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Motivation
[ Jele}

PET and TOF-PET

m PET = functional imaging technique that using radiotracers labeled with 3+ emitters

to measure changes in metabolic processes

m 3" decay — e™ — e~ annihilation — 2 back-to-back 511 keV ~-ray
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Figure: from: 10 ps Challenge webpage (https://the10ps-challenge.org)
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Motivation
[ Jele}

PET and TOF-PET

m PET = functional imaging technique that using radiotracers labeled with 3 emitters
to measure changes in metabolic processes
m ' decay — e* — e~ annihilation — 2 back-to-back 511 keV y-ray

<X
SR
R
= X
=~ RN
=N
R
S R
SN R
RRRRDD>
R
R
R N D
D
S

Why TOF-PET?

=
R
R
U
R

® SNR7or o 1/ 515 - SNRyowv—ToF

=» Same SNR in shorter times or
IS SN Better SNR in same time
Sty = Less delivered dose or

R
RasSies?
RS

S RS
“‘ “:s“‘ R 1 H
SR S>>
s Better image quality
SN >
RN
SRS

Annihilation

=» Wider category of patients

Figure: from: 10 ps Challenge webpage (https://the10ps-challenge.org)

M. Conti 2009 Phys. Med. 25 1-11
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Principle of Heterostructure in TOF-PET

High-Z Scintillator Heterostructures are proposed as a solution to the
Fast Scintillator Qichotomy between high sensitivity and fast timing
in TOF-PET 238

m Combination of two different materials with
complementary properties

m The incident 511keV ~-ray is stopped most likely
in the high-Z scintillator

m In a fraction of events the recoil photoelectron
can deposit its energy in both materials (Shared
Events)

m The more energy is deposited in the fast material,
Figure: published in . Pagano et al (2022) the more fast photons are produced

2ERC Advanced Grant TICAL (grant agreement No 338953, PI: P. Lecoq, CERN)
SR. Martinez Turtos et al 2019 Phys. Med. Biol. 64
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BGO&Plastic Heterostructures

BGO

Plastic.
Scintillator

BGOG&Plastic Heterostructures constitute a
simplified configuration allowing for a
comprehensive understanding of the
fundamental properties with experimental
validation*

=» Energy sharing

=» Scintillation kinetics

=» Timing improvement assessment

=» Depth of Interaction (DOI) contribution

Figure: published in F. Pagano et al (2022)

4F. Pagano et al 2022 Phys. Med. Biol.
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Energy Sharing
@00

Energy Sharing and Events Classification
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Monte Carlo simulation on Energy Deposition

80 400
& Photoelectric (PE) at 511keV
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Z 40 " 04».,.A L 200
= Studied as a function of plastic thickness 3 * Tee
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L g
m The Photoelectric probability is compared to 20 & 100um thick 100
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* Mean Energy in Plastic
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Plastic thickness [um]

Figure: published in F. Pagano et al (2022)
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Monte Carlo simulation on Energy Deposition

80 400
& Photoelectric (PE) at 511keV
70 # Shared 511keV 350
® *
601 PE%pureBGO a2l ] r300
m 100 zm BGO and 100 um plastic _ L
L . - X 50 o ot F 250
=>» similar photoelectric probability to LYSO > PEG pure'w§8"'§'t i
=» almost 50% of photopeak events are F 40 « teve,, - F 200
shared 3 * MAVAS
£ 30 » L 150
®
i 20 r 100
m 100 xm BGO and 200 ;:m plastic . 1800um|thick
= larger mean deposited energy in plastic 10 GO plates 50
® . .
-» more shared photopeak events Mean Energy in Plastic
0 v T T T T 0
0 50 100 150 200

Plastic thickness [um]

Figure: published in F. Pagano et al (2022)
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Energy Sharing
[e]e] J

Events Classification based on Energy Sharing

Events depositing =» The different pulse shape of BGO and

iti E both et .
b b B ohd £124 EJ232 enables events classification
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Events Classification based on Energy Sharing

e o =» The different pulse shape of BGO and

Events depositing| Energy both

all energy in BGO in BGO and EJ232 EJ232 enables events classification

100

Sll.kev events m Correlation between integrated charge

and amplitude to classify the events

80
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404
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Integrated Charge [V*ns]

0 20 40 60 80 100 120
Amplitude [mV]
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Energy Sharing
[e]e] J

Events Classification based on Energy Sharing

Ehonts dboodiing =» The different pulse shape of BGO and

Events depositing| Energy both

all energy in BGO} in BGO and EJ232 EJ232 enables events classification

1000
m Correlation between integrated charge
8001 and amplitude to classify the events
% 600 10° m Coordinate transformation to go from the
2 (Amp, Charge) to the (BGO Energy,
; 400 Plastic Energy) coordinate system
& 200 -
102
o
—-100 0 100 200 300 400

Energy in Plastic [keV]
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Events Classification based on Energy Sharing

= A——— -» The different pulse shape of BGO and

Events depositing| Energy both

all energy n BGO in BGO and EJ232 EJ232 enables events classification

1000

m Correlation between integrated charge

8001 and amplitude to classify the events
% 600 10° m Coordinate transformation to go from the
2 (Amp, Charge) to the (BGO Energy,
< 400 Plastic Energy) coordinate system
§ 200 m Photopeak events — total reconstructed
102 energy between [440,665] keV
ol Shared photopeak events — photopeak
-100 © 100 200 300 400 events with at least 50 keV in EJ232

Energy in Plastic [keV]
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Scintillation Kinetics
@00

Impact of energy sharing on timing
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Scintillation Kinetics

Time Correlated Single Photon Counting bench

m 3x3x3 mm? heterostructure with 200 um thick plastic plates measured in Time
Correlated Single Photon Counting (TCSPC) mode upon 511 keV irradiation®

m The experimental setup used allow to simultaneously record the TCSPC signal and
the pulse shape event-by-event ©

7
e o
3 Events depositing
Events depositing Energy both
all energy in BGO| in BGO and EJ232

Reference ] 2- 7gy=1500ns (697%) |
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5F.Pagano et al, under review for IEEE TNS
6S. Gundacker et al 2016 Phys. Med. Biol. 61 2802

fiammetta.pagano@cern.ch 16th Seminar on Innovative Particle and Radiation Detectors



lation Kinetics

000

Modeling the Scintillation Kinetics

— 6001
>
% 10° m The events were further classified
Q 400+ according to the amount of energy
S deposited in EJ232
2 2001
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Energy in EJ232 [keV]
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Scintillation Kinetics
000

Modeling the Scintillation Kinetics
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m The events were further classified
according to the amount of energy
deposited in EJ232

m The scintillation time profile was
analyzed for each class of events
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Scintillation Kinetics
000

Modeling the Scintillation Kinetics

10° ‘ %
5 ‘ | & m The events were further classified
CRCE B Rt o g according to the amount of energy
Lol | e i deposited in EJ232
s {18 S e Wy - m The scintillation time profile was
SR g analyzed for each class of events
1055 R

30 40 50 60 70 8 90 100
Time Delay [ns]

=» Experimental proof that the scintillation kinetics of heterostructures is given by the

linear combination of the scintillation kinetics of the constituent materials, weighted

by the energy deposited in each

e[—Td,i

Sn(t) = Ses(t) - Wes + Seco(t) - Wego,  with Sy(t) = - W
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N
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Scintillation Kinetics
[e]e] J

Timing vs Energy Deposited in Plastic

with: En £1232 = (Energy in E1232)/511 keV

22 Taert X 1/Engpyose ) +

210 - .

ga ( 7) e =» Linear dependency between

2 0. . . .

% 6 . ér;;r:;aisle%giﬁréejrz%yz n !Effectlve decay tlrpe (Tqef) and the

N — inverse of the fraction of energy
0.5471 0,447 0.3471 0.2'4;51 B 0.157 deposited in EJ232 (over the total

_ (Enez) 511 keV)

1801 CTR(Engjo32) o / 1/EnEJ23_z_ + m Coincidence time resolution (CTR)
-] o and the square root of the inverse of
;3160' the fraction of energy deposited in
5 ] A EJ232 (over the total 511 keV)

1401 e s Increasing energy
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Timing performances
[ 1]

CTR improvement from bulk BGO
to BGO&EJ232 Heterostructures
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Timing performances
[ 1]

Coincidence Time Resolution
=» Timing improvement of heterostructures compared to BGO via CTR measurements

High Frequency electronics’-®

Samples
1:1 Heterostructure Bulk BGO

100um

- -
1:2 Heterostructure Layered BGO

200um

3mm

’ 100um

100um

15mm

7J. Cates et al 2018 Phys. Med. Biol. 63
8S. Gundacker et al 2019 Phys. Med. Biol. 64
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Timing performances
oe

Heterostructures vs BGO

CTR[ps]® | bukBGO layered BGO 100um EJ232 200 um EJ232
All 511 keV 271 £14 303 + 15 239 + 12 197 £ 10

Shared 511keV Il /! 214 4+ 11 173+ 9
1.0 | s BUIK BGO oo ]
m— BGO & ER32 WN 15mm
0.81 All 511keV
" BGO & ER32
£ Shared 511keV
- The CTR gets worse passing 306
o 271+14
from bulk to layered BGO o ps
= 197 £ 10 ps
=» It significantly improves when g 041
introducing EJ232 2
0.21
0.0 womemen

—300 -200 -100 O 100 200 300 400
Time Delay [ps]

9F.Pagano et al 2022 Phys. Med. Bio. 67
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DOl and Light Transport
[ 1o}

Effect of Depth of Interaction (DOI) Uncertainty on Timing
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Short vs Long Heterostructures

Short 1:1

L 1:1
Heterostructure Hete?gsgtructure CTR [ps] 100 um EJ232 200 um EJ232
‘ short long ‘ short long
All 511 keV 156+8 239+12 | 1427 197 +10
Shared 511kev | 126 +6 214 +11 | 114+£6 173+9
Short 1:2 Long 1:2
Heterostructure Heterostructure
c c =» Short pixels perform about 80 ps better than long ones
£ £
” ” =» Light transport worsens with crystal length
3mm 15mm
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DOl and Light Transport
[ 1o}

Short vs Long Heterostructures

Short 1:1 Long 1:1
Heterostructure Heterostructure
Short 1:2 Long 1:2
Heterostructure Heterostructure

£ £
£ £
(2] ™
3mm 15mm

-» DOI measurements (collimated
side irradiation measurements)
to estimate CTR blurring due to
DOI uncertainty

CTR [ps] 100 um EJ232 200 um EJ232
short long short long
All 511 keV 155+8 239+12 | 142+7 197 +10
Shared 511keV | 126 +6 214+ 11 | 114+6 173+ 9

=» Short pixels perform about 80 ps better than long ones
=» Light transport worsens with crystal length

Head-On configuration

Heterostructure

Reference
crystal

DOI configuration

Reference
crystal

Na
source
Vertically
= —— moving
:oHlma(ed/

irradiation

Heterostructure

Figure: published in F. Pagano et al (2022)
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DOl and Light Transport
(o] J

Modeling DOI contribution

m DOI contribution modeled as difference 104
between the shift of time delay peak

(Adt) and the time the ~-ray takes to go , 081
from the 1%t to 5" DOI (t,) £

_"E 0.6

£ 04
2

0.24

0.0

~400  -200 0 200 400 600
Time Delay [ps]

Figure: F. Pagano et al, Phys. Med. Biol. 67 (2022)
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Modeling DOI contribution

m DOI contribution modeled as difference O 3x3x3 measured
between the shift of time delay peak 2401 O 3x3x15measured i
(Adt) and the time the ~-ray takes to go 50 | B 3X3x15 predicted
from the 1%t to 5" DOI (t,)
200
m Assuming the small pixel unaffected by 150

CTR [ps]

DOl blurring, the DOI contribution was
added quadratically to the measured 160 1
CTR of the small pixel

100um thick ER32, all 511
200um thick ER32, all 511

1404

100um thick ER232, shared 511
200um thick E232, shared 511

CTRHeadenJSmm = \/CTR\%mm + (Adt - V)Z 1201

il Lo 2

Pixel Length [mm]

Figure: F. Pagano et al, Phys. Med. Biol. 67 (2022)
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Double-sided readout
[ 29

How to compensate for DOI effect?
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Double-sided Readout

m Double-sided readout'® (DSR) allows to:

m increase the light collection

m compensate for DOI uncertainty by
averaging the timestamps of back and
front SiPM

CTR = tref _ tback ;' tfrant

=» Improve timing!

Measurements performed on a 3x3x20 mm? heterostructure with both BGO and EJ232 plates
250 um thick, purchased from CPI crystal

T0HF circuit designed at Lawrence Berkeley National Laboratory
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Double-sided readout
oe

Single vs Double-sided Readout

1.0

.. front&back

DSR individually
— total

0.8

0.6

Normalized Counts

0.4

0.2

0.0

0 2 4 6 8 10 12
Integrated Charge [nWb]

m Based on the increased light output we expect at
least a CTR improvement of 15%
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Double-sided readout

Single vs Double-sided Readout

1.0 S 1o Ph tA“ K
... front&back “» otopea
DSR individually 208 CTR 262 ps
y 08 — total § Events 34%
] 506 CTR =174 ps
8 S
5 06 go.4
5 0.4
z
0.0
0.2 —400 -200 200 400 800 1000
Tlme Delay [ps]
1.0
0.0 Shared
0 2 4 6 8 10 12 v 08 PhEotopteak l =SSR
. Integrated Ctjarge [nWb] % vents _ (DZ;: = 205 ps 42%
m Based on the increased light output we expect at g 06 CTR = 117 ps
. (7
least a CTR improvement of 15% 2
£
m The measured improvement is greater 202
=» Averaging the timestamp of back and front 0.0 - —
SiPM compensates for DOI effect* —400 -200 0 200 400 600 80O 1000

Time Delay [ps]
* Other CTR estimators were tested without further improvement. This topic will be presented in detail at IEEE MIC&NSS 2023
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Conclusion & Outlook
€00

Summary & Conclusion

Approaching a full understanding of heterostructures

S| )
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s, . Increasing energy
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160] CTR(Engzse) o \/1/Bng s 4
B 1
£ 3
wl Increasing energy
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120 —
T ie 5 I I 24 %
(T

Analytical model to
describe scintillation
kinetics and CTR
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Conclusion & Outlook
€00

Summary & Conclusion

Approaching a full understanding of heterostructures

ol 3
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- { ] 271%14 ps
T160 8 197+ 10
& 3 ps
2 0s
g + £
140 4 Increasing energy =
ot 02
120 —
T T 15 Zo 7z 2+ %%
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Time Delay [ps]

Analytical model to
describe scintillation
kinetics and CTR

Improved timing
performances
compared to bulk
BGO
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Conclusion & Outlook
€00

Summary & Conclusion

Approaching a full understanding of heterostructures

ol 3
T Taer < 1/Enpyse +
g1 \
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E] ¥
g o : P
¢ . eposted %2 —
g, “ 10 o l
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[C)
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f 271%14 ps B
Tieo 2100
Z 197+ 10ps g
£ ' 190
140 + Increasing energy o
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120 10
Ti 15 15 2027 2% 7% o 200um thck 232, nared 11
i TE, ; .
-300 -200 -100 0o 100 200 300 400 3 15
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Time Delay [ps]

Analytical model to
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Improved timing Analytical model to
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Conclusion & Outlook
€00

Summary & Conclusion

Approaching a full understanding of heterostructures

| - )
T Taer < 1/Enpyse
Y10 ,
H ()
i \ & ),
. [} Increasing energy
H . deposiced n 1252
G4 —
0.5471 0,447 0.347% 0.247 0.157
(Enes)
1801 CTR(Eng ja32) & \/1/Enp s +
Tieo 1
3 4
140 ' Increasing energy
deposied in E1232
120 —

T4 16 18 20 22 24 26
Nvizr

Analytical model to
describe scintillation
kinetics and CTR

271414 ps
197+ 10 ps

300 200 -100 0 100 200 300 400
Time Delay [ps]

Improved timing
performances
compared to bulk
BGO

° Ph lA“ k.
soulProfipeak fl
o M —

o pehared
otopeal —
200 Events | &
i

e

A

e i Dely (ps)

” 100um thick E232, shared 511
1
200um thick E232, shared 511

3 15
Pixel Length (mm]

DSR significantly
improved the CTR

=» averaging back
and front SiPM,
upto 42%

Analytical model to
describe PTS due to
DOl blurring
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Conclusion & Outlook

Outlook

Matrix of Heterostructure
with HF readout

NxN scintillators
Light guide

l l MxM detectors

=1

—— |

b S 1
< = U
bl ST (S o

m DSR gives an insight on its
performances of when using
light sharing method ' to

extract and correct for DOI
-» Measurements start soon!

10M. Pizzichemi et al 2019 Phys. Med. Biol. 64
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Conclusion & Outlook

Outlook
Matrix of Heterostructure New Techniques for Events
with HF readout Classification

NxN scintillators

Light guide

o 8o
o shor s
l l MxM detectors H P
{avay l -
o5 10

P P I

=] m Amp&Ch are not both

iﬂ available in many

\Reﬂem, multi-channel readout system

m DSR gives an insight on it.s m Coordinates transformation
performances of Whe1no using not applicable at system level
light sharing method ™ to - Machi ; ;
achine Learning algorithms

extract and correct for DOI 929

applied to different features

-» Measurements start soon! are being investigated

10M. Pizzichemi et al 2019 Phys. Med. Biol. 64
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Outlook

Matrix of Heterostructure New Techniques for Events Multi-Kernel Approach for
with HF readout Classification Image Reconstruction

NxN scintillators
Light guide

o w0
. o
l MxM detectors 5>
10 s

J—

]
4—\;—AH . Amp&Ch are nOt bOth Ef:rgym Plastic, Delecmrz%,
- i : .
'\‘— avalllable In many m Depending on how the
Reflector multi-channel readout system

energy is distributed between

m Coordinates transformation the two materials, a different
not applicable at system level CTR distribution will result '

=> Machine Learning algorithms
applied to different features
are being investigated

m DSR gives an insight on its
performances of when using
light sharing method " to
extract and correct for DOI

=» Measurements start soon!

=» It can be exploited in imaging
reconstruction using a
multi-kernel approach'2

10M. Pizzichemi et al 2019 Phys. Med. Biol. 64
" N. Kratochwil et al 2021 Phys.Med.Biol. 65

2P. Mohr et al 2022 [EEE TRPMS
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Backup Slides — Events Selection
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Backup Slides — DOI results

350
—— Head On —4— 100um ER32 DOI
—— Head On —$— 200um ER32 DOI
__lavered BGO______________ . ___.
3004
Bulk BGO
— 250
%] I
s
4
o //\
© 200 |
150
100 - . . . .
0.5 4 7.5 11 14.5

Distance from SiPM [mm]

me

15mm
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Backup Slides — DOI results

350
. . —4— 100um ER32 DOI
Going towards the SiPM, 4 550um ER32 DOI
the difference in arrival time
300 A of direct and reflected

photons increases )
and CTR gets worse Far from SiPM,
direct and reflected photons

7%°] \ take about the same time
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Backup Slides — Bulk vs Layered vs Heterostructure: Role of DOI

Comparison of the time delay peak shift between heterostructures, bulk and layered BGO
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Figure: F. Pagano et al, Phys. Med. Biol. 67 (2022)
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m In layered BGO the shift is almost
double the one in bulk BGO

m reflected in CTR degradation
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=» CTR of long heterostructures is highly
dominated by poor light transport
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