Time-of-Flight PET

| PET-Ring: Gradien,
p— < \\\\\\\\l I IMI/#

N

Gradient
]

N

IA

L=17

-
—
=
Z
Z
%

’/
""/m

L=13ns

7T
- ToF: more signal, less noise

Silicon photomultipliers in medical imaging
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Mid-2000’s: PET in the pre-SiPM era

Typical image quality of positron emission tomography (PET) in the mid-2000’s
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Today: SiPM-based PET is the state-of-the-art

Typical image quality of PET scanners using silicon photomultipliers (SiPM)
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The silicon photomultiplier (SiPM)

- a disruptive photosensor technology

1 mm-6mm
[ - e Array of many self-quenched

single-photon avalanche diodes (SPADs)
connected in parallel

e Increasingly interesting as replacement for

PMTs:
* high gain (> 109)
* high PDE (up to ~60%)
» excellent SPTR (down to ~50 ps FWHM)
e compact and rugged
 transparent to y-photons
* insensitive to magnetic fields

20 um — 100 pm

4 Dennis R. Schaart
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Single-photon avalanche diode (SPAD)

HY

e = APD

Quench Brec:kdown

Current

out
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Reverse Bias (V) Time
chd
B Reset

Above the breakdown voltage, electrons generate a Geiger discharge
* Quenched by a series resistor

* Abinary device: “on” or “off’

« Very large gain (~10°) => sensitive to single photons
« High temporal resolution ( < 100 ps for single photons)

4 ennis R. Schaa
TUDeIft ot Unversity of
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SiPM: parallel array of many SPADs

_Vbbc %
1,1 ) 1,3 1k
Lk 2k 3k] Kk
Courtesy S. Brunner (Broadcom) -
e Array of many (order 102 - 10%) SPADs
connected in parallel
R
e The combined output current is "
proportional to the incident photon flux 1
under sparse illumination conditions
f; Dennis R. Schaart Schaart 2021, Physics and Technology of Time-of-Flight PET Detectors,
TUDelft pelft university of Technology Phys Med Biol 66 09TRO1




Imaging applications: SiPM arrays

Four-side buttable arrays of SiPMs with high fill factor are nowavailable from various
manufacturers. The best devices have photodetection efficiencies > 50%, single-
photon time resolutions < 100 ps FWHM, and low dark count rate.

e BROCﬁeC[?COM® HAMAMATSU onsemi

ing everything e PHOTON IS OUR BUSINESS
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Digital Photon Counter

Frach et al, 2009 IEEE Nucl. Sci. Symp.
Conf. Record 1959-1965

Vbias Vbias
Z& 7'T DPC

cell cell
electronics electronics Digital
5_ recharge 5_
R ntgt%gc?:k H TDC P [ime
o Sower [ Energy ¥
| o 16 Si dies (4 x 4)

++ small single-photon time jitter Each Si die:

++ negligible noise at the single photon level > 1 timestamp

++ high photon detection efficiency > 4 pixels values

+ MR-compatible (no. of counts)
-I’-;U Delft See also: D. R. Schaart et al "Advances in Digital SiPMs ...,” NIM A 809, 31-52, 2016




Example of a 3D integrated digital SiPM

3D Multichannel Digital SiPM (3D MD-SiPM) 3D ES| EPFL

gl

3D FSI Architecture:
Fill factor maximization
Good blue/NUV sensitivity
Enhanced compactness

%
Jal] doj

Multi-timestamp capability

High spatial resolution
Integration heterogeneity I s iy —
== __—1--

Higher complexity = -{L

Higher cost

Jal| wopog

See also: F. Gramuglia et al. 2020 J
IEEE NSS/MIC Conf Record pp. 1-3
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Why use SiPMs in PET?



Positron Emission Tomography

Scintillation detector
ring

Positron emitting

511 keV nucleus
photon

o

Annihilation

511 keV
photon
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PET/CT

PET/CT (fused images): primary pancreatic cancer with suspicious
chest wall and mediastinum lesions

'i:;U Delft Courtesy of A.A. Lammertsma, VUmc PET Centre, and Philips




Multimodality: PET + MRI

MR/PET MR/PET

Metastasis .

e RN
_Hypophysis

[°3Ga]DOATATOC-PET tracer, marker for
somatostatin-receptor expressing tumors (SSTR2)
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PET/MR System Research

Compact PET ring in isocenter of magnet

.

PET ring & MR body coil insertion

GE Healthcare

Construction of

PET detector
block
¥
RF shield electronics T e T
Body coil former scintillator -
RF conductor
ASICs,
PET detector SiPM
design goals arrays =y &,
Measured performance &S
Timing res <400 ps
Sensitivity > 22 keps/MBq
FOV 60 x 25 cm
Spatial res 4.1 mm (axial)
Energy res <12% RF & light
shield




GE Signa SiPM-based PET/MRI system

Based on analog silicon photomultipliers (SiPMs) RF & light

shield

Crystal
array

SiPM
array

System Performance

CRT <400 ps FWHM

Sensitivity 21 cps/kBq
FOV 60 x 25 cm

Spatialres. 4.1 mm

Energyres. <12%

Dennis R. Schaart
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HYPMED: a new device for breast PET/MRI imaging

MRI-transparent PET detectors S ‘ HYPMED
integrated with breast MRI coil www.hypmed.eu

Equipped with integrated
biopsy unit

PET rings can be opened for
breast positioning and biopsy

For use in standard MRI system

_i_‘u Delft Dennis R. Schaart % | HYPMED

Delft University of Technology




PET performance requirements

Important requirements in clinical PET:

Tracers, with high specificity, readily available, and affordable

Low radiation burden

Short scan times

Flexibility (e.g. combinations of imaging and therapeutic modalities)
Cost-effectiveness

Technologically, this necessitates:

High system sensitivity (cps/Bq)

High spatial resolution and DOI recovery => high sensitivity!
Quantitative accuracy and reproducibility (< 5%) => high sensitivity!
Compact, flexible, scalable, and cost-effective detector technologies

%
TUDelft
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Time of Flight PET Systems

Conventional PET/
ToF off
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- ToF: more signal, less noise
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A FOM for rational detector design

system geometrical efficiency
X patient diameter

/

2 ngeom D
FOM ;.. =
det Tldet S Af

/ [ N\

time resolution (specified
in terms of the system
total cost of detectors coincidence resolving

time: CRT)

detection efficiency

Dennis R. Schaart Schaart 2021, Physics and Technology of Time-of-Flight PET Detectors,

]
TU Delft Delft University of Technology Phys Med Biol 66 09TRO01




The first TOF-PET systems

e Commercial TOF PET/CT scanners based on PMTs
available from several manufacturers since 2006

« Coincidence resolving time (CRT): 500-700 ps FWHM

PMT-based
PET detector

Philips Gemini TF GE Discovery 690 Siemens mCT

4 Dennis R. Schaart
TU Delft Delft University of Technology




Faster is better

Dennis R. Schaart
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Scintillation detectors and time resolution

Scintillation Electronic
photons signal

Gamma
photon

/\/\/\/\/> Scintillator Photosensor Electronics
—>

4 | \ \ Ener
e x N

Time
—

Emission Crystal Photosensor Electronics

 Lightyield <« Optical transfer * Photodetection * Noise

* Decaytime efficiency (OTE) efficiency (PDE) * Bandwidth

* Risetime e Optical transfer * Single-photon time ¢ Transient
time spread (OTTS) resolution (SPTR) response

 Crosstalk
e Dark counts

Dennis R. Schaart

-i-;u Delft Delft University of Technology D.R. Schaart et al, Time-of-Flight in Perspective, IEEE TRPMS 5, 598-618, 2021




SiPM equivalent electrical circuit

active passive parasitic ¢y Diode capacitance
I I I I o | C, Parasitic capacitance per SPAD
C C Parallel capacitance of R
R|| ¢ w._ -DR L N -I)C . ; P :
q q spads q spads q 4l (f) .
mn i () Current through Ry,
D Nepads Number of SPADs in SiPM
< } padsCrm |:| R R, Internal resistance of diode
Rt Input resistance of readout circuit
R, Ci= (Nt~ DCy == R, Resistance of quench resistor
+ .
V) T A Vs Reverse bias voltage
VV J: | Breakdown voltage
o l V,=V,-V,  Voltage-over-breakdown

’; Dennis R. Schaart Seifert et al 2009, Simulation of silicon photomultiplier signals,
TUDelft oeift university of Technology IEEE Trans Nucl Sc. 56 3726-33




SiPM single-SPAD response

0.08
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SiPM single-SPAD response (SSR) of a typical SiPM for R, = 10Q2 (black), 22Q (red),
50Q2 (green), and 100Q2 (blue), calculated using the model of Marano et al, IEEE
Sensors J. 14, 2749-2754, 2014.

f; Dennis R. Schaart Schaart 2021, Physics and Technology of Time-of-Flight PET Detectors,
TUDelft et university of Technology Phys Med Biol 66 09TRO1




Signal shape of scintillation detectors
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Left: the SER of a typical fast PMT, calculated according to Hyman 1965 (black) and the SSR of a
typical SiPM, calculated according to Marano 2014 for R,, = 5C2 (green) and R, = 50Q2 (red)

Inset left: the emission function of scintillator with 100 ps rise time and 40 ns decay time

Right: the output current, i.e. the convolution of the scintillation pulse and the SER of a PMT-based
scintillation detector (black) or the SSR of a SiPM-based detector (green: R, = 5€2; red: R,, = 50Q2)

% Dennis R. Schaart Schaart 2021, Physics and Technology of Time-of-Flight PET Detectors,
TUDelft et university of Technology Phys Med Biol 66 09TRO1




Siemens Biograph Vision PET/CT system

Based on analog silicon
photomultipliers (SiPMs)

AR b
“I13CNI1297~ i

System Performance
215 ps FWHM
e

100 cps/kBq

CRT

Eff. sensitivity

FOV 26.3 cm
_ Spatial res 3.7 mm
PMT-based SiPM-based
Energy res ~10%

detector detector

4 Dennis R. Schaart ;
TU Delft Delft University of Technology Images. siemens.com




The End

... or just the beginning?



DOI-dependent signal delay in crystal

] ] o Photomultiplier  3x3x3 mm 3x3x30 mm
Depth-of-interaction (DOI) variations Tube . LSOCrystal LSO Crystal

deteriorate timing resolution = @
[ e %6 Source
| 4
Y Yz
1 gamma
photon
P M b speed: C 400 Etched
w
o
r } o 300 -
4 4 - 200 P E
, o _g 100 o Polished ]
scintillation % (mean width = 369 ps) ]
l photon ﬂ ........ i e i...u.......,: ............ .. .......... _:
: ” 5 0 5 10 15 20 25 .30 35
Speed' ¢ / n Distance from PMT (mm) _
& | v WW Moses and SE Derenzo

photosensor IEEFE Trans. Nucl. Sci, 46, 474-478 (1999)
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Monolithic scintillator detectors

Monolithic scintillator operating principle

X
| front | - |
crystal
| | |
SiPM array back measured light

distribution

\

ARYA

| |
y4
32 mm X 32 mm X 22 mm l
monolithic LYSO:Ce

crystal on digital silicon

I
photomultiplier (dSiPM)
aray /\ /\ A

% See e.g.: A. Gonzalez-Montoro et al., IEEE Transactions on
TUDelft Radiation and Plasma Medical Sciences 5, 282-305, 2021




Performance summary

A practical detector for PET/CT and PET/MRI with high spatial
resolution, excellent CRT, and high detection efficiency

Performance parameter BSR* DSR** 3x3x5 mm?
monolithic monolithic  crystal***

Energy resolution ~10% ~10% ~10%
Spatial resolution 1.7 mm 1.1 mm N/A 32 mm x 32 mm x 22 mm
_ commercial-grade
DOI resolution 3.7mm 2.4 mm N/A LYSO:Ce with double-sided
Coincidence resolving time 214 ps 147 ps ~135 ps 2 (DSR) dSiPM readout
S ——
45210 10 g
| — : | [l
| PSF : | CRT A
. 22 g 6 % st
g2 1.1 mm S s DOI B 147 ps
S 2t E 5 p
£+ £l
L5¢ 5l . A
1} 5 /v"v‘\—\ 2t
0.5 1 | 1
0_5 (I) 5 00 2 ;1 6 8 1l0 1I2 1‘4 1'6 [‘8 2.0 22 -400 »360 -260 -160 6 160 200 360 400
depth of interaction (mm) time difference (ps)

x/y error (mm)

* G. Borghi et al, Phys Med Biol 61, 4904—4928, 2016

-i-‘ UDelf Dennis R. Schaart ** 3. Borghi et al, Phys Med Biol 61, 4929-4949, 2016
elTt  Delft University of Technology **+ J Y. Yeom et al, Med Phys 41, 122501, 2014




The holy grail: “10-picosecond PET”

With a CRT of ~10 ps events an be localized directly:

* image reconstruction no longer necessary!

* real-time image formation feasible

* makes TOF imaging applicable to small subjects (e.g. mice, rats)

detector 1 tl
— position x along LOR
> /\ Ax=c-CRT /2
Aim: Ax<d
Tube or Line of a % detector | ¥ = CRT <L2d/c
Response (LOR)
Clinical PET:
SCINT 2mm < d < 4 mm
12011 = CRT £20 ps

-i-;u Delft g:ﬂ?ﬁnifv::]tzac:‘ Technology Schaart, “Scintillator needs for sub-100 ps PET,” SCINT 2011




Scintillation detector timing is governed by photon
counting statistics

(y-)Source — — K
Emission

Emitted Particle ___

(y-Photon) .
Absorption
Scintillation —s Emission of a finite number of
Crystal scintillation photons in a
finite amount of time
Detection of optical photons
Sensor >

Electronics

Dennis R. Schaart
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optics

Overview of relevant processes and parameters

optoelectronics N, Number of photons arriving at photosensor

loss

Number of detected photons
Number of emitted photons

Photosensor illumination function

NC NB

_________ Detected photon distribution

oy

Photon emission function

I

1

| . .

! scintillator
I

I

emission! transfer

Optical transfer time distribution
readout
Single-photon timing spectrum (SPTS)

detection

Optical transfer efficiency (OTE)

P, 1O) | p®

probability

ptp d(t) Py | (t) Mpd Photon detection efficiency (PDE)

O] True time of interaction

® time time

time S Estimated time of interaction

Py = p (t|O)xp, ()* Ptyg 0 = p ([O)*p, (1) Ptians (D= I_ P (1=1']©) Prg (1 ) dr’

Transfer time distribution of information carriers

Dennis R. Schaart

]
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Schaart 2021, Physics and Technology of Time-of-Flight PET Detectors,
Phys Med Biol 66 09TR01




Cramér—Rao lower bound on CRT (CRT,g)

1.2

1.

0.8}

Parameters determining CRT, g:

0.6

0.4}

Normalized Signal

« Scintillation light yield Y

0.2

0

* Photodetection efficiency (PDE)

-50 0 50 100 150 200
time (ns)

« Scintillation pulse shape (emission function):

— For example, bi-exponential pulse with rise time constant 7_._. and

11SC
decay time constant 74,,

* Probability density function describing single-photon timing uncertainty:

— includes optical transit time spread (OTTS), single-photon time
resolution (SPTR) of sensor, trigger jitter, etc.

% Dennis R. Schaart S. Seifert et al, “The lower bound on the timing resolution of scintillation detectors,”
TU Delft Delft University of Technology Phys Med Biol 57, 1797-1814, 2012




Some essential findings from timing theory

Lower bound on the coincidence resolving time (CRT g):

1 : \

CRT, o< F, with NV, the no. of detected photons
T
‘ > CRT,, oc , |—2
PDE-Y

z-rise << z-decay N SPTR << z-decay — C];{TLB o Tdecay )
Only 1f the previous condition does not apply:
..+ = CRT ¥ and/or: SPTR \ = CRT,, <

Dennis R. Schaart Schaart 2021, Physics and Technology of Time-of-Flight PET Detectors,

]
TUDelft pert University of Technology Phys Med Biol 66 09TRO1




Lower bound on the CRT of LSO:Ce,Ca

Schaart et al ~2011;
CRTcr g ~110 ps
CRTexp ~125 ps

SCINT
2011

Prediction (2011):
‘CRT <100 ps s
feasible with further

improvement of SiPM
PDE and SPTR”

SPTR: 16 (ps)

0.2 0.4 0.6 0.8 1
Photodetection efficiency (PDE)

Lower bound on the CRT of LSO:Ce,Ca + MPPC as a function of PDE and TTS

6 Dennis R. Schaart Ue iy »”
TU Delft Delft University of Technology D.R. Schaart, “Scintillator needs for sub-100 ps PET,” SCINT 2011




Lower bound on the CRT of LSO:Ce,Ca

Schaart et al ~2011;
CRTcr g ~110 ps
CRTexp ~125 ps

SCINT
12011

SPTR: 16 (ps)

Gundacker et al 2019:
CRTCRLB ~5O pS
CRTEXP ~6O pS

0.2 0.4 0.6 0.8 1
Photodetection efficiency (PDE)

Lower bound on the CRT of LSO:Ce,Ca + MPPC as a function of PDE and TTS

6 Dennis R. Schaart Ue iy »”
TU Delft Delft University of Technology D.R. Schaart, “Scintillator needs for sub-100 ps PET,” SCINT 2011




Best CRT with tiny LSO crystals to date

*  Two 2 x 2 x 3 mm3 LSO:Ce crystals codoped with 0.4%Ca in coincidence

* Read out with NUV-HD SiPMs from FBK (PDE ~60%, SPTR ~70 ps FWHM)

1.5 GHz bandwidth readout electronics (with corresponding high power dissipation)

* Lots of expensive digital readout and signal processing equipment

=> Results not very scalable, but showing that CRT a CRT of ~60 ps FWHM is physically possible!

Crystal ;
Energy Ynergy 5,300 | 300 i i .
¥ e CTR = 57.2 ps +(-}3ps FWHM
“Na $ 200 |
2 ,» 250
i E 100 - =
. 3 200
400 600 800 1000 1200 1400 1600 O
left pulse area [a.u.] 5 150
o 00 [ | ' i 3100
€ 200 E
T Z 50
8 100
- 0
0 :
400 600 800 1000 1200 1400 1600 50 0 50 100 150 200
right pulse area [a.u.] AT [ps]
(a) (b)

Figure 3. (a) In the CTR setup we readout the energy signal separately from the time signal to maintain highest time and energy
resolution. (b) Example of measured energy spectra and photopeak selection with resulting delay time histogram and Gaussian fit
giving the CTR in FWHM.

s Dennis R. Schaart Gundacker et al 2019, High-frequency SiPM readout advances measured
TUDelft peltt university of Technology coincidence time resolution limits in TOF-PET, Phys Med Biol 64 055012




R scinT
12011

CRT values obtained with current scintillators and SiPMs are close to the
lower bound imposed by photon counting statistics
= further improvement only possible by decreasing the lower bound

Conclusions (2011)*

Key enablers required: CRT < 20 ps in principle feasible

1. Bright (>> 103 ph/MeV), ultrafast
(~ 1 ns) scintillation materials

2. Ultraprecise (SPTR << 100 ps),
highly efficient (PDE — 1) photon
counters

3. Detector design mitigating optical
transit time spread (<< 100 ps)
while maintaining high gamma
detection efficiency (— 1)

= None of these are available yet, 2000 4000 6000 8000 10000

but none are physically impossible Light Yield (photons/MeV)
-i-;u Delft ggﬂ:‘{fn?\;;‘;:‘t;a; Technology * D.R. Schaart, “Scintillator needs for sub-100 ps PET,” SCINT 2011




SCINT
2011

CRT values obtained with current scintillators and SiPMs are close to the
lower bound imposed by photon counting statistics
= further improvement only possible by decreasing the lower bound

Conclusions (2022 update)

Key enablers required: CRT < 20 ps in principle feasible

1. Bright (>> 103 ph/MeV), ultrafast
(~ 1 ns) scintillation materials

2. Ultraprecise (SPTR << 100 ps),
highly efficient (PDE — 1) photon
counters

3. Detector design mitigating optical
transit time spread (<< 100 ps)
while maintaining high gamma
detection efficiency (— 1)

= [ltems 2 and 3 are available; we are 2000 4000 6000 8000 10000

still looking for the scintillator (1) Light Yield (photons/MeV)
] Dennis R. Schaart Figure: D.R. Schaart, “Scintillator needs for sub-100 ps PET,” SCINT 2011
TU Delft Delft University of Technology A ’ ’




Other types of emission?

Cherenkov effect

CONDUCTION BAND

Thermalization of

““““ ElﬂE_Ei“ Capture of electrons
and holes by different

(i ) i Interaction of
N E:IEE‘ ET]I:E:“‘ excitations Emission
Ppmg. ete. c—=c+hy

[ o i e N

VALENCE BAND

Auger proc ) ph h—V, + ph
....... «Hieraseedn s 7e] A """4‘ £V
Thermalizatiodtof
holes

E, CORE BAND |

E, ! b ! b | N
+tAE. g6 1014 10-12 10-10 10-%sec ¢

seC 220 20 seC

4 Dennis R. Schaart 1y

TU Delft Delft University of Technology Based on: Vasil ev, SCINT99




Best result with Cherenkov radiators so far

Lead glass (11 mm¢ X 3.2 mm)

MCP (Cherenkov radiator)
Black tape
| Photocathode

Pb collimator | 3
l 80
N I
_7'§ A — aGO—
| S |

i - 30.1+ 2.4 ps
P
40+
50 mm g i

S
10 mm i
20
Coincidence arca i
Keysight DSO-404A | [T/~ |/ i p L ;’IIHL
(4ZGHZ’20GS/S) aoabl el bl L0y i b Bl v L O e
0O 00 Y5 26 27 28 29 32 33 34 35
+ 4 Time dlfference (ns)

Dennis R. Schaart

]
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Ota 2019, Coincidence time resolution of 30 ps FWHM using a pair of
Cherenkov-radiator-integrated MCP-PMTs, Phys Med Biol 64 07LT01




Best result with Cherenkov radiators so far

*  MCP-PMT window replaced by 3.2 mm thick lead glass Cherenkov radiator

* Covered with black tape to suppress reflections

* 4.2 GHz bandwidth readout

e Event selection: events with max. no. of Cherenkov photons only

=> T4e: VEry low, but results show that a CRT of ~30 ps FWHM is physically possible!

~  Pulse area window 1  Pulse area window 18 "z 003 a0l
- {0-0.015 Vns) (0.2125-0.3625 V-ns) 3 i
- A p =
1 g = -
E
I 1 -
200_ : 0 g el
- | 3 = St
% ; : 7 oo G E [ 30.1+24ps
O = = 2 a0l
1001 | £ o2 3|
» : E, I O F
— | 3 E
1 = 20
L i 30 [
L | R
0 L1 T R R N T RO .| [aW -
0 0.01 0.02 0.03 0.04 T T s T '25'| Y5 26 27 28 28 3 31 32 33 34 35
Pulse area (V - ns) Timing pick-off threshold (%) Time difference (ns)
% Dennis R. Schaart Ota 2019, Coincidence time resolution of 30 ps FWHM using a pair of
TUDelft peltt university of Technology Cherenkov-radiator-integrated MCP-PMTs, Phys Med Biol 64 07LT01




A FOM for rational detector design

system geometrical efficiency

X patient diameter

/

2 ngeom D
FOM ., =
det Tldet S Af

/ [ N\

detection efficiency

CRT

total cost of detectors

Dennis R. Schaart Schaart 2021, Physics and Technology of Time-of-Flight PET Detectors,

%
TUDelft pelft university of Technology Phys Med Biol 66 09TR01




Faster is not always better...

4 Dennis R. Schaart
TU Delft Delft University of Technology




A FOM for rational detector design

system geometrical efficiency

\ patient diameter

/

Noeom D
FOM ;.. = n3. —&
det Tldet S Af

/ [ N\

detection efficiency

CRT

total cost of detectors

Dennis R. Schaart Schaart 2021, Physics and Technology of Time-of-Flight PET Detectors,

%
TUDelft pelft university of Technology Phys Med Biol 66 09TRO1




e
—3

Total-body P]

Conventional PET system Total-body PET system

’; Dennis R. Schaart . i
TU Delft Delft University of Technology https://explorer.ucdavis.edu/



https://explorer.ucdavis.edu/

Total-body PET

Cost: ~$12M for first prototype, mainly
determined by LYSO-based detectors

5 Dennis R. Schaart
TUDelft  peift University of Technology Berg et al, Total Body PET Workshop, Sydney 2018



A FOM for rational detector design

system geometrical efficiency

X patient diameter

/

2 ngeom D
FOM ., =
det Tldet S Af

/ [ N\

detection efficiency

CRT

total cost of detectors

Dennis R. Schaart Schaart 2021, Physics and Technology of Time-of-Flight PET Detectors,

%
TUDelft pelft university of Technology Phys Med Biol 66 09TR01




A closer look at good old BGO

SIiPMs enable taking timestamp from Cherenkov, energy from scintillation signal

—h
Q

102

Normalized counts [a.u.]

Cherenkov

BGO luminescence response to
511 keV annihilation photons

* TCSPC using Philips DPC

* BGO (3 x 3 x 5 mm?3) in coincidence with

LSO:Ce:Ca (83 x 3 x 5 mmd)

* Event selection for 511 keV (start and stop)

o]
TUDelft

S.E. Brunner

Time-delay £0.4

0.2

0

IEEE NSS/MIC 2016

'\120 ps (10% 90%);

T :
020406081 12141618
Time-delay [ns]

22



Non-Gaussian timing spectra due to Cherenkov statistics

500 -
15mm length crystals ___ICTR Distribution
. — Lorentzian Fit
at 40 V & Optimum f\ — Gaussian Fit
400 | Threshold / \ Cherenkov-Cherenkov timing
300 Z
200! — +— ~280 ps FWHM Cherenkov-scintillation timing
1005 Scintillation-scintillation timing
0 [ ﬂ\ I =1
1 -08 -06 04 -02 0 02 04 06 08 1 See also e.g.: _
Time Difference (ns) . 2.11.|_K3vgon et al 2016 Phys. Med. Biol.
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Photon-Counting CT (PCCT)

Energy-resolved X-ray detection enables tissue-resolved CT imaging

Clinical PCCT image,
Siemens NAEOTOM Alpha Erasmus Medical Centre,
photon-counting CT scanner Rotterdam, the Netherlands

Dennis R. Schaart

]
TU Delft Delft University of Technology




Photon-Counting CT (PCCT)

- Energy bin 4

- Energy bin 3

Detector signal

: Energy bin 2

Photon-counting detectors instead of energy-integrating
detectors
« Count individual photons & assign them to an energy bin

- Energy bin 1

- Electronic noise

—
BN
e

* Many advantages: ‘The more information, the better’

Challenges?
- X-ray absorption efficiency (energies < 150 keV) 1 : 1

Detector signal
Detector signal

 Pulse pile-up (fluence rate > 100 Mcps/mm?) ]

® | X-ray

PCCT currently based on direct-conversion detectors

« CdTe/CZT: costly production; limited no. of manufacturers 4o Electric field
Silicon: os)
CdTe

- Low density (2.3 g cm3) and atomic number (14) [2] __ T ; pixeatec
i(t)
Fast pulses & pixel miniaturization

Cathode

4 Dennis R. Schaart
TU Delft Delft University of Technology




SiPM-based PCCT? -

Scintillation
crystal
Scintillation
photon

Silicon photomultiplier (SiPM)

. Optical
isolation
Light
sensor

= 1.0 x 1.0 mm? prototype from Broadcom Inc.

- Ultrafast single-SPAD response: T,ecpaqe = 7-10 NS F

Crystals:
0.9 x 0.9 x 1.5 mm3Lu, Y, ,SiO;:Ce (LYSO:Ce)
. 3.0 mm CdTe equivalent absorption efficiency
. Thecay = 33 NS; positron emission tomography
0.9 x 0.9 x 4.5 mm3 YAIO;:Ce (YAP:Ce)

. 1.5 mm CdTe equivalent absorption efficiency

. Tiecay = 29 NS; commercially available material
Single-pixel detector prototype
] i . .
TUDelft gg:}:‘ﬁn*?v:z‘t;a; Technology S. Van der Sar et al, SPIE Medical Imaging 2022




Estimated incident count rate (Mcps/pixel)

120 5 10 15 20 25 30
T T T T T T T T T T T
—5-30 keV threshold, p-like counting | <"
e S l I t S ——15 keV threshold, p-like counting
30 keV threshold, np-like counting .
,_\10 [ —6—15 keV threshold, np-like counting 1 / Inp = 1 0 MCpS/pler —;
T*\ - - -ideal counting
x v
Am-241 § 8l 1/t,,= 8 Mcps/pixel —>_
5000 =
® e
= 6 .
= .
o 4000 60 keV 5 .
= 11-22 keV | e J 4.5 Mcps/pixel
-] 0>J 4+ /, _
8 3000 5 .5 Mcps/pixe
N Ke)
o O ) y
= [ 5
& 2000 LYSO
e 7 7
3 oc# I I I I I I I I
= 1000 0 2 4 6 8 10 12 14 16 18 20
Tube current (mA)
0 Estimated incident count rate (Mcps/pixel)
0 20 40 60 80 12° 5 10 15 20 25
Pulse hEIght (mV) —5—30 keV threshold, p-like counting /’ 1/ Inp =12.5 MCpS/piXG'
—7— 15 keV threshold, p-like counting
5000 T =10 L 30 keV threshold, np-like counting _ . E—
SiPM dark counts (noise) _g 10 —e—js keV thrgshold, np-like counting 1 / Inp = 10 MCpS/pI el D
% - - -ideal counting
@ 4000 60 keV 2 o 7 |
c | = J
3 11-22 keV 3
g %00l =6 g 5.5 Mcps/pixel
S YAP *g ‘ <+— . cps/pixe
)
82000 s
e 3 4r
> % J
< 1000 f @
O 2r
. | YAP 7
60 80 0 . 1 I I I I I I I I
0 2 4 6 8 10 12 14 16 18 20

Pulse height (mV)

Tube current (mA)

] | . .
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hank you!



	Slide Number 1
	Mid-2000’s: PET in the pre-SiPM era 
	Slide Number 3
	The silicon photomultiplier (SiPM)�		 - a disruptive photosensor technology
	Slide Number 6
	SiPM: parallel array of many SPADs
	Slide Number 15
	Digital Photon Counter
	Example of a 3D integrated digital SiPM
	Slide Number 19
	Slide Number 21
	PET/CT
	Slide Number 32
	PET/MR System Research
	Slide Number 34
	Slide Number 35
	Slide Number 37
	Slide Number 38
	A FOM for rational detector design
	Slide Number 40
	Faster is better
	Scintillation detectors and time resolution
	SiPM equivalent electrical circuit
	SiPM single-SPAD response
	Signal shape of scintillation detectors
	Slide Number 77
	Slide Number 97
	Slide Number 98
	Monolithic scintillator detectors
	Performance summary
	Slide Number 118
	Slide Number 119
	Slide Number 120
	Slide Number 121
	Slide Number 122
	Slide Number 123
	Slide Number 124
	Slide Number 125
	Slide Number 154
	Slide Number 155
	Slide Number 156
	Slide Number 157
	Slide Number 158
	A FOM for rational detector design
	Faster is not always better…
	A FOM for rational detector design
	Total-body PET
	Total-body PET�
	A FOM for rational detector design
	Slide Number 274
	Non-Gaussian timing spectra due to Cherenkov statistics
	Slide Number 280
	Photon-Counting CT (PCCT)�
	Photon-Counting CT (PCCT)�
	SiPM-based PCCT?
	Results
	Slide Number 440

