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APD	
  based	
  double	
  readout	
  
of	
  the	
  LYSO	
  crystals Average	
  energy	
  resolution	
  

13.4%	
  FWHM

DOI	
  resolution	
  2.8	
  mm	
  
FWHM

Time	
  resolution	
  2.8	
  ns	
  
FWHM

Image	
  resolution	
  1.3	
  mm

First ClearPEM prototypes have
shown excellent performance.
But, a commercial system would
require to significantly bring down
production costs in order to be
competitive



Aim of the Study

Development	
  of	
  the	
  high	
  resolution	
   detector	
  module	
  with	
  Depth	
  of	
  Interaction	
   (DOI)	
  for	
  the	
  future	
  ClearPEM and	
  other	
  

small	
  animal	
  PET

• Cost	
  effective
• High	
  sensitivity	
  
• Same	
  performance	
  as	
  the	
  ClearPEM detector	
  module	
  (spatial	
  resolution,	
  energy	
  resolution)
• Good	
  coincidence	
   timing	
   resolution

Why	
  SiPM?

• Fast
• Efficient	
  (Low	
  operational	
  voltage,	
  high	
  gain,…)
• compact	
  with	
  Small	
  dead	
  area
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New High resolution Detector
Module
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1. Coupling	
  more	
  than	
  1	
  crystal	
  per	
  detector
2. Getting	
  DOI	
  information	
  with	
  single	
  side	
  readout

Crystals:  1.53x1.53x15mm  LYSO
Gaps  70  micron
Totally  reflective  separation  foil

4x4	
  MPPC	
  array	
  from	
  Hamamatsu
Active	
  area	
  3x3	
  mm2

Pitch	
  3.1	
  mm



New High resolution Detector
Module
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1. Coupling	
  more	
  than	
  1	
  crystal	
  per	
  detector
2. Getting	
  DOI	
  information	
  with	
  single	
  side	
  readout

Crystals:  1.53x1.53x15mm  LYSO
Gaps  70  micron
Totally  reflective  separation  foil

4x4	
  MPPC	
  array	
  from	
  Hamamatsu
Active	
  area	
  3x3	
  mm2

Pitch	
  3.1	
  mm

Aim of the study 

❏  4x4 MPPC array from Hamamatsu 
❏  Active area 3x3 mm2 

❏  Pitch 3.1 mm 

❏  Crystals: 1.53x1.53x15mm3 LYSO 
❏  Gaps 70 micron 
❏  Separation foil: Vikuiti 

To develop a PET module that allows the same performances in term of spatial 
resolution and energy resolution. 
1.  4 to 1 coupling between the detector and the scintillators. 
2.  DOI capability with a single side readout. 
3.  Easy to produce. 
 



Crystal Matrix and photodetector
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4x4	
  MPPC	
  array	
  from	
  Hamamatsu
Active	
  area	
  3x3	
  mm2

Pitch	
  3.1	
  mm

4x4	
  MPPC	
  array	
  from	
  Hamamatsu
Active	
  area	
  3x3	
  mm2

Pitch	
  3.1	
  mm

Lateral surface of
the crystal is
optically
depolished



New method for DOI
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Reflector
Light	
  guide

Crystal

MPPC

Patent	
  PCT	
  EP2015/074462

Lateral surface of the
crystal is optically
depolished.
It makes the correlation
between the DOI and
the light collected by the
detector



Readout Electronics

• A compact	
  front	
  end	
  board	
  (FEB/A)
• On	
  the	
  back	
  side	
  of	
  the	
  FEB/A	
  lies	
  the	
  front	
  end	
  electronics	
  
with	
  TOF	
  ASIC	
  (TOFPET1	
  ASIC)
Ø Time	
  and	
  ToT digitization
Ø Event	
  rate:	
  160	
  kHz	
  per	
  channel
Ø Optimized	
  for	
  low	
  power	
  (10	
  mW per	
  channel)

• Front	
  End	
  Board	
  type	
  D	
  (FEB/D)	
  reads	
  the	
  data	
  from	
  8	
  FEB/A	
  boards

• The	
  DAQ	
  board	
  is	
  a	
  PCIe data	
  acquisition	
  board	
  that	
  collects	
  the	
  data	
  
from	
  the	
  front	
  end	
  FEB/D	
  board	
  using	
  optical	
  links
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FEB/A

FEB/D

DAQ



Extraction of Energy
Information
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• The	
  energy	
  information	
  can	
  be	
  extracted	
  by	
  applying	
   the	
  Time	
  Over	
  Threshold	
   (TOT)

• The	
  time	
  duration	
  of	
  the	
  signal	
  above	
  threshold	
  can	
  be	
  related	
  to	
  the	
  energy	
  released	
  in	
  the	
  detector

ToT [ns]

ToT spectrum	
  for	
  Na-­‐22 Charge	
  spectrum	
  for	
  Na-­‐22Extracting fitting function to
convert ToT to A.U. charge by
injecting the internal test pulse



Crystal Identification &
DOI algorithms
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• 𝑈 = ∑ $%×'%(
%)*

'

• 𝑉 = ∑ ,%×'%(
%)*

'
Depth	
  of	
  Interaction	
  Parameter

• 𝑊 = './0
'

Crystal	
  Identification
• 𝐸2	
  :	
  Energy	
  deposited	
  by	
  the	
  ith MPPC	
  channel
• 𝑥2and	
  𝑦2 :	
  (x,y)	
  positions	
   of	
  the	
  centers	
  of	
  the	
  i-­‐th

channel
• 𝐸:	
  Sum	
  of	
  the	
  deposited	
  energies	
  in	
  all	
  the	
  channels

• 𝐸67$	
  :	
  Maximum	
  energy	
  among	
   the	
  i deposited	
  
energies

• 𝐸:	
  Sum	
  of	
  the	
  deposited	
  energies	
  in	
  all	
  the	
  channels

U

V



Geant4 simulation
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Crystal Identification
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• Crystals	
  are	
  identified	
  very	
  well	
  in	
  
the	
  center

• Crystal	
  identification	
   in	
  the	
  corners	
  
are	
  not	
  good

2D	
  map	
  of	
  the	
  (u,v)	
  coordinates	
  

5

Figure 4: Schematic representation of

the experimental setup used for stan-

dard characterization of the prototype

module.

Figure 5: Image of the experimental

setup used for standard characteriza-

tion of the prototype module. Light

guide and reflector have been removed

to show the LYSO array.

Pulses are acquired in parallel whenever one of the channels exceeds a programmable118

threshold. For every trigger event, the charge collected by each of the input channels119

is recorded after pulse integration performed directly by the internal FPGA. All the120

channels of the MPPC array contribute to the generation of the trigger. Each event121

stored on the acquisition PC consists in a list of the 16 charges collected by the SiPMs.122

In a typical acquisition, a complete characterization can be carried out in about 15123

minutes. The dataset stored on the acquisition PC contains scintillation events arising124

from any of the 64 crystals of the array. In order to perform a characterization of the test125

module on an individual crystal basis, a custom method (described in 2.3.1) is applied126

to separate the contribution of each single scintillator. Finally, a charge spectrum is127

obtained for each crystal. In analogy with double side readout schemes adopted with128

depolished crystals, a proper charge spectrum can be reconstructed only by summing the129

light contributions emitted by both ends of the scintillator, which in this configuration130

corresponds to summing the charges collected by all the 16 SiPM detectors.131

2.3.1. Crystal separation method. For a given acquisition dataset, a 3D graph of the132

(u, v, w) variables defined in equations 1 and 3 can be obtained, like the one shown in133

figure 6 along with its projection on the (u, v) plane. This plot shows 64 accumulation134

volumes, which, in analogy with standard 2D Anger logic, can be recognized as135

corresponding to the events for which an incident gamma ray has interacted with a136

single crystal of the scintillator matrix. Events for which energy has been deposited in137

multiple crystals, instead, are reconstructed far from these accumulation volumes and138

Schematic	
  of	
  the	
  set-­‐up	
  

50	
  mm
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Solution	
  for	
  the	
  crystal	
  identification	
  in	
  the	
  cornes ?

3D	
  map	
  of	
  the	
  (U,V,W)	
  coordinates

• The	
  lateral	
  crystals	
  distributions	
  are	
  tilted
• Using	
  an	
  appropriate	
   rotation	
  in	
  3D	
  we	
  can	
  get	
  a	
  nice	
  2D	
  

map	
  with	
  all	
  the	
  64	
  crystals	
  clearly	
  identified	
  

Corrected	
  2D	
  map	
  of	
  the	
  (U,V)	
  
coordinates	
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Projection	
  along	
   the	
  U	
  axis	
  for	
  
the	
  selected	
  crystals	
  

Projection	
  along	
   the	
  U	
  axis	
  for	
  
the	
  selected	
  crystals	
  

Original	
  flood	
  map

Corrected	
  flood	
  map



Energy Resolution
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Energy	
  resolution	
  for	
  central	
  crystals	
  18.29%	
  FWHM

Distribution	
  of	
  the	
  energy	
  resolution	
  
for	
  all	
  the	
  64	
  crystals

3D	
  distribution	
  of	
  the	
  energy	
  
resolution	
  for	
  a	
  block	
  of	
  8x8	
  
crystals

Select	
  the	
  
events	
  in	
  one	
  
crystal	
  and	
  plot	
  
the	
  sum	
  of	
  the	
  
energies	
  
deposited	
   in	
  all	
  
the	
  MPPCs	
  for	
  
each	
  event	
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Figure 8: Three dimensional plot of

the coordinates (u,v,w), and projec-

tion on (u,v) plane, of the events cor-

responding to SiPM A1.

Figure 9: Three dimensional coordi-

nate system is rotated and 3D points

are projected on the new (u”,v”)

plane, where they can be separated in

4 accumulation areas.

Figure 10: Schematic representation

of the electronic tagging setup.
Figure 11: Image of the electronic

tagging setup bench. Light guide and

reflector have been removed to show

the LYSO array.

desktop digitizer and acting as acquisition trigger. When the signal on this detector160

exceeds a programmable threshold, the CAEN digitizer performs simultaneously the161

integration of the pulses recorded by the external SiPM and by all the 16 channels of162

the MPPC array. In this configuration, therefore, each event stored on the acquisition163

PC consists in a list of 17 charge values. Selecting photopeak events on the charge164

spectrum of the external SiPM restricts the dataset to scintillation events confined to165

a small excitation area of the crystal array. By means of the movable x-y-z stage, the166

entire matrix can be scanned in order to correlate the information extracted by the167

Illustration	
  of	
  the	
  experimental	
  electronic	
  collimation	
  set-­‐up	
  used	
  to	
  evaluate	
  DOI	
  resolution

DOI

Using	
  the	
  electronic	
  
collimation	
  with	
  one	
  
reference	
  crystal,	
  the	
  
matrix	
  was	
  scanned	
  in	
  6	
  
different	
  vertical	
  
positions.	
  
Spot	
  size	
  on	
  the	
  crystal	
  is	
  
~	
  1.1	
  mm
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Histogram of the W variable or 6
different z position along the crystal
length for 511 keV events in
photopeak

Linear correlation between the
between the center of the irradiation
spot and the position of the w
histogram peak.

𝑫𝑶𝑰 = 𝑨×𝑾+𝑩
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Distribution	
  of	
  the	
  DOI	
  resolution	
  for	
  
all	
  the	
  64	
  crystals 3D	
  distribution	
  of	
  DOI	
  resolution

average DOI resolution over all the 64 crystals in 6 different depths is 5.17mm  FWHM

DOI	
  resolution:
• Extraction	
  of	
  	
  the	
  fitting	
  

function	
  

for	
  each	
  of	
  the	
  64	
  crystals
• plotting	
  1D	
  histogram	
  of	
  

DoI(measured)-­‐DoI(real)	
   for	
  
each	
  of	
  the	
  64	
  crystals.

• Gaussian	
  fitting	
   to	
  estimate	
  
DoI resolution.	
  

DOI = A×W+ B
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DeltaTime [ps]

Coincidence timing resolution is 531 ps FWHM
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Figure 4: Schematic representation of

the experimental setup used for stan-

dard characterization of the prototype

module.

Figure 5: Image of the experimental

setup used for standard characteriza-

tion of the prototype module. Light

guide and reflector have been removed

to show the LYSO array.

Pulses are acquired in parallel whenever one of the channels exceeds a programmable118

threshold. For every trigger event, the charge collected by each of the input channels119

is recorded after pulse integration performed directly by the internal FPGA. All the120

channels of the MPPC array contribute to the generation of the trigger. Each event121

stored on the acquisition PC consists in a list of the 16 charges collected by the SiPMs.122

In a typical acquisition, a complete characterization can be carried out in about 15123

minutes. The dataset stored on the acquisition PC contains scintillation events arising124

from any of the 64 crystals of the array. In order to perform a characterization of the test125

module on an individual crystal basis, a custom method (described in 2.3.1) is applied126

to separate the contribution of each single scintillator. Finally, a charge spectrum is127

obtained for each crystal. In analogy with double side readout schemes adopted with128

depolished crystals, a proper charge spectrum can be reconstructed only by summing the129

light contributions emitted by both ends of the scintillator, which in this configuration130

corresponds to summing the charges collected by all the 16 SiPM detectors.131

2.3.1. Crystal separation method. For a given acquisition dataset, a 3D graph of the132

(u, v, w) variables defined in equations 1 and 3 can be obtained, like the one shown in133

figure 6 along with its projection on the (u, v) plane. This plot shows 64 accumulation134

volumes, which, in analogy with standard 2D Anger logic, can be recognized as135

corresponding to the events for which an incident gamma ray has interacted with a136

single crystal of the scintillator matrix. Events for which energy has been deposited in137

multiple crystals, instead, are reconstructed far from these accumulation volumes and138

Illustration	
  of	
  the	
  coincidence	
  
experimental	
  set-­‐up	
  used	
  



Summary

We	
  have	
  developed	
  a	
  TOF	
  and	
  high	
  resolution	
  detector	
  module	
  composed	
  of	
  
• 64	
  depolished LYSO	
  pixels	
  separated	
  by	
  reflective	
  foil	
  couple	
  to	
  16	
  MPPC	
  array
• 1	
  light	
  guide	
  on	
  top	
  of	
  the	
  crystal	
  and	
  grease	
  an	
  optical	
  coupling	
  between	
  the	
  crystal	
  and	
  MPPC
• Reflective	
  foil	
  as	
  a	
  mirror	
  on	
  top	
  of	
  the	
  light	
  guide

With	
  high	
  performance
• Excellent	
  Identification	
  of	
  all	
  the	
  64	
  crystals
• DOI	
  resolution	
  of	
  5.17	
  mm	
  FWHM
• Energy	
  resolution	
  @511	
  keV 18.29%
• Coincidence	
  time	
  resolution	
  531	
  ps FWHM	
  
• Commercially	
  viable
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Future work:
Using TOFPET2 ASIC

• Improved	
  timing	
  measurement	
  
Ø Aiming	
  at	
  PET	
  CTR	
  of	
  200	
  ps

• Linear	
  energy	
  measurement	
  in	
  the	
  range	
  0-­‐1500	
  pC
Ø Compatible	
  with	
  high	
  gain	
  SiPMs
Ø Charge	
  integration	
  ADC

• Event	
  rate	
  up	
  to	
  600	
  kHz	
  per	
  channel	
  
Ø Suitable	
  for	
  PET	
  modules	
  with	
  light	
  sharing

• Reduced	
  power	
  consumption
Ø 5-­‐8	
  mW/channel

• Submitted	
  to	
  fabrication	
  (will	
  be	
  received	
  in	
  one	
  week)
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Expected results with the new ASIC

Results	
  with	
  a	
  similar	
  detector	
  configuration	
  at	
  CERN:

• DOI	
  resolution	
  of	
  3.99	
  mm	
  FWHM	
  (CAEN	
  DT5740	
  Digitizer)
• Energy	
  resolution	
  @511	
  keV after	
  correction	
  with	
  DOI	
  14.6% (CAEN	
  DT5740	
  Digitizer)
• Coincidence	
  time	
  resolution	
  300	
  ps FWHM	
  (Nino	
  Chip	
  at	
  CERN)
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Thank you for your attention!
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