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Intillation detectors
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A scintillation detector can provide event timing, energy, position, interaction type, etc

Time-based position reconstruction: photons travel at finite speed

photon flux decreases with distance

Intensity-based position reconstruction

Photons arrive later

Photons arrive earlier

Fewer photons detected

More photons detected

Example PMT hit pattern in a dual-phase TPC
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Position information of a single photon

Scintillation detectors usually infer event positions

statistically

 Each photon carries little information

A pinhole camera is the opposite example

* Eachdetected photon tells:

o where itis detected

o from which direction it comes

5 one photon gives useful position clue

A Infinitesimal efficiency
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Imaging with efficiency

Incoming light

«~— Add more pinholes = coded aperture (less
definitive information per detected photon)
Add a lens > optical imaging (direct all light from

Coded aperture mask

the same source to the same sensor location)

Object Lens Image

Detector plane

Shadow pattern

Credit: B.J. Mattson, L3/NASA/GSFC
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Light-field imaging — snap now, focus later

Near ,_ . Mlddle

Ren Ng, Digital Light Field Photography, Ph.D. dissertation, Stanford University (2006).
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Designing a light-field scintillator imager

Conventional imaging

* Large aperture and small focal
length desired

* Impossible combination

* Fora fixed object-lens-sensor
distance with a given pixel size,
smaller focal lengths provides
larger depth of field

* Asphericallens’s focal length is
fundamentally limited by its radius

M Lawrence Livermore
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Ideal Lens

Ray trajectory

A
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18.5 mm

| 5 mm

Center depth
sensor profile

Lens arrangement




Designing a light-field scintillator imager

Ray trajectory ;ilt:: :g::g Lens arrangement
18.5 mm
Conventional imaging ® \ T .
« Large aperture and small focal o " .
length desired % " '
* Impossible combination 2 $ . :
- -L_qs_mm
Light-field imaging = > Tt .
* Distributed aperture, small focal 8 g . '
length now possible o g . '
* Increased depth of field 5 § . '
Multifocal light-field imaging - mmmmeeee- '
* Distributed aperture with varying § © ' -
small focal length hO) @ ' :
* More homogeneous depth g 4 ' '
sensitivity s 2 ' ’
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The PRISM imaging prototype

= Compact multi-focal lens array

= Calibrated LED point source on 3D
linear stage
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= Medium format CMQOS sensor (no
demagnification, no main lens)

Custom light- i \ e Zaber 3D [
field optics ¥ translation stage :
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Multifocal lens array response

= Commercial lenses of various optical focal lengths
= 3D-printed lens holder structure
= | ens array can be assembled and disassembled for rearrangement
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Data-driven low-light images

High light intensity (LED) Light starved (scintillation-like)

* Take images of LED light source with different exposures at the same source position
* Denoise image with HDR (high dynamic range)

* Signal scales with exposure, while noise doesn’t

* Slope of signal strength wrt exposure represents noise-free system response
* Down-sample noise-free image to simulate scintillation imaging conditions

Lawrence Livermore X. Dai, K. Yanny, K. Monakhova, N. Antipa, ACM Trans. Graph., Vol. 44, No. 5,

National Laboratory =~ LLNL-CFPRES-2025749 Article 172 (2025), accessible online: https://doi.org/10.1145/3748718 "
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Event reconstruction in scintillation-like conditions

Based on the Alternating Descent Conditional Gradient (ADCG) Method

Prebuilt library of measured point spread function (PSF) on a grid (denoised with HDR)

* Define loss function as binary cross
entropy (negative log-likelihood)

* Compare data with PSF template library

and obtain best match g
o
* Refine position estimate near best-match ;;2
grid point using local shift invariance *
e Method can be extended to searches of
multiple light sources
W Lawrence Livermore 12
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Single-site event reconstruction results

Position reconstruction uncertainty  Energy reconstruction uncertainty
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Double-site reconstruction results

* Optics creates sharper photosensor patterns ﬁ ® Scattert: (1,1, 2)
than in conventional scintillation detectors I ® Scatter2: (1,1,7.5)

* Multi-site scintillation event positions can be

reliably estimated € 4]
E ®
* mm-scale resolution for 3D positions of 2 6 3
sources separated by >2.5mm with 125 g—’ °
expected photons each © 2+ e °
» Slight degradation relative to single-site events 11 1 hg : » ¢
at small vertex separations s ! ? ? ®

O 1 I 1 1 1 ] 1 1
25 75 125 175 225 275 325 375

Vertex separation (mm)
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Conclusion

* Opticalimaging concepts are applied to position reconstruction in scintillation detectors
* A prototype is constructed using a tunable LED light source

* LED data is denoised and downsampled to simulate scintillation events

« ADCG-based reconstruction can faithfully recover event position at mm precision

* Position reconstruction is demonstrated for mm-separated double-site events

* Future development will focus on instrumenting a real scintillator and reconstructing true
scintillation events
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Backup
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How does a light field camera work??

Light field
camera

Traditional
camera

Aperture plane

Aperture plane

Records position

Records pOSition ) ) T T T Records direction

Approximate photon position  Photon direction
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