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The future gensration of ediaton detectors = more and more: demanding on timing performance for a
woide range of applicatons, such == teme of flight (TOF) techmiguss for PET camerms and parcls
identfication im nuedear physics and hizgh energy physices detediors, precse event time tazgimg in hizh
Iuminosity accelerators and a number of photonic appliations based on single photon detection. A @Erget
of 10ps comncidencz tirme resolution im TOFFET scammers would intreduce a parsdigm shift m PET imagng.
Basides resulting im on-line imags formateon, the localisation of amnihilaton events directhy from their TOF
prowides ultimate use of the dose delreered to the patient to get the best Signal to MNoise Ratio o the
resgiting image and offers a potential reduction of the scan duration and a direct access to the mage during
the scan tself Reconstnectionke=ss TOF-PET also reduces sffickanthy undecired effects imbharant o the PET
detection, nameby mndoms and scaters when appropristely correlated to energy discrirnimation, hencs
conributing o redusss dosse, scan duration and possibly scan oost while usng wery shortleed positron
armiitting isotopeas.

The tamee resolution of a santillator-based detecior s directhy drirren by the density of photoelectrons
ganerated im the photodetector at the detection thireshold., &t the santillator level it s related o the
imtrinsic ight vield, the pulse shape (rise timne and decay timns]) and the light transport from the garmmsas-ray
onversicn point o the photodetecior When saming at 10ps e resolution fluduations m e
tharmalization and relasaton time of hot electrons and holes generasted by the mismchon of onization
radigtion with the aystal become mporant. These processes last for up to a few tens of ps and are
followed by a complex tapping-detappins process, Poole-Frenksl effect, Auger onization of traps and
alectron-fuole recombination, which can last for a few ns with very Brge luctuatons.

Thiis @k will revieew the different processes at work and ewvaluate i some of the transent phenomena
taking place during the fast theermalization phase can be exploned o extract a tims tag with a praedsiom in
thea fevs ps rEnge.

Somse conskderations will also bae gheen on the posdbbility to explot guantum oconfinsment for the
produsction of uibafast spom@Eneocus or stimulated emisson N sEmi-cconductors. & partoularty promisims
nowte boward ulirafest emission comes im the form of 20D CdSe manoshests. This system & charscternzed by
confimement in only one dimension and fres electron and ole motion m the plane, which comtributes o a
glant ocedliator strength transitEon and witrafast edatnese emissson rEtes. Furthaer, CdSss manosheasts hass
witralowe thresholds for strmulated emission, with a lfetime of less tham 1 peoosecond -

The light tansport in the oysial is alss an important source of time Fteer. In parteoular izht bounamg
witthin the scintillator must be reduced as maech as possible as i spreads the armrmval tinns of photons on the
photodetector and stronghy reduces the light output by increasing the effect of lisht absorption within the
crystal. b comncermns typically about 709 of the photons generated in curmenthy used sontillators.

& possible soluthon to owercome these problerms is @ mprove the light edrscton efficiency at the first
hit of thie photons on the onystel/photocdetesctor coupding face by means of photonec orystals (PhCs]
specifcalhy desizned to coupds light propagation meedes insede and outside the ocrystal at the lirmt of the total
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Time of Flight PET
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| CRYSTAL

@ \Why 10ps TOFPET?

e TOF for direct 3D information
— Requires 10ps TOF resolution for 1.5mm resolution along LOR

e Allows limited angle tomography without artifacts
e > ]5-fold improvement in S/N ratio, even more with high random rate

— Equivalent potential in dose reduction (0.5mSv/scan)

e Annual natural background: 2.4mSv
e Return flight Paris SFO: 0.11mSv

— Allows longer longitudinal studies per injection

— Reduce the cost of radiotracer production infrastructures

® [.ecss sensitive to incorrect attenuation correction
and normalization

— Less stringent requirements on CT: cost, dose reduction) 10ps TOFPET

— Reduce problems of not direct attenuation measurement in PET/MR

e Open PET to new categories of patients (children, foetus)
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' " : oital SIDM photodetectors
Breaking News (Oct 2017) [
iplexing
|d-of-view: 57.6 cm

Siemens announces at -
EANM (V|enna) and ' SUVgradient:OJ;O’.f‘..

IEEE NSS/MIC (Atlanta) J—J—VL -
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Pets and MR

TOFPET in the context of

PET/MRI

The reconstruction of quantitative PET images
requires accurate correction for attenuation of
511 kev gamma rays.

The half value layer thickness for a 511 keV
gamma ray in tissue is about.7 cm.

An accurate correction method is required to
avoid image distortions and artefacts and,to
permit accurate regional quantification for
quantitative dynamic studies.

Transmission images can only be acquired with
limited statistics due to limited countrate of the
PET system (TOF can improve this).

Using TOF information it becomes possible'to
separate emission from transmission datajif the
distance from emission to the transmission
source 1s sufficiently large.
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CRYSTAL

' State-of-the-art TOFPET

STIC 3 ASIC

PICOSEC

STIC 3.0 (Developed by Heidelberg)

UMC CMOS 180 nm

High resolution time measurement
Linear Time-over-Threshold energy
measurement

Analog Frontend + Digital TDC + Digital
readout

Single-ended / Differential input
64-channels

Plate for prostate prototype
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@Y B Recent developments:
timing results at CERN
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& The 10ps challenge

CLEAR

1992: FAI raised a challenge for the first balloon circumnavigation.

N

£

e

duy 2016 "k I %sed. e |oope1§
fe | Roun wﬂho%fuel attempt

and raise a challenge on
less positron tomography

Countesy of C. Morel CPPM
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CRYSTAL

From Myth to Reality

Every step was an
enabling technology,
which needed to be

developped from
TRL1 to TRLS

November 2017
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CRYSTAL

From Myth to R

Only impossible
If there is a
physical barrier

November 2017

IFMP, Corfu, 6-10 November, 2017 P.Lecoq CERN 10



The detection chain

Crystal SiPM

+ {

kph T Yransi + tsp1r

~ miee oot Scintillation Transit time Single photon

Light generation  °°=* ) Photoconversilor‘i
Light transport

e

Absorption DCR, cross talk

Self-absorption Afterpulses
I

Random deletion 2 Unwanted pulses 2
SiPM PDE DCR

Random deletion 1 Unwanted pulses 11
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CRYSTAL

[ Parameters of interest to
Improve timing resolution

511KeV - Parameters for LSO: Ce and Hamamatsu S10931-050P MPPC
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Prompt photons to boost
the timing resolution

Parameters for LSO: Ce, Ca and Hamamatsu S10931-050P MPPC
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produced produced

T,,=33ns (94%), T, =8ns (6%), 1=21ps and Light Yield=32kph/MeV T,=33ns (94%), T,=8ns (8%), T=21ps and Light Yield=32kph/MeV

S Gundacker, CERN-THESS-2014-034 - 210 p.
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Possible sources of prompt &&=,

photons ( < 1ns) e

Ce3+ Activator: 5d-4f
Ca?* & Mg?* co-doping
T.~20psT14>16ns Bi-excitons
Excitons Multi-excitons
stable at 300 K stables at 300 K

Cerenkov
T~0ps
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® | Hot intraband luminescence 5
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Quantum dots
Spontaneous emission

Decay time 1s driven by the electric dipole moment
between the e cited and fundamental states

E citon confinement in quantum wells leads to efficient
and sub-ns luminescence

Properly designed quantum dot-based heterostructures
can produce coherent phasing of dipoles over many\unit
cells and achieve 1ant Oscillator Strength ( OS)

November 2017 IFMP, Corfu, 6-10 November, 2017 P.Lecoq CERN 4




nO:Ga polystyrene
composite scintillator

ighly luminescent nQO: anano crystals 0-100nm
— Prepared by a photochemical method
— Embedded in a polystyrene sheet 10  weigth

UV 390 nm

Number of Counts
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w GOS in 1D quantum
\ confined systems

S plate Tmm thick

Cd& nanoplate film 100mm thick
372 nm laser

100mn
CdSe film &
deposition \

Focal spot optical
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T1=24 ps
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' Time profile of pe generation

for bulk and nano-crystals

——LSO:Ce 0.4%Ca T1=20ps Td =30 ns Npe= 4000
—LYSO:Ce =60 ps 1¢=40 ns Npe= 5000
—— n0:Ga =18 ps 14=0.5 ns Npe= 33

- - nO:Ga =18 ps 1¢=0.5ns  Npe= 4000
——CdSe NPLs =5 PS Td eff= 77 PS Npe= 300

Npe (c.d.f.)
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time after pulse starts (ps)
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@ Meta-X- Detector Block for jg&

= | ow Energy Applications

More by R. Martine Turtos Quantum dot
Wednesday, 11:00
loaded polymer
with.a gradient
AAAMAALS  of QD radius

00O along the fibre

Photonic fibers
F = 100mn

Heavy scintillating fibers
(LUAG, LSO )
F =500mm
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Influence of crystal length

on timing resolution

Measured with FBK NUV-HD (25 m SPAD si e, 4x4mm? device si €)
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Diffracted modes interfere constructively in the PhC-
grating and are therefore able to escape the crystal

incident ight —

ref ected ight

e tracted modes

Total Reflection at the interface Extracted Mode
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A. Enapitsch et al, “Photonic crvstals: A novel approach tolenhance the light owtput of scintillation based detectors,
NIM A268, pp.385-388, 2011
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CRYSTAL

@ LY and energy resolution gain
. CERN, RMD, MIT, Abeam Technologles

@ Imprint System @ Curing Step @ Mold Release Process

Imprinted

UV light
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sy | Fast sintillation timing: the way
to reconstructionless TOFPET
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High fill factor - PDE

Electronic flexibility
Heterogeneous technologies
The only way to eliminate the
SPAD to TDC timing skew in the
Single Photon Timing Resolution
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o~ | Conclusion - 1 ’73
@ “Impossible” is not a French word (vapiéen) %
2

- TICAL
Conclusion - 2| InsRied by Maurizio Conti, Siemens
. .looking forward to a 10 ps TOF PET! o (MEDAMI 2017, Sardinia)

» eagerly anticipating a 10 ps TOF PET!
+ cagerly/impatiently awaiting a 10 ps TOF PET!
» anficipating with pleaswe a 10 ps TOF PET!
» hoping fora 10 ps TOF PET!
* drooling/slobbering in anticipation of a 10 ps TOF PET!
» envisioning with pleasure/delight/joy a 10 ps TOF PET!
confidently awaiting a 10 ps TOF PET!
Conclusion
e Standard scintillation mechanisms are unlikely to give aceess to the 10ps range
e A number of transient phenomena could generate sub-ns measurable signals

o Photenic crystals improve scinfillator timing resolution by two means:
— increasing the light output 1 decreasing photostatistics jitter

redistributing the light in the fastest propagation modes in the crystal
e NEW generation SIEM

— Reaquires significant improvement on SPTR for low engrgy deposifion
November 2017 IFMP, Corfu, 6-10 November, 2017 P.Lecoq CERN




T'he dream of the
fast timing imager
Implies mm resolution along PET LOR
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