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OUTLINE

AX-PET :  AXial Positron Emission Tomography 
A novel geometrical concept for a high resolution, high sensitivity PET scanner

• AX-PET

• AX-PET DEMONSTRATOR

• AX-PET PERFORMANCE

• VERY FIRST RECONSTRUCTED IMAGES of extended objects 
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• why axial ? 
• experimental concept
• AX-PET ingredients

 (not a full scanner, only 2 PET modules)

•assessed from dedicated test setups
• spatial, energy, timing resolution
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AX-PET COLLABORATION
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PET: Positron Emission Tomography

p→ n + e+ + νe

e+e− → γγ

(Eγ = 511 keV )

to be completed! 
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IDEAL PET SCANNER REQUIREMENTS : 
• 2π full coverage
• maximum spatial resolution (up to the limits 
imposed by the physics of the β+ annihilation) 
• maximum sensitivity
• good energy resolution
• good time performance
• ...
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From standard (i.e. radial) to axial PET
conventional PET (radial arrangement)

!"

to be completed! 

parallax err.
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AX-PET  CONCEPT
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axial direction

3D localization of the photon interaction point without compromising between spacial resolution and sensitivity 

(1) TRANSAXIAL COORDINATE (x,y)

d

scintillator crystals

X

Y

Z

- Transaxial coordinate: from position of the hit crystal
- Transaxial resolution = d/√12 FWHM

- To increase spatial resolution => Reduce crystals size (d)
- To increase sensitivity => Add additional layers
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3D localization of the photon interaction point without compromising between spacial resolution and sensitivity 

(1) TRANSAXIAL COORDINATE (x,y)

d

scintillator crystals

X

Y

Z

- Transaxial coordinate: from position of the hit crystal
- Transaxial resolution = d/√12 FWHM

- To increase spatial resolution => Reduce crystals size (d)
- To increase sensitivity => Add additional layers

(2) AXIAL COORDINATE (z)
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- Axial coordinate : from center of gravity method
- Axial resolution < w (goal: < mm)  

scintillation 
process
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coating photodetector

crystal
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ʻescaping coneʼ 
(outside total 

internal reflection)
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AX-PET  MODULE
- SCINTILLATOR CRYSTALS : 

• Inorganic LYSO (Lu1.8Y0.2SiO5: Ce, Prelude 420 Saint Gobain) crystals
• high atomic number
• high density            ( ρ = 7.1 g/cm3 ) 
• λ @511 keV ~ 1.2 cm  
• quick decay time    ( τ = 41 ns)
• high light yield        ( 32000 γ / MeV) 

• 3 x 3 x 100 mm3

- WAVE LENGTH SHIFTING STRIPS (WLS) :  
• ELJEN EJ-280-10x
• highly doped (x10 compared to standard) to optimize transmission
• 0.9 x 3 x 40 mm3

- Each crystal and WLS strip is readout individually by its own 
photodetector

PHOTODETECTORS

1
0

 c
m

3.5 cm

2.8 cm

for crys tals   for WLS  

WLS

LYSO crystals

   MODULE : 
• 6 layers 
• 8 crystals / layer
• 26 WLS / layer 
• 48 crystals + 156 WLS = 204 channels
• staggering in the crystals layout

MPPC S10362‐33‐050C :
• 3x3 mm2 ac(ve area
• 50 μm x 50 μm pixel 
• 3600 pixels   
• Gain ~

MPPC 3.22×1.19 Octagon‐SMD : 
• 1.2 x 3.2 mm2 ac(ve area
• 70 μm x 70 μm pixel 
• 1200 pixels 
• Gain ~
• custom made units

- MPPC (Multi Pixel Photon Counter) from Hamamatsu 
- also known as SiPM / G-APD

• high PDE (~ 50%) 
• high gain (105 to 106) 
• insensitive to magnetic field 
• compact size 
• low bias voltages (~ 70V)  
• temperature dependent 

axial direction
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AX-PET  MODULE
LYSO + MPPC LYSO + MPPC + KAPTON

WLS + MPPC + KAPTON

MODULE ASSEMBLING

LYSO WLS

BARE ASSEMBLED MODULE, incuding
CONNECTIVITY CARDS

MECHANICAL HOUSING



• not a full scanner , 2 modules only!!! 
• to mimic the full scanner: 2 mods 
coincidence + rotating source
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AX-PET  DEMONSTRATOR
Goal of the project : Build and fully characterize a demonstrator for the AX-PET concept 

“gantry” system / 
      mechanics for the demonstrator

a) small FOV coverage: 
- 2 modules fixed, back 
to back position (180˚) 
- rotating source in the 
center of FOV

b) extended FOV coverage: 
- allow coincidences btw 
2 modules not at 180˚
- 1st mod. fixed
- 2nd mod. rotating 
(θ=180˚+/- 60˚) 
- rotating source 

2nd module support
(θ = 180˚ +/- 60˚)

1st module support
(fixed)

source support
(360˚)

• dedicated simulations, 2 mods + validation of the simulation from the data
• final performance of the full scanner : assessed with dedicated simulations, full scanner
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Demonstrator READOUT and  TRIGGER 
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• Custom designed DAQ system - Individual analogue readout of MPPC output

• Amplifiers : OPA486 (Lyso) / OPA487 (WLS) - Fast energy sum of all the crystals module

• VATA GP5 chip : 128-ch charge sensitive integrating   [AXPET : x4 VATA GP5 chips]
• Fast (~40ns) / Slow (~250ns) branches 
• Sequential or Sparse readout mode 
• Sparse = the analogue signals of the flagged - i.e. above thr - channels only is multiplexed into the output

• EXTERNAL TRIGGER (NIM logic) : 
Coincidence of the two 511 keV annihilation 
photons (one per module), with high energy 
discrimination thr 

S&H 
Bias 

VATAGP5 (128 ch.) 

‘slow’ 

fast OPA486 

!E (crystals only) 

test 

Analog output: 

Light per  

crystal / WLS 

Channels  

above threshold 

MPPC 

128‐bit 
hit register

analogue info 

ΣE_Mod1

ΣE_Mod2 S&H 
Bias 

VATAGP5 (128 ch.) 

‘slow’ 

fast OPA486 

!E (crystals only) 

test 

Analog output: 

Light per  

crystal / WLS 

Channels  

above threshold 

MPPC 

S&H 
Bias 

VATAGP5 (128 ch.) 

‘slow’ 

fast OPA486 

!E (crystals only) 

test 

Analog output: 

Light per  

crystal / WLS 

Channels  

above threshold 

MPPC 

First estimate of the time resolution:  

•! measure delay of  coincidence wrt Module2  
•! measurement from the scope [Lecroy Waverunner LT584 L 1GHz] 

MODULE1 

LYSO SUM 

MODULE2 

LYSO SUM 

high discr. thr (at photopeak)
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SIMULATIONS  
AXPET (2 modules, coinc.) is fully modeled by dedicated Monte Carlo simulations

Excellent agreement data / simulations : 
Typical LYSO energy spectrum LYSO multiplicity

One AXPET Module 
illuminated by a collimated 
511 keV gamma beam : 
Data and Simulations

GATE simulation package (G4 application for tomographic 
emission, including time-dependent phenomena e.g. detector 
movement)

AXPET challenges for realistic simulations : 
- non conventional PET design 
- WLS parameterization in the digitizer(*)
- Sorter for the coincidences

    (*) = implied major change in the simulation source code  
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• Module 1 : assembled  - July 2009 
• Module 2 : assembled - Sept 2009

• Single module characterization in a dedicated test setup (Aug ʻ09 - Nov ʻ09)
- with 22Na point-like sources
- at CERN

• Two modules in coincidence - dedicated test setup (Nov ʻ09 - March ʼ10) 
- with 22Na point-like sources
- at CERN 
  

• Transition to the new gantry setup (Mar - Apr 2010)
- at CERN, with point-like sources on rotating table

• Two modules in coincidence with phantoms filled with 18F-radiotracers
- at ETH Zurich, Radiopharmaceutical Institute 
- 20th - 30th April 2010
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AX-PET  STORY:  RECENT MILESTONES

11



• Module 1 : assembled  - July 2009 
• Module 2 : assembled - Sept 2009

• Single module characterization in a dedicated test setup (Aug ʻ09 - Nov ʻ09)
- with 22Na point-like sources
- at CERN

• Two modules in coincidence - dedicated test setup (Nov ʻ09 - March ʼ10) 
- with point-like sources
- at CERN 
  

• Transition to the new gantry setup (Mar - Apr 2010)
- at CERN, with point-like sources on rotating table

• Two modules in coincidence with phantoms filled with 18F-radiotracers
- at ETH Zurich, Radiopharmaceutical Institute 
- 20th - 30th April 2010

Chiara Casella     IPRD10 - June 7th, 2010

AX-PET  STORY:  RECENT MILESTONES

module

22Na source

2-D 
moving 
station

PMT

tagger
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AX-PET  STORY:  RECENT MILESTONES

2-D moving station / 
later replaced by rotating motor

module1

module2

22Na source
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AX-PET  STORY:  RECENT MILESTONES

• Module 1 : assembled  - July 2009 
• Module 2 : assembled - Sept 2009

• Single module characterization in a dedicated test setup (Aug ʻ09 - Nov ʻ09)
- with 22Na point-like sources
- at CERN

• Two modules in coincidence - dedicated test setup (Nov ʻ09 - March ʼ10) 
- with 22Na point-like sources
- at CERN 
  

• Transition to the new gantry setup (Mar - Apr 2010)
- at CERN, with point-like sources on rotating table

• Two modules in coincidence with phantoms filled with 18F-radiotracers
- at ETH Zurich, Radiopharmaceutical Institute 
- 20th - 30th April 2010



• Module 1 : assembled  - July 2009 
• Module 2 : assembled - Sept 2009

• Single module characterization in a dedicated test setup (Aug ʻ09 - Nov ʻ09)
- with 22Na point-like sources
- at CERN

• Two modules in coincidence - dedicated test setup (Nov ʻ09 - March ʼ10) 
- with point-like sources
- at CERN 
  

• Transition to the new gantry setup (Mar - Apr 2010)
- at CERN, with point-like sources on rotating table

• Two modules in coincidence with phantoms filled with 18F-radiotracers
- at ETH Zurich, Radiopharmaceutical Institute (Animal PET Lab)  
- 20th - 30th April 2010
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AX-PET  STORY:  RECENT MILESTONES
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AX-PET  STORY:  RECENT MILESTONES
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AX-PET  STORY:  RECENT MILESTONES

DETECTOR PERFORMANCE: 
• energy resolution
• spatial (axial) resolution
• timing performance 
• occupancy / multiplicities 

• image reconstruction
• very first results
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     Single module characterization         

511 keV

511 keV

for energy calibration, energy resolution collimated beam spot, spatial resolution

ADC counts
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LYSO No. 44 - raw ADC

ADC counts
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WLS n.122 (W5.18) WLS No. 122

Entries  1176

Mean    98.06

RMS     71.33

W5.18

WLS n.122 (W5.18)

ADC counts
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WLS n.143 (W6.13) WLS No. 143

Entries  21491

Mean      181

RMS     75.21

W6.13
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Single LYSO 
energy 
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LYSO 
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central WLS spectrum peripheral WLS spectrum 
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Energy [keV]
300 350 400 450 500 550 600 650 700
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LYSO Sum Sum all lyso 

Entries  299574
Mean    510.9
RMS     31.55
N         10.4±  4167 
mean      0.1± 513.6 
sigma     0.05± 26.78 
N_Lu      5.0± 233.4 
sigma_Lu  0.4±  24.6 

R_FWMH = 12.25%

LYSO Sum

Chiara Casella     IPRD10 - June 7th, 2010

ENERGY RESOLUTION

 LYSO_ID
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< R_FWHM >  ~  11.6% @511 keV

(averaged on 48 LYSO crystals) 

After ENERGY CALIBRATION (i.e. from raw ADC counts to keV units) :

R_FWHM_Sum  ~ 12.25% at 511 keV
 

(on the summed distribution)

 / ndf 2!  119.4 / 97

Prob   0.06124

Constant  1.9± 123.8 
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Sum all lyso 
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mean      0.1± 513.6 
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LYSO Sum

fit : double gaussian

N_lyso = 1 (63.7%)

N_lyso = 2 (30.5%)

 3!N_lyso 

LYSO Sum
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ENERGY RESOLUTION
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Typical LYSO MULTIPLICITIES (single module):
•Prob (1LYSO) ~  64% 
•Prob (2LYSO) ~  30%

R_FWHM_Sum  ~ 12.25% at 511 keV
 

(on the summed distribution)

Typical LYSO MULTIPLICITIES - 2 MODS COINCIDENCES:
•Prob (1LYSO-1LYSO “1-1”) ~  44% 
•Prob (1LYSO-2LYSO “1-2” or “2-1”) ~  38%
•Prob (2LYSO-2LYSO “2-2”) ~  9% 14
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TWO MODULES COINCIDENCE
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SIDE View - d(Mod1,Mod2) = 150 mm

/home/daq/axpet/log/run02730.log INFO: Temperature is 20.89 in Mod1 21.05 in Mod2
/home/daq/axpet/log/run02730.log INFO: ***************************************
/home/daq/axpet/log/run02730.log INFO: Run Number: ********** 02730 **********
/home/daq/axpet/log/run02730.log INFO: ***************************************
/home/daq/axpet/log/run02730.log INFO: Run Start Time: Mon Nov 23 12:01:20 2009

/home/daq/axpet/log/run02730.log INFO: Run Type: SPARSE readout
/home/daq/axpet/log/run02730.log INFO: Comment: Test_Mod1_AND_Mod2 Temp. 20.89 M1 - 21.05 M2

on scale! 
[mm]
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AXIAL RESOLUTION

Z_proj
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ZY_projection with X= 0.00

•(R_FWHM)z ~ 1.5 mm
• intrinsic resolution
• positron range
• non collinearity 
• (source dimensions ; ø=250μm)

Rintr =
√

R2
meas −R2

ρ −R2
180

 => (R_intrinsic_FWHM)z ~ 1.35 mm

Intersection of LOR with central plane -- no tomographic reconstruction !!! 

16



Chiara Casella     IPRD10 - June 7th, 2010

TIME RESOLUTION

Measured time resolution :  FWHM ~ 1.9 ns

Module1 Delay wrt Module2 [ns]
-30 -28 -26 -24 -22 -20
0

20

40

60

80

100

120

140

Constant  5.409± 122.9 

Mean      0.04149± -25.06 

Sigma     0.04123± 0.8149 

Constant  5.409± 122.9 

Mean      0.04149± -25.06 

Sigma     0.04123± 0.8149 

trigger time jitter - Two Modules Coinc.First estimate of the time resolution:  

•! measure delay of  coincidence wrt Module2  
•! measurement from the scope [Lecroy Waverunner LT584 L 1GHz] 

MODULE1 

LYSO SUM 

MODULE2 

LYSO SUM 

• measure delay of coincidence wrt Mod2 
• measurement from the scope [Lecroy Waverunner LT584 L 1GHz] 

Δt
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• First measurements with extended objects filled with radio-tracers 
• Apr 26th-30th 2010
• at ETH Zurich - Radiopharmaceutical Institute (Animal PET Lab)
• 18F - FDG (t1/2 ~ 110 mins) 
• Phantoms used :  mini-Derenzo, with and without inserts (L= 1.5 cm; ø = 2 cm; ø_rods = [0.8,1.3] mm)
                                       mouse-like phantom                             (L = 7 cm; ø = 3 cm)
                                capillaries                                             (L = 3 cm; ø = 1.4 mm) 

• acquisition method: only source rotating - 2 modules fixed (i.e. center FOV) 
• Dist_2mod2 = 15 cm

• for the moment only “golden events” are used for the reconstruction
           (1 LYSO per module,  unambiguous definition of the z coordinate) 
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MEASUREMENTS with PHANTOMS

• Statistical iterative reconstruction method 
• MLEM (Max Likelihood Expectation Maximisation) 
• System matrix 

- detailed description of the geometry 
- based on Siddon algorithm
 

• FOV : voxel dimension : 1 x 1 x 1 mm3

RECONSTRUCTION     MEASUREMENTS GOALS : 
• test performance
• uniformity

- Derenzo without inserts
- mouse-like phantom

• resolution
- Derenzo with inserts
- Capillaries W
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RECONSTRUCTED IMAGE : Capillaries(1)

x

y

z
• phantom : 3 capillaries (// LYSO) 
• capillaries (x3) : L = 3cm ; Diam = 1.4 mm ; Pitch = 5 mm
• 17 positions of the phantom, θ in [0˚,170˚] 

• FOV : 30 x 30 x 83 vox3 = 30 x 30 x 83 mm3

• 30 iterations

y

z z
y

FWHM  
~ 1.73 mm 

FWHM  
~ 1.96 mm 

FWHM  
~ 1.96 mm 

x

x

preliminar!!!
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preliminar!!!
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x

y

z

FWHM  
~ 1.69 mm 

FWHM  
~ 1.63 mm 

FWHM  
~ 1..71 mm 

RECONSTRUCTED IMAGE : Capillaries(2)
• phantom : 8 capillaries (// WLS) 
• capillaries (x8) : L = 3cm ; Diam = 1.4 mm ; Pitch = 5 mm
• 17 positions of the phantom, θ in [0˚,170˚] 

• FOV : 30 x 30 x 83 vox3 = 30 x 30 x 83 mm3

• 30 iterations
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RECONSTRUCTED IMAGE : mini-Derenzo
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- more statistics available (x2) 
- no correction applied for the moment

• phantom : micro Derenzo 
• L= 1.5 cm; ø = 2 cm; ø_rods = [0.8,1.3] mm
• L = 1.5 cm ; Diam = 2 cm; Rods_Diam = 0.8÷1.3 mm
• 17 positions of the phantom, θ in [0˚,170˚] 

• FOV : 30 x 30 x 30 vox3 = 30 x 30 x 30 mm3

• 200 iterations
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CONCLUSIONS and OUTLOOK
 Novelty of AX-PET
 (1) as calorimeter 

- “unconventional” use of WLS to collect escaping 
scintillation light / bare scintillators

 (2) as PET 
- new axial geometry

•Sensitivity / resolution now decoupled and not 
competing

•3D reconstruction of photon interaction points
•DOI (Depth Of Interaction) measurement => 
Parallax-free system 

•Resolution / Sensitivity tunable with granularity and 
nr. layers 

- versatile concept, that can be scaled in size and nr 
layers to match specific needs (small animal PET, brain 
PET, PEM...) 
- possible compatibility with MRI  
- possibility to reconstruct the ICS (Inter Crystal 
Scattering) => Enhance sensitivity and resolution 

 

Still to do...
- improve the quality of the reconstruction (system matrix / statistics / corrections ...) 
- potentiality of Inter Crystal Scattering (ICS)
- large FOV coverage: new phantom measurements campaign (July 2010 ?)
- ...

 Assessed performance 

 (1) as detector 
In dedicated test benches, single module 
characterization & 2 mods coincidences
- good energy resolution 

R_FWHM : 11.6 % (@511 keV) 
- good time resolution :
Δt ~ 1.9 ns FWHM 

- good intrinsic spatial resolution : 
R_RWHM ~ 1.35 mm 

 (2) as imaging device
First measurements with extended objects, 
with 18F-FDG (phantoms)
- first reconstructed images 
- image reconstr. sw successfully tested
- very promising (still preliminary) results
- competitive performance with state of the 
art PET scanners 
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LYSO intrinsic radioactivity
Lu decay : 

in LYSO: β absorbed in the crystal + 
one, two or 3 γ escaping the crystal 
(88 keV, 202 keV, 307 keV)

from Saint Gobain Prelude 420 spec sheet:
1)

2) A = 39 Bq/g (ρ=7.1g/cm3) => expected 250 Bq in 3x3x100mm3 LYSO

63 keV
202 keV

306 keV
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ENERGY CALIBRATION 
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Calibration: En_vs_ADC  - LYSO21

- deviation from linearity 
  (~ 5% effect)

- parameterization: 
 negative logarithmic fitting func.

Why energy calibration (i.e. ADC values => keV)  ? 
- equalized response from all channels  
- correct for the MPPCʼs non linearity (at 511 keV)

Intrinsic Lu radioactivity + Photopeak: good tool for the energy calibration 
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LYSO No. 21 - intrinsic radioactivity
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LYSO No. 21 - 22Na coinc. trigger

same procedure applied 
identically for every other 

channel 

AX-PET : 
“self-calibrating” device

intrinsic radioactivity 
spectrum of a crystal 

inside the matrix
(internal trigger)

coincidence 
module/tagger

(external trigger)

[63 keV]

[202 keV]

[303 keV] [511 keV]

En(ADC) = E0 − a× ln
(
1− ADC

b

)



Chiara Casella     IPRD10 - June 7th, 2010

PHYSICS LIMITS to spatial resolution

1. Effective positron range

2. Non collinearity 

Fundamental limitations in the 
spatial resolution of PET 
imaging come from the 
physics of the e+ annihilation 
process 

to be completed! 
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N.Auricchio - VCI2010, Febr 2010

Small animal PET comparison : 



A.Del Guerra - CERN Academic Training, 
April 2009
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nsExtended pieces of detector (L_lyso = 100 mm ; L_wls = 40 mm)
- large FOV coverage
- dependence of the detector response on the position of the 
interaction point (λattenuation)

To achieve a good uniformity of the detector response : 
- measure λattenuation (FULL SCAN measurements)
- correct offline (on a channel by channel basis) FULL SCAN MODULE : 

- 53(z) x 16(y) positions
- 848 runs
- few days acquisition

 

- one LYSO example

 dZ (mm)
10 20 30 40 50 60 70 80 90 100

 L
Y

S
O

 6
.3

 (
A

D
C

 c
o

u
n

ts
)

495

500

505

510

515

520

 5
pos

LYSO 3 Layer 6 - Y

ATTENUATION LENGTH    



EXTERNAL TRIGGER

Summed LYSO signal, 
single module

LL [timing]

HHL [high energy cut]

HL [energy]

EXT. TRIGGER
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How to derive the intrinsic spatial resolution?
1. make hypothesis :

2. extrapolate at zero distance

zreco =
∑

i

zi × LYi

LYi

Reconstructed z coordinate 
on each layer :
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Z c.grav. in layer 4 (PPeak samelay 1!cutsum)
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Spatial resolution  / ndf 2"  0.7897 / 4

Prob   0.9398
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p1        9.245e-05± 0.001374 
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=> spatial resolution : fitted σi [i=1,6]

It includes:
• intrinsic spatial resolution 
• beam spot size on each layer 
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AXIAL RESOLUTION
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AXIAL RESOLUTION

(R_FWHM)z ~ 1.5 mm

Rintr =
√

R2
meas −R2

ρ −R2
180

(0.54 mm)2 [0.0022 x Diam = 0.33 mm]2

≈ 1.35 mm
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AXIAL RESOL. - two sources separation

2 sources
ΔΖ ~ 4.5÷5 mm

1 source @ Z=0 mm
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two sources : 
1) A ~ 600 MBq ; 

in (0,0,0)  
2) A ~ 100 kBq ; 

in (0,0,ΔΖ)  
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History and Publications

Erlend Bolle,  NDIP’08, Aix-Les-Bains, June 2008

1. Ter-Pogossian et al, 1978 : pioneering original concept of NaI crystals axial arrangement

2004

2007

2009 : 
- module constructions / performance assessment / single module characterization / 2 mods 
coincidence (with sources)  [PAPER IN PREPARATION]
- software progress : simulations / reconstruction [PAPER IN PREPARATION]
2010 : 
- measurements with phantoms
















