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e Brief introduction about Positron Emission Tomography (PET)

e Long axially oriented crystals :
What is it ? Why?

e The AX-PET Demonstrator
Fully operational demonstrator for a PET scanner

Detector concepts
AX-PET modules
AX-PET performance

Simulations
Tomographic image reconstruction (phantoms and small animals)

e Studies of long axial crystals readout with digital Si-PM
Timing performance
Axial resolution

e Conclusions

dSiPM readout : timing, axial res.

Intro Axial concept AX-PET Demonstrator: description , performance , simulations, tomographic reconstruction



Positron Emission and Annihilation

» basis of the PET system Positron Emission : p—on+e + v,
» B* decay of different radionuclides
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» Positron Annihilation : € € — 7Y @

2 photons emitted
»“back - to - back”
» Ey = 511 keV

Physics of the positron annihilation => fundamental limits to the PET spatial resolution

» Finite positron range (p)
annihilation position # emission point
p depends on the energy of the positron (i.e. on the radioisotope)

» Non-collinearity of the 2 photons
residual momentum of the e+e- at the annihilation
the 2 photons are emitted with a small deviation from 180° (A6 ~ 0.5°)
blurring of the spatial resolution R_FWHM ~ 0.0022 x D [mm]
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Positron Emission Tomography (PET): What is this ?

PET : nuclear imaging technique for “in-vivo” functional imaging
routinely adopted :

- clinical applications (e.g. tumor diagnosis, neuroscience...)
- preclinical (i.e. small animals) applications (e.g. cancer research, tracers developments, pharmacology kinetics...)

LOOKING LISTENING THINKING REMEMBERING WORKING

-
Olnciaence
rocessing Unit '

A.Del Guerra, CERN Academic Training 2009

radiotracer : positron emitter labelled molecule

(4)

(1) Inject the radiotracer into the body

(2) Wait for uptaking period

(3) Start the acquisition (i.e. detection of coinc. events)
(4) Feed the data into the reconstruction algorithms

(5) image of the activity concentration

PET detector principle : detection of several 2-y coincidences
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Axial arrangement of crystals in a PET

Conventional radial arrangement Novel AXIAL arrangement

Which is the advantage of axially oriented crystals?
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Axial arrangement of crystals in a PET

Conventional radial arrangement Novel AXIAL arrangement
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e parallax error e sensitivity <=> nr of layers
_ _ _ e spatial resolution <=> crystal cross-sectional(Xx,y) size
e compromise between spatial resolution and
sensitivity (length of the crystal) e decoupled sensitivity and resolution
e Depth Of Interaction (DOI) techniques required e need to define the axial(z) coordinate
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The AX-PET detector concept : Axial coordinate definition

e AX-PET : axial coordinate definition using arrays of Wave-Length Shifting (WLS) Strips

e technique from calorimetry in High Energy Physics
511 keV

: . photodetector
reflective Al coating (SiPM)

WLS strips
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e WLS strips to detect the scintillation light that escapes
the crystal corresponding to the interaction point.
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e few WLS interested by the event
<N_strips> ~ 3
measured total light yield ~ 100 pe
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e center of gravity (CoG) => z (axial) coordinate
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e AX-PET detector : matrix of staggered layers of scintillator
crystals and WLS strips arrays

e crystals and WLS strips
=> 3D localization of the photon interaction point
crystal position => (x,y) ; WLS CoG => z

e crystals => energy measurement (small scale calorimeter)
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Choice of detector elements

SCINTILLATOR CRYSTALS :

e Inorganic LYSO (Lu1.8Y0.2S105: Ce, Prelude 420 Saint Gobain) crystals

e high atomic number (Z_Lu = 71)

e high density (p=7.1g/cm?)
e quick decay time (T = 41 ns)

e high light yield (32000 y / MeV)
o A @511 keV ~ 1.2 cm

e non hygroscopic

e3x3x100 mm3

WAVE LENGTH SHIFTING STRIPS (WLS) :
e ELJEN EJ-280-10x
e highly doped (x10 compared to standard) to optimize absorption
e \_optical = (188 +/- 36) mm [measured!]
¢ 0.9 x 3 x40 mm?3

mirror coated side

- e -

photodetector side

TA Ein%

100
90
80
70
60
50
40
30
20
10

'\ WLSstrip0.9mm /"y R
. EJ-280-10x e -\
\ , -
\ . \ _corr [%)
‘ /\ / .
\ ‘ ¢ = =4==LYS50 emission
) o— 0.9mm Refl
f \ ! 1‘. ’
, ’,"\.\ ’ l
\ / ¢’ ‘\z
/ \‘ . /’1 ) /\\‘
-/ N
4 N
/ /1 \ \\
,I - *'\ ‘‘‘‘‘‘ —
/’ .........
300 350 400 450 500 550 600

wavelength in nm

Intro  Axial concept

AX-PET Demonstrator: description , performance , simulations, tomographic reconstruction

dSiPM readout : timing, axial res.



Photodetectors

Each LYSO crystal and WLS strip is individually readout by its own photodetector (1:1 coupling)

Silicon Photomultipliers (SiPM) :

» array of commonly biased APD used in Geiger mode

» output : analogue sum of all the firing APD cells for crystals for WLS
Quench k: ) f ) L ( ) y
\L Tt ~ 1000pe | ~10- 50 pe
Sl e = = LLELLLL i
GM-APD Q | pagey Q
4 MPPC $10362-33-050C:  MPPC 3.22x1.19 Octagon-SMD :
2Q ¢ 3x3 mm? active area ® 1.2 x 3.2 mm? active area
® 50 um x 50 pum pixel ® 70 um x 70 pum pixel
» excellent photon counting capabilities V * 3600 pixels ® 782 pixels |
. . c 6 . e custom made units
» high gain (10° to 10°) at low bias V (~ 70 V) +/
» advantages of a Si sensor: T —
} hlgh QE \/ (l\\l..l \ : O S
\/ type S10362-33-050« custom tailored =)
> Fompa_c_tness . charge gain G b-10° | - 10° g E
» insensitive to magnetic field (MRI comp.) +/ 1C1dV 55. 104 V-] 110. 10 V-! g 2
noise rate at 0.5 pe 4.7 MHz 3.2 MHz = £
» temperature dependent '\/ noise rate at 1.5 pe 0.9 MHz 0.5 MHz o o
X
» dark rate (~ 1 MHz @ thr = 0.5 pe) v <

[able 1: Main characteristics of the MPPCs. Gain and noise rates refer to
temperature ol 25°(
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The AX-PET Demonstrator

Goal of the collaboration:
Build and fully characterize a "demonstrator” for a PET
scanner based on the axial concept. Assess its performances.

Demonstrator : Two identical AX-PET
modules, operated in coincidence.
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MODULE :
e 6 layers
e 8 crystals / layer
e 26 WLS / layer
e 48 crystals + 156 WLS = 204 channels
e all channels individually readout by SiPMs
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AX-PET Detector performance

e characterization measurements Methods and results :

e individual module characterization (+ tagging crystal) P. Beltrame et al, NIM A 654 (2011) 546-559
e two-modules coincidence characterization

with point-like 22Na source (diam = 0.25 mm, A~900 kBq) , @ CERN

i Pl
ingle module o
Shg 0. u ; b characterization
characterization -
, moving of modules
station

in coincidence

2-D

moving
station e

- two different taggers
- different distances tagger / source / module
=> both uniform illumination of the module and precisely collimated beam spot

Intro Axial concept AX-PET Demonstrator: description , performance , simulations, tomographic reconstruction dSiPM readout : timing, axial res. 10



Energy spectra and resolution

one LYSO crystal, typical Energy spectrum (22Na) Energy calibration
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Spatial resolution

1. trans-axial direction : digital, from crystal size
Rx,y= (3mm/\/12)x2.35 ~ 2 mm FWHM => RZmods n Rx,y/'\/z ~ 1.44 mm, FWHM

two modules coincidence

2. axial direction (two detector coincidences) :
axial coordinate : from center of gravity method (continuous distribution)

SIDE View - d(Mod1,Mod2) = 150 mm | | Z_projection with X=0.00 | Z_proj
Entries 20000
100 1200 Mean 0.1968
£ B RMS 1.104
N [ x2/ ndf 53.9/21
1000 Prob 0.0001019
° : Constant 1125+ 11.7
Intersection of the LOR :
00 Sigma  0.6485 + 0.0064

with the central plane.

600

confocal reconstruction

4°°% of the source
ZOOE ﬁ M \
-100 s
-100 -50 0 50 X}g% | 9% 5 0 5 2 n:]o
Rintr = v/ R2,..( — R2 — R2, }% 1.35 mm, FWHM
ntr — mea P 1804 == /4
‘ & two modules coincidence
o limits to the achievable spatial resolution in a PET system, due to the

physics of positron emission :
epositron range : R,? =[ 0.54 mm J?
enon collinearity : Rigo?= [ 0.0022 x Diameter ]2 = [ 0.33 mm ]2
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Parallax free demonstration

parallax error is more and
more important outside the
center of the FOV

face-to-face

Intersection of LORs with the plane containing the source

axial — trans-axial _
o Entries - 226472 - Y—p rol
14000~ Mean 0.07255 50000~ Entries 226472
12000F RMS 0.9407 F
= N C
3 X"/ ndf 438/22 40000~ Mean -0.079
10000~ Prob 0 C
- Constant 1.264e+04 = 3.845e+01 C RMS 0.8928
8000~ Mean 0.07968 = 0.00172 30000
E Sigma 0.6546 = 0.0018 F
6000 20000~
4000f- : axial transaxial
C 10000~
2000F- C
0 2 3 I 2 0 - ' 2 [ ' 'l
-4 -2 0 2 %rmm'l -4 -2 0 2 Ql'rmm'l
Z_proj i
= Entries 2875919 Ly Y_prOj F2F 0—0.655 RMS—0893
160~ Mean 0.1839 350 Entries 2875919
140 :_ RMS 0.9481 300
120E- 2 I ndf 1540/ 21 Mean -44.65
3 250
= Prob 0
3 .9086 - —
100 = Constant 1.62e+05 = 1.39e+02 200 RMS 0.90 O B L 0-—0.64 3 RM S _0.909
80~ Mean 0.1946 = 0.0005
60 E_ Sigma 0.6431 = 0.0005 150
sof- 100
20 :_ 50
) N— ; % ; R A T A VR
-4 -2 0 %[mm] V‘[mm

Intrinsic resolution is not degraded by parallax effects, even in very oblique configuration !
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Inter Crystal Scattering (ICS) Events

photoelectric absorption on both modules

“GOLDEN” events E <501 kev| [E2
gy -~ 43% -0 photoelectric absorption v
A naugns gugugs SoHAH
)y B | O L= 5005 I I Q----==- ol =0
el et R RSr CIFEISOA :=2599’ C O =05
By Syly Byl CHOEE ompton MM
LUeHaH0 HeHEaH0 L eUEHE scattering =505
E=511 keV E=511 keV E=5I1 keV E I+E 2=5II keV

» high granularity in the module

» good energy resolution => Possibility to tag inter-crystal scattering events

include them reject them

in the reconstruction

| the ec? st. uctio - = | EE
Ol - e e e =] " RRSEPEEPPEEEEEE

(if correctly identifiable) @@EEEE e | g

enhanced sensitivity enhanced resolution

much more important effect with higher fraction of ICS events ( larger improvement in the statistics )

i.e. only slight improvement in the image quality for the AX-PET demonstrator
but significant effect expected in a possible full ring detector

Intro Axial concept AX-PET Demonstrator: description , performance , simulations, tomographic reconstruction dSiPM readout : timing, axial res. 14



Monte Carlo simulations

- . : : Methods and results :
AX PET. ) fully_ simulated device P. Solevi et al, Phys. Med. Biol. 58 (2013) 5495-5510.
GATE simulation package

one module only two modules coincidence Z proj
: Entries 10000
0.022! £ Anpyso . ) Mean 0.006716
0.02| LYSO energy spectrum fe —daa B J\ ?;-“:.s“d' 52.12“;
! a ’ * simulation - . N . a Prob 5 1208c-08
st | os— axial resolution ] 'l i Beepoaigs
: B : ; Mean -0.007758 + 0.006403
it from WLS strips H [ Sigma 0.428 + 0.007
| | 06— §
0.012! 3 »
0.01! q 4 ‘ I ) |
ooos/ | '1-'.%. : ¢ ; 0.4 - confocal reconstruction of the
| - ’- [ w " s ! -
0.006| ) ’ ARy a . = source
% S “ /£ ~ - ) 1
0004: ..)d. '. Nz —
0.002| i\ B // bl
0 =500 200 300 400 500 600 700 N RO mas L R, - SO NSRRI
Ene [keV] -10 -5 0 5 Z'm'\‘:;)

Simulation tasks :
for the AX-PET Demonstrator
- better understanding of the detector
- train Compton scattering reconstruction algorithms
- support image reconstruction

Next : simulate an hypothetical full ring scanner; define its performance

///////////////////
/
///////
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Towards tomographic reconstruction

How to mimic a full scanner with 2 modules only available?

Central FOV :

\ 4

1 tomographic acquisition
= 27 steps acquisition r : -

mimics a 18-modules ring,
with coincidences between
face-to-face £ one adjacent
modules

Ocp =20°

250

Extended FOV : 50405
oo o0

R

1 I
LI
B

0 =0°,20°,40°...360° (18 steps)

Reconstruction software :

e dedicated reconstruction software (SOPL, MLEM based) to cope with the many peculiarities of AX-PET
Gillam et al, Phys Med Biol 58 (2013) 2377-2394.
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Measurements campaigns

Phantoms measurement campaigns :

@ ETH Zurich (CH), Radio-Pharmaceutical Institute - Apr 2010

- very first measurements with high activity and extended objects
- limited to the central FOV (i.e. fixed modules, rotating source)

@ AAA (Advanced Acceleration Applications) St. Genis-Pouilly (FR) - July 2010

- extended FOV coverage (one module rotating, rotating source)
- larger phantoms / placed off-centered phantoms

@ AAA (Advanced Acceleration Applications) St. Genis-Pouilly (FR) - July 2011

- extended FOV as before
- improved DAQ performance
- improved acquisition methods

Small animals measurement campaign :

@ ETH Zurich (CH), Radio-Pharmaceutical Institute - Jun 2012  first animals image reconstruction
with an axial PET

ETH, AAA: in-situ cyclotron production of the radiotracer
F-18 based tracers (F-18 in water solution or FDG )

- t1/2 ~ 110 mins

- Concentration diluted in water; Ao: few MBq up to ~ 100 MBq

Intro Axial concept AX-PET Demonstrator: description , performance , simulations, tomographic reconstruction dSiPM readout : timing, axial res. 17



NEMA phantom

NEMA-NU4 IQ (mouse) phantom :

Three regions in the same phantom to
address three different aspects

Hot & Cold rods for contrast {

the ability to reconstruct
| mm (i.e. < Resolution)

Homogeneous cylinder for assessing { ‘

homogeneous distributions

Series of small rods for resolution { ‘l

NEMA phantom hot / cold / warm - AAA

different color scale !

=> FWHM ~ 1.6 mm

Intro Axial concept AX-PET Demonstrator: description , performance , simulations, tomographic reconstruction dSiPM readout : timing, axial res. 18



Mini Deluxe phantom

@4 0Omm @4.8mm

”

s D1.2 MM

@3.2mm 590 o
¥ o 21.6 mm
@2.4 mm

Hollow rod diameters

Rods oriented parallel to Z axis

Intro  Axial concept

Resolution phantom

Parallel to Z axis

@2.4 mm /-

+ Fixed time acquisition: 120 s /step
+ 60 iterations + post-reconstruction smoothing

+ NO corrections

+ Artefacts due to data truncation (FOV too small...)

AX-PET Demonstrator: description , performance , simulations, tomographic reconstruction

dSiPM readout : timing, axial res.
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Rods oriented perpendicular to Z axis

Resolution phanty -

-
<

£

-----
-----
.

Mini Deluxe phantom

@4.0mm @4.8mm
e @1.2 mm ‘4 1
. - ®
23.2mm -
| @1.6 mm ) . .
3324 mm Parallel to Z axis Perpendicular to Z axis
Hollow rod diameters
A) . vos o (B)
. » . w 3 > »
. L
. » . - . . ’ ¢
R .
e 4"
. s & »
. »
.‘0 . a
. g s e aw »
“ | @2.4mm/ p.22

] .| * Fixed time acquisition: 120 s /step
Rods oriented parallel to Z axis| . gg jterations + post-reconstruction smoothing
* No corrections
+ Artefacts due to data truncation (FOV too small...)
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Small animal reconstructed images

e SMALL ANIMAL IMAGING CAMPAIGN - F-18 bone scan of one young rat (post-mortem)

- two FDG studies, one young rat, one mouse (post-mortem)
- at Animal Imaging Center - PET @ ETH Zurich, June 2012

Rat F-18 => Bone scan

Rat FDG => zoomed coronal image of the rat hearth

low contrast regions
( ventricular myocardium)

visible

first rodent images from a PET with axial geometry !

] — ) ) - satisfactory quality of the reconstructed images —
* fine structure visible (high spatial resolution) despite the limitations of the experimental setup
e large axial coverage (single step acquisition) (i.e. two modules only, large crystals cross section)
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Small animal reconstructed images

Rat F-18+=> Bone scan

AX-PET Demonstrator successfully demonstrated the
potential of axially oriented crystals in a PET

Intro Axial concept AX-PET Demonstrator: description , performance , simulations, tomographic reconstruction dSiPM readout : timing, axial res. 22




AX-PET Collaboration

A. Braem, M. Heller, C. Joram, T. Schneider and }J. Séguinot
CERN, PH Department, CH-1211 Geneva, Switzerland

V. Fanti

Universita e Sezione INFN di Cagliari, Italy.

C. Casella, G. Dissertori, L. Djambazov, W. Lustermann,

F. Nessi-Tedaldi, F. Pauss, D. Renker!
ETH Zurich, CH-8092 Zurich, Switzerland
' Currently with Technical University Miinchen , D-80333 Miinchen, Germany

T ey

J.E. Gillam, }. F. Oliver, M. Rafecas, P. Solevi
IFIC (CSIC / Universidad de Valencia), E-4607| Valencia, Spain

, R. De Leo, E. Nappi
- . INFN, Sezione di Bari, I-70122 Bari, Italy

E. Chesi, A. Rudge, P. Weilhammer
Ohio State University, Columbus, Ohio 43210, USA

E. Bolle, S. Stapnes
University of Oslo, NO-0317 Oslo, Norway

U. Ruotsalainen, U. Tuna
Tampere University of Technology, FI-33100 Tampere, Finland

e experiment at CERN, Geneva
e background of the collaboration : high energy physics and medical imaging (Valencia, IFIC)
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AX-PET Collaboration

e experimen
e backgroun

several people missing in the picture
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AX-PET Collaboration

e experimen
e backgroun

several people missing in the picture
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Beyond AX-PET ...

Studies on 100 mm long LYSO crystals [with single crystals setups, not full demonstrator]
e timing properties
e dual sided readout => axial resolution without WLS strips
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Current trends in PET instrumentation

measure the time difference in the arrival of the two
1 " TOwa rds TO F_PET photons to constraint the position of the interaction point
along the line of response i.e. improve S/N

At A x

500 ps 7.5 cm

Ax =c/2 At ' e

2 . TOWa rds PET_ M RI combine two different and complementary imaging

technique to best exploit the potential of nuclear imaging
Magnetlc Resonance Imaging

Combined PET - MRI morphological information
from MRI [excellent resolution]

-+

functional information
from PET [excellent sensitivity]

A.Del Guerra, CERN Academic Training 2009

Positron Emission Tomography
Intro Axial concept AX-PET Demonstrator: description , performance , simulations, tomographic reconstruction dSiPM readout : timing, axial res.




AX-TOF-PET : would that be possible?

Is it possible to add TOF capabilities to an AX-PET like detector?
Timing information required, with excellent timing resolutions

Philips digital SiPM (dSiPM)
- fully digital implementation of SiPM
- high resolution TDC (19.5 ps resolution) => time information ; ~ 50 ps intrinsic time resolution
- high compactness, high level of integration

CPHILIPS Analog Silicon Photomultiplier Detector
Digital SiPM — New Type of Silicon Photomultiplier Vbias

Analog SIPM Digital SiPM

————n+ it .

Readout ASIC
E] I:'I D Discriminator HTDCj=—# Time
A A A > |

Shaper H | HADCp=# Energy

SiPM

Digital Silicon Photomultiplier Detector
\/

Thomas Frach, CERN Detector seminar, Oct 2011

> Digital output of 2 Ve
* Number of photons Detector + Readout
|2 Time-stamp ‘ Cell Cell ASIC
* Cells connected to common readout * Each diode is a digital switch . 2 SR
* Analog sum of charge pulses * Digital sum of detected photons '_'|_ Qef-m'.q?'_']_ - T - § !
* Analog output signal * Data packet : Network |[] TOC » Time
Photon »
LN Owtecter Jamwnar  Cntober ! » " C(Xlﬂ‘er Energy
Nr photons

i
gital output
o

@ arrival time of the first (triggering) photon




“digital (small-scale) AX-PET modules”

dSiPM as alternative photodetectors for AX-PET

two modules

identical detector elements as AX-PET
reduced Nr channels

2 Layers; 2 LYSO and 8 WLS / layer
coupled to dSiPM

22Na source characterization
measurements (individually and in
coincidence)

6000 -
£ = é e 22Na energy spectrum
5'“00;_*(:’ (raw, Npe)
P = c e one LYSO coupled to
== dSiPM
3000 f\
uly ™ /
i / \/
Npe
C { Sty ..lmuulllj_llulp,“
0 00 1000 100 2000 220 3000 3000 4000 4500

Intro

Entries 7005200

— 20
E C -
£ e confocal plane reconstruction I1zoo

1000

800

600

1= 400

‘\200
Prall

Results of the characterization

measurements:

e Light yield : ~ 1500 pe
(at 511 keV)

o AE/E ~ 149% @511 keV
(after en.calibr.)

e R;: ~1.22 mm, FWHM
(in coincidence)

® Rz, mod ~ 1.71 mm, FWHM

The usage of dSiPM does not compromise the performance already achieved by the AX-PET detector
ADDITIONAL HIGH RESOLUTION TIMING INFORMATION

Axial concept

AX-PET Demonstrator: description , performance , simulations, tomographic reconstruction

dSiPM readout : timing, axial res.




Coincidence timing resolution (CRT)

Fully exploit dSiPM timing capabilities => CRT ?

100 mm long crystals =>arrival time at photodetector depends on the axial coordinate

Intro Axial concept AX-PET Demonstrator: description , performance , simulations, tomographic reconstruction dSiPM readout : timing, axial res. 29



Coincidence timing resolution (CRT)

Fully exploit dSiPM timing capabilities => CRT ?

100 mm long crystals =>arrival time at photodetector depends on the axial coordinate

. . S [ e T A S :
(a) correct for the axial coordinate £ _ - Enties 2401 |
. . . 5 'Y< ¥? I ndf 1.36e+04 / 549 ; .
(using information from WLS) -19.4:-90 -20.03 + 0.005396 . |
19_6§ p1 0.007455 + 0.000385 "y :
¢t ‘ -19.85 _—5-
] =l | 20, |
[ 1 -20.21
i L 204 ‘
i [ -20.6|
" 208 At/Az = 7.5 ps/mm
: -
2% 20 10 0 10 20 30
Az [mm)
*0631200__ NN Corrected -
¢ L = Corrected Entries 1454 not corrected for axial coord.
L — ) %2 / ndf 59.84 / 25
#1000~ “~ Raw Constant 1135+ 11.7
= Mean  0.0008351 = 0.0009682 CRT ~ 406 pS FWHM
800 - N Sigma 0.1168 = 0.0009
: Tk Raw
L ;; Entries 19454 mOdU|e t_l‘eS nJ 287 pS FWHM
600— PSS »2 / ndf 446.7 196
B \§§§§§§§\ Constant 780.4+7.7 i
B RIS Mean  0.03623: 0.00133 corrected for axial coord.
400— §§§§§§§§ Sigma 0.1728 + 0.0011
B KKK XKXK
. CRT ~ 269 ps FWHM
200 P
= KKK KKK
- SRR |
0 N— SRR e module t_res ~ 190 ps FWHM
-1 -0.5 0 0.5 1
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Coincidence timing resolution (CRT)

Fully exploit dSiPM timing capabilities => CRT ?

100 mm long crystals =>arrival time at photodetector depends on the axial coordinate

@ T ]

(b) use dual sided readout & i woiri b
average time information * Constant 245.22 6.2
Mean -0.009822 + 0.001775

200 Sigma 0.08984 = 0.00159 two modules (DSR) coincidence

—

CRT ~ 211 ps FWHM
module t_res ~ 149 ps FWHM

t1_UP t2_UP 150

100

50

% . Bl

y 8, oy o
* O.Q"",F““P”q * L L | L 1 ‘.’M " 400000nte,op0et e it
1

t1_BOT t2_BOT
20000000, 0%
| | | | 2 0.5 0 0.5
<tl> <t2> At=t, -t, [ns]

7) 0.25f LN, L L. L LS . I =
.E, O 24:_ X2 / ndf 5942/8 _________ =
- = “"E| <CRT>[ns]  0.1955x0.005331 | S
= U @ 0.28F e i R R e
- O = : =
Q O e e S AR e R 3
0 1] S RIS R SRttt S e e =
EI - H— - O S e S S T T S S -
- 0.19 5 - A 3
é t1_BOT 0.18 A T A (Y I S A IE
——— 0.17E ; e [ e e
» 016 B B B module (DSR) + Tagger icoincidénce
< > 2 I B B R B D R BT I

. . . 01550 ~"20 30 40 50 60 70 80 90
independent on axial coordinate Axial position [mm]
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Coincidence timing resolution (CRT)

Fully exploit dSiPM timing capabilities => CRT ?

100 mm long crystals =>arrival time at photodetector depends on the axial coordinate

T T T T T T T T | T T T T T T T T
Entries 4698
2 [ ndf A7 /121
250 X 36

(b) use dual sided readout
average time information

}
!

#Events

Constant 2452 + 6.2
Mean -0.009822 + 0.001775

200~ Sigma 0.08984 + 0.00159 two modules (DSR) coincidence
_ 1
o up o Up 150 CRT ~ 211 ps FWHM
1 J00f- module t_res ~ 149 ps FWHM
50— —
t1_BOT t2_BOT - » .. ¥iai " -
0 Paneatas beote o¥ete®s oottt ®7 | | | ¥ Teeenste ™ y0i000ete 0n0etten iR
| | | | 1 0.5 0 0.5 1
<tl> <t2> At=t, -t, [ns]
= '6‘ 025 [ v T 1 1 L L

horizontal scan X S SR S +2 1 ndf 9.669 /10 |3
o . : =
independent on the horizontal I o PO 0.2085=0.001152 |-
position along the FOV 0.22 E_ ..................... { ........................ e e ........................ R o~
0.21 Frrb l ........... | S * ........... + ....................... o * ........... PO =
02 Ee b N TR O 1.3
Excellent timing reSOIUtionS O 19 _ .............................................. —]
achieved, constant inside the SSSUR R N N S S N E
entire field of view. 047 — — — — E
There is a TOF potential for 016 [ S— T — — E

an AX-PET like detector 048 Ermmm e
10.1016/j.nima.2013.10.049 (in press) Horizontal position [mm]
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Axial coordinate of long dual sided readout crystal

Are there alternative ways to define the axial coordinate without WLS strips ?
Which axial resolution can be achieved?

e dual sided readout crystals
e timing difference technique ? not possible, because of too high required time resolution

0 mm 100 mm
*light sharing techniques => (R-L)/ (R+L) g, SIPME 2
gglng—» xtal Y : ~ voi=t i ¢22Na LY_2=R
(3x3x3 mm3, 1YSO) | 4.0 - FE
«“source N L
- holdehe = -
;. 28 N . 22|\.l.a' source + tagging crystals

A A
L — i;ested xtal ‘ b‘

(3x3x100 mr | —

at different axial positions

e original idea of the axial PET (HPD-PET)

dSiPM J.Sequinot et al, "Il Nuovo Cimento” C29(04), 2006

! > e also inspired by recent work from University of Manitoba
: (group A. Goertzen)
Cu plate on Peltler unit < F. ur-Rehman et al, 2011 IEEE. doi:10.1109/NSSMIC.
(T = 15C operating temperatyre)

2011.6153681
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Intro  Axial concept

Axial coordinate of long dual sided readout crystal

It doesn’t work with standard AX-PET

Detected light yield vs axial position

crystals (polished, clean surfaces) !

L
T A Ak ke A

single side

gaccc--Q-=----8------S- ®

-e- DSiPM @ 100 mm
-= DSiPM @ 0 mm
----- DSiPM Sum

— III|I|I|III|III|III|III|III|III|III|III|III|I

10 20 30 40 50 60 70 80 90 100
Position along crystal [mm]

>\optical ~ 400 mm

(R-L) / (R+L)

AX-PET Demonstrator: description , performance , simulations, tomographic reconstruction

(R-L) Tremn

(R+L) o

25w

o

I
- ! !
;_(R_L) ..............................................................................................................
T R .
20 100

Position along the crystal [mm]

dSiPM readout : timing, axial res.



Destroying crystals...

Need to : - increase differences in the light yields L vs R
- artificially decrease Aoptical
- keep sufficiently high light yields

Empirical approach:
- surface treatment - polished crystals (from manufacturer)

- depolished 1 face, 2 faces (depolishing powder, grade 800)

w
- bare
- teflon - mechanical CNC etching (diamond tool), 1 face, 2 faces, 4 faces
- ESR  Enhanced

Specular “discrete”
Reflector, 3M

- (painted crystals)

~0.7mm wide / deep
S B @CERN DT division:
: & T. Schneider
M. Van Stenis
C. David

All combinations of surfaces / wrapping tested
Only the most significant results shown here
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Mechanically etched crystal surface

(staggered pattern)

representative of the general results

Detected light yield (one side)
Lo 2000_ T T T | T T T T T T T T T T T T j 1
) - keff (ESR)=67.8+0.1 mm - + =
2 1800 Aoy (Teflon) = 38.5= 0.1 mm — g 0.8
S 1600 P ;—-;' 0.6
E 1400:_Untreated, ESR wrapping g A _: ~ 04 /ol
o B A kg A x /! ] ag/s Ope
j 1200:_ ‘r"’ _: 02 RN ......................... \“L ..................... ........................... := AXIAL RESOLUTION
- A(ESR) ~ 68.mm . - - :
1000__ o U ] O : /
800 __Etch/ng 4faces, : _: -0 2 —Errorbars ..............................................................
- ESR wrapping - o of (R- L)/(R+L)
600:— ] 0.4
400? A(Teflon) ~ 39 mm : 06T ESR wrapping
200__ . ] -0. - PR U SOUUUUUURUUUNNE SO, oo LA _
O: [:._ ch/ng 4f1aces Tef/on Wrapp/ng o LT 8 E Tleflon Wra?pmg | | | -
O 20 40 60 80 100 _1 | | | | | | | | | | | | | | |
o 0 20 40 60 80 100
Position along the crystal [mm] Position along the crystal [mm]
€ SE Beam sizé subtracted o ]
L R A — A— S S— E
S - =
= Op S e E
s S et S 1 {1
kS 4:_____'__'__'__'__'_f___'__'__'__'_f__',_'__'__'__'__'__'__';'__'__'__'__'_E__'_i__'__'__'__'_?__'__'__'__'__'i_'__'%._'__'__'__'__l_'__'__'__'__'__'__'_*_'__”._'__'__'__'__'f__'__'_i_'_____‘_ ________ 3 | Axial Resolution ~ 4 mm, FWHM
3 e T ! } ' =
% 3;_ """""""""""" l """"""""""""""""""""""""""""""""""" _; in agreement with simple
- 23— --------------------------------------------------------------------------------- S S —f Poisson-based statistical models
15_ ' ESR Wrapplng <R_FWHM> = (4.4 £0.1) mm ----- _E (given measured )\ and LY)
- —— Teflon wrapplng <R FWHM> (3.7 +o 1) mm | E
T 20 60 80 100

Position along the crystal [mm]
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Additional test: 60 mm long LYSO crystals

NEW TESTED CRYSTAL

® 60 mm long crystal [before: 100 mm]

e mechanical etching, 3mm pitch [before: 5 mm pitch]
e staggered 4 faces

@ Teflon wrapped

\
Py e\,\m\(\aﬂ

axial resolution

Light Yield (one side) Constant  6.064 = 0.001199

Slope 0.02144 =+ 2.853e-05

N T \ ® )
o 0 O
o o o
o o o

1400

Light Yield [pe]

Axial position [mm]

Axial resolution p0  2.501= 0.02508
N z

E [ s

% 3_5__ ........ ..........

= i § g

LL = . .

-~ | R R RISt SOy STt
SR 5
2.5— 50
S Ot SUUUUOE SEUUUUUUUUE SOUUUUUOE SV
: RrwHam ~ 2.5 mm

1.5_.........'..' ..........

I T BT T A AT
b 10 20 30 40 50 60

Axial position [mm]

very promising results with 60 mm long LYSO crystals !
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Timing performance of surface treated crystals

Which timing performance can be still achieved ? P(e\'\('(\\

long crystal (t_ave) + tagging crystal tested crystal: aligned etching, computed
Bwb 1 CCRTSFWHM=~ (0525)ps | oo oo PP two modules
Geop p o intrinsic resolution FwHM - CRT (FWHI)
teflonj;‘§:+:j+:j+ - polished ~149ps  ~ 211 ps
400 = g e
380 —{'{'T - treated surf, teflon ~ 383 ps  ~ 542 ps
e ——————— > - treated surf, ESR  ~ 266 ps  ~ 376 ps
B e | <CRT=FWHW~ (296=2)ps |
I_ .

5 32°§:::§:::f:::::::::§::::::::::::::::;:::::::::::::::;:::::::::::::::g:::::::::::::::;:::::::::::::::;::::::;:::::15111::::::::::::?::::::: - 60 mm long, ~215ps  ~ 304 ps
= o4 b | treated surf

2Q0 [ B B R e
20— B g §ro
] U A O S
R T PP VN (S R - Surface treated crystals
SN 7y " 6.605 /8 wrt polished crystals :
<. 0-242-"5""<G'RT>"~ ------ 1'9'8"'-1-'"5 ----------------- S <CRT> [ns] 0.1979 + 0.004499 _ i . .
e {198+5 )p ----------------- Lt~ deterioration of the absolute timing resolution
0.22 i g ----------------- g --------------------------------- g ----------------- R R SRR - . - . .
021 T } ................ T S ST, — — non uniformity along the axial direction
0°;§j{1'}1+
818f'ﬁﬁéjﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ_.ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁfﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ"ﬁﬁfﬁ"ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ_.ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ.ﬁﬁﬁﬁﬁﬁ"ﬁﬁﬁﬁﬁﬁﬁﬁfﬁﬁﬁ""ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ?ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁf not excellent but still acceptable
polisheﬂ§ unwrapped (AX-PET standard).......; timing resolutions
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Conclusions : AX-PET & beyond

Usage of 100 mm long axially oriented crystals for a PET :

(1) AXPET Demonstrator AX-PET
e completed experiment excellent axial resolution
o excellent demonstration of the capabilities of an AXIAL PET for a high sensitivity / high  (WLS solution from HEP)
resolution PET detector

e good detector performance demonstrated

e AE/E ~ 12%

¢ Axial Resolution ~ 1.35 mm (two modules coinc)

=> Module axial resolution ~ 1.9 mm FWHM (FWHM)

e good quality of reconstructed images for small animals (resolution, low contrast regions)

(2) dSiPM readout of AX-PET standard (polished) crystals AX-PET + dSiPM
e AX-PET performance confirmed excellent timing resolution
e Additional timing information : towards AX-TOF-PET

e dual sided readout, average timing => CRT ~ 211 ps (FWHM)
=> Module timing resolution ~ 149 ps (FWHM)

(3) Dual sided readout of patterned surface axial crystals moderate spatial (and timing) resolution

e Module(crystal) axial resolution ~ 4 mm (FWHM) compact, simple, highly integrated, high sensitivity
reduced number of channels

long axial FOV
Length of the crystal = 60 mm only crystals in the FOV region
=> axial resolution ~ 2.5 mm (FHWM) brain (MRI)PET ?



dreaming of an axial full ring PET detector...
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