultrafast scintillators are needed for GHz T B

Hard X-Ray Imaging at Future FEL facilities. || 3§;X‘(303<;T0p;?§'

Performance Type | imager Type Il imager  TTSSE—
X-ray energy up to 30 keV 42-126 keV
Frame-rate/inter-frame time 0.5GHz/2ns 3 GHz / 300 ps 1.00E+01
Number of frames per burst >10 10-30 —
X-ray detection efficiency above 50% above 80%
Pixel size/pitch <300 um <300 pm — |
Dynamic range 103 X-ray > 10% X-ray 1.00E+00 ]
Photons/pixel/frame Photons/pixel/frame ’é‘ Zn0O
Pixel format 64 x 642 (scalable to 1 Mpix) 1 Mpix = BaF,
. « o . ~<  1.00E-01 LYSO
* Detection efficiency for hard X-ray requires
bulk detector; 2 ns and 300 ps inter-frame
. . 1.00E-02
time requires ultrafast sensor. 10 30 S0 70 S0 110 130 150 170 190
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' 2019 DOE Basic Research Needs Study =
Priority Research Directions for Calorimetry

Enhance calorimetry energy resolution for precision
electroweak mass and missing-energy measurements;
Advance calorimetry with spatial and timing resolution
and radiation hardness to master high-rate environments;

Develop ultrafast media to improve background rejection
in calorimeters and particle identication detectors.

DOE 2019: https://www.osti.gov/servlets/purl/1659761
ECFA 2021: https://cds.cern.ch/record/2784893
Snowmass 2021: https://arxiv.org/abs/2209.14111
Fast/ultrafast, radiation hard and cost-effective inorganic scintillators
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https://www.osti.gov/servlets/purl/1659761
https://cds.cern.ch/record/2784893

http://www.its.caltech.edu/~rzhu/
talks/ryz_161028 PWO_mon.pdf
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Use materials with monotonic damage: BaF,, Csl, LYSO:Ce, LUAG:Ce
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Neutron damage?
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Much higher at FCC-hh: up to 0.1/500 Grad and 3/500 x10'® neq/cm2 at EMEC/EMF

Aleksa et al., Calorimeters for the FCC-hh CERN-FCCPHYS-2019-0003, Dec 23, 2019
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To face challenge of pileup at HL-LHC by using 4D tracking in space and time =

BTL provides a timing of 30 to 60 ps for MIPs ~One event with 25 ns bunch spacing
- at the HL-LHC '

LYSO bars + SiPM readout

* Coverage: |n| <1.45

* Inner radius: 1148 mm

* Thickness: 40 mm 0.6 ASEING (\GHC 0
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Emission Weighted RIAC (m™")

LYSO:Ce Radiation Hardness

IEEE TNS 63 (2016) 612-619

10 prr——rrrm 1 L Ll | KR ), e Evn it ROON..7294.2. .00 5. OO OOk -
: 1 ]:l\l..lcl III]U]'". VI U, Toe™ ™ X OUU1 o = UJIv /
:. CPI-LYSO-L ] irradiated by 800 MeV proton beam at LANL V4
‘M CTI-LSO-L . 10 FQUETLRS B aBR AR s
[ OET-LES-L 1 H-[-1SIC-£¥80-25x25:000 mm- !src Y-S0k '1ﬂ>c‘l'07<3"m[njz_:"--i: -
L OET-LFS-L - EplONologRlelglel [ | <  [ASirives i
:A SG-LYSO-L 4 E "'O'T'i'anie Y80 25x25%206 mm~ L .
:O S|C-LYSO-L ] : W"‘i'Fr'édiated by 24 GeN proton beam at CERN ./ i ]
:D SIPAT_LYSO_L ] © - @ BOET LFS14xt4% 15 IIIIIIZ
5 i ()] BSICLYSO 14x14%1.5 mm a
B ] O 40 ‘:::: ....... O
Re) I A =]
] ) AL A o 1 0 B ———
= L Tl
E ] i o 2 * "™ W * i " i "]
w ki | [!] i
= $ | A |R|Ac430=(1.30¢ 0.01)x10™"* Fluence
< o
68
L J
= = 10 =3 14 15 16
10 10 10° 10 10 10 10 10 10

Integrated Dose (rad)

Proton Fluence (cm'2)

RIAC at Emission Peak (m'1)

30

N
o

—_

» o O NowoOwo
T T T T

Xperiment 6991 & 7332 & 7638 T Néutron IR
| @OETLFS 14x14x1.5 mny°
@ SICLYSO 10x30x5 mm CC £ 0.1
® Tianle LYSO 10x10x3 mm?®
A,=(1.4% 0.5)x10™? Fluence

1 MeV

Damage induced by protons is larger than that from neutrons

-2
n,, Fluence (cm™)

Due to ionization energy loss in addition to displacement and nuclear breakup
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LUAG:Ce Ceramics Radiation Hardness

LUAG:Ce ceramics show a factor of two smaller RIAC values than LYSO:Ce
up to 6.7 X 10*> n,,/cm? and 1.2X 10> p/cm?, promising for FCC-hh
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R&D on slow component suppression by Ca co-doping, and radiation hardness by y/p/n
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stoch 0.1574 = 0.01388
noise 01+ 0

const 0.009894 = 0.002229
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~—&— Y11 readout
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RADICAL: LYSO/LUAG Shashlik ECAL

RADiation hard CALorimetry
Reducing light path length to

mitigate radiation damage effect
Using radiation hard materials:

LUAG:Ce ceramics excitation
matches LYSO:Ce emission

120 mm x ¢0.6 mm

120 mm x ©0.7 mm

. LUAG:Ce ceramic LHPG fibers
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Excellent uniformity observed for ®0.6 x120 mm?3 LUAG:Ce

LUAG:Ce Fiber Light Output and Uniformity
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ceramic fibers excited by a 420 nm LED at different

longitudinal location, with a solid coupling to a quartz fiber,
mimicking its application in RADiICAL Calorimetry
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Energy resolution o <5% (FWHM/2.36) @ 100 MeV

* Time resolution c <500 ps

+ Position resolution c<10mm

« Crystals 1 kGy/yrand a total of 102 n_1 MeV equivalent/cm?total

i
i
i
i
i
i

* Radiation hardness

* Photosensors 3x 1011 »_1 MeV equivalent/cm? total

NG =7 ray WY "
; “'fn'ayvu-mg!;'ij;""/'.:«*\\ - MuZ2e-II: 1,940 BaF,:Y
ey
MuZ2e-Il: arXiv:2203.07596

- i
: PIP-11/Mu2e-II: higher rates (~x3) and duty factor from and correspondingly I
: higherionizing radiation (10 kGy/yr) and neutron levels (102 n_1 MeV equiv/cm? :
i

total), which are particularly important at the inner radius of disk 1 -
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Ultrafast and Radiation Hard BaF,
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X-ray bunches with 2.83 ns
spacing in septuplet are
clearly resolved by ultrafast

BaF,:Y and BaF, crystals:
for GHz Hard X-ray Imaging
NIMA 240 (2019) 223-239
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A Puzzle of Long Decay Observed at APSE =

M APS Trigger 0.16 E—SIC BaF,-Y-54 13x13x5 mm’
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An MCP-PMT 240-Based Test Bench

Ba

F, [ BaF, ®10x10 mm’® |

— I~ Photek MCP-PMT240, HV:-4200 V, Tyvek Wrapping T
Ml PvT (R3809V) Am-241 ~ | ]
g : DSO Aglient 9254, Grease, Na-22 coincidence trigger

sl i

3 — pulse shape E

-

gas L

V=A("d-e"")+B
1,=0.23+0.05ns
1,=0.54 £0.05 ns
FWHM = 0.9 £ 0.1 ns

Normalized Voltage (a.u.)

- Time (ns)
Coincidence Fitting: t ;
V=A(e e —e )+B

Agilent MSO9254A B: background noise

or very slow component,
T.: rise time, t4: decay time.

-
D
e
=
o)

-
(2]]
N
N
@)

Agilent MSO9254A

BW: 2.5 GHz
Sampling: 20 GS/s

Rise, decay and FWHM obtained by fitting temporal response
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£ MCP-PMT 240 Temporal Response

o g

= BB

2,
MM

A fit to response of the Photek MCP-PMT 240 o}
for pico-second laser pulses shows both the rise .;E:_Z
and FWHM consistent with the specification % ool | e
12 | Full Housng Adsambly
LPG 650 & 10 KHz
Active | Spectral | o oo ol e
Photodetector diameter range ' &% 1
(nm) Y
(mm) (nm) o0 20n m: ‘:m 80n  100n
Photek .
MCP-PMT 240 40 160-850 280-450 1x10 0.180 0.82 250
Hamamatsu MCP- 5 225; LPZZ&Dat ;)KHz4 |
PMT R3809U-50 11 160-850 430 3x10 0.160 0.30 zooE i o
i M =056 +0.03hs
Photek 4 S 150} Ir{ :A;HM - 0.84 +10.05
MCP-PMT 110 10 160-850 280-450 1x10 0.065 0.11 §1255 ! 1aik 840,
P: f
Photek 10 160-850  280-450  1x10° 0085 015 . =
MCP-PMT 210 ' ' i {
50F ! A
Hamamatsu . ; 25} RN
PMT R2059 46 160-650 450 2x10 1.3 | _ el
-2 -1 0 1 2 3 4 5 6
Time (ns)
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Temporal Response: BaF, & BaF,:Y

5 G N L CRNEUNE N BN SR '3 % @ 8 1 % g 8 T % & 4 LI ORI L '3 LI LA R L I [ T 200 | I I 1
[ BaF,:Y ®©10x10 mm ' ] 35 BaF,Y ®10x10 mm ' [ BaF,Y ®10x10 mm®
4 |- Photek MCP-PMT240, HV:-4200 V, Tyvek Wrapping . Photek MCP-PMT240, HV:-4200 V, Tyvek Wrapping L
[ DSO Aglient 9254, Grease, Na-22 coincidence trigger 2 DSO Aglient 9254, Grease, Na-22 coincidence trigger 150 [ ]
sf 5 25 L PMT:R2059, Grease, Tyvek wrapped, Na-22 coincidencg
B — pulse shape ] . . ]
V ﬁAt( Ay -t/r) B 2 3 100 .
2F =A(e’d-e" 1)+ ] . 1
—~ =024 +0.05ns 1 =" i L.O = AgtA, (1677
a 4k 1, =0.59+0.06 ns 1 = S sof ]
© [ FWHM =0.9+0.1ns ] ® 05 ) I A, A % ]
N— i N Q_ - 4
% (5) ettt —— i’ R R 8 2 ) ki el ke | s o b = 1000 { 65 =52 400 :
L 4 3 &
2 | BaF, ®10x10mm’ 1 =2 ., BaF, ot0xi0mm’ 2 [ BaF, o10x10mm’
Q. 4| Photek MCP-PMT240, HV:-4200 V, Tyvek Wrapping - Q Photek MCP-PMT240, HV:-4200 V, Tyvek Wrapping S gool ]
E DSO Aglient 9254, Grease, Na-22 coincidence trigger E 8 DSO Aglient 9254, Grease, Na-22 coincidence trigger 9 PMT:R2059, Grease, Tyvek wra
3F __ pulse shape ] 2 S, 600}
2 V fg( tg At/t) +B 2 T
- = e - T - 1
1,=0.23+0.05ns 13 400 LO= AO+A1(1_e(-t/1)) .
1E 1,=0.54£0.06 ns 7] 1 ]
r FWHM = 0.9 £0.1 ns ] 0.5 200 Ao AT .
of : . : ; : < 0 I : L : [ 49 625 600 ]
2 0 2 4 6 8 10 0 50 100 150 200 250 0 1000 2000 3000 4000
Time (ns) Time (ns) Time (ns)
Ultrafast response of 0.2/0.6/0.8 ns observed for BaF, and BaF,:Y crystals
The response Is consistent with the Photek MCP-PMT 240 specification
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ST T T T

| RMD Lu,0,:Yb Ceramics 3 ®9x1 mm®
4~ Photek MCP-PMT240, HV:-4200 V, No Wrapping

: DSO Aglient 9254, Grease, Am-241 self trigger

‘ 1, =0.30£0.05ns
Y  1,=1101ns

S st

I - —_ pulse shape
) i 3 .... fit

= I j It t/t
- i V=A(e"d-e"
a

=

<

FWHM =15+0.1ns

10

Amplitude (a.u.)

. -particles

RMD Lu,0,:Yb Ceramics 3 ®9x1 mm®
Photek MCP-PMT240, HV:-4200 V, No Wrapping 7]

DSO Aglient 9254, Grease, Am-241 self trigger

0 100 200

300 400 500

Time (ns)

Light Yield (ph/MeV)

Temporal Response: Lu,0,:Yb Ceramics
i

500

400

300

200

100

I I
RMD Lu,0,:Yb Ceramics 3 ®9x1 mm®
PMT:R2059, -2000 V, Two layers Tyvek, Grease
Na-22 coincidence trigger
g0
O o] (0]
a LY = A+A,(1-e%)
A, AT LY (200): 284 ph/MeV
557 0 -
1 | 1 1
0 1000 2000 3000
Time (ns)

Lu,O5:Yb ceramic of 9.4 g/cc shows an ultrafast decay time of 1.1 ns by Am-241

with negligible slow component observed in integrated light output measurement

3/14/2023
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Amplitude (a.u.)

3/14/2023

———T— T
DJ YAP:Yb-2-2 ®40x2 mm?®

Photek MCP-PMT240, HV:-4200 V, No Wrapping
DSO Aglient 9254, Grease, Am-241 self trigger

— pulse shape
... fit

V=A (e-t/fd s e-t/rr) +B
17.=04£01ns
3,=11+£02ns
FWHM=17+0.2ns

e mamsem O-particles =

1
DJ YAG:Yb-4 10x10x5 mm®
Photek MCP-PMT240, HV:-4200 V, No Wrapping
DSO Aglient 9254, Grease, Am-241 self trigger

— pulse shape
... fit

V=A (e—t/rd e e-t/tr) +B
1.=03+£01ns
,=18+£02ns
FWHM=21+02ns

~a
~
=~

-
S

w o-particles

N

oy N o
o W ;g

Amplitude (a.u.)

N
o

T o0 & 0 me ¥ 8 o
DJ YAP:Yb-2-2 ®40x2 mm>

Photek MCP-PMT240, HV:-4200 V, No Wrapping
DSO Aglient 9254, Grease, Am-241 self trigger

1
s.-L-um ke s ik L. A A e b e

DJ YAG:Yb-4 10x10x5 mm?’
Photek MCP-PMT240, HV:-4200 V, No Wrapping
DSO Aglient 9254, Grease, Am-241 self trigger

o

E DJ YAP.YD22 ®40x2 mm®
E Photek MCP-PMT210, HV = -5000 V
E Tektronix DPO 71254C

beam at APS

17,=04+£01ns
3=1.1£01ns

FWHM =1.7+0.2 ns

Pulse Height (V)

8F DJ YAG:Yb-4 10x10x5 mm®
TE Photek MCP-PMT210, HV = -5000 V
" F Tektronix DPO 71254C

5= 0.3+0.1ns

Ty = 25+02ns

FWHM =27 +0.3 ns

Time (ns)

10

0 50 100 150 200 250

Time (ns)

Time (ns)

NIM A 940 (2019) 223-229

YAP:Yb & YAG:Yb show a decay time of 1.1 ns and 1.8 ns by Am-241 with negligible slow component
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- - - -
o N B o]
T T T T

Amplitude (a.u.)

- FJRSM ZnO:Ga-2 22x22x0.3 mm’ .
| Photek MCP-PMT240, HV:-4000 V, No Wrapping

[ Dso Aglient 9254, Grease, Am-241 self trigger

o TEasamame R, O-particles .

__ pulse shape ]
... fit |
V=A (el -e¥ + BeV T
1,=0.46+0.05ns

T41 = 1.020.1 ns (59 %)
1, =3.0£0.3ns (41 %)
FWHM =2.1+£0.2ns

3/14/2023

.Oll‘211.4lll6lll8'll1-0
Time (ns)

60

50

FN
o

Amplitude (a.u.)

w
o
T T

10

Temporal Response of

AL AL S B B S

FJRSM ZnO:Ga-2 22x22x0.3 mm°

Photek MCP-PMT240, HV:-4000 V, No Wrapping

DSO Aglient 9254, Grease, Am-241 self trigger

amasmmammmy O-particles

Pulse Height (V)

‘20. - I30. - .40l - .50
Time (ns)

/n0:Ga

Zn0O:Ga shows decay time of 1.0/3.0 ns by Am-241 with negligible slow component

9
beam at APS |
8 ' FJIRSM ZnO:Ga-2014-1 33x30x2 mm® i
T :
Photek MCP-PMT210, HV = -4950 V ]
o | :
Tektronix DPO 71254C ]
5 - -
. d N 1,=04+0.1ns 1
3 F 15=18%0.2ns _
> b FWHM = 2.3 +0.2 ns
1 r n
0 |||||||||-
1 0 1 2 3 4 5 6 7 8 9
Time (ns)
21
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The Instrument Response Function

+ 00

Fit(t) = f[V(t) = IRF(t)] = j V(t) * IRF(t — t)dT

— 00

Cosmic ray S————T+—T—" T+ T7 T T T T
i L

Intrinsic ultrafast

: [ 3
Plastic counter _U - PbF, 50x50x50 mm

4:- Photek MCP-PMT240, HV:-4200 V, No Wrapping ‘ response tlme can be
: DSO Aglient 9254, Air gap, Cosmic rays coincidence eXtraCted by taklng

A il out the IRF of the set-
© g — IRF pulse :
3 | T RF () Il up. It was measured
£ o \ RF(®=A(@™-e"+B ) by fitting Cerenkov
o I 7,=0.18£0.05ns | i
E 1,=0.60+0.05ns : |Ight pulse from a

FWHM =0.9+0.1ns

PbF, crystal, which
agrees well with
Photek spec.

Coincidence

Digital Scope

Time (ns)
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Intrinsic Decay Time of Lu,0,:Ybf—

—  4r
g " RMD Lu O, Yb Ceramlc 3 CI>9><1 mm
;3-5 "F"’Héf'e"’k"M’C’F""'P'I\'II"'I'"ﬂ'(')’""l’-’iV"’-Z’?’O’O"V'"N'é"w}"é'b'ﬁi'ﬁﬁ """""""""""""
'g - DSO Aghent 9254 Grease, Am-241 self trigger
= 3 __ ................................................................... * ........................ .
= & | F|t (t) = f[V (;) |RF (t)] The magenta line shows the
£ 25} o 5 ------V( ) -=-A (e - e )+ B convolution fit. The numerical
<< | 7,=0.04 + 0. 05 n : :
; result of the fit after taking out
7] R S T I —0 63+005ns ..................... th IRE h ; bl
: FWHM_16+02ns e are shown in blue
................ 2 .................... Xz +ndf= 3731’238 ...................
| ‘N R — RF puse The result of the 0.63 ns
o pulse shape decay time Is the Intrinsic
A decay time of Lu,O,:Yb
—— Convolution Fit (1)
‘.\;:‘i'si;-;:,u%,:: :

2 0 2 4 6 E 0
Time [ns]

3/14/2023 Presented by Ren-Yuan Zhu, Caltech, in the ULITIMA 2023 Conference, SLAC 23




BaF,, YAP:Yb, YAG:Yb and ZnO:Ga

The intrinsic decay time of YAP:Yb, YAG:Yb and ZnO:Ga are 0.6, 0.9 & 0.4/2.8 ns, respectively

The rise/decay time for the BaF,/BaF,:Y ultrafast light is within the IRF of the set-up

— 4 r — 4r — 12
5 S . DJ YAP:Yb-2-2 $40x2'mm° | :
o B - BaF,:Y $10x10 mm’ . 3.5 Photek MCP-PMT240; HV::4200 V. Nowrapping - FJ|RSM ZnO Ga-2 22X22><0 3 mm
i © Photek MCP PMT24¢ HV:-4200:V, Tyvek wrapping B, d . z O
© 3E i ; o 3 - DSO Aglient 9254, Grease, Am-241 self trigger, —_—
S [ Dso Aglient 9254, Grease, Na-22 coincidence trigger S k b 01+ 04018 ® 10+ PhotekMCPPMT240HV-4000VNowrappmg .........................
s T.= ;
= 22 1,=0.01+0.05 ns = 42 r‘ S0 4 0.2 i 'g DSO Agllent 9254, Grease, Am-241 self trigger |
a 2 =006 a 2 o iR = , _
<EE e * K :Z:dVVHMUG _2.05“n‘s i o pulse shape <EE 15 % FWHM = 1.6 + 0.2 nS| o puise shape ?_)_ 5 - E Ti= 0. 25 + 0.05 ns
SF =0.9+0.1 OF o) i [ | NUS— - S . N R—————— . SO—————
R ot A e S e X! ndf =630/ 238 |..-iwr g | =0.40 < 0.05 ns (60 %)
1 E :“"“ k 7 Lk i A ) 238 - Fit 1 E o' "‘4§ - Flt <
0.5F & 0.5} g ; [ =2. 8 + 0.3 ns (40 %)
. 2 PO I ...... I ..... l ...... 4ly¢,.l ! e P PR . 2 ki I I ...... l ..... ;:::.-.r.?.lv.r..'r_ ; : [ P : 6 -— ...................... A Eiessusosesnnvuryonsonsanc .FWH.M ....... 2.0.+.0..2.ns .............
S . .t BaF, $10x10 mm’ 5 [ DJ YAG:Yb-4 10x10x5mm’ s ., |
©, 3'55 R MCP.PNIT240, HV: 4200V, Tyvek wrapping ©, 3.5} Photek MGP.PMT240; HV:4200V No wrapping I , L% / ndf 3 215.2/ 53835
o 3F e ; o 3 - DSO Aglient 9254, Grease, Am-241 self. trigger; . | I G (. .| °— Le— i
] t DSO Agllent 9254, Grease, Na-22 coincidence trigger = 3 . - i : pulse shape
225 T S 25 1,20.02.+£.0.10.0s .
= r +0. £ A 1,=0.9.+0.2ns _ : ; 1
Q. o Td = 0.04 + 0.05 ns Q. o Oh ) FWI*M i 1 9 i 0 2 : "‘
E i& F ] FWHM-09+01TIS ...... o pulse shape E 15 F - 6? -i =19 £0.2ns|o pulse shape 2 s ssxssnsmanvseraiions .: ‘“‘ ............ R ° g
< 7t $ s _’;_/__;78_“_"”_ - IRF < [ 8 ndf = 15.88/ 238 |-.. rr [ | B : ;
o ‘-““ L 1-NaTl ! —Ei N -\N L :;
i 4 v o, » 0 ........... A
T == o=t) M R \ .l"."“ T nn e n 7 SOVASR RIS "‘;'\"“",','-'f""i"\.."‘-".'"""."‘-" ":';.'l-r’ | 1 [ | |
2 5 8 10 2 4 3 8 10 -2 0 2 4 6 8 10
Time [ns] Time [ns] Time [ns]
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Fast/Ultrafast Inorganic Scintillators for Imaging

—

Density (g/cm3) | 489 | 4.89 9.42 5.35 4.56 5.67 5.94 6.76 5.35 7.2 4.44
Melting points (°C) 1280 1280 2490 1870 1940 1975 1725 2050 2060 1870 1850 1930 2070
X, (cm) 203 203 0.81 2,59 3.53 251 AL 1.14 1.45 2.59 1.63 1.37 3.10
Ry, (cm) 3.1 3.1 1.72 2.45 2.76 2.28 2.20 2.07 215 2.45 2.20 2.01 2.93
A (cm) 30.7 307 18.1 23.1 25.2 9 20.9 20.9 20.6 23.1 215 19.5 27.8
Z. 51.0 510 67.3 32.8 29.3 27.7 27.8 63.7 58.7 32.8 50.6 57.1 32.8
dE/dX (MeVicm) | 652 | 6.52 11.6 7.91 7.01 8.34 8.82 9.55 9.22 7.91 8.96 0.82 6.57
A ? (NM) 300 300 g 370 | 350 350 380 380 1 420 Il 520 | a0 540 385 420
pea 220 | 220 | | | : T :
1
Refractive Index® 1.50 : 1.50 : : 2.0 : 1.96 1.87 2.1 1.97 | 182 I 184 | 1.96 1.92 1.94 1.78
) | il |
Normalized 42 1 17 1 1 | d . 2.64 6.5 ] 35¢ 9 16
Light Yielda< ag 1 48 11 2% 019 0.36 4.0¢ o5 100 10 e | a2 190 15 80
Tm%h}ﬁlﬂhetv%'e'd 15,00 L2000 1 1 280 1 57 1104 20000 2000 ;30,000 || 25000°) 12000 58000 10,000 24,000
| | i1 1
. oo I g0 I'T 1 . . 3.0 110 i il 820 | 191 570 1485
Decay time2 (ns) 05 : 05 : : 1.1 : 1.1 1.8 104 53 [ 40 T 50 | o5 130 36 75
. | il |
LY|n 1St ns I I I I d d d I I I
(hotons/mayy | 1200 | 1200 | i 170 | 34 46 980 43 7o I8 200 1 3o 400 125 318
. I I | :
LY in 1stns I 11 1 [ 1 I
T L (g 90 1 e 11 ol 60 43 49 2.0 | 25 :: 1.2 | 3.3 0.7 1.4 1.3
40 keV Att. Leng. I 11 I I i1 I
s 0106 | 0106 | | 0.127) 0314 0439 0407 0304 0185 !l o251 ] 0314 0.319 0.214 0.334

2 top/bottom row: slow/fast component; ° at the emission peak; ¢ normalized to LYSO:Ce; ¢ excited by Alpha particles; ¢ 0.3 Mg at% co-doping; f Lu, ;Y 3AIO;:Ce.
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Summary

= The HEP community is developing rad-hard, fast/ultrafast and
cost-effective inorganic scintillators for future HEP experiments

at the energy and intensity frontiers.

= Ultrafast inorganic scintillators under development for

3/14/2023

applications, such as BaF,:Y and Lu,05:Yb, may help to
the pico-second timing barrier for HEP as well as provic

investigation on ultrafast inorganic scintillators.

Acknowledgements: DOE HEP Award DE-SC0011925
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nard X-ray imager for future free electron laser facilities.
Hard X-ray beams with ns bunch spacing, e.g. the APS beam in
nybrid mode or the SLAC LCLS facility, are very useful for our
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CalVision Crystal Calorimetry

= A longitudinally segmented Calvision crystal
ECAL with dual readout combined with the e e
IDEA HCAL promises excellent EM and " e—m——
Hadronic resolution.

s EEEHEYS
g 8 &8 8
-

= Dense, UV-transparent and cost-effective

8 8 8 8

inorganic scintillators are crucial for the of L. M, S
homogeneous hadron calorimeter (HHCAL) ot srm 190 0n¥ ot s, 0 02
detector concept, promising a jet mass pensity e NN N R
resolution at a level of 20%/VE by dual readout metting point (C) IR IR L a2 e
for either Cerenkov and scintillation light or S S
: . Ry (cm) 20 218
dual Integration gate. A (cm) 207 na
Z value 74.5 77.4
* Doped PbF,, PbFCI, BSO, titanium doped dE/dX (MeVicm) 01 e
sapphire (Al,O5:Ti) crystals and AFO glass have Emission Peakc ) “n a
been investigated. Cost-effective inorganic Reacve incer ST NECTHN WSS N
. . Relative Light Output n“ 1.6 \
glasses from RMD and Scintillex etc. are under sl od
5 g g f FCC LY (ph/MeV)d :I..EIIl 130 \
Investigation ftor -ee Decay Times (1) n- w
d(LY)/dT (%/°C)d -25 \
-!-m 75 6.0

Cost cC
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HighTi  Low Ti As After After As Dimension I
doping doping  grown annealing annealing grown (mm?) Polishing

i

i Tongji Al,O5:Ti-1,2 10%x10%4 2 Two faces
.',".f’."1‘1";‘l'l‘l'I"{‘I'l"!’l'{‘t'l"ﬁ'","l‘i'l'l‘('l‘!’m’;H'I"u L M.Mm,;l‘ 111“'”“‘:1.1].“{'1 { L

: Tongji Al,O;:C-1,2 7x1 2 Two f
5 = 7 = S IO [ 2 Iz a4 ongjt Al;Os ® wo faces

— : : Tongji Lu,05:Yb 6.4x4.8x0.4 1 Two faces
A weak emission at 325 nm with 150 ns decay time

A strong emission at 755 nm with 3 ys decay time Tongji LuScO3:Yb ®4.8x1.3 1 Two faces

Fast @325 nm Slow @755 nm Fast = 162 ns Slow = 3.2 us

600 600 20 105,

sioF Tongjl Al o Tit 10x10x4 mm® E so0 ETONGji A ,05Ti-1 10x10x4 mm® E 1o Tongii AL, Tt 10x10x4 i’ ] Tongi Al ,05:Ti-1 10x10x4 mm’ Tongji ALO,Ti-1 10x10x4 mm’
—_~ 1 —_~ 1 . .
3 0o LEN=S25m Ex=210 nm 3 3 ool EMFI23Am Ex=500 nm E 8o et 15[ PMT:R2059, Two layers Tyvek, Grease y Measured by FLS920, Ex: 500 nm, Em: 750 nm
L ] <& 60 0 Counts = Ae"™™  t=3195ns

30 b 300 F . [y L 4
:’%‘ ° ] ‘;;;‘ EWLT=50.4% %, 19 o i . raw data

] —~ 40F . L.O=A,+A,(1-e7")

200 . 200 . oM .
g ] (lc) R Emission Measyfed transmittance g sk i 10° — fitted line 3
Q9 ] = = sk E o A Ay T
C 100 B C 100 e 8 20 — " o
- ] - « Theoretical limit of transmittance & 7]
i , g ; 1 , , c R = 1 10 151 2
o B i i e a 0 - - = g o A % === 3 ok # % 3 b ———+

o , " " = 2 N ] 9 R ] " -
D 50} TONGIi ALO; Ti-2 10x10x4 mm ] B 500 TONGjI Al,O;Ti-2 10x10x4 mm ] g 100 Tongji ALO, Ti-2  10x10x4 mm = ol Tongji ALO,Ti-2 10x10x4 mm® | 8 Tongji ALO,:Ti-2  10x10x4 mm®
% Em=325 nm Ex=210 nm % i Em=755 nm Ex=490 nm g 80 o * ] .o_. PMT:R2059, Two layers Tyvek, Grease Y Measured by FLS920, Ex: 500 nm, Em: 750 nm
L = 10°F A ”
E - = s0f ] 2 i Counts = Ae™?  t=3174ns
S S 300 '
z =z a0 Emission EWLT=77.4% LO= AO+A1(1—e('uﬂ) . raw data
200 o 1
i 55 — Measured transmittance T — 3 — fitted line
100 20F / ] 10 E
: o « Theoretical limit of transmittance 175
A ] | gy n ! 1
900 225 250 275 300 325 350 375 400 400 500 600 700 800 900 %00 300 200 500 600 700 800 1o!oo 1500 0 25'00 5000 75100 1oclmo 72500 15600 17§oo 20000
Wavelength (nm) Wavelength (nm) Wavelength (nm) Time (ns) Time (ns)

3/14/2023 Presented by Ren-Yuan Zhu, Caltech, in the ULITIMA 2023 Conference, SLAC 28



	Slide 1
	Slide 2: Inorganic Scintillators for HEP
	Slide 3: Inorganic Scintillators for Imaging
	Slide 4
	Slide 5
	Slide 6: Expected Radiation for CMS ECAL 
	Slide 7: CMS Barrel Timing Detector for HL-LHC
	Slide 8: LYSO:Ce Radiation Hardness
	Slide 9: LuAG:Ce Ceramics Radiation Hardness
	Slide 10: RADiCAL: LYSO/LuAG Shashlik ECAL
	Slide 11: LuAG:Ce Fiber Light Output and Uniformity 
	Slide 12: Ultrafast BaF2:Y Calorimeter for Mu2e-II 
	Slide 13: Ultrafast and Radiation Hard BaF2
	Slide 14:  BaF2:Y for Calorimetry & Imaging 
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26: Summary
	Slide 27
	Slide 28: Sapphire:Ti Emission and Transmittance 

