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Detector B

Time of Flight PET
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What if 10 ps was possible today (or tomorrow)?

SNR Gain
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Metascintillator principle =

Metascintillators for ultra-fast gamma detectors:
a review of current state and future perspectives

G. Konstantinou, P. Lecoq, J. M. Benlloch and A. J. Gonzalez,
IEEE TRPMS.2021.3069624 1
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The 3 generations of metascintillators M=

1%t generation: ready for production
- 100ps CTR at system level, LYSO /BaF, ,LYSO/EJ232
- 200ps CTR at system level, BGO/BaF, ,BGO/EJ232

Prompt emission
BaF,, Organic scintillators

Quantum confined (bi)-excitons,
in nanocrystals

High stoping power
L(Y,G)SO, (La.Ce)Br3, BGO, Cs|

d generation: Under development
- 50-70ps CTR at system level, LYSO/nanoscintillator
-100ps CTR at system level, BGO/nanoscintillators

3d generation: Future development

Light transport to SiPM - 10-30ps CTR at system level
Photonic crystals, pth - New nanoscintillators

- New nanophotonic features

\ 4

08-10/10/2025 FATA25 5



“ve ; / e .

Metapixels

Semi-Monolithic
8 x 8 pixel matrices
— i | with
3%3%x20 mm LYSO/BaF2 metapixel ’ s R Depth of Interaction

capability

BGO/BaF2 & BGO/EJ232 LYSO/BaF2 & LYSO/EJ232

200 ps CTR 100 ps CTR
08-10/10/2025 FATA25 6



Next step: Apply nanophotonics to scintillator science q%@

* |Increase the radiative recombination rate of excitons through
guantum confinement in nanocrystals

* Enhance light-emission through engineering of optical
density of states

— Hyperbolic metamaterials
— Purcell effect (Plasmonic materials)

e Combine both ®w Nanophotonic scintillators

08-10/10/2025 FATA25 7



Scintillator engineering to boost the X
light emission yield and rate

e Crystal engineering limited so far to controling or compensating crystallographic
defects to limit afterglow and improve radiation resistance

e Can we engineer the oscillator strength?

e Decay time is driven by the electric dipole moment between the excited and
fundamental states

I n?+2) R
e e D

A

Local polarization field
Related to ion coordination
and local symetry level

® Exciton confinement in quantum wells allows scintillation wavelength
engineering and leads to efficient and sub-ns luminescence

® Properly designed quantum dot-based heterostructures produce directional coherent

phasing of dipoles over many unit cells and achieve Giant Oscillator Strength (GOS)
08-10/10/2025 FATA25 8
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Wavelength engineering through
guantum confinement

Confinement width

—> e

Conduction band
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CdSe nanoplatelets on LYSO plates M

J.Grim, I. Moreels

ITT, Italy LYSO plate 200um thick
g X2 + CdSe/CdS nanoplate film 20um thick
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Padilha et.al., Nano Lett. 2013, 925-932
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Towards a self-triggered lasing y-ray detector
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» Ultrafast X-ray or y-ray self-triggered stimulated
emission is within reach
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nanosheet
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>100 nm Compton scattered
Stacked
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nanosheets

Courtesy J.Grim, I.Moreels, ITT, Italy
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Increasing the Photonic Density of States
with Hyperbolic Metamaterials

. . 21 n
Isofrequency contour from dispersion formula: k = -~ W— ~wVeE

for isotropic dielectric material for anisotropic hyperbolic material
k..' k,
2
I LN TS
&, £y Ex

'
:
i

Ki \A k

An intuitive counting
procedure in k-space
consists of calculating the
volume between the
isofrequency contours at
w(k) and w(k) + Aw.

Finite density of photonic states in dw
Infinite density of photonic states in dw
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Lowering Cerenkov threshold with
hyperbolic metamaterials

Cerenkov threshold (101keV in LSO) can be strongly lowered (¥100’s €V) in
specifically designed nanostructured metamaterials

for isotropic dielectric material for anisotropic hyperbolic material
o k,

Stack of Gold + SiO,

—

) Cerenkov threshold
S 250eV

Cerenkov yield
*>100

D. Lu et al., Nat. Photon. 11, 2017

M LYSO, BGO Cerenkov threshold ~ 100 keV
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Nanophotonic Purcell scintillators

* Purcell effect: Spontaneous emission rate
depends on its EM surrounding

\
'ward Mills Purcell (1912-1997)

B10. Spontaneous Emission Probabilities at Radio Fre-
quencies. E. M. PurceLL, Harvard University.—For

F — F F ~ “ nuclear magnetic moment transitions at radio frequencies
p O — p p O the probability of spontaneous emission, computed from
Ay= (8mv2/c®)hv(813u?/3h%) sec.”),

is so small that this process is not effective in bringing a
spin system into thermal equilibrium with its surroundings.
At 300°K, for »=107 sec.”™, u=1 nuclear magneton, the
corresponding relaxation time would be 5X10% seconds!
However, for a system coupled to a resonant electrical
circuit, the factor 8m12/c® no longer gives correctly the
number of radiation oscillators per unit volume, in unit
frequency range, there being now one oscillator in the
frequency range »/(Q associated with the circuit. The
spontaneous emission probability is thereby increased, and
the relaxation time reduced, by a factor f=30MN/4x2V,
where V is the volume of the resonator. If @ is a dimension
characteristic of the circuit so that V~a3, and if 5 is the
skin-depth at frequency », f~A3/a?5. For a non-resonant
circuit f~A3/a3, and for a <§ it can be shown that f~\3/aé?.
If small metallic particles, of diameter 10— cm are mixed
with a nuclear-magnetic medium at room temperature,
spontaneous emission should establish thermal equilibrium
in a time of the order of minutes, for »=107 sec.™..

E.M. Purcell, Phys. Rev. (1946)
08-10/10/2025 FATA25 15



Surpassing the 100 ps CTR barrier

* Metascintillator + Nanophotonics

WA = = SO ) — e
* Replacing the fast layers with
nanophotonic Purcell scintillators . R |
— CsPbBr3 perovskite nanocrystals Y % %lk"
_ Silica AVAVAVAV. o T

* Enhance the emission parallel to the layers

08-10/10/2025 FATA25 16



Surpassing the 100 ps CTR barrier

* Metascintillator + Nanophotonics

 CTR enhancement T

____--"'(77"13 X —
minimize \ n \@\

_ i maximize
* Risetime: 7,

* Decaytime: 1, =1/T nanophotonics

D

* Efficiency: n nanophotonics

08-10/10/2025 FATA25



Surpassing the 100 ps CTR barrier

* Metascintillator + Nanophotonics

: o S
* Design strategy (minimize the CTR):“™ = == — =~
max f Onr@;d)/T, e
Ae / \ \\\\‘ & Bulk scintillator
efficiency spontaneous N = (
emission rate o

* Optimize over the thicknesses - d

08-10/10/2025 FATA25 18



Design Tool — Scint City

Calculate the effective emission rate .
Example of the design of a

nanophotonic scintillator

Optimize the effective emission rate

35

* Optimize for the CTR

50

Anq JJGJ/JJQJ

e Optimize for the point-spread-function (PSF)

45

Scintillator thickness [nm]

40
65 70 75 80

Other material thickness [nm]

A. Shultzman et al., Enhanced Imaging Using Inverse Design of

I@gg&l@ﬁr@fzwlgors, Advanced Optical Material (2023) FATA25 19



Efficiency vs Spatial resolution challenge '-@?g

Optimization of a Multilayer Nanostructure
to Enhance Imagmg Characteristics (PSF)

08-10/10/2025 FATA25 20



Surpassing the 100 ps CTR barrier

== thin scintillator monolayer

= PUrcell scintillator

EEEER TIR angle \{Q. ’ 300
Qé’& .
’&"{\ 4 \
7
&L
C
X T o
N 15
.
3 -
p 0°

-15°

Uniform DTR

(Detection time resolution)

08-10/10/2025

2 -30°

A. Shultzman et al., Towards a second generation of metascintillators using the Purcell effect
Submitted to IEEE TRPMS, Feb 2024

Travel in parallel in the BGO

25-30 mm

.

Bulk scintillator

DTR angular Enhancement by 1.65

fast scintillator
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g 2-(20pm?)
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Conclusions and Future Directions

100ps

* Benefits of meta-nanophotonic scintillators === /

e Shaping the emission to be parallel

* Proposal to surpass the 100 ps CTR barrier
and approach the 10ps target
— BGO-based ~ 100ps
— LYSO-based ~ 50 ps \

25-30 mm

Bulk scintillator

200 pm

fast scintillator

2-(20 pym ?)

A. Shultzman et al., Towards a second generation of -
metascintillators using the Purcell effect, submitted (2024)
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