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Fast & Radiation Hard Scintillators

Supported by the DOE HEP advanced detector R&D program we are developing
fast and radiation hard inorganic scintillators to face the challenge for future HEP
experiments at the energy and intensity frontiers.

Our investigation shows that LYSO:Ce, BaF, and LUAG:Ce will survive the
radiation environment expected at the HL-LHC with 3,000 fb!. LYSO is proposed
for a precision MIP Timing Detector for the CMS Phase-Il upgrade for the HL-LHC:

= Jonizations dose: up to 100 Mrad,
= Charged hadron fluence: up to 6x10%% p/cm?,
= Fast neutron fluence: up to 3x10!> n/cm?2.

Ultra-fast scintillators with excellent radiation hardness is also needed to face
the challenge of unprecedented event rate expected by future HEP experiments
at the intensity frontier, such as Mu2e-Il, and the GHz hard X-ray imaging for the
proposed Marie project at Los Alamos National Laboratory.

Yttrium doped BaF, with a sub-ns FWHM pulse width and a suppressed slow
scintillation component is a leading candidate for both applications.

Talk presented by Ren-Yuan Zhu of Caltech in the CMS MTD - Barrel Sensors Meeting at CERN




Density (g/cm3)
Melting points (°C)
X, (cm)

Ry (cm)

A (cm)

Zeff
dE/dX (MeV/cm)

Apeaka (nm)

PL Emission Peak (nm)

PL Excitation Peak (nm)
Absorption Edge (nm)
Refractive Index®

Normalized
Light Yield*¢

Total Light yield
(ph/MeV)

Decay time? (ns)

Light Yield in 15t ns
(photons/MeV)

Issues

November 8, 2017

2050
1.14
2.07
20.9
64.8
9.55

420

402

358
170
1.82

100

30,000

40

740

6.76
2050 2060
1.14 1.45
2.07 2.15
20.9 20.6
64.8 60.3
9.55 9.22
420 520
402 500
358 450
170 160

.84

48f

34,800¢ 25,000f

981f
64

31

240

6.76
2060
1.45
2.15
20.6
60.3
9.22

310

308

275
160
1.84

44
41

25,800

1208
26

520

1850¢
1.63
2.20
215
51.8
8.96

540

540

445
190
1.92

40
75

34,700

319
101

260

neutron
x-section

4.51
621
1.86
3.57
39.3
54.0
5.56

310

310

256
200
1.95

4.2
13

1,700

100

Slightly
hygroscopic

Fast Inorganic Scintillators for HEP
——

4.89 4.89 5.23 5.29
1280 1280 722 783
2.03 2.03 1.96 1.88
3.1 3.1 2.97 2.85
30.7 30.7 31.5 30.4
51.6 51.6 45.6 45.6
6.52 6.52 6.65 6.90
300 300
220 220 371 360
300 300
220 220 350 360
<200 <200 330 295
140 140 n.r. 220
1.50 1.50 1.9 1.9
99 153
30,000 46,000
17 20
1,700 2,200
DUV PD hygroscopic

component

Talk presented by Ren-Yuan Zhu of Caltech in the CMS MTD - Barrel Sensors Meeting at CERN



a. Top line: slow component, bottom line: fast
component;

b. At the wavelength of the emission maximum;
c. Excited by Gamma rays;

d. For Gd;Ga;Al,0,,:Ce

e. For 0.4 at% Ca co-doping

f. Ceramic with 0.3 Mg at% co-doping

g. Defined as LY(2 to 4 ns)/LY(0 to 2 ns)

Fast Inorganic Scintillators (Il)
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F/S ratio from 1/5 to 5/1, presented in TIPP 2017, Be
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Samples are being irradiation up to 200 Mrad and 2x10% n/cm? in East Port of LANSCE

Talk presented by Ren-Yuan Zhu of Caltech in the CMS MTD - Barrel Sensors Meeting at CERN




D
o

D
o

Voltage (mV)
w
o

0

November 8, 2017

707

o
o

r
o

-
o

BGRI BaF, cylinders of ®10x10 mm? shows y-ray response:

0.26/0.55/0.94 ns of rising/decay/FWHM width

BaF, 910>
Na-22, coing
Photek MCE

10 mni® cylinder (sn: BGRI:U)
idence frigger |
-PMT240, HV=-4800V.

Tektronix M

5072304DX

wsaannssnnnfornnnnnnsarnnnss s 1 1ee i

o

i

2 1 0 1

Time (ns)
Talk presented by Ren-Yuan Zhu of Caltech in the CMS MTD - Barrel Sensors Meeting at CERN

Voltage (mV)

60
[ Baf, 910510 mm" cylinder (sn; BGRI:Y)
Na-22, coinéidence frigger |
50 L..Photek MCB-PMT240, HV=4800V
- Tekironix MSO72304DX |
40 Y-doped |
30- %r,.=02c+t][}5'1s
»rd = 0.50 + 0.05ns
20 fFWHM £0.96.+0070S. ...
10 :
.mr . » :
- .I‘I\:' "kf?':’ﬁ' | | i
R 0 1 2 3 4 5

Time (ns)




1.00E-02

0.00E+00
-1.00E-02
< -2.00E-02
< Undoped
=
2
= -3.00E-02
£
(1]
{ -
4.00E.02 BaF,, ©®10x10 mm, [Na-22
Photek PMT240, HV=-4800V
Tektronix MSO 72304DX
-5.00E-02
-6.00E-02
-9.00E-08 4,10E-07 9.10E-07 1.41E-06 1.91E-06
Time (s)

November 8, 2017

Aamplitude (V)

1.00E-02
0.00E+00
-1.00E-02
-2.00E-02
Y-doped
-3.00E-02
-4.00E-02
BaF,(Y), ®10%x10 mm, Na-22
5. 00E-02 Photek PMT240, HV=-4800V
Tektronix MSO 72304DX
-6.00E-02
-7.00E-02
-9.00E-08 4.10E-07 9.10E-07 1.41E-06 1.91E-06
Time (s)

Talk presented by Ren-Yuan Zhu of Caltech in the CMS MTD - Barrel Sensors Meeting at CERN



SIC-11
SIC-12
| _ . - “ SIC-13
| BGRI-2015E - ———

' SIC-15
SIC-16

BGRI-2015D

BGRI-2015511
: SIC-17

SIC-18
SIC-19

SIC 1-20 SICCAS 30x30x250 Six faces
BGRI-2015 D, E, 511 BGRI 30x30x200 Six faces
Russo 2, 3 Incrom 30x30x200 Six faces

November 8, 2017 Talk presented by Ren-Yuan Zhu of Caltech in the CMS MTD - Barrel Sensors Meeting at CERN 9



Normailzed EWLT

Normailzed LO

November 8, 2017

1.4

1.2

0.8

0.6

04

0.2

0.8

0.6

0.4

0.2

T 220 nm T @SIC2012 25:25x250 mm E
A BGRI2015511 30x30x200 mm® 3
M Incrom 2015 30x30x200 mm®

@ SIC2012 25x25x250 mm

em 3

A BGRI2015511 30x30x200 mm°®
B Incrom 2015 30x30x200 mm>

T BT BT PRI BN BN PRI B

102 10 10 108
Integrated Dose (rad)

Normailzed EWLT

Normailzed LO

N
i

o o
o o

—
- N
LAY LLLLLLLN LLL

02

2
10

@ SIC2012 25x25x250 mm

A BGRI2015511 30x30x200 mm?®

__I_I-I'I'I'H'I'l_l_l-l'l'l'l'l'l'l ™ ™T T 11117 ™71 1111 ™71 TIT T T™TTTIT

3 T @ SIC2012 25326250 mm® T

= ),,,= 300 nm A BGRI2015511 30x30x200 mm?®
B Incrom 2015 30x30%x200 mm®>

B Incrom 2015 30x30x200 mm®>

E 1 |||||||| 1 |||||||| | |||||||| | |||||||I | |||||||| 1 |||||.|.|]

10 10
Integrated Dose (rad)

Remaining light output after 120 Mrad: 40%/45% for the fast/slow component
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Samples placed at Target-4 East Port
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Neutrons/Photons/Protons fluxes are calculated by using MCNPX (Monte Carlo N-Particle
eXtended) package. Plotted spectra are tallied in the largest sample volume (averaging)
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5 mm thick Pb shielding was introduced for half of the samples in each
group, which attenuated the ionization dose, but not fast neutrons

Pb Shielding Capsule
(5 mm thick)

Caltech All dimensions are in inches.
c'ys“ 3D Printed Using ABS
T 15x15%5 mm 3-48 Threaded Aluminium rod connects to 1/4™

20" thick bottom plate to be added through centeral
hole provided.

: \ Pb shield \_/ {ﬂ 9/8/2016
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Group Samples

Dimensions (mm3)

Shielding

BaF, 15x15%5 g;: gi P
LS1, LS2
1 LYSO 10x10x5 L:3: L§7 P
PWO 15x15x%5 Ei: Ei P
BaF, 15x15%5 g;: 22 P
LS4, L
2 LYSO 10x10x5 LSS9ZT’L5516O P
PWO 15x15x%5 PP6E:’PP17O P
BaF, 15x15x5 8819(?'881121 P
LSS, L
3 LYSO 10x10x5 Léi: Lii P
PWO 15x15%5 Pii EiZ P
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RIAC consistent with the ionization dose, indicating neutron induced damage is negligible

LYSO and BaF2 show RIAC of 15 and 50 m-* after 200 Mrad, much less than that of PWO
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LO of LYSO, BaF, and PWO

LO consistent with the ionization dose, indicating neutron induce damage is negligible

25% LO loss of LYSO and BaF, after 207 Mrad plus 2x10*> n/cm-2, indicating their
excellent radiation hardness against ionization dose and fast neutrons.
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Summary

LYSO and BaF, crystals show excellent radiation hardness beyond 100
Mrad, 1 x 10%> p/cm? and 2 x 10> n/cm?. They will survive a severe
radiation environment, such as the HL-LHC.

Undoped BaF, crystals provide fast light with sub-ns FWHM pulse width.
Recently, yttrium doping increases its F/S ratio from 1/5 to 6/1 while
maintaining its fast component intensity. At this level, its fast component
and Fast/slow is similar to and less than undoped Csl. This material is
proposed to Mu2e-Il and Marie. It may also be considered for the CMS
MTD barrel sensor.

We plan to optimize Y:BaF, further and test its radiation hardness. Will
also pay an attention to DUV photodetectors: LAPPD, Si (Hamamatsu
S$13370 with 25% PDE at 200 nm) or diamond based solid state detector.

November 8, 2017 Talk presented by Ren-Yuan Zhu of Caltech in the CMS MTD - Barrel Sensors Meeting at CERN 18



40% L | |

§ o, ——VUV3-50ump
2
H25%
c
R,
g 20% NS
8 15% / /\\
g 0, / \ —
g 10%
g/
o 5% /

0%

120 140 160 180

November 8, 2017

Hamamatsu S13370 VUV SiPM

VUV-4 has a much better performance than VUV3

PDE measurement data
Vover = 4V, in vacuum
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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
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