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Introduction

Undoped Csl crystal used for the Mu2e calorimeter has a fast scintillation at
310 nm with 30 ns decay time and survives an ionization dose up to 100 krad.

BaF, crystal has a ultrafast scintillation at 220 nm with 0.5 ns decay time and a
similar intensity as Csl, and may survive 100 Mrad. Its slow scintillation at 300
nm with 650 ns decay time, however, causes pileup in a high rate environment.

Two approaches have been used to suppress the slow scintillation in BaF,: (1)
rare earth doping and/or (2) dedicated photodetector. Yttrium doping in BaF,
crystals is found effective, promising a ultrafast calorimeter.

Mass production capability of BaF, exists in industry:

— BGRI (China), Incrom (Russia) and SICCAS (China);

— Hellma (Germany).

Reported today is the progress in rare earth doped BaF, crystals.

Presented by Ren-Yuan Zhu, Caltech, in the Mu2e-Il Snowmass21 Calorimeter Workshop




-+ | Some Fast Inorganic Scmtlllators

Density (g/cm’) 7.4 671 444 451 48 [Te16 [523 [[38 | 520 ST
Melting point (°C) 200 1950 1980 621 1280 [ 1460 | 722 | 858 [ 7s3 ST

Moliére Radius (cm) 2.07 2.23 2.93 3.57 3.1 DV R PR 959
Interaction Length (cm) 20.9 222 279 393 307 ____
Zvalue 64.8 579 333 54 516 [ 508 | 456 | 473 [ 456 |[EEXTEEN
dE/dX (MeV/cm) 9.5 888 656 556 652 [ 842 [ 665 | 527 [ 69 |(NENEETTIENNN
Refractive Index” 1.82 185 18 ez 19 19 19 [EECRRNEN
, -1.9
d(LY)/dT ¢ (%/°C) -0.2 -0.4 -0.1 -1.4 0.1
a. Top line: slow component, bottom line: fast component. 1. http:/iwww.detectors.saint-gobain.com/Plastic-Scintillator.aspx
b. At the wavelength of the emission maximum. http://pdg.Ibl.gov/2008/AtomicNuclearProperties/HTML_PAGES/216.html

c. Relative light yield normalized to the light yield of LSO

. At room temperature (20°C) The 0.5 ns scintillation in BaF, promises a ultrafast crystal calorimeter

#. Softening point

to face the challenge of high event rate expected by Mu2e-Il
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Ultrafast and Slow Light from BaF,
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BGRI BaF,:La/Ce 30 x 30 x 200 mm?3
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Absorptions observed in La and La/Ce doped BaF, IEEE TNS 66 (2019) 506-518

September 22, 2020 Presented by Ren-Yuan Zhu, Caltech, in the Mu2e-Il Snowmass21 Calorimeter Workshop 5




T T T T T L T 1
0.2%, 14000 — BGRI BaF -pure y
— BGRI BaF.-Y1.0%

12000 |- BGRI BaF,-Y2.0% ]
= [ __BGRI BaF,-Y3.0% ]
gj.m [ __ BGRI BaF.-Y5.0% ]
= [ X-ray excited ]
o 8oool luminescence -
5 Amptek Eclipse-ll|
T soool 25KV, BOpA
= [

- > m -
5.0% 7.0% >< sooo |
B'DEI 220 240 280 280 200 320 340 380 4100
Wavelength (nm})
| ] T ] '| ] ] I
1200 - BGRI BaF Y Cylinders = f IR S S S i =
s = I L i i
=S | e e @ P
5‘10“1} 3 E 240 __ s .‘ . ..‘E.. i ..;_. _1
@ Jutfe E I : : 3
% LO= A +A, (1-e*h i
@ 800 1020 698 2 i ; ; o |
= Zaz 574 i i i ’
-.5 118 435 S00 y ; 1 }
a8z 396 ] ! ! ;
B00 I
B 45 343 = B | :
= - % |
D L™ | — 21[3:0 SRR TN SSNS— — i . ...:.— -—
o D~ — - s
— P — =1 S :
- & a1 ] D NSNS RS T i M S, S——
L @O ' ] : : i i
s o { i ! ! L i L
o 1 1 1 1 1 1 1 1 1 1 1
o 1000 2000 2000 4000 -1 o 1 2 3 Fl E ] T ]
Time (ns) Y concentration (mol%)

September 22, 2020

Transmittance (%)

FilFfs

LO (50YLO 12500) (%)

T

- T 1 I L] 1 1 L L] 1 -

[ BGRI BaF_-Y Cylinders 3

93 Light Path=21 mm E
I - - i — 4
a0 E "V""_-__J---_-—lfj"__"_'— —::
b EWLT EWLT
N 7 ' ||' ¥ {al%) 220 nm 300 nm3
8o __ 0% BE88% B9T%
sk — 1.0% 85.0%  89.5% J
: __20% B831% 87.1% 1
7O - -1
b — 30% B853% 88.3% 1

B5 - 1
b 2 __50% 848% 883% 3
&0 :‘_‘ ECEEY I I_Tlluurutiuu] lirmit ol h:lrur::iit&l:u_&‘_",
55 : 3
'5q: L "'n. L 1 | 1 1 5 L .

L00 225 250 275 300 325 3As50 ars 400 425 450
Wavelength (nm)
8 T T - - Y T
8

¥ concentration (mol%)

Presented by Ren-Yuan Zhu, Caltech, in the Mu2e-Il Snowmass21 Calorimeter Workshop 6



“ISIC BaF, Y2017 3232x182mm® 1 | ' ' ' ]
- Sk 1 UK Ll ] [ SIC BaF,Y-2017 32x32x182mm°  Aend coupled ]
g5 [Light Path Length 32 mm ] 400 |- .
[ o o o o ¢ e [ PMT:R2059, Grease, Tyvek wrapped ]
—~ 300 ]
<1 2 | “
B:« S 200f L.O=A+A, (1-e47)
85 <
8 [ g 100 | Ao At .
& °f = | . 157 95 500
ﬂ L ¥ -] 500 | | |
» — g _.-'I D- : :
e sy = [ SIC BaF,Y-2017 32x32x182mm°>  Bend coupled |
& O 400} s
C 7of = [ PMT:R2059, Grease, Tyvek wrapped ]
© 15 30fF i
= 1 5 I . ]
I_ 65 o - ) ]
AR _T@  792% 827% 1 2001 L.O = AgtA, (1) ]
A EWLT: 785% 851% ] i 1
sof % e ] 100 | Ay At .
[ Rt ) I 148 107 500 ]
5 ] . | L | . | . | 0 I ] |
300 250 300 350 400 450 500 0 1000 2000 3000 4000
Wavelength (nm) Time (ns)

F: 150 p.e./MeV, F/S: 1.5
F/T LRU: 10%/6%, 6¢:-1.2%/X,

September 22, 2020

Normalized Light Output
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F: 100 p.e./MeV, F/S: 2
F/T LRU: 10%/5% %, 6,::—0.3%/Xo

SIC BaF Y 2020 25><25><197 mm3
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A variation of slow emission intensity and more
scattering centers starting from 15 cm from the seed
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Achievable: LO;>100 p.e./MeV, F/S>2, 10% LRU and | 6;|<3%/X,

Basic Scintillation Performance

22Na source @ 1/8 length from the coupling end Light Response Uniformity
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A variation of slow emission intensity and
good optical quality along the crystal length
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BGRI
BaF,:Y-
2017

BGRI
BaF,:Y-
2018*

BGRI
BaF,:Y-
2020

Achievable: LO;>100 p.e./MeV, F/S>2, 10% LRU and | 6;|<3%/X,

. . EWLT | EWLT
Dimension

(mm®)

25%25x100 694 77.1

25%25%200 11.1 45.2

25%25%201 61.1 72.2

Coupling
end

A

B

Basic Scintillation Performance

?2Na Source @ 1/8 length from the coupling end

50ns LO
(p.e./MeV)

155

160

133

133

135

138

2500 ns LO
(p.e./MeV)

Rel)
/LO(2500)

231 0.67 152
258 0.62 157
317 0.42 203
265 0.52 159
268 0.50 124
270 0.51 126

*CeF;: Only one component with 30~50 ns decay time is observed, but no ultrafast component

1.9

1.5

NA

NA

0.9

0.9

Light Response Uniformity

50 ns LO(50)/
LO LO(2500)
129 206 0.62
(11.5%) (6.8%) (4.8%)
129 214 0.60
(15.4%) (13.7%) (2.1%)
83 229 0.35
(30.6%) (20.4%) (9.4%)
89 228 0.38
(26.4%) (8.7%) (17.2%)
105 228 0.45
(14.5%) (8.5%) (5.8%)
106 221 0.47

(17.1%) (14.7%) (3.1%)



y-Ray Induced Damage in Large BaF,

BGRI-2015D

20 cm long BaF, shows

_ * ~50% light output loss
— = L | - after 120 Mrad, indicating
S e ——— =N . | good radiation resistance

against ionization dose.
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Proton and Neutron Induced Damage in BaF,
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Summary

U BaF, crystals provide ultrafast light with 0.5 ns decay time. Yttrium doping increases
the F/S ratio while maintaining the ultrafast light intensity. With sub-ns pulse width
BaF,:Y promises a ultrafast calorimeter.

20 cm long BaF, crystals show ~50% LO loss after 120 Mrad. 5 mm thick BaF, plates
show less than 20% LO after 1 x 10™ p/cm? or 3.6 x 10™ n,./cm?, indicating that BaF,
of short light path may be used in a severe radiation environment.

1 Achievable performance of 20 cm long BaF,:Y crystals: LO:>100 p.e./MeV, F/S>2, <10%
LRU and | 6;|<3%/X,. R&D will continue to optimize yttrium doping in large size
BaF,:Y crystals for Mu2e-Il.

[ SIC plans to reduce scattering centers by refining growth parameters.

1 BGRI plans to eliminate residual cerium contamination by purifying raw material.
[ Caltech plans to investigate radiation hardness of BaF,:Y crystals.

[ Effort is also needed to develop VUV photodetector, such as solar-blind SiPM, LAPPD
or diamond-based photodetectors.
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