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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, BaF2 and LuAG:Ce will survive the 
radiation environment expected at the HL-LHC with 3,000 fb-1. LYSO is proposed 
for a precision MIP Timing Detector for the CMS Phase-II upgrade for the HL-LHC: 
 Ionizations dose:  up to 100 Mrad,
 Charged hadron fluence: up to 6×1014 p/cm2,
 Fast neutron fluence: up to 3×1015  n/cm2.

 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-II, and the GHz hard X-ray imaging for the 
proposed Marie project at Los Alamos National Laboratory. 

 Yttrium doped BaF2 with a sub-ns FWHM pulse width and a suppressed slow 
scintillation component  is a leading candidate for both applications.  
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GHz Hard X-Ray Imaging for Marie

2 ns and 300 ps inter-frame time requires very fast sensor 
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Why Crystal Scintillator?
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 Detection efficiency for hard X-ray requires bulk detector.
 Scintillation light provides fastest signal. 

 Pixelized crystal detector is a standard in medical industry.

 A total absorption imager: 
• Pixelized fast scintillator screen;
• Pixelized fast photodetector;
• Fast electronics readout.

 Challenges: 
• Ultra fast scintillator;
• Ultra fast photodetector;
• Ultra fast readout electronics.



Fast Inorganic Scintillators for HEP
LSO:Ce LYSO:Ce,Ca

[1] LuAG:Ce[2] LuAG:Pr[3] GGAG:Ce[4,5] CsI BaF2
[6] BaF2:Y CeBr3 LaBr3:Ce[7]

Density (g/cm3) 7.4 7.4 6.76 6.76 6.5 4.51 4.89 4.89 5.23 5.29

Melting points (oC) 2050 2050 2060 2060 1850d 621 1280 1280 722 783

X0 (cm) 1.14 1.14 1.45 1.45 1.63 1.86 2.03 2.03 1.96 1.88

RM (cm) 2.07 2.07 2.15 2.15 2.20 3.57 3.1 3.1 2.97 2.85

λI (cm) 20.9 20.9 20.6 20.6 21.5 39.3 30.7 30.7 31.5 30.4

Zeff 64.8 64.8 60.3 60.3 51.8 54.0 51.6 51.6 45.6 45.6

dE/dX (MeV/cm) 9.55 9.55 9.22 9.22 8.96 5.56 6.52 6.52 6.65 6.90

λpeak 
a (nm) 420 420 520 310 540 310 300

220
300
220 371 360

PL Emission Peak (nm) 402 402 500 308 540 310 300
220

300
220 350 360

PL Excitation Peak (nm) 358 358 450 275 445 256 <200 <200 330 295

Absorption Edge (nm) 170 170 160 160 190 200 140 140 n.r. 220

Refractive Indexb 1.82 1.82 1.84 1.84 1.92 1.95 1.50 1.50 1.9 1.9

Normalized 
Light Yielda,c 100 116e 35f

48f
44
41

40
75

4.2
1.3

42
5.0

1.7
5.0 99 153

Total Light yield 
(ph/MeV) 30,000 34,800e 25,000f 25,800 34,700 1,700 13,000 2,100 30,000 46,000

Decay timea (ns) 40 31e 981f

64f
1208

26
319
101

30
6

600
0.6

600
0.6 17 20

Light Yield in 1st ns
(photons/MeV) 740 950 240 520 260 100 1200 1200 1,700 2,200

Issues neutron 
x-section

Slightly 
hygroscopic

Slow
component DUV PD hygroscopic
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a. Top line: slow component, bottom line: fast 

component; 

b. At the wavelength of the emission maximum;

c. Excited by Gamma rays;

d. For Gd3Ga3Al2O12: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 (II)
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Light Output & Decay Kinetics
Measured with Philips XP2254B PMT (multi-alkali cathode)

p.e./MeV: LSO/LYSO is 6 & 230 times of BGO & PWO respectively  

Fast Crystal Scintillators

Slow Crystal Scintillators

LSO/LYSO

LaBr3

BaF2

CsI
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LSO/LYSO

LaBr3

Scintillation Pulses: 1.5 X0 Crystals
Hamamatsu R2059 PMT (2500 V)/Agilent MSO9254A (2.5 GHz) DSO with 1.3/0.14 ns rise time

The 3 ns FWHM pulse width of BaF2 will be reduced by using a faster photodetector 
LYSO, LaBr3 & CeBr3 have tail, which would cause pile-up for GHz hard X-ray imaging

BaF2
CsI
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Fast and Slow Light from BaF2
BaF2 has a fast scintillation 

component with sub-ns decay time, 
and a slow component with 600 ns 

decay time.

The amount of the fast light is 
similar to undoped CsI, and is 1/5 of 

the slow component. 

Spectroscopic selection of the fast 
component may be realized by 

selective doping with rare earths 
and/or a solar blind photodetector.
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Slow Suppression: Doping & Readout

Solar-blind cathode (Cs-Te) and La doping achieved F/S = 5/1
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Slow component may be suppressed by RE doping: Y, La and Ce



Optimization of Yttrium Doping in BaF2
F/S ratio from 1/5 to 5/1 , presented in TIPP 2017, Beijing
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Optimized Y Doping in BaF2
F/S ratio increased from 0.21 to 6 .2

Samples are being irradiation up to 200 Mrad and 2x1015 n/cm2 in East Port of LANSCE 
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Y-dopedUndoped



Pulse Shape: BaF2 Cylinders

October 26, 2017 Paper N36-5 presented by Ren-Yuan Zhu, Caltech, in IEEE NSS 2017 Conference at Atlanta 13

Undoped Y-doped

BGRI BaF2 cylinders of Φ10×10 mm3 shows ɣ-ray response: 
0.26/0.55/0.94 ns of rising/decay/FWHM width



Scintillation Pulse Tail Reduced in BaF2:Y
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Slow component tail observed in 2 μs in BaF2, not BaF2:Y

Undoped Y-doped



BGRI/Incrom/SIC BaF2 Crystals

BGRI-2015511

ID Vendor Dimension (mm3) Polishing

SIC 1-20 SICCAS 30x30x250 Six faces

BGRI-2015 D, E, 511 BGRI 30x30x200 Six faces

Russo 2, 3 Incrom 30x30x200 Six faces

Russo 2

Russo 3
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Remaining light output after 120 Mrad: 40%/45% for the fast/slow component

Fast Slow

Consistent damage in crystals from three vendors
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ɣ-Ray Induced Damage in BaF2



Proton Damage in LYSO/BaF2/PWO 
FluenceExcellent radiation hardness of LYSO and BaF2 up to 1015 p/cm2
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See L. Zhang in SCINT 2017



Neutron Damage in LYSO/BaF2/PWO
Robust LYSO and BaF2: up to 200 Mrad and 2 x 1015 n/cm2 & no neutron damage
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See L. Zhang paper N22-6 for details



LYSO and BaF2 crystals show excellent radiation hardness beyond 100 
Mrad, 1 x 1015 p/cm2 and 2 x 1015 n/cm2. They will survive a severe 
radiation environment, such as the HL-LHC.
Undoped BaF2 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 CsI. This material is 
proposed to Mu2e-II and Marie. It may also be considered for the CMS 
MTD barrel sensor. 
We plan to optimize Y:BaF2 further and test its radiation hardness. Will 
also pay an attention to DUV photodetectors: LAPPD, Si (Hamamatsu 
S13370 with 25% PDE at 200 nm) or diamond based solid state detector.

Summary
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Hamamatsu S13370 VUV SiPM
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VUV-4 has a much better performance than VUV3



Diamond Photodetector
E. Monroy, F. Omnes and F. Calle,”Wide-bandgap 

semiconductor ultraviolet photodetectors, 
IOPscience 2003 Semicond. Sci. Technol. 18 R33

E. Pace and A. De Sio, “Innovative diamond 
photo-detectors for UV astrophysics”, 
Mem. S.A.It. Suppl. Vol. 14, 84 (2010)
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