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* Precision photons and electrons measurements enhance
physics discovery potential in HEP experiments.

 Performance of crystal calorimeter is well understood for
e/y, and is investigated for jets measurements :
— The best possible energy resolution and position resolution;

— Good e/y identification and reconstruction efficiency;
— Excellent jet mass resolution with dual readout (CEPC?).

o Ultrafast and rad hard crystals for HEP & NP experiments:
— At the energy frontier (LYSO BTL & Shashlik Cal for CMS at HL-LHC);

— At the intensity frontier (BaF,:Y calorimeter for Mu2e-Il);
— For GHz hard X-ray imaging (Ultrafast front imager for MaRIE at LANL).
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MaRIE: GHz Hard X-Ray Imaging
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High-Energy and Ultrafast X-Ray Imaging Technologies and Applications

Organizers: Peter Denes, Sol Gruner, Michael Stevens & Zhehui (Jeff) Wang?
(Location/Time: Santa Fe, NM, USA fAug 2-3, 2016)
The goals of this workshop are to gather the leading experts in the related fields, to prioritize tasks for
ultrafast hard X-ray imaging detector technology development and applications in the next 5 to 10 years,
see Table 1, and to establish the foundations for near-term R&D collaborations.

Table |. High-energy photon imagers for MaRIE XFEL

Performance Type | imager Type |l imager
X-ray energy 30 keV 42-126 keV
Frame-rate/inter-frame time 0.5 GHz/2 ns 3 GHz / 300 ps
Number of frames / 10 10 - 30
X-ray detection efficiency / above 50% above 80%
Pixel size/pitch / < 300 um < 300 pum
Dynamic range / 10? X-ray photons = 10* X-ray photons
Pixel format 64 x 64 (scalable to 1 Mpix) 1 Mpix

2 ns and 300 ps inter-frame time requires very fast sensor. Will crystal work?
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Significant increased F/S ratio in BaF,:Y; Sub-ns FWHM by MCP-PMT

LA L R R R TN LR SR LI IR BELIN L L B R R e B R A B B RS S T e S e
- E h | BGRI1 BaF.-Y Cylinders . 1 :
tagop |- — BCRI BaF,-pure # ool Light Path=21 mm |1 1200 | BGRI BaF,-Y Cylinders Po
|l — BGRI BaF,-¥1.0% ] e . b
12000 -_ ___BGRI BEFZ-YZO‘% _- -1 =
. [ __ BGRI BaF,-¥3.0% ] ... el Bl %woo_—
S.0000f - BGRI BaF,-Y5.0% 12 | Y {at.%) 220nm 300nm| = ! LO = A +A, (1-8™™)
52 - 4 s § Ay A T
— |- ] @ 1 % L S ] 800 | 1
P  xcray excitod 1 8 ol _ 0% 888%  89.7% ] g | ;;1,3 ;ggo ??2
-—_— - uminescence = L
2 8000 i N ok B " ] g - — 1.0% 85.0% 839.5% A :"':_;’ I 233 118 A36
| Amptek Eclipse- 1= s g
@ [ AT » 1E | __20% 831% 87.1% | @ 500 218 a2 296
€ suool 25 kv. 80uA 1 & = |
. 5 i g 40 - KEL: o — 3.0% 385.3% 88.3% 1 O i
w i 1 .= ] 1= I
¥ 4 i v 3 ~ 5.0% 84.8% 88.3% | £ 400
>< 4000 - o . ’ ’ 1o
g i 20} & % 2
2000 |- " ] e 1 e |
: ] - ‘.f'v,‘ 7 "«-.___‘- T L
Lol S DT A Ty AR (Y, S e Lo %, L. | P | L L S P o = L kg - .
900 220 240 260 280 300 320 340 360 380 400 %00 225 250 275 300 325 350 375 400 425 450 o 1000 2000 2000 2000
Wavelenath {nm) Wavelenagth (nm) Time {(ns)
PbF 5 cm cube L BaF, $10410 mm}” cylinder (sn; BGRI:U) Bak, ¢10:410 mm” cylinder (sn; BGRI:Y)
k Cosimic-ray,; coincidénce trigger Na-22, coingidence frigger | L Na—iz, coindidence i:rigger
600 |—Fhotek MCR-PMT240. HV=-800V 60— ek MCE-PMT240, H\V=-4800\ — [ P i £ -P_Mn:i =_-§BDDV
| ; . = ] 50 | Photek MCR- 0. HW=
' Tektronix MBOT72304DX . [ Teklronix MEOT2304DX 7 L ekironix MEO72304DX
500f 50
[ 40
= < ' =
E 400 E 40 E
= )
% 1 \ Qé) P ‘ % 30 + T.=029+005ps
= 300 f z.=0.18.+.0.05 hs = 30 5 7y =0.50 + 0.05ns
> ] 1\ %, =061 +005khs = : ? o Sl o) ML0o6+i0070s
200l A EWHM £ 088+007nsi ... . 2ok i
B i | .
100} 1 KL S 10} 101 3
] E i 4 ’ il iy
R e e SN e 0:""' i 0‘:"-2':5‘ — i [l
-2 -1 0 1 2 3 -+ 5 6 -2 -1 0 -2 -1 0 1 5 6
Time (ns) Time (ns) Time (ns)

Novemuoer 0, ZU1ld FIeserniduorn py Rer-yrudrl Znu in e ZUld LFAD VOIKSIIOP dL BDIrowlrl ulversiwy, rroviaerice, ni 10



Temporal Response Measured at APS

Scintillators with ultrafast decay time
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Singlet (16 mA, 50 ps) isolated from 8 septuplets (88 mA) with 1.594 us gap; 8 septuplets
(88 mA) with a 68 ns period and a 51 ns gap; Each septuplet of 17 ns consists of 7 bunches
(27 ps) and 2.83 ns apart; Total beam current: 102 mA, rate: 270 kHz, period: 3.7 ps.
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Crystals, MCP-PMT and gate unit were in the hutch of the APS 10-1D site; DPO, delay generator and HV power
supplier were in the control room; MCP-PMT signal went through a 15 m wideband SMA cable to DPO

: APS Trigger
2.5" sample *
compartment i i PS
Signal —
gnha Photo—
Photek detect BW: 12.5 GHz
PMT210 etector Sampling: 100GS/s

Gate
GM10-50

Al breadboard

15 m wide band cables

ID-10 Irradiation Room
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Caltech Team at APS of ANL (July 2 -3, 2018)
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Data taken with ultrafast
Photek PMT & gate unit for
septuplet bunches show
BaF,:Y’s capability for 30
keV X-ray imaging with
2.83 ns bunch spacing.

No pile-up for 8 septuplets

Data were also taken for

singlet bunches to show

various crystal’s temporal
response.

November 6, 2018 Presentation by Ren-Yuan Zhu in the 2018 CPAD Workshop at Brown University, Providence,

Pulse Height (V)

1.2

0.8

0.6

0.4

0.2

SIC BaF,-Y-54 13x13x5 mm®

I singlet
— Photek MCP-PMT210, HV = -5000 V bunch

Tektronix DPO 71254C

8 septuplet bunches

0

500 l 1000 1500
Time (n

S)

2000

2500

3000



X-ray bunches with 2.83 ns spacing in septuplet are clearly resolved by ultrafast
BaF,:Y and BaF, crystals, showing a proof-of-principle for the type —I imager
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Amplitude reduction in BaF, and LYSO due to space charge in PMT from slow scintillation, but not in BaF,:Y

Reducing the 15 m cable length will reduce BaF, pulse width to sub-ns for a much better bunch separation
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> 006 1, =12+0.1ns - FWHM=26+03ns |
C 0.01 -

L SIC LYSO:Ce-150210-1 19x19x2 mm°
- Photek MCP-PMT110, HV = -4900 V' Peak=68 mV

o
AN
N

Pulse Height (V)

0.12 F : ]
o1 0.08 [ Tektronix DPO 71254C ©=09+0.1ns 3
t=02+£01ns E ]
0.08 f 0.06 | 1, =40+ 4ns .
0.:0a 1,=12+0.1ns 004 [ FWHM =31+ 3 ns 3
0.04 . .
0.02 FWHM = 1.6 +0.2 ns B0z p
0 o . o vl i seli s s lsinlern o nn L T pe— 0 L -
4 0 1 2 3 4 5 6 7 8 9 0 20 40 60 80
Time (ns) Time (ns)

Decay of BaF,:Y and BaF, shorter than ZnO:Ga, but longer than y-ray data due to the 15 m cable
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Significantly slower responses observed at APS with a 15 m cable
as compared to pulses measured with a 1 m cable at Caltech

600 2500 ——— 350 —— —T3
[ |gsa|g=2 $10%10 mnf cylin;der (sni SIC-YA1) : BaFéz-Y-54 13x13x§ mm”® aF ,-¥-54 j3x1 3;><5 mm |
Cosmic-ray, coincidénce trigger 2250 [-—Gostric-ray; Geineidenge-triggen [ iciray, cgincidence trigger
500 L Photek MCP-PMT240, HV:=-4800V. [ Photek MCP-PMT210, HV=-5000V, 1 m cable 300 otek MCP-BMT270, HU=5000V, 15 4 cable
Tekironix M5O72304DX 2000 - """" -FekFonix-DRO712646 {12.6-Chiz;-100-GS/s) tronix DPQ 71254?3 (12_5 GHZ1 100 GS/s)
: : 250} . —
I 1750 I
400} 5 \ |
S <1500k r=018+0.03ns S 7,20.18+0.03 ns
£ E 1500 [ - £ 200
e = =028+ 005hs - C 7 =059+0.65ns oy rd#1.30:t0.05§ns
:]%J’ 300 ' L 1250F PV 0:85 011 % -
= +, = 0.57 +0.05ns S { = 150 FWHM =14.+01ns
> i - < 1000F 9 ; | g 5
200 _ WHM £ 0.98 +10.07.ns - f & [
[ 750¢ 100}
- 500F |
100 ; WA 50
: ) 250} S [
_ ; : ; z
0 L u . TN J | N PP M M O m —
2 10 1 5 0 05 1 15 2 25 3 10 1
Time (ns) Time (ns) Time (ns)
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F DJ YAP:Yb-2-2 ®40x2 mm’

3 - Photek MCP-PMT210, HV =-5000 V
5 - Tektronix DPO 71254C
I ,=04+01ns
s 1,=1.1+0.1ns
[ . FWHM=1.7+0.2ns
g Ok o T ————
< 8[ FJIRSM Zn0:Ga-2014-1 33x30x2 mm’
T | Photek MCP-PMT210, HV = -4950 V/
D 8T Tektronix DPO 71254C
O Lb y 1,=04+01ns
ﬁ 25 1,=18+0.2ns
L2 HM=23+02ns
S obeeA vl T T
o

08 DJ YAG:Yb-4 10x10x5 mm®
E Photek MCP-PMT210, HV = -5000 V
08" Tektronix DPO 71254C
[ 1,=03+0.1ns

T, = 25+0.2ns
2 FWHM=27+0.3ns

Pulse Height (V)

-_

0.75

0.5

0.25

(o> T - |

- TJ Ga,0,2 7x7x2mm’
[ Photek MCP-PMT210, HV = -5000 V
| Tektronix DPO 71254C

Tyo

oot | |

1.=02+0.1ns
T4 = 9.310.5ns (14 %)
=64+ 6ns (86 %)

+0.8ns

F DJ YAP:Ce-2102 ®50x2 mm’
- Photek MCP-PMT210, HV = -5000 V
- Tektronix DPO 71254C

1,=08£0.1ns
1, =341 3ns
EWHM =27 + 3ns

 Tektronix DPO 71254C

:_SIC LYSO:Ce-150210-1 19x19x2 mm’

- Photek MCP-PMT210, HV = -5000 V + ND filter
7.=0.7+0.1ns
1,=36f 4ns

amonf WHM =28 + 3 ns

-

Time (ns)

0.015F Photek MCP-PMT110, HV = -4900 V

SIPAT LUYAP.Ce-1 10x10x7 mm"
Tektronix DPO 71254C

Y T D TN o e o
- SIC LUAG:Ce-S2 25x25x0.4 mm’
0.04 |- Photek MCP-PMT110, HV = -4900 V

- Tektropix DPO 71254C 1=06+0.1ns
i 1, =90+ 5ns
0.02f MMM& 4ns

oL STTIETTTA EERTE DT
0.04 ESIC YSO:Ce-51 25x25x5 mm”
F Photek MCP-PMT110, HV = -4900 V

003F Tektronjx,DPO 71264C 1 =20+02ns 3
002f 1, =84+ 8ns E
: FWHM =67 + 7 ns :
0.01F ' - 3
0 ; | " | |v| ‘:' | |F| =

o O O R e v T R O T
0.03 - SIPAT GAGG-5 _10x10x7 mm”
03 F Photek MCP-PMT 110, HV = -4900 V
Tektronix DPO 71254C

Decay time consists with our Lab data measured with y-ray source
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0.02 1=09+0.1ns E

' ) 1,=125+13 ns ;

_ FWHM =91+ 9ns £

. wheiited

CETAETITAE L TA L ITA IR E e e |

-25 0 25 50 75 100 125 150 175
Time (ns)
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Summary: Temporal Response

Crystal Vendor o Dimension Emission | EWLT LO ~ Light Yield Rising Time | Decay Time | FWHM
(mm3) Peak (nm) (%) (p.e/MeV) | in15tns (ph/MeV) (ns) (ns) (ns)
BaF,:Y siC 4 10x10%5 220 89.1 258 1200 0.2 1.2 1.4
BaF, siC 1 50x50%5 220 85.1 209 1200 0.2 1.2 1.6
YAP:Yb | Dongjun 22 40x2 350 77.7 9.1* 28 0.4 1.1 1.7
ZnO:Ga | FJIRSM | 2014-1 | 33x30x2 380 7 76* 157 0.4 1.8 2.3
YAG:Yb Dongjun 4 10x10x5 350 83.1 28.4* 24 0.3 2.5 2.7
Ga,0, Tongj 2 7XTX2 380 73.8 259 43 0.2 5.3 7.8
YAP:Ce | Dongjun | 2102 D50x2 370 54.7 1605 391 0.8 34 27
LYSO:Ce SIC | 150210-1 | 19x19x2 420 80.1 4841 740 0.7 36 28
LUYAP:Ce | SIPAT 1 10x10%7 385 \ 1178 125 1.1 36 29
LUAG:Ce siC S2 25x25x0.4 | 520 52.3 1531 240 0.6 50 40

Ceramic

YSO:Ce sic 51 25x25x5 420 72.6 3906 318 2.0 84 67
GAGG:Ce | SIPAT 5 10x10%7 540 \ 3212 239 0.9 125 o1

November 6, 2018

Samples are ordered based on its FWHM to singlet bunches
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BGRI-2015511

@ SIC2012 25x25=250 mm
A BGRIZ015511 30x30x200 mm”
M Incrom 2015 30x30>200 mm"

P
N
T

Normailzed EWLT

@ SIC2012 25x25=250 mm/
A BGRIZ015511 30x30x200 mm”

12F
9 E M Incrom 2015 30x30x200 mm"
-
D
N
]
=
| —
o
i
o - anad o | aad aad o | asnd - |
2 3 4 S [3] r 4 8
10 10 10 10 10 10 10

Integrated Dose (rad)
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17.5

()

N
t

-
(=]

RIAC at Errlission Peak

N
t

CeF, (Aepy= 300 nm)
CMS PWO(%_,_= 424 nm)
SIC BGO (k= 480 nm)

NIIC BGO (%= 480 nm)

LYSO (Aem= 425 nm)
BaF, (*em= 220 Nnm)
Csl (Mem= 310 nm)

0 104 105 10B 10
Integrated Dose (rad

)

L 7. A

1

Normalized LO (%)

00

]
=]

@
o

IS
o

N
o

® CeF, (=300 nm)

L 33%32x191 mm

= CMS PWO (2=424 pm)
28.5°<30°<220 mm

A SIC BGO (+=480 nm)
25x25x200 mm

LO NIIC BGO (1=480 nm)
25x25%200 mm

LYSO/LFS (A=425 nm)

25x25x180 mm

OBaF, (x=220 nm)

L~ 30x30%200 mm

A Csl (=310 nm)

sl

1 29x29x230. mm°>.

2
10 10

N 10d 10b 1
Integrated Dos
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- L 1 ! T . T o 1 o T 3
F SIC BaF,-8 25x25x5 mm°® =
i s i ok LA z & =
75F Fluence: 2.7=x10"" p.l"cm2 220nm  300nm
- Emission T@: B5.0% 88.8%
S e e, EALTE 85.5% 89.2%
sk T 87.4% 90.5% I <
—_ . | oo EWLT:-... 87.9% 90.9% I @
2 o] ; : ' — . , : — =
= SIC BaF.,-1 25x25<5 mm = =
bt 100 E - o P — - —a 4 @
L 78 — Fluence: 1.6x10'% pfem? 220nm 300nm 4 2
o E Emission T@ 84 3% 88 2% E =
= T F el BT 84.7% BB8E6% | O
B o5k @ 87.4% ©90.5% J =
= i g EWLTs-..._87.9% 90.9% 1 O
i ) T L + } + } + b/ + ! + ] =
— s T T = T T 1
100 SIC BaF.,-5 25x25x5 mm E =)
3 - Pl | S T— —= —
E—FroeToer g 7 <10 - prom” 3
75 F AT e 220nm  300nm
ik Emission 1@ 80.3% 85.6% 3
B T EWALT: 80.4% B85.6%
o i @ 87.5% 90.6%
B - EVWVIT= .. _ | 88.0% ©909% 3
i) g tmeT ) L 1 2 1 2 I M 1 L =
%00 250 300 350 400 450 500
Wavelenath {(nm)
100 -SIC LYSO-35 10x10x5 mm® Without Pb shielding—
5000
i Fluence: 3.58x10'% cm™ )
50 |- Emission EWLT -
i __ Before IR 77.0% 2500
i LY — Neutron IR 71.4% 1 =5
? ¢ ‘-._1_ - Themetilcal limit of ransmmzmce oy
X 0 p———eh ——g— — = a
2~ 100 |- SIC BaF.-10 15x15x5 mm Without Pb shielding  —
g "_'_,__._.i.q-o——c > & S @ 2000
= a Fi . 3.5810%em?  — &
© Emission uence: 3.58x cm
= sof- 2Ny =L k= 1000
= 7 __ Before IR 87.3% =
2. - — Neutron IR 74.4% 1 8
o i 'r.-\-n_"’ N --‘? g Theo;etgcal limit of tt?nsminance S 150
= T S S S =
= 100 SICPWO-9 15x15x5mm® _ T s 2 1 &
Without Pb shielding P |
i e e : 100
50 -
— Before IR 67.2% 50
r i — Neutron IR 39.6% 1
P z " . -“;‘ --’.Jj:leo‘{etllcal_hmlt of Hpnsm;haqce
200 300 400 500 600 700 800 2
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Wavelength (nm)

1000

S
- 1000

1000

SIC BaF,-3 25x25x5 mm~

LO(50) 326 310
| PMT:R2059, Grease. Tyvek wrapped LO(2500):1179 1183

B L.O = A +A, (1-eTV Fluence: |
Ag - 2.7x10'®
Before IR 246 965 BEB5 p.f-:m?
a Aftgr IR (234 941 701

0
SIC BaF,-1 25x25x5 mm"
PMT:R2059, Grease, Tyvek wrapped LO({2500):1222 1214
i - -

LO(50): 354 314

B L.O = Ag+A,(1-e¥™) Fluence: |
B T 1.6x10'*
Before IR 271 988 BE5S pk:m2
3 After IR (243 972 628

SIC BaF,-5 25x25x5 mm~ '

LO(50)! 340 310
| PMT:R2059, Grease. Tyvek wrapped LO(2500):1223 1185

L.O = AgtA,(1-e"¥) Fluence: |

Normalized Light Output (%)

Ag T 9.7x10'*
Before IR 259 1000 865 plem® 1
- After IR 244 ,953 B50
0 500 1000 1500 2000 2500 3000 3500
Time (ns)

'SIC LY30-35 10x10x5 mm®
- PMT:R1305. Two layers Tyvek, Grease LO(200): 4130 3235 (78%

Without Pb Shielding

Fluence: 3.58x<10" ¢m™

Ay A T
Befaore IR o 4187 465
Aftgr IR L0 13243 ;36 i

LO = Ay+A, [1-7) al

— PMT:R2058, Grease, Tyvek wrapped

| Fluence: 3.58x10% em 7

I SIC BaF,-10 15x15x5 mm~ I

LO(50): 345 266 (77%)
LO2500). 1331 1043 (78%).
i =

Without Pb Shleiding

o

© A

e - @
O = As+A (1-e7 )
Ay A, < 1
Befare IR 255 1114 B85
Aftgr IR 188 18689 509 |

T n T
SIC PBWO -6 15x15x5 mm*

PMT: R2059, HV:-2400 V, Tyvek Wrapped Fluence: 1.60x10"% cm 7

T
Without Pb Shielding

Ma-22 source, Coincidence Trigger LC(200): 786 10 T
© = -F 15}
L.O = Ag+A, (1-e71'™)
Ay A %, -1
Before IR B. 66.5 30
After IR 2.0 8.7 30 ]
- b 1 1
1000 2000 3000
Time (ns)

Normalized Light Output (%)

100

75

50

25

100

~
o

(5]
o

N
4]

Exg

e
0

v

mm

Proton Fluence (p/cm?

ri'm:ent Ta32

i

by 0

@® LYSO
O LYSO with Pb '
- BaF, without Pb._...
BaF, with Pb
PWO without Pb
PWQ with Pb.

15
10
Fast Neutron (En>1 MeV) Fluence (cm™?)
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J.Chen et al, IEEE TNS 65 (2018) 2147-2151

F/S ratio: 1.3; LRU: 22% & 33%

a0

e e R T

— S em from seed

------------------------- o e

Zocm from seed

) — 7 cm from seed

o 4

—_ i 9 cm from seed

& eoF —— 11 em from seed h

% 13 cm from seed

= -eee==- 15 ¢m from seed

E . 17 em trom seed

= 40r . Tail to seed(19 cm) .

& SN e XEL :

20 -

0 ': P . : . PR M T I T T T
200 3040 10 H00 a00 F J00
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Wavelength (nm)

Presentation by Ren-Yuan Zhu in the 2018 CPAD Workshop at Brown University, Providence, RI

Normalized Light Output

0.8

0.6

0.4

:_ Y-doped-BaF, SIC-Y190 (31X31)X190X(35X35) mm®
i PMT: R2058,HV = -1800 V, 2 layers tyvek wrapped
® Na-22 source coincidence trigger. DC-200 Grease

- Seed end coupling
-5 = (-44.2+1.3)% (Gate=50 ns)
f Average L.Q. = 89 p.e/MeV, RMS=33.0%
NLELELEN B B I B T

F Tail end coupling
— 5 = (-28.7+1.3)% (Gate=50 ns)
i Averellge L_CIJ_ =94 Ip e_IMt-?V, HMIS=22_F_'I'°£’°

I.IlllLI.]II.II.IILIII.III..IllIIL JI.IIII]l.III.JILIILIII.lII.lILl

0 20 40 60 80 100 120 140 1680 180

Distance from the end coupled to PMT (mm)

1.6

1.4

1.2

0.8

0.6

0.8

1.6

1.4

1.2

0.8

0.6

0.4



Transmittance (%)

November 6, 2018

100 —— . — T
[SIC BaF,Y-2017 32x32x182 mm
g5 [Light Path Length 32 mm 3
i ® Q o o 0 °
90
85
80 [
a
70F
FEmission
85 .
LIy — T@: 719.2% 82.7% 1
Ly 4 pro— EWLT: 785% 851% ]
i e g [ ]
55— | . l . I N I . I ]
300 250 300 350 400 450 500

Wavelength (nm)

Light Output (p.e./MeV)

500

400

300

400

300

200

200

0 1000

[ SIC BaF,Y-2017 32x32x182mm° A end coupled

[ PMT:R2059, Grease, Tyvek wrapped

L.O= AgA, (16

A A, T

0
157 95 500

| | |

[ SIC BaF,Y-2017 32x32x182 mm® B end coupled

[ PMT:R2059, Grease, Tyvek wrapped

- L.O=AgA, (1Y)

A A, 1

0

500

148 107

2000
Time (ns)

3000

4000

Normalized Light Output

2
o))
o

Y RN AR RN R
L SIC BaF,Y-2017 32x32x182 mm’
| PMT:R2059, Grease, Tyvek wrapped

- Back Rise = (-32.142.9)%
- O = (-1.240.6)%/X,

e
w

A end coupled

T —— .,

RMS=10.0 %
L :Arelré:]g:e L‘,O= ?%,S:p:'e:'”?ﬁ?v: :(Cia}e:=?{)| ns) -

| PMT:R2059, Grease, Tyvek wrapped

—_
o

—

Back Rise = (-19.312.8)%
— O = (-0.6+0.5)%/X,

=
(3]

M
RMS=5.6 %
- Avelrage L]O. = 23|0 p.e.ll}:‘lev (Gl.ate=25100 ns)I

1 T | 1
M Ratio 50/2500

-
0

=
o]
I

055

Ave Ratio 200/3000=0.59

y

g

0

1 RMS 01901250073 5% . |

0 20 40 60 80 100

120

140

160

180

Distance from the end coupled to PMT (mm)
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15 BGRI 10 cm BaF,:Y Sample

small samples - | BGRI BaF,-1710-Y1 10x10x5 mm ! | | ; ;
10x10x2 mm* | PMT:R2059, Grease, Tyve wrappiid o i BGR| Y- doped BaF
121 [ Lo= +A(1e”"’ N | | _
- 'm ““-I-I-“ : U_- - ‘ % o - | 1&6 |5‘} 630 | . 220 - O me ..................... mSmm . “_
Small samples g BGRI BaF2-1710-Y2 10x1bx5 mm’ I _ S“ - O Q"
10x10%5 mm? © | PMT:R2059 Grease, Tyvekcwrapped _ g L CC= 0 9 O '
= : ‘_,_.——0—0——‘. - B : N
B < ! Lo= +A,(1-67) 1 & g e
sl A 5 - - T - 100 E— .................... ' . /‘;’ . ey
[ d 7.._ B. L0 LLLLI LI ...\ HLL g- 400 L | 1§4 I5é 630 | 8 "'
+ [ BGRI BaF,-1710-Y3 10x10x5mm° 1 o E' 0}
f60rm @) W&vek.wrapp%d . i L
%) 20 j L.O= +A1(1_e(-tm) _‘ g T 10 PERESRR S— ,('éa’l : o
10mmI 5# | 4% H 3# ‘[ 2# | 1# e J : | 181 IS-} éso I i 8 i : o
mm 5 i 5 small sample 400 = ’
A ,c,r.gqa.,mﬂe N BGRI BaF,-1710-Y4 10x10x5mm° - .
L S S | PMT:R2059, Grease, Tyvek wrapped 1 o | | | :
100mm ‘ | 200 | L0=A A (1) . S — e e e
el %) aEE | 4 - A T - .
Y(5m°| A’)BaFZ 10x 102 mm N 1 gﬁ Bé 630 i
101‘!\6:5mm 0 ! ! L L | | | L
0 1000 2000 3000 4000 85 86 87 88 89 90 91
Time (ns) EWLT for fast component(%)
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100

90

BGRI'BaF,.Y-2017" 25x25x100 mm°
-Light Path Length 25 mm
I ° o o e o
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Wavelength (nm)

o ]
~°\ IIW
S -
Q :
L ® . 75.8%
:E S B —Rir B a0«

¥ VWL I: 73.3% 4%
S ¥ = 1@ 780% 799%
- e EWLT: 756% 81.1%
S | 2 . T@: 76.4%  80.6%
= eol 3 EWLT: 759% 822%
o I 3 —T@: 756%  80.2%

| Emission £ EWLT: 746% 81.8%

B ’0"\‘ g

50 :‘ “.“ """""""""""" A
5 I L I “‘“"“'l I
200 250 300 350 400 450
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500

Light Output (p.e./MeV)

500y T T | i
4003 BGRI BaF,Y-2017 25x25x100 mm®> A end coupled |
- [ PMT:R2059, Grease, Tyvek wrapped
[ ———o— :
200 M&ANL&”% 7
100 Ao AT -
I 152 80 684
500 | } ! i
4003 BGRI BaF,Y-2017 25x25x100 mm® B end coupled
i L PMT:R2059, Grease, Tyvek wrapped ]
200 L.O = Aj+A, (1)
100 |- Ao At .
[ i 157 I'106 690 ; !
% 1000 2000 3000 4000
Time (ns)

o
(3]

-
[6)]

Normalized Light Output

(=}
o e
o ~

o
o

Y 3 o I = s 2 | 3 ¥ ' I " I
| BGRI BaF,Y-2017 25x25x100 mm®

PMT:R2059, Grease, Tyvek wrapped Aend coupled  _|

- Back Rise = (-63.8+5.3)%

8 = (-4.2+1.0)%/X,

RMS=11.5 %

Average L.O. = 129 p.e /MeV (Gate=50ns) |
—

PMT:R2059, Grease, Tyvek wrapped o

- Back Rise = (-33.6+5.2)% E
e OS¢ = (-3.3+1.0)%/X, RMS=6.8 % =

Averaqe LO.= 206Ip.e.lMeV (Glate=2500 ns}
R T T

M Ratio 50/2500

by

Ave Ratio 50/2500=0.62 RMS of 50/2500=4.8%
0 20 40 60 80 100

Distance from the end coupled to PMT (mm)
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b CsPb(CI/Br), CsPb(I/Br), iy
CsPDbCl, CsPbBr, CsPbl, a
AN 2
<
y FWHM
o 12nm-42nm
E
o
=
400 450 500 550 600 650 700 750

Wavelength (nm)

Absorption, emission
wavelength and decay time
can be tuned for size and

composition with quantum
efficiency up to 90%.
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c C
Ed QY=50-90%
[ T.,.=1-29 ns
\ 'CsPb(I/Br),| L
e
CsPbBr, | Ef
" Z(
L CsPb(Br/Cl),
I .
1\ CSPDC'3
I\
300 500 = 700 0 20 40 60
Wavelength (nm) Time (ns)
1005 N I I ' ' ' E
E SRR o CsPbl,
> B\ W ” o CsPbBr,
E 101F g:; . o CsPbBr,Cl
= S
£ 102 8 S\
ol E w
z
107 i

£ B

Time (ns)
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Summary

d Commercially available undoped BaF, crystals provide ultrafast light with
sub-ns decay time. Yttrium doping in BaF, crystals increases its F/S ratio
significantly while maintaining the intensity of the sub-ns fast component.
With sub-ns pulse width BaF,:Y is a promising material for the proposed
Mu2e-Il calorimeter and the front imager for GHz hard X-ray imaging.

(120 cm long BaF, crystals are rad hard up to 120 Mrad. Results of the LANL
irradiation experiments show 800 MeV protons and fast neutrons up to 1 x
101> p/cm?and 3.6 x 10> n/cm? respectively do not cause significant light
output loss in 5 mm thick LYSO and BaF, plates, promising a very fast and
robust detector in a severe radiation environment, such as the HL-LHC.

J Additional ultrafast scintillators under development are ZnO:Ga films,
guantum confinement based all inorganic Cs Pb halide perovskite QD.

Acknowledgements: DOE HEP Award DE-SC0011925
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Hamamatsu S13371 VUV SiPM

PDE measurement data $13371-6050CQ-02 PDE (Vover = 4V)
Vover =4V, in vacuum 30
40% - ; T --
3.35% e \/UV4-50ump 75% I
,§ 0 == \/UV3-50ump {j i :“’:**@E*“j“ﬁfﬁﬂ%w
§ 30% 20% ; h
W 25% | | W /
S N\ / 0 15%
g 0 / NJ f
2 15% /\\ 10% ?;
2 10% 5% ]
£ / /
& 5% '
/ 0% =
0% 125 150 175 200 225 250
120 140 160 180 200
wavelength (nm) wavelength (nm)
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E. Monroy, F. Omnes and F. Calle,”Wide-bandgap E. Pace and A. De Sio, “Innovative diamond
semiconductor ultraviolet photodetectors, photo-detectors for UV astrophysics”,
|OPscience 2003 Semicond. Sci. Technol. 18 R33 Mem. S.A.It. Suppl. Vol. 14, 84 (2010)
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Figure 6. Quantum efficiency of diamond photoconductors at Fig. 4. External quantum eﬂiciency extended to
different temperatures and Arrhenius plot of the peak value (inset). . - . .
(From [Sal00].) visible and near infrared wavelength regions. The
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Date
Experiment
Accelerator
Laboratory
Crystal Type
B-Field (T)
Finner (M)

Crystal number
Crystal Depth (X,)
Crystal Volume (m3)
Light Output (p.e./MeV)
Photo-detector
Gain of Photo-detector

c)/Channel (MeV)

75-85
C. Ball
SPEAR
SLAC
Nal:Tl
0.254
672
16

350
PMT
Large

0.05

C. Barrel

Tevatron

WS+Si PD

94-10
BaBar
PEP
SLAC
Csl:Tl
1.5
1.0
6,580
16 to 17.5
5.9
5,000
Si PD
1
0.15

Existing Crystal Calorimeters in HEP

94-10
BELLE
KEKB
KEK
Csl:Tl
1.0
1.25
8,800
16.2
9.5
5,000
Si PD

0.2

Si APD
50
40

Future HEP experiments need brighter and faster crystals with better radiation hardness
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S
= =018 +005 DS
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= t,=0.61 +0.05ns
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Rise time, decay time and FWHM pulse width are
estimated by a simple fit with two exponential components

Fitting:

t t

V=A(e " —e tr)+B

A: amplitude,

B: background noise
or slow component,

T,: rise time,

T, decay time.

Sub-ns pulse observed by Photek

MCP-PMT 240 for Cherenkov light
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BGRI BaF,:La/Ce 30 x 30 x 200 mm?
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Significant absorptions observed in both La and La/Ce doped BaF,
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J5 5 5 15 5 15 5 515 5 15 5
S1 S5 S8 S11 §12 S14
22 Concentration (%)
Sample ID Ce PY v
S1 <0.0007 <0.002 1.658
52 <0.0007 <0.002 1.795
B’E 2 S3 <0.0007 <0.002 1.801
Z sS4 <0.0007 <0.002 1.890
_g S5 <0.0007 <0.002 1.853
g S6 <0.0007 <0.002 1.667
@ 18 s7 <0.0007  <0.002 1.596
g S8 <0.0007 <0.002 1.628
- S9 <0.0007 <0.002 1.662
. [ ] S10 <0.0007 <0.002 1.762
ia | S <0.0007 <0.002 1.708
512 <0.0007 <0.002 1.823
S13 <0.0007 <0.002 1.969
8 S14 <0.0007 <0.002 2152
Sample ID
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