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2019 DOE Basic Research Needs Study
on Instrumentation for Calorimetry

Priority Research Direction PRD

PRD 1: Enhance calorimetry energy resolution for precision elec-
troweak mass and missing-energy measurements

PRD 2. Advance calorimetry with spatial and timing resolution
and radiation hardness to master high-rate environments

PRD 3: Develop ultrafast media to improve background rejection
in calorimeters and improve particle identification

Snowmass 2022 White Paper “Materials for Future Calorimeters”

arXiv 2203.07154, or https://doi.org/10.48550/2203.07154
Fast/ultrafast, radiation hard and cost-effective active material
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https://doi.org/10.48550/2203.07154

Why Inorganic Scintillators

Charmonium system observed Higgs -> yy by CMS through

e Precision photons and electrons enhance
physics discovery potential. T Mwo

CMS (s=7TeV,L=511"i5=8TeV.L=563 1"

* Crystal performance is well understood: S O S )
* The best possible energy resolution and position resolution; 5, & ;’: . - s £
* Good e/y identification and reconstruction efficiency; fé fé i o
* Excellent jet mass resolution with dual readout,: C/S or F/S gate. 2 _ //.1‘— E\\ g ool 422 ‘
e Challenges at future HEP Experiments: s

* Ultrafast scintillators to break ps timing barrier & Mu2e-Il ECAL;

* Fast and radiation hard scintillators for the HL-LHC and FCC-hh; LYSO:Ce Crystals for CMS BTL

* Cost-effective crystals for the proposed Higgs factory. ~ m:g:;_{;ggl K i Ej:;‘;"j:;‘ff‘j f‘jjf”?“'"“““’”?‘?
* Inorganic scintillators at Caltech Crystal Lab: : .~ W
* Radiation hard LYSO:Ce and LUAG:Ce ceramics; St oame 1 5 - + ) % 3m1
£ =19 Q" | '
 Ultrafast BaF,:Y crystals and Lu,0;:Yb ceramics; £ IZ4L= —r——1H &: ’ EEEE
 BGO, BSO & PWO crystals and heavy scintillating glasses. = | Lt L

Integrated Dose (rad) Proton Fluence (cm™) 1 MeV n,, Fluence (em™)

Crystals damaged by both proton and neutron. Damage by proton is larger than that from

arXiv: 2203.06731 and arXiv: 2203.06788

neutrons because of ionization energy loss in addition to displacement and nuclear breakup
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#— Capillaries readout

RADiation hard CALorimetry
Reducing light path length to
mitigate radiation damage effect

—&— Y11 readout

| —— Fit to Y11 readout

Using radiation hard materials:
LUAG:Ce ceramics excitation
matches LYSO:Ce emission

0.01
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i Quartz capillary
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SiPM readout or

Optical waveguides
to remote photosensors
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QD glass or polysiloxane)
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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 X10% ng,/cm=and 1.2 X10* p/cm?, promising for FCC-hh

3 ———r ———r — 1600
10 ' : AN ! ] | : ! !
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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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Excellent longitudinal uniformity observed for a 0.6 x120 mm?3 LUAG:Ce ceramic excited by a 420 nm
LED at different location, with a solid coupling to a quartz fiber, mimicking its application in RADICAL

150—————7————— 7771
( (@) | SIC LUAG:Ce 120x¢0.6 mm®, #2, B end coupling
Optical fiber Ex. 420 nm LED, Em. F4500 Spectrophotometer
Collimator I Ex. at 15 mm, Int.PN=35400
- - Ex. at 30 mm, Int.PN=36200
Ex. at 45 mm, Int.PN=34400
Ex. at 60 mm, Int.PN=32800
Ex. at 75 mm, Int.PN=32100
Ex. at 90 mm, Int.PN=32200
Ex. at 105 mm, Int.PN=34100
Avg Int.PN=33900
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/
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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
|
|
|
|

* Radiation hardness

* Photosensors 3 x 1011 »n_1 MeV equivalent/cm? total

ey Py 2 hy S — _:-1'_:; 3 s el < Iy
N T e W Mu2e-1I: 1.940 BaF.:Y
& W Mu2e-II: arXiv:2203.07596

PIP-11/Mu2e-II: higher rates (~x3) and duty factor from and correspondingly :

P

i

: higher ionizing 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 I
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SIC BaF,-Y-54 13x13x5 mm"
Photek MCP-PMT210, HV = -5000 V
Tektronix DPO 7125

Photek MCP-PMT210, HV = -5000 V
Tektronix DPO 71254

A I Ay
E FJIRSM Zn0O.Ga-2014-1 33x30x2 mm”

F Photek MCP-PMT210, HV = 4950
E Tektronix DPO 71254

b el

Pulse Height (V)

IC LYSO:Ce-150210-1 19x19x2 mm'
Photek MCP-PMT210, HY = -5000 V
Tektronix DPO 71254
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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




A Puzzle of Long Decay Observed at APSf

APS Trigger 0.16 E—SIC BaF,-Y-54 13x13x5 mm’ —

é 014 F Photek MCP-PMT110, HV = -4900 V. Peak=105mV -

Signa = S 0;? E Tektropix DPO 71254C 3
Sampling: 100GS/s 0_0-8 E_ t.=02+01ns _E

20-06 ‘ 1,=12£0.1ns :

i 15 m cable + 0.04 F =

| Albreadsoard 5002 F FWHM =1.4+01ns 4

g U_—"."-'vf“r":l | | .I...I...I:J..I.J..I'T..I...—:

1D-10 Inadiation Room o 016 ESIC BaF,1 50x50x5 mm® —

: 2 014 E photek MCP-PMT110, HV = 4900V Peak=86 mV -

The decay time of BaF, measured at [N Sttt ke
APS for septuplet X-ray bunches with 006; £ =02+0.1ns
2.83 ns spacing is longer than 1 ns. _— 2 o
This Is suspected to be caused by the 0.04 F E
0.02 F FWHM=16+02ns 3

15 m long cable used between the I T R e o St
MCP-PMT and the MSO O A T T

Time (ns)
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Na-22 Coincidence Trigger
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e
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e
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|
Na-22

Ba
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Am-241 Self Trigger T :

F2 41~ Photek MCP-PMT240, HV:-4200 V, Tyvek Wrapping 7
: DSO Aglient 9254, Grease, Na-22 coincidence trigger :

B PMT (R3809) Am-241 . ]
kY —

- __ pulse shape .

) ... fit 1

V=A (e-t."rd ~ e-!.-':') +RB 4

1,=023+£005ns
1,=054+0.05ns
FWHM =09+0.1ns

Normalized Voltage (a.u.)

Agilent MSO9254A
BW: 2.5 GHz

11/29/2022

Sampling: 20 GS/s

g - Fitting: Tt'me e ¢

Gl Coincidence I/ V=A(e @ —e w)+B
% B: background noise

O Agilent MSO9254A or slow component,

T,: rise time,

T4: decay time.

Rise, decay and FWHM obtained by fitting temporal response
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&7 MCP-PMT 240 Temporal Response

A fit to response of the Photek MCP-PMT 240 o} VA
for pico-second laser pulses shows both the rise .;E:_Z
and FWHM consistent with the specification $ ool | e
12 | Full Housng Adsembly
LPG 650 & 10 KHz
. AN ¢ Rise Time 175ps
Actlve Spectral Peak Sen. ma: - ]
Photodetector diameter range Rt ]
(nm) ) S
(mm) (nm) 00 20m m: ‘:m 80n  100n
Photek 6
MCP-PMT 240 40 160-850 280-450 1x10 0.180 0.82 2 —
Hamamatsu MCP- 5 N :;:e:oMCFoP::E éusmgmmf B
BEsEcaiEs 11 160-850 430 3x10 0.160 0.30 o ST
Photek . S || ks |
SRV 610 10 160-850  280-450 1x10 0.065 0.11 e {} i% i s e
£
Photek 6 S 100 ! 's _ _ .......... ]
LR 3 10 160-850  280-450 1x10 0.085 0.15 75{¥
Hamamatsu , AN
PMT R2059 46 160-650 450 2x10 1.3 |
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Temporal Response: BaF, & BaF,:Y

ST T s & T - @ e AT T 5 AL B 200y T T T
[ BaF,.Y ®10x10 mm ' 35k BaF,Y ®10x10 mm kE : _ 3
4 — Pho1ezk MCP-PMT240, HV:-4200 V, Tyvek Wrapping — : Photezk MCP-PMT240, HV:-4200 V, Tyvek Wrapping 3 [ BaF?'Y ®10x10 mm
- DSO Aglient 9254, Grease, Na-22 coincidence trigger ] 8 _ DSO Aglient 9254, Grease, Na-22 coincidence trigger E 150 B 7]
aL h 25F 3 L PMT:R2059, Grease, Tyvek wrapped, Na-22 coincidencg
[ __ pulse shape . : i * @ )
. - fit N ~ 2 ;_ B ~~ 100 I ]
2 V=AE"-e"n+B . 15E 3 = (t) ]
—~ f 1, =024+005ns 1 ~ = L.O=Ag*A(1-e77) _
S5 41F 14 =0.59+0.06 ns h > 1F E < 5L _'
o I FWHM =09 +0.1 ns 1  © osf o Ao A T |
O 0 O o — 65 52 400
T 5 '84.,...:..::,::.: —————— 5 1000} ! ! {
2 | BaF, ®10x10 mm’ ] £ ,;5f BaF, ®10x10 mm’ 2 | BaF, ®10x10 mm®
Q. 4 — Photek MCP-PMT240, HV:-4200 V, Tyvek Wrapping — Q Photek MCP-PMT240, HV:-4200 V, Tyvek Wrapping 3 300 [ -
E DSO Aglient 9254, Grease, Na-22 coincidence trigger <EE 22 DSO Aglient 9254, Grease, Na-22 coincidence trigger 9 ; PMT:R2059, Grease, Tyvek wra
3 __ pulse shape ] ' S 600f
5 e it : 2 2
2F V=A(e"d-e"M+B - » ]
: 1,=0.23+0.05ns : 19 400 L.O = Ag+A,(1-e77) .
1E T4 =054£0.06 ns E 1 ]
: FWHM = 0.9+ 0.1 ns ; . 200 Ay At .
of ; | . . : < 0 W ™ ) , st 49 625 600 ]
2 0 2 4 6 8 10 0 50 100 150 200 250 % 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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Temporal Response: Lu,0,:Yb Ceramics

[ RMD Lu,0.:Yb Ceramics 3 ®9x1 mm° : [ RMD Lu.O.'Yb Ceramics 3 ®9x1 mm® -
Sl | I 278 RMD Lu,O,:Yb Ceramics 3 ®9x1 mm°
4~ Photek MCP-PMT240, HV:-4200 V, No Wrapping 7 4 Photek MCP-PMT240, HV:-4200 V, No Wrapping . 400 |- -
I ] I I PMT:R20589, -2000 V, Two layers Tyvek, Grease
| DSO Aglient 9254, Grease, Am-241 self trigger | DSO Aglient 9254, Grease, Am-241 self trigger S‘ I
it : —~ L [0} Na-22 coincidence trigger
S sf 1 3 st 1 = wl -
R — pulse shape o} = 300 5 o
Q ) \ ... fit ) - & Q O o) o)
o i & e e o I o i
= o V=A (¥4 el 3 R
o . 1,=0.30+0.05 ns S T I LY = A+A,(1-e7%) _
= Y ¢,=11+01ns S €
< d < o
FWHM =1.5+0.1ns T
1 . A, A, 1, LY (200): 284 ph/MeV
100 | .
0 557 0 -
ey N N N e T P T ol L 1 1
-2 0 2 4 6 8 10 0 100 200 300 400 500 0 1000 2000 3000
Time (ns) Time (ns) 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
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+ 00

Fit(t) = f[V(t) = IRF(t)] = f V(t) * IRF(t — t)dTt
0.0
Cosmmic ray 5 [ _ Intrinsic ultrafast
Plastic counter L  PF, 50:60:60 mm’ Il response time can
eﬁ 4:— Photek MCP-PMT240, HV:-4200 V, No Wrapping - be extracted by
. il tking out the IRF
L E S TR : of the set-up. It
Q N SR R I \\as measured by
| LN g I 1, =0.18£0.05ns : L
7 < =060£005ns _ fitting Cerenkov

light pulse from a
PbF, crystal, which
agrees well with

Time (ns) Photek Spec.

1 L
ii I "'. FWHM=09+0.1ns
i N .
i i .y :
! i Coincidence )

Digital Scope
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Intrinsic Decay Time of Lu,0,:Ybf=

g - RMD Lu O, Yb Ceramlc 3 CI)9><1 mm
.6. 3 5 PhotekMCPPMT240HV-4200 VNowrappmg ..........................
5 3___9?959_'_7?_'?‘?__?_2_7'_3__‘_‘1_ff??ﬁ?___f‘_Tfﬂf??fff'_?_‘t’_‘_?f ____________________________
= & Fit (t) =f [V (p * IRF (t)] The magenta line shows the
E 25_ ..... & .................... Vit (_)0_04(_4_90(;59 ........ ) + B Convolution f|t The numerical
; K result of the fit after taking out
) R S SN WU S TC . —063+005ns ..................... :
; 5 FWHM = 1.6 +0.2 ns the IRF are shown in blue
............... ';E .................... XZf ndf 373!238 ...................
% L A — R The result of the 0.63 ns
o pulse shape decay time is the intrinsic
A decay time of Lu,O5:Yb
e Convolutlon Fit (1)
;’-:id‘i-'-;.!‘*,u}:,?;." PRBA

2 0 2 4 6 E 0
Time [ns]
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Fast and Ultrafast Inorganic Scintillators

—

Density (g/cm?®) = 4.89 | 4.89 9.42 5.35 4.56 5.67 5.94 6.76 5.35 7.2f 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 2.51 251 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 2.15 2.45 2.20 2.01 2.93
A, (cm) 307 307 18.1 23.1 25.2 22.2 20.9 20.9 20.6 23.1 215 19.5 27.8
Zoy 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 9.82 6.57
N - - LN N ] —---1----
Agear® (NM) U el : I 370 1 350 350 380 380 a0 ! s20 1 370 540 385 420
20 | 220 1} i ! ! i
|
efractive Index . . . . . . . . . . 1.92 . .
Refractive Index®  [JIS8 : 150 | | 20 : 1.96 1.87 2.1 1.97 : 1.82 :: 1.84 : 1.96 1.94 1.78
| L I
Normalized 42 ) 17 I y d 2.6¢ 6.5 [ o35 9 16
Light Yieldac 48 | 48 : : R Ut 4.0 05 : 100 |: 48 | 32 190 15 &t
. . | I i I |
Total Light yield [ BRI IR B 110¢ 20000 2100 '30000 1} 2500000 12000 58000 10,000 24,000
(ph/MeV) 0 I I : I | II I
| |
. 600 I 600 1 | ,,4 | ; ; 3.0¢ 110 I, s20 1 101 570 1485
Decay time? (ns) 05 : 05 1 | 1.1 : 1.1 1.8 1.0¢ 53 : 40 :I 50 : 5 o 36 75
. 1 | | |
LY in 1stns | I | d d d | |
ehotonomeyy : 1200 | : 170 : 34 46 980 43 : 740 I: 240 : 301 400 125 318
LY in 1stns 1] I I I |
» il [ 8 9.0 : 64 : g 0 1 e 43 49 2.0 | 25 :l 1.2 : 3.3 0.7 1.4 1.3
40 keV Att. Leng. S B 0.127 0314 0439  0.407 0.394 0.185 0.251 0.314 0.319 0.214 0.334

(1/e, mm)
a top/bottom row: slow/fast component; © at the emission peak; ¢ normalized to LYSO:Ce; 9 excited by Alpha particles; ¢ 0.3 Mg at% co-doping; f Lu,,Y,3AIO;:Ce.
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CalVision: Segmented Crystal ECAL

Geantd simulation

— 102
(SCEPCal \ / Dual readout HCAL\ _3_2. 1 ; —a— Total energy resolution
LLl C o, (EVE =3.0% /YE & 0.5%
“; - --4-- Pholostatistics
Scintillating fibers W --&-- Shower fluctuations
g=1.05mm b‘é- joL %= Noise

Tl

Cherenkov fibers
@=105mm

|7| TTT]

Brass capillary
ID=1.10 mm,
OD = 2.00 mm

T \‘Illll

Sy
e

W : = ¥ / \

Solenoid

/ 10—1||\|||

Electron energy [GeV]

Geantd simulation

—®——  Pyre HOAL [S-based DRO): 025 4E @ 0.010
——&—— HCAL+ECAL (only HCAL dro): 0.4z AE @ 0,025
————  HCAL+ECAL (anly rear EGAL dro); 0.28 7TE @ 0.020

—&—— HCAL+ECAL (dro corr): 0.27 /E @ 0.021

o /E

107

1X, ©X,

102 TR | | L Lo |
1 10 107

~1A 0. 167\: é)\, Beam energy [GeV]
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The HHCAL Concept

Corrected jet response and energy resolution, energy dependence

A. Para, H. Wenzel and S. McGill in
Callor2012 Proceedings and
A. Benaglia et al., IEEE TNS 63 (2016)
: 574-579: a jet energy resolution at a
wome m o=@ oo o=@ level of 20%/~E by HHCAL with dual
o m—_—r readout of S/C or dual gate.
M. Demarteau, 2021 CPAD Workshop

-3 B5EBHEES

R.-Y. Zhu, ILCWS-8, Chicago: a HHCAL cell with pointing geometry | Can we afford?
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Inorganic Scintillators: HHCAL

D%?;‘;:a?"

(nm) 420 750 460
LY (ph/MeV)e 130 \ | 10 YD | 1300 |
10 3200 260 50
s(wrya oaecy: B o IR ———
Cost ($/cc) 75 60  ? m-—_—-

a. Top line: slow component, bottom line: fast component. 1. E.Auffray, et al., J. Phys. Conf. Ser. 587, 2015 . V.Dormenev, et al., the ATTRACT Final Conference
b. At the wavelength of the emission maximum. 2. V.Dormeney, et al., NIMA 1015, 2021 6 E. Auffray, et al., CERN-PPE/96-35, 1996

C. At room temperature (20°C) with PMT QE taken out. 3. G.Tang, et al., Opt. Mater. 130, 2022 7. R.A.McCauley et al., Trans. Br. Ceram. Soc., 67. 1968
d. Gd loaded. 4. R.W. Novotny, et al., J. Phys. Conf. Ser. 928, 2017 8. I. G. Oehlschlegel, Glastech. Ber. 44, 1971



Summary

The HL-LHC and FCC-hh require fast and radiation hard inorganic scintillator.
The RADICAL concept uses LUAG:Ce ceramics as wavelength shifter for LYSO:Ce
crystals for an ultra-compact, fast timing and longitudinally segmented shashlik
calorimeter. R&D is on-going to suppress the slow components in LUAG:Ce.

An ultrafast BaF,:Y calorimeter is proposed for Mu2e-Il. R&D is on-going to
investigate radiation hardness of large size BaF,:Y crystals.

A longitudinally segmented Calvision crystal ECAL with dual readout combined
with the IDEA HCAL promises excellent EM and Hadronic resolutions for the
proposed Higgs factory.

Homogeneous HCAL (HHCAL) promises the best jet mass resolution by total
absorption. Crucial R&D is needed for cost-effective mass-produced inorganic
scintillators

Acknowledgements: DOE HEP Award DE-SC0011925
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LYSO:Ce for CMS MIP Timing Detector

MTD performance goal: 30-40 ps at the start degrading to < 60 ps at 3000 fb-?
Barrel Timing Layer: arrays of LYSO crystal bars connected to SiPMs at both ends and readout by TOFHIR

Ultrafast inorganic scintillators would help to break the pico-second time barrier

BTL: LYSO bars + SiPM read-out

= TK / ECAL interface ~ 45 mm thick
= |n|< 1.45 and p;> 0.7 GeV

= Active area ~ 38 m? ; 332k channels
= Fluence at 3 ab!: 2x10%* n.,/cm?

ETL: Si with internal gain (LGAD)

= On the HGC nose ~ 65 mm thick

= 1.6<|n|<3.0

= Active area ~ 14 m?%; ~ 8.5M channels
= Fluence at 3 ab%: up to 2x10% n.,/cm?

, o _ | S RIRATARIR N RRRERRRA I BRRREENANNRY
’ - ‘:- 1. | | _I - I e T o I el O i. .! o -= - ‘ | l -
B s e e - el "
Si array p Wm SiPM arravs mockup for TECs testina
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Barrel 1.15 2.7E+14 3.0E+06 2.4E+13 2.6E+05 3.8 150
Barrel 1.45 2.9E+14 3.2E+06 2.5E+13 2.8E+05 4.8 192
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Endcap 2.50 1.1E+15 1.3E+07 9.9E+13 1.1E+06 26 1020
Endcap 3.00 2.4E+15 2.7E+07 2.1E+14 2.3E+06 68 2700

Much higher at FCC-hh: up to 0.1/500 Grad and 3/500 x101° neq/cm2 at EMEC/EMF

11/29/2022

Aleksa et al., Calorimeters for the FCC-hh CERN-FCCPHYS-2019-0003, Dec 23, 2019
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LYSO:Ce Radlatlon Hardness
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Damage induced by protons larger than that from neutrons

Due to ionization energy loss in addition to displacement and nuclear breakup
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Ultrafast and Radiation Hard BaF,
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SIC 2017 BaF,:Y sample shows a similar performance as BaF, crystals
Recovery is very small for the fast scintillation component
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Diverse crystal quality at this stage of R&D, needs improvement
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