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Outline

• Here’s the idea: use the PEN calorimeter with added stopping power 
as an alternative to liquid Xenon - pictures

• Pros and cons of our choice of LYSO crystals 

• Intrinsic characteristics of LYSO that affect energy resolution – can 
they be overcome?

• Testing capabilities at UW

• Overcoming intrinsic beta radioactivity in LYSO crystals

• Measurements with 60Co gamma radiation and cosmic muons

• Summary
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From Ren-Yuan Zhu’s presentation, LYSO is a good candidate

Why we chose LYSO crystals



The CALO Xtal Hybrid Idea

16 𝑋0 LYSO
PEN Calorimeter (12 𝑋0 CsI)
SiPM readout of LYSO;
PMTs remain for PEN readout 

With “2” Calorimeters at the same time 
(16 𝑋0 + 28 𝑋0) gives unique handle on 
the low energy tail
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Here’s the concept “to scale”

X=0

PEN CsI 12 X0 22 CMInner LYSO 16.6 X0 19 CM

SIPM layer 1cm gap
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Plastic Model



Images and Models that Fit

Pent
Hex Small array

Conceptual with PEN outer CsI
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Useful 3D models address the mechanical design issues. Inner Xtals
match PEN CsI 1:1 with 1 cm gap for SIPM layer

Actual Size

PEN to Scale
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Reminder: PEN CsI array exists at PSI; we will need to evaluate 
its status with Dinko’s help next spring/summer
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Timing is good

For our 70 MeV signal
Collect (?) 75% at QE (?) = 20%

→ 350K → 0.2% “resolution 9

LYSO crystals in HEP experiments

33200 g/MeV → 2.3 M g/70 MeV



Motivation and Concerns
• Advantages (if it works)

• Simple compared to LXe to maintain in the long run
• Much cheaper (~$6-7 M for xtals) + 240 readout channels
• Much lower pileup given intrinsic segmentation
• Triggering options better for Phase II
• Can calibrate segments directly in electron beams to characterize fully

• Disadvantages (i.e, it might not be good enough)
• No really good example of success from other experiments (except PET)
• We will have to demonstrate that next-gen xtals can be uniform enough
• Intrinsic resolution worse than LXe by x2, even with high light yield (puzzling)
• Will require significant Quality Control program to minimize constant terms
• Not that cheap to do basic conceptual R&D (same problem for LXe though)
• Intrinsic radioactivity (LYSO xtals have about 37 kBq each)
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• Ionic sizes: Lu3+ = 0.85, Y3+ = 0.89, Ce3+ = 1.04 (larger)
• Ce3+ produces light – most (95%) occupies green Lutecium sites
• Actual Ce composition in crystal < 20% of melt composition
• Ce concentration in xtal grows along length of pull

LYSO light output – why excess variance over root Np?

LYSO - (Lu,Y)2SiO5:Ce

Non-uniformity in light production
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LYSO light output – why excess variance over root Np?

Non-uniformity in light detection

• Emission peak shifted from absorption peak
• But not far enough – some overlap remains
• Ce re-absorption greater with longer photon paths
• Also reduced transmission from defects and traps
• Lots of internal reflection, n = 1.84 leads to long paths

Red – transmission traversing short dimension
Green – transmission traversing along xtal axis13



Diffuse wrapped crystal [c] 
shows less scattering from 
optically trapped photons

22Na

• Reduction of losses can be achieved by creating a diffusive surface on the crystal
• Lapping crystals to a specified surface roughness or chemical etching is one way
• The COMET collaboration wraps their crystals with layers of Teflon tape (TEFLON 

AF1601, thickness of 60 μm with reflectivity 0.98) and an additional outer layer of 
reflective tape to prevent light from diffusing into adjacent crystals (ESR VM2000)
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Measurement Instrumentation at UW

• Ocean Optics 200nm to 600nm optical spectrometer and Xenon light 
source. Measures light transmission and fluorescence.

• Various Photomultipliers, NaI and Germanium detectors.

• Laser and neutral density filters for PM calibration

• SiPM modules and readout electronics
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LYSO emission spectrum – Ocean Optics Spectrometer

350 nm ”blacklight” 
illumination source

Ocean Optics Spectrometer

With Xenon light source
Measures:

Transmission spectra
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Lead Collimator 
& 60Co source

LYSO crystal

PM

NaI Detector
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• LYSO emits a beta which is 
contained within the crystal

• Measurements of external 
radiation sources are used to 
determine scintillator 
resolution.

• Sources like 60Co have a 
gamma cascade to tag the 
radiation going to the LYSO 
crystal.

• Performing a coincidence 
between the NaI and PM 
separates the extrinsic and 
intrinsic sources.

• The gamma source, collimator 
and NaI detector are scanned 
along the LYSO crystal.

Light tight box with photon counting detectors for resolution measurements



176Lu decay scheme

100% beta decays to excited states in 176Hf 
followed by 88 keV, 200 keV and 300 keV
gamma cascade

600 keV

Natural Lutecium contains 2.6% of the radioactive isotope 176Lu
The  source strength of the SICCAS LYSO crystal is about 26 kBq
Probing energy resolution with external radioactive sources benefits from 
cascade gammas that can tag one of the gammas with another detector 

0.3mm from PM

Yong Yang presentation
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(gamma-rays): 1.1732,1.3325

Results of 60Co coincidence with NaI detector



Reflective Wrapping
4.2% loss of light from far to near end of xtal

Cosmic Muon Tomography
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Summary

• The concept of a combination CsI and LYSO calorimeter was 
described.

• LYSO has good stopping power, 40ns timing and high light output but

• The light output has an excess variance which prevents the energy 
resolution from achieving root Npe statistics.

• Non uniform Ce concentration was given as a likely cause of poor 
resolution with ways to mitigate some of the affects

• Energy resolution measurements at UW were described as was LYSO’s 
intrinsic radiation source.
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