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> basis of the PET system Positron Emission : pP—nN —|— 6+ —|— Ve
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; € — ]_ — E,_*u'@ Max. interaction efficiency
- long L

51) :@ S?,ﬂ;e Min. parallax error

- short L
Always a compromise between
spatial resolution and sensitivity :

Short crystals radially oriented
Block readout solution : add depth of interaction information
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Short crystals radially oriented Long crystals axially oriented
Block readout Single crystal readout
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Short crystals radially oriented Long crystals axially oriented
Block readout Single crystal readout
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The AX-PET concept

3D measurement of the photon interaction point

* Transaxial coordinate and energy measurement with thin
elongated scintillator LYSO crystals

- The hit crystals gives the transaxial coordinate (x, y)

LYSO

A 2P0
b
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The AX-PET concept

3D measurement of the photon interaction point

* Transaxial coordinate and energy measurement with thin
elongated scintillator LYSO crystals

- The hit crystals gives the transaxial coordinate (X, y)
« Axial coordinates measured with Wave Length Shifter (WLS) strips

LYSO

WLS
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The AX-PET concept

3D measurement of the photon interaction point

* Transaxial coordinate and energy measurement with thin
elongated scintillator LYSO crystals

- The hit crystals gives the transaxial coordinate (x, y)
« Axial coordinates measured with Wave Length Shifter (WLS) strips

LYSO CRRERIORGN  Wavakagh
WLS shifted light
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reflector |
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y reflector M PPC

§ WLS
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LYSO (Lu, ,Y,,SiO.:Ce), Prelude 420 from Saint Gobain

1.8 0.2
3x3x100 mm?3

Light Yield LY=32 photons/keV

High density: 7.1 g.cm?

Decay timet=41ns

Attenuation length A_ =12 mm @ 511keV

‘ﬁﬁ[@{é * Wave length shifting strips, ELJEN EJ-280-10x
{;i‘ﬂf * 10 times higher dye concentration for better absorption
% MPPCs
Expected LYSO light output@511 keV event:~ 1000 photons
* 3x 3 mm?area, 3600 cells 50 x 50 um?
MPPCs from Hamamastu * PDE ~ 40%
* Gain:5.710°
x=1 o N Bias voltage ~ 70 V

Expected WLS light output : ~ 50 photons

¢ 3.22%x 1.19 mm? area, 782 cells of 70 x 70 um?
* PDE ~ 40%

- e Gain:410°

LYSO WLS * Biasvoltage ~70V

ulmu 7’

B (111011
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s % Assembled module Module housing and services

» 2 modules built
— . * One fixed, one mobile
L — : » Operated in coincidence

A

» Each module is composed by six layers
 Each layer is made of 8 LYSOs and 26 WLS both
staggered to enable the readout

> 204 channels per module individually biased
* All layers are optically decoupled Demonstrator gantry

13th-15th Junel 2012 M. Heller, PhotoDet 2012 in Orsay



Demonstrator performance

For more explanations see publication:

— all events

~—N_lyso=1
— fit: gaussian

Energy resolution :
* Average value of the energy resolution
of all the LYSO crystals for both modules 300
is 11.8% FWHM at 511 keV 250

400

Nr. Entries

« Spatial resolution
e Axial:

« Single module %0

e Module 1:1.75 mm FWHM °

e Module 2:1.83 mm FWHM 100
 Module in coincidences

e F2F, OBL:1.35mm FWHM 50

* Transaxial (single module)
e F2F, OBL:2 mm FWHM

* Efficency/Sensitivity :

« Can always be improved by increasing
the number of layers

o

NI AN N B AR A N 2 \;\‘:‘ aot ol a0 1y
100 200 300 400 500 600 700
ADC counts

Z [mm]

=50

-100
- Time resolution : 1.9 ns FWHM F00 w50 0 N0 00

X [mm]
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http://dx.doi.org/10.1016/j.nima.2011.06.059

Results from tomographic

reconstruction

NEMA NU4

Image Quality
Mouse Phantom

63

 Contrast region

38,5

« Homogenous region

« Spatial resolution region

liquid isotope

water

Resolve 1 mm rod with 1.6 mm FWHM
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T e Sofaronly pure photoelectric events were used for the

T reconstruction

=== ¢ |CS events are crucial in order to increase the detector sensitivity
» Data sample used : One photoelectric event in one module in

1 coincidence with one ICS event in the other module

* Reconstruction method::
* Include both LOR (Prob50)
« Include both LOR weighted according to (do/dQ)

« Include only the LOR with max prob. (do/dQ)

(E. 049

Klein-Nishina (Pro b)
(MaxProb)

E v

Klein-Nishina

photoelectric  photoelectric
= Prob50 Prob MaxProb (ile.noICS)  +ICS Prob50
()
>
(O]
8 . . | . . | # . ! - . ! - .
> « ¥ « ¥ ® 4 w ® w ®
c
S ‘

* For the NEMA phantom, ICS/photoelectric ~ 20 %, small gain
* Work still in progress. Improvement expected be more important for small data sample
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Using Philips digital SiPM

as alternative photodetectors S

Web site : http://www.research.philips.com/initiatives/digitalphotoncounting/

SHILIPS «Sensitivity
. _ .. o - Lower dark count level
Digital SIPM — New Type of Silicon Photomultiplier compared to analog devices

Analog SiPM Digital SiPM *Speed
e - Excellent timing resolution =
photon counter T|me OF Fllght PET

D:'gftal.CeHs | \ ”
« Robustness

- Against electromagnetic

Mumber of photons

. & Digital output of interference (Compatibility with
&== - Number of photons MR scanner)
. » Time-stamp - Low sensitivity to
* Cells connected to common readout * Each diode is a digital switch tem pera ture variations
* Analog sum of charge pulses * Digital sum of detected photons
k-Ana!ogoutputsignaf ] \'Datapacket ] o ngh pl"OdUCtiOﬂ yIEld due to

the possibility of disabling
individual cells

CERN Detector Seminar, October 21, 2011 ]

T. Frach, CERN detector seminar
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http://www.research.philips.com/initiatives/digitalphotoncounting/

Our evaluation kit is made of :

2 DLS 3200 sensor with 3200 cells per pixel
2 DLS 6400 sensor with 6400 cells per pixel
4 kapton cables

One base to connect the tiles

One power supply

One computer for detector configuration and data
acquisition

Few characteristics DLS 6400 DLS3200
Cell size [um?] 30 x 50 59.4 x 64
Fill Factor [%] 54 78 (— 84) MPPC :
3600 cells
PDE [%] @ 420 nm 30 43 (= 47) 3x3 mm?
DCR [MHz/pixel] @20°C <5 <10 'L
Op. voltage [V] <35 1 |
T dep of PDE [% / K] 0.33 SEUWS
emp.depo % -0. /O kil
DXADL
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PHILIPS

5-80 ns %

l 5-40 ns 0-20 ys 680 ns

integration —®» readout —® recharge

A

ready

NO
Trigger generated by the 15,  SPAD Dark Count Rate Distribution

2", 319 or 4% photon arriving, 1

this latter gives the time stamp o
: * 5ns system clock
oo | | = 15ns dark count
Y ﬁx\ . 0s F- | recovery
e oo . | »dark counts —»
Z E || |sensordeadtime
Ki;fi; 0.1 i— ‘III‘,. k;;;;m7_7“_r_l

0
107 1 10

10? 10°
Dark Count Rate (cps)
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Minimal AX-PET like set-up

Light vields :
LYSO : 1500 - 1800 pe

WLS: 20-100 pe
Energy resolution @511 keV:
12.3 % after saturation correction
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WLS strip | LYSO crystal
(3 x 0.9 x 40 mm>)I(3 x 3 x100 mm?3)}
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PHILIPS

Detector

Tomograph
Ring

Detector 1 R M R Detector 2

I Y APV |
x:% :> O’x:% :> o =1cm—-0,=65ps
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time difference between the two tiles
For photopeak coincident events
(coincidence window = 5 ns, Peltier cooling @ 10°C)

[2)
c ~ Entries 2364
2 3001 Mean -0.2156
** C RMS 0.08131
- x? / ndf 15.12/9
2501~ Constant 268.9 + 8.1
B Mean -0.2186 + 0.0015
200 — Sigma 0.05975 + 0.00153
150
E Rewun = 140 ps
100~
50—
® 2 LYSO scintillator crystals non AX- [ L T |
PET standard (3x3x3) mm?3 Y6 05 04 03 02  -01 0 0.1 0.2
* Reflective white paint At [ns]

e coupling done with optical grease Rt FWHM = 140 pS — RX FWHM =2 cm
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&N AX-PET ongoing and

Future activities
* AX-PET perFormance demonstration W|th dSiPM

\
\
‘ \
\\\\\\\\\

Mini AX-PET
module :

2 layers made of :
- 2 Lyso crystals

- 8 WLS strips

LYSO tagger
(3x3x3 mm?)

Water cooling
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AX-PET ongoing and

Future activities

* Timing performances with long LYSO

Double side readout setup
* AX-PET performance with small animals

Ongoing measurements with rats and mice using both ®F and FDG at the
Radio Pharmaceutical Institute at ETH Zurich

Stay tuned.... more results are coming very soon
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Thanks for your attention

The AX-PET collaboration

Instituto Nazionale di Fisica Nucleare (INFN)
Sezione di Bari, I-70122 Bari, Italy

Universita and INFN Cagliari

Cagliari, Italy
T - H - E
OHIO Ohio State University (OSU)
Columbus, Ohio 43210, USA
UNIVERSITY
European Organization for Nuclear Research (CERN)
PH Department, CH-1211 Geneva, Switzerland

University of Michigan
Ann Arbor, Ml 48109 USA

University of Oslo
NO-0316 OSLO, Norway

INFN Instituto Nazionale di Fisica Nucleare (INFN)

L/ sttt Kol Sezione di Roma, University of Rome, La Sapienza, 00185, Italy
Instituto de Fisica Corpuscular (IFIC)

University of Valencia, 46071, Spain

Tampere University of Technology
FI-33100 Tampere, Finland

EidgenodssischeTechnische Hochschule (ETH) ETH
Eidgendssische Technische Hochschule Ziirich

Laboratory for High Energy Physics, CH-8093 Zurich, Switzerland Swis Federal Institute of Technology Zurich
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PET detector principle :
coincidence of 2 photons of defined energy (511 keV) and emitted on the same line

(1) Inject the radiotracer into the body

Processing Uit (2) Wait for uptaking period

(3) Start the acquisition (i.e. detection of coinc. events)

wmm (4) Feed the data into the reconstruction algorithms

S
Listmode Data

(5) image of the activity concentration

> PET:“in-vivo” functional imaging technique
> get a (quantitative) image of the radio-tracer
concentration

Image Reconstruction

LOOKING LISTENING THINKING REMEMBERING WORKING
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dSiPM Photon detection efficiency

Photon Detection Efficiency

11035 , , ,
E B — Digital SiPM PDE
03 L [ [y —— LYSO Emission
E f/ U \/\/\ M LaBr, Emission
5 AN
D-EE‘ B / U N U\\/\
0.2 : / Ef\/\j\
0.15 |- .. 2
2 // o AN hﬁ\kaf\h
B / \
B rl.r ""'. I\\
0.1 ,. _
) N
0.05 |- ] \x.\\
0 - \
[ W LA 1 [ L TN T T T e e e X A SRR T RO O L

I?un 750
A (nm)

n ! " - S
300 350 400 450 500 550 600 650
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Analog vs. Digital SiPM concept

Analog Silicon Photomultiplier Detector

Vbias

Readout ASIC

Discriminator HTDC

SiPM

qi

ShaperH{ | HADC

P Time

Digital Silicon Photomultiplier Detector

zgfhiaa

Detector + Readout

zl%’hias

> Energy

13th-15th Junel 2012
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Recharge -
Trigger || :
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- Energy



dSiPM Trigger probability

Trigger Probability per Photon Cumulative Trigger Probability
b 1 % e e e e e e e (- 1 I " : " = . ¢ . . -
% - | —— =2 photons = - : :
_'g e e T photons E 0.9 =
a L | e E 08~
) e
10 o —
- =
‘ 0.5 f—
0.4 —
10% = 03 f_ — firsit photor;
St = —— 22 photons
02 - —— >3 photons
: : : 04 f— | - >4 !)hotonsl
10_-3Illilllillli\l\il\l‘ll‘illil‘li‘l‘i|'|i 0:III‘I\Iill\i\l\illliI\Iill\ill\illl‘l\l
2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Photon Number of Photons
ili th - . .
Probtab|l|ty .Fé)r EEe ? . photon Probability to trigger as function of
O provide the trigger the amount of inpinging photons

13th-15th Junel 2012 M. Heller, PhotoDet 2012 in Orsay



dSiPM Trigger logic

DLS Structure v Photon counter/adder
; . Sub- Sub-
E pixel pixel
=
Main _5_0-*
L(h]
control 3¢
. al|| Sub- Sub-
Pixel 1 i pixel pixel
L Photon counter/adder
Pixel 2 JTAG Pixel 3

13th-15th Junel 2012 M. Heller, PhotoDet 2012 in Orsay



dSiPM Trigger logic

Sub- Sub- Sub- Sub-
pixel pixel pixel pixel

\ / \ / First photon trigger

AND/OR AND/OR

S~

AND/OR

Pixel trigger
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dSiPM Trigger logic

Trigger Network Skew

200
180 -

100 [t
140 |
120 =

100

E & 8 B8
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Trigger Network Skew Histogram

200
800

700

T bl
Iq'

un
.;.l* .

400
00 00
200

=200 :
100 i =

300 o

SKEW
Entries 25600
Mean 2.909
RMS 71.12
12/ ndf B15.2/72
Constant 8516+ 6.4
Mean 3.333 £ 0.453

i .Slgma _ 69.72:0.28

100 200 300

Skew [ps]
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dSiPM DC and afterpulse

Dark Counts DC Afterpulsing _ AP

Entries 2.696615e+07 _ Entries 351067

Mean 0.0007416 1 L B T E L Mean 5188

: 5 5 : : | RMS 0.0007421 - . | RMS 2740

R Fp ] g2 ndf 1155/98 | 0 |- | %2 mdlf 973.5/ 924

5 ! : : : | Constant 15.11+ 0.00 - .| PO 1200 + 22.3

o Slope -1348+ 0.2 600 [ P':l _-2.1u§e+uﬁtu.3
» ; i : i : 500 -
10 .....E .......... E .......... E. ......... :, ......... E ......... E
S a00 |
w0 S N S -
: ; : 300 |—
i b --------- 200 E_
10 100 i——
ok

0 0.001 0.002 0.003 0.004 0005 O0.006 0007 0008 0009 0.01 o 1000 2000 3000 4000 S000 600D TOOD 8OO0 9000 10000
Time Difference [sec] Time Difference [ns]

Time differences of two consecutive dark counts in a single diode.
Afterpulsing: deviation from the Poisson distribution in the first few us.

Many diodes show afterpulsing probabilities of less than 0.1%, few are
in the 2-3% range.
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Why going from

analog to digital SiPM %

Max. Max
Sensitivity (PDE) ~70 % ~70% ~70% ~ 35%
tbp tbp
Intrinsic timing res. ~ 50 ps > 150 ps ~1ns ~ 400 ps
CRT tem level Pot.
q on des elm eve ~ 150 ps ~ 500 ps >1ns ~ 500 ps
( epends also on 250 ps proven in literature
scintillator)
voltage 35V 35-70V Up to 1500V 400-800V

*Advantages of dSiPM wrt aSiPM
* Lower DCR
* Better CRT (triggering on the first photon) - TOF PET
» Afterpulses does not affect the digital sum thanks to active quenching
* No custom electronics needed
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Time difference
© 600~ 21800r : PPeak
R c L H
; B 25 2 ool PPeak g Entries 14059
ETS - H s Mean -11.68
2 500[ - — Config. 1 RMS 5709
u [ 1400 Config. 2 Config1
- 20 - ; Entries 6765
- s 1000/ Config2
L - : Entries 4716
300 800 : Mean -6.444
- : RMS 109
- 10 600 i
2001 - §
B 400— :
100~ 5 200~
— 0_|||4|| 'v T A IliLLJ.J.I
- [ : 50 40  -30 20  -10 0 10 20 30
T I I | | T N [ ] | [ | [ L1 1 [ | | . .
% 00200 300 400 500 600 0 At (Tile 3 —-Tile 1) [tck = 19.5 ps]
v e e

P Back scattering ~a

y not detected

Config2 » At=t,-t>0
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& .
Measurement corrections

e The variation of the MPPC gain with the temperature is corrected to
uniformize the response of all the LYSO and WLS

 WLS and LYSO are read out on one side, the other extremity being covered
with a Al coating. Thus the light collected by the MPPCs depends on the
position of the photoelectric interaction : Attenuation and reflexions

* This can be corrected using the spatial information from the WLS and LYSO

LYSO corrections WLS corrections

Al coating
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MPPC saturation correction

and Energy calibration

| LYSO No. 21 - 22Na coinc. trigger |

Energy Calibration ( LYSO No. 21) |

|
70F- 450 E : f/
- 511 keV 400 4 Kev
60_— by = /
- £ 350 A
— \‘ = - P
50E f‘ § 300 |- 307 keV/j/
40 > = el
- < 250 /
302— , ;é 200 i 202 keV .
200 g 150 / =§ADCIN
- 5 100 03 kevﬂvmt,d:Nn-v(l_eXD p)
10 K : fired pix
E|...r.|....|....|....|....|.... 50/ S_]Vp-é_/'AB{C""
0 0 100 200 300 400 500 600 700 800 = | | | | i | | | | | | | | | i | | | | i | | | | i | | 1
ADC counts % 100 200 300 400 500
| LYSO No. 21 - intrinsic radioactivity | Energy [ keV ]
T Yy — . * In order to correct the MPPC saturation, two
- "™ 4| calibration sets are needed :
1200 | \l : £ * Photoelectric peak at 511 keV, acquired with the 22Na
100 ‘ | 2l source
sl 07 ey * “Integrated calibration source” : Two of the peaks of
s the '7¢Lu decay spectrum at 202 and 307 keV (natural
601 radioactivity of LYSO) and the Lutetium K_escape line
a0~ Il at 63 keV
20~ : : :
A A L T * The four data points are fitted to take into account
0

L | L
1007200300 400 S0 600 eunts. Lhe saturation effect in the MPPCs
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450

400
350
300
250
200
150
100

Peak position [ADC counts]

50

Even if the number of incoming photons is
lower than the number of cells in the MPPC,
the probability that two photons hit the
same pixel is not zero — Saturation effect

* The average value of the energy
resolution of all the LYSO crystals for both
modulesis 11.8% FWHM at 511 keV

Energy Calibration ( LYSO No. 21) |

202 keV

63 keV

s
N 4

=5 ADCIN )
pix

a—

0

N\

14

o

100 200 300

Energy [ keV ]
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Spatial resolution with

point-like source

| Axial resolution ]

1 . — 4.5 T T T 1
Tagger HuEm Taken into account: e e
T ....::::::::::::%EE * positron range : p ~ 0.54mm = I slope  0.0000314
2 . N § E |==—Module2 | i ]
Scl)\luarce %EEE non-collinearity : ~ 0.0022 x D ~ 0.33mm 35¢ ™ aaoss
* source dimensions : g=250um ] SAMMRNNNE NSNS N S— I “lfio ) stope  nooosezs
Collimated beam «Beam divergence S NS N ol B
FOr PreCiSION SCAN pum————————————— 2L oo LU I S

Axial resolutions
e Module 1: 1.75 mm FWHM
e Module 2: 1.83 mm FWHM

1.II|IIII|IIII|IIII TTTT

"""""
100 0p 5007000 1500 2000 3500 3000 3500 4000
. d? [mm?]
N_coinc_evts=100 TS
2200 ;— Si‘::a -0.6335_ + ;).0046
2000
1800 S .
T 1600 |- Axial resolution
£ £ 1a00 | * LOR of 100 coincidences in
sk the axial plane. Intersection
s00 [ with plane x=0 gives R =
600 |- 1.35 mm FWHM
400 |
-100 200
0 R | I | R ]
-100 -50 0 50 100 -10 -3 0 s 10
X [mm] Z [mm]
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Spatial resolution with

point-like source

axial —

- Endries FPATR

14000f= Wi 0.07255

3 Rk | L=2Ea1

1z000g= ¥ fmat Ay zz

e Frob o

] Canstant 1. 2630+04 = 184501

ez o Wiesn 007555« 0.00172

E_ Sigma 0 S « NO01E
4000
o =

. X .
ok e B 0 k3 -&1
mim]
" Zpro]

Evie 2a75010

160 Maan a,1mn

140 f?ﬁ Laa

120 w 1583/ H

Peab o

100 Constant 1430408 .« 1 a4

A0 Maan T.IBG - 20035

Sgma DALY G006

parallax error is more and
more important outside

trans-axial
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Time resolution

* measure delay of coincidence wrt Mod?2
« measurement from the scope [Lecroy Waverunner LT584 L 1GHZ]

| trigger time jitter - Two Modules Coinc. || constant  122.9 = 5.409

Mean -25.06 = 0.04149
Sigma  0.8149 = 0.04123

140

120
100

MODULE1 80

LYSO SUM

MODULEZ2 60

LYSO SUM

|
-30 -28 -26 -24 -22 -20
Module1 Delay wrt Module2 [ns]

Measured time resolution : FWHM ~1.9 ns
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