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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, either C/S and F/S gate.

 The next generation crystal detectors for HEP experiments:
— Bright, fast and rad-hard LYSO and LUAG ceramics at the HL-LHC;
— BaF,:Y with <1 ns decay: ultrafast calorimetry for unprecedented rate;
— Cost effective crystals for the homogeneous hadron calorimetry.
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Why BaF,:Y for Mu2e-II?

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).

Work on rare earth (La and La/Ce) doped BaF, crystals were reported in the last
Mu2e-Il workshop. Reported today is y-ray induced readout noise and damage
in long BaF,:Y crystals.
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BaF, has a ultrafast scintillation
component @ 220 nm with 0.5
ns decay time and an intensity
similar to undoped Csl. It has
also a factor of 5 larger slow
component @ 300 nm with
300 ns decay time.

Slow suppression may be
achieved by rare earth (Y, La
and Ce) doping, and/or solar-
blind photo-detectors, e.g. Cs-
Te, K-Cs-Te and Rb-Te cathode
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2ilecs . Sample ID Dimension
T _,,M_,,.__,._A__ . P | (mm3)

\sic BaF,¥-2020 © | . |8 BGRI BaF,:¥-2020  25x25x201

SIC BaF,:Y-2020 25%x25%197
BGRI BaF,-1507 30x30%x200

SIC BaF,-2 30x30x250
SIC BaF,-8 30x30%x250

SIC BaF,-8
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BaF, wrapped by Tyvek and coupled to a R2059 PMT via DC-200 fluid
Significant reduction in slow component observed in BaF.:Y crystals
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Dose rate,_;qy o1 F lUXyoytron

BaF, crystals, wrapped by Tyvek paper and
coupled to the R2059 PMT via an air gap,
were irradiated by °°Co y-rays under dose

rates of 2 and 23 rad/h

F is defined as the radiation induced
photoelectron numbers per second,

normalized to the dose rate.

RIN (o) is defined as the fluctuation of
photoelectron number (Q) in the
readout gate normalized to the light
output (LO) of BaF,

Q = F x Dose Rate % 5= @ (MeV)
Gate Length LO
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History of Photocurrent: Two BaF,:Y

under Dose Rates of 2 and 23 rad/h
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Afterglow
tail with
two decay
time: 40 s
and 300 s

Y doping
Increases
afterglow
with short
decay time




History of Photocurrent: Two SIC BaF, Crystals
under Dose Rates of 2 and 23 rad/h
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Afterglow
with two
decay time
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Y doping

reduces
afterglow
with long
decay time

10



History of Photocurrent: BGRI BaF, Crystal-1507
under Dose Rates of 2 and 23 rad/h
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Current values scaled to: BaF, crystal dimension of 30X 30X 250 mm3and PMT gain
of 2.4X10%for R2059 @ -1100 V (4.8 X103 @ -900 V); LO values scaled to air gap.

LO.
corrected to Dark cur.
: Dark cur. | Dark cur _
Crystal al/rhg/JlaE/ +| /g [Dose rate Dggl;oigr. Pchuol:[o 20s after | after afftle)re]}gr%Os F RIN:
ID (p.e./MeV) (rad/h) | ag may| (uay | 1rrad [20s/Photol in i (p.efsi(rad/h)) (kgv)
50 | 2500 | (nA) - feur. (<1091 ")
ns ns
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Compared to Csl spec of 0.6 MeV, a shorter gate and/or solar blind photodetector are need
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y-Ray Induced Photocurrent vs Dose Rate
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F and RIN:y vs. LO in 50 ns and 2.5 ps
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correlations
between F/RIN
and the
afterglow

Y doping reduces
F, RIN and
afterglow with
long decay time,
but increases
afterglow with
short decay time
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QE/PDE of four VUV photodetectors for BaF, and BaF,:Y

Paper NO5-03 in the virtual IEEE NSS/MIC 2020 Conference Record (2020)

EWQE/PDE;,: EWQE/PDE,,,, EWQE/PDEg,; EWQE/PDEg,.y Relative Relative Relative

Photodetector (%) (%) (%) (%) LO (50 ns) Fear Fgar.y

Hamamatsu R2059 15.2 20.9 20.0 18.7 1.00 1.00 1.00
Photek Solar-Blind 25.6 10.6 13.0 16.1 1.68 0.65 0.86
FBK SiPM w/UV Filter-I 17.8 12.7 13.5 14.7 1.17 0.68 0.79
Hamamatsu MPPC 10.5 9.8 9.9 10.2 0.69 0.50 0.55
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EWQE/PDEfat EWQE/PDE LO(50 ns)

Photodetector (%) (%) 0.0./MeV
BGRI BaF,:Y-2020
Hamamatsu R2059 PMT 15.2 18.7 53 3.1x10° 1050
Photek PMT Solar Blind 25.6 16.1 89 2.7x10° 580
FBK SiPM w/UV Filter-I 17.8 14.7 62 2.4x10° 800
Hamamatsu VUV MPPC 10.5 10.2 37 1.7x10° 1120
SIC BaF,:Y-2020
Hamamatsu R2059 PMT 15.2 18.7 45 1.3x10° 810
Photek PMT Solar Blind 25.6 16.1 76 1.1x10° 450
FBK SiPM w/UV Filter-I 17.8 14.7 53 1.0x10° 610
Hamamatsu VUV MPPC 10.5 10.2 31 7.1x108 870
BGRI BaF,-1507
Hamamatsu R2059 PMT 15.2 20.0 46 5.8x10° 1650
Photek PMT Solar Blind 25.6 13.0 77 3.8x10° 790
FBK SiPM w/UV Filter-I 17.8 13.5 54 3.9x10° 1160
Hamamatsu VUV MPPC 10.5 9.9 32 2.9x10° 1680
SIC BaF,-2
Hamamatsu R2059 PMT 15.2 20.0 48 5.8x10° 1590
Photek PMT Solar Blind 25.6 13.0 81 3.8x10° 760
FBK SiPM w/UV Filter-I 17.8 13.5 56 3.9x10° 1120
Hamamatsu VUV MPPC 10.5 9.9 33 2.9x109° 1620

Solar blind photodetector reduces RIN:y significantly

Taking into account the area coverage, a shorter gate is needed
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SIC 2017 BaF,:Y sample shows a similar performance as BaF, crystals
Recovery is small for the fast component
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Crystal quality is diverse at this stage R&D needed for improvement
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Summary

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.

RIN:y was measured for two BaF,:Y and three BaF, large size crystals under
dose rates of 2 and 23 rad/h. While it is at a level of about 1.6 MeV for BaF,
samples of 30X 30X 250 mm? readout by R2059 PMT in 50 ns gate, a factor
of two reduction is observed for BaF,:Y crystals.

RIN:y is highly correlated to the LO in 2.5 uys gate not 50 ns gate, indicating
dominance of the slow scintillation component. Yttrium doping reduces RIN:y,
and increases/reduces afterglow with short/long decay time. Both solar blind
photodetector and a shorter integration gate are required to further reduce
the RIN:y values to less than 0.6 MeV.

y-ray induced damage in BaF,:Y crystals is sample dependent. R&D is
needed for improvement. Measurements are on way for y-rays and neutrons.

Acknowledgements: DOE HEP Award DE-SC001192
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Item Size 1 m?3 10 m3 100 m3 | Scaled to X,
BGO 22.3x22.3x280 mm S8/cc S7/cc S6/cc 1.23
BaF,:Y |31.0x31.0x507.5cm | $12/cc S11/cc $10/cc 2.28
LYSO:Ce | 20.7x20.7x285 mm | $36/cc S$34/cc $32/cc 1.28
PWO 20x20x223 mm S9/cc S8/cc $7.5/cc 1.00
BSO 22x22x274 mm $8.5/cc $7.5/cc $7.0/cc 1.29
Csl 35.7x35.7x465 mm | $4.6/cc $4.3/cc $4.0/cc 2.09
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