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-beam PET
y treatments

Objectives =» Design of a demonstrator in order to test technical choices (electronic
DAQ,...), test of trigger for selection of good events, in-line and off-line analysis, event’s
reconstruction
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1.The LAPD : A demonstrator of in-beam PET
for quality assurance of hadrontherapy treatments

Particle therapy is a reliable treatment of unresectable and radioresistant
tumors that uses light ions (p, He?, Li’, C)

Particle therapy is based on specific v’ Highest dose in the volume of the tumor
interaction of hadron with matter ‘ while sparing the surrounding healthy

=» Bragg peak which plots the energy tissue
loss of ionizing radiation during its v’ Better biological efficacy to kill tumors (C)

travel through matter

PHOTON beam

Quality assurance of the treatments

native PROTON beam
250MeV

Depth
in Tissue (cm)

The dose produced by a native and by a modified proton beam in
passing through tissue, compared to the absorption of a x-ray beam
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1.The LAPD : A demonstrator of in-beam PET
for quality assurance of hadrontherapy treatments

The Quality assurance of treatments is based
on the measurement of these secondary
particles

B* emitters from induced radioactive

isotopes
® Prompt gammas (Synchronous emission

with beam spill)
® Secondary protons

secondary particles are produced during
the treatment (nuclear reactions)

Unlike conventional radiotherapy, many l
o

1/ — dose
— [* emitters

&
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We concentrate on the production of secondary
radioactive isotopes
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e Short half-life : 11C (20 min), 0O (2 min), 1°C (20 s)
 Low activity induced ~ 100 Bg/Gy/cm?
(MBq / Gy /cm3for clinical PET)

40 60
depth (mm)

Geant 4 simulation : 163 MeV.u! C2 dose profile
and secondary B* rate induced by the beam in
water equivalent material [PhD Lestand 2012]
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1.The LAPD : A demonstrator of in-beam PET
for quality assurance of hadrontherapy treatments

B+ activity detection
(as in clinical TEP)

=» asynchronous disintegration
=» a pair of annihilation gamma rays
= Energy =511 keV

=» In opposite direction (=180°)
= At the same time (correlation in time)

commcidence However significant production of other
- articles vy, n,
et+e w2y P P

= Simultaneously in time with the beam spill
=» Spoil the measurement of the “true”
coincidence with “random” coincidences

=» Contribution of the noise is function of the beam time structure
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1.The LAPD : A demonstrator of in-beam PET
for quality assurance of hadrontherapy treatments

On-line measurement (during treatment) =» Measurements could be in-room and off-line
=» Reduce the influence of metabolic washout (biological diffusion of B+ emitters)
=» But physical noise (prompt gammas)

=» Selection of good coincidences

2 Detection Head (2x20 channels)
APD Hamamatsu + LSO crystal

RF GANIL
VME board #1

Détecteur #1

Détecteur #2

e

VME board #2
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1.The LAPD : A demonstrator of in-beam PET
for quality assurance of hadrontherapy treatments
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True coincidences from the p~-decay

CP Orsay (C230 IBA)
proton continuous

12 Mainly random coincidences from emission of prompt gammas
GANIL C*= Pulsed beam : |

- beam

me- gy Use of the RF signal representing the Energy Intensity Beam Spill

(MeV.u-1) ions.s -1 (ns) . i (MeV.u-1) ions.s -1 (ms)
accelerator radio frequency as time 86 6.25x1011 -

L

AT

reference
AtrYsz' RF~— (tevent—tRF} ‘

— The development of an effective
=l online PET system needs to define and
implement an effective in-line

i At CP "
"trigger" to select the true tCEOanysandon
coincidences" as well as a

large acquisition dead time

Energy (keV)
o BEEEEEEEEE

i

Energy (keV)

& 7

At_YY -RF(ns)

I. At_ﬂ’ —R-F(n }J

At GANIL, sufficient statistic
of good events between two ..
successive spills coincidences
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1.The LAPD : A demonstrator of in-beam PET
for quality assurance of hadrontherapy treatments

A 2015 two half-rings
2N s * ) 240 channels
*+ ° read by DRS4 based

2013 : two blocs
» 40 channels
read by ARS based

sampling board 2, Lr] sampling board
" PR

Improvements

v’ to get a larger number of channels (2x20 = 2x120)

v" As in first demonstrator photodetector’s signal read by sampling electronics
but with higher bandwidth (2 GS/S = 5 GS/S)

v Replace VME based DAQ by xTCA based DAQ, (decrease dead time)
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2.Design of the LAPD Demonstrator

Mechanical Assembly

1 Channel =1 crystal (LYSO) + 1PMT 1 Quartet = 4 Channels

4 PMTs are welded together in a
Quartet with a single HV power

supply

Each row are shifted in z direction
* to minimize the dead zone
e 2 Lines Of Response (LOR) can’t
have the same coordinates

Schematic
view of the

crystals of
one half ring
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2.Design of the LAPD Demonstrator
Read-out electronic

Sampling Electronic (SCA technology) =

ASM custom boards : sampling electronics e T

based on DRS4 chips (PSI) é -
> switched capacitor array | generation par
> buffer depth : 1024 samples Optical AR W
H Tx/Rx y /iy o
> sampling rate : up to 6 GHz mril A Backplane
> Digitizisation :ADC 33 MHz, 12 bits fady | !

b5 ENIME
| wm i

> energy selection with two thresholds
> temporal selection : 2 events in less than 20 ns
> geometrical selection through Trigger Board

Geometrical Selection
. [E e)|g ;

X .

——
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2.Design of the LAPD Demonstrator

Read-out electronic

ASM Boards
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- Trigger
Board

14th Vienna Conference on Instrumentation, 15-19 Feb 2016

S



-~ bAQ
Up to now

v" The data are transferred via a VME bus between the ASM boards and a CPU in the
same VME crate

v’ Data transfer between the CPU (Server) and a dedicated PC (Client) via an

Ethernet link
The VMEbus induces a large dead time
Ongoing work

v Use of modular and open MicroTCA standard for building a high performance
DAQ system in a small form factor.

v' Data transfer between ASM boards and the MicroTCA crate by optical fibers (3.2
Gb/s for 24 channels)

— uTCA Crate ‘ pil

=
,_ ;_ - : I . 2 '. MicroTCA was originally intended
. L ﬂ
, B for smaller telecom systems and
- = has high bandwidth performances

i
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PD

Simulations of the DPGA performed using GEANT4

Matrix of the crystals used in
simulation and reconstruction
algorithms

R =16mm R =19mm

Measurements performed using
PMMA Phantom filled with
FDG in hospital environment
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3.Estimation and simulation of the LAPD performances

Full detector performances

Measured performances with FDG

> energy resolution at 511 keV:14 %
> coincidence resolving time : 3 ns

Mean error after reconstruction Spatial resolution for fixed value of x and y
very low (<0,5mm) except near the edges Spatial resolution between 6,5 mm and 8 mm

Mean error after reconstruction as a function of the voxel indices

|Voxel index : Ix, Iy, 1,

Ix:0==20 |
ly:0=>20
Iz:0=>20.

mresolution spatiale selon Y
4 resolution spatiale selon X

| . = 7.0
- Ix=4,ly=3,17=1=> Np; =464

\ 6.8
* ¢

Il.* 6,6 S
llﬁ.....lil
6.4

Annihilation pOSitionS distributed 055002000 .3|:|o|:| 5000 7000 62
. . . Npin=1! I
simulated uniformly in a 20x20x20 bin = Tx* 20 1y *+ 4901 60

voxelized cubes 90 70 50 -30 -10
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3.Estimation and simulation of the LAPD performances

Iterative reconstruction algorithm

Use of MLEM algorithm

Known
Matrix of hits in crystals

To reconstruct

)

B+ activity distribution

Projector (voxels 2x2x2mm3)
Calculated by full Monte-Carlo Simulation

Configuration : a phantom with different holes is placed

e ! Reconstruction of experimenta| Simulation of annihilation Y profile after reconstruction of activity in 3 holes
inside the detector and some holes are filled with FDG

data without any selection position inside the central Red : simulation )
hole of the phantom Blue : reconstruction from experimental data

(diam=10mm, depth=12 mm)

Comparison between the positions of positron
annihilation, simulated by Geant4 and reconstructed T T T B T I ST T 40
by the MLEM algorythm (Act. FDG ~ 20 MBq)

Y values , X and £ cumulated
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3.Estimation and simulation of the LAPD performances

“Minimal approach” reconstruction

“Minimal approach” Algorithm

‘/Compute the position of the point A on the LOR with D
minimum

Define the maximum extension R of the beam envelope s e Reect LR
Reject or accept the LOR if D is less or greater than R D <R =>AcceptLOR

R=lateral
extension
of the beam
envelope

Bragg’s peak induced by

86 MeV protons in PMIA Algorithm convergence
RSl v convergence of the y2 of Bragg’s peak shape

v Z of the maximum depth

v’ Z of the fall-off depth

=>» Convergence in less than 10.000 events (50.10° protons)

dN/dz (U.A.)

= - . |
0 -60 -40 20 0 20 40 60 80

Depth (mm)

2
X, evolution of Bragg
peak shape

Evolution of the position of the maximum depth (mm}

Black : Position of annihilation
Blue : Reconstruction from true coincidences
Red : Reconstruction from all events

Convergence of the x2  Evolution of the position of
of te Bragg’s peak shape the maximum depth (mm)
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1/3 of the LAPD tested at

Heidelberg IonenstrahI-TheraEiezentrum (HITi
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4. First In-beam Test at HIT

Specificity of HIT beam

=» Beam produced by synchrotron

=» RF knock-out slow extraction method

v
v

=» Need a time monitoring in the Beam for time reference

Beams Used for Test

150 MeV proton 1.2x10° p/s » 0.5 proton/bunch period 252 ns

100 MeVu-! carbone 2x106 ion/s 3 22 ion/bunch period 267 ns
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4. First In-beam Test at HIT

Useful characteristics for events selection

Measurement of 511 keV Spectra after target irradiation and activation
Only B+ disintegration (no beam induced background)

= energy resolution at 511 keV : 14 %
= coincidence resolving time : 1,8 ns

Energy spectrum for different energies and intensities '2C beams
LYSO contribution peak 511 keV peak

LYSO contribution i 7

» increase with acceptance and crystals number

» decrease with energy and intensity (increased B+ activity)

12C run 100 MeV/U & 2x10°p/s (0.5 p/bunch)

- too few induced B* activity
- signal dominated by LYSO coincidences (LYSO+LYSO or LYSO+other)

=» Need a Selection algorithm against LYSO noise

dN/dE (1/keV)

proton run 150 MeV & 1.2x 10° p/s (322 p/bunch) ) -ma o

. . . . Energie (keV)
- Beam extraction configuration decrease dead time fed : 100 MeV/u 2106 0/
Carbone

Black : 100 MeV/u 2x107 p/s
Green : 200 MeV/u 2x106p/s
Blue : 200 MeV/u 2x107 p/s

- Detection during beam spill extraction
=» Need a Selection algorithm again prompt noise
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dN/dE (u.a.)

o
o

4. First In-beam Test at HIT

Data selection using cuts

Event’'s multiplicity =2
Cut on Energy : 511 KeV +- 3 ¢
Cut on time : +- 3 Coincidence Resolving Time

Carbone 100 MeV.u-! (2x10 © p/s) Carbone 100 MeV.u-1 (2x108 pis)

Rejected Events

y Rejected Events
1/

At<3 x CRT
\/ (511 KeV)

" Total Spectrum

At>3 x CRT

Spectra 511 keV
after selection

--l_].'ll

800 1000 1200 1400 1600
Epantt Epan2 (keV)
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4. First In-beam Test at HIT

Data selection using cuts

Event’'s multiplicity =2
Cut on Energy : 511 KeV +- 3 ¢
Cut on time : +- 3 Coincidence Resolving Time

Proton 150 MeV {1.2x109 p/s) Proton 150 Mev (1.2x109 p/s)
All Events

/
1

. W

Total Spectrum ‘J
|

\I _Rejected Events
/

At<3 x CRT
_~(511KevV)

. I
511 KeV Spectrum At>3 x CRT
after selection J

il |‘ W ‘

---_-'.hl_l S P P — L ‘ ’

600 800 . 1000 1260 1400 1600 - - - - 5 10 15
Epan1+ Eparlz (keV) T= tpam-tpartz (ns)

20
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4. First In-beam Test at HIT

Data selection using Minimal Approach

Geometric selection not very efficient in this test configuration

- B* activity is induced in close vicinity to beam path

- HIT beam cross section: protons =~ 4,5 cm, 2C~ 2,5 cm
=» almost all the line of response detected intersect the beam path

selection principle selection result

All Events

Selected Evehts

dN/dE (u.a.)

800 1000 1200 1400 1600

Energie (keV)
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s and Perspectives

Main Problem =» Dead time (about 70%) =» Highest Priority
=» Acquisition rate : maximum (with 4 boards) : 96 Hz
- strongly limited by VME DAQ
- time for reading ASM boards on VME backplane
=» On Going Solution : fast uTCA data acquisition (DAQ)
- data transfer via optical link
- data rate : up to 3Gb.s-1 for 24 channels

Test of large aera MCCPMT
=» use the TOF for event selection and reconstruction
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Estimation and simulation of the LAPD performances

Iterative reconstruction algorithm

10
-30 20 10 0 10 20 30 40 50 - 40 -30 -20 10 O 10 20 30 -30 -20 -10 O 10 20 30 40 50
Y {mm) Y {mm) Y {mm)

Reconstruction Reconstruction
of the

of the
Simulation Experimental Data
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