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)UbO 3 . . . . . pole imagerie défi 10 ps
yimaging : motivations
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Event per event line-cone crossing
LOR : Line Of Response, a straight line defined by two detected points or by beam

Spatial resolution = axis A of the cone
Energy resolution = opening angle 0

- Direct 3D position of each decay

- Major implication for both administered activity and scan time reduction

For which images ?

- also for whole body scale with new prototypes ?

- ¥Sc (produced by ARRONAX) radio pharmaceutics for Nuclear Medicine with XEMIS2

dominique.thers@subatech.in2p3.fr



SUbOE@‘:h ] . pole imagerie défi 10 ps
Challenge : the future of yimaging

New ideas mandatory for :
- from 1 to 100 Bq/ml injected activity in nuclear medicine
- real time (s) monitoring in hadrontherapy

» Very active research, wotlwide

Development of LXe technologies at Nantes with XEMIS (Xenon Medical Imaging System) I

Nuclear Medicine scaling up
XEMIS2 XEMIS3

Small animal imaging Whole body imaging

From 2020
LXe clinical camera

Neurology: ~250 kg
Paediatrics: ~700-800 kg
Whole body: few tons

30 kg 200 kg
12 cm drift TPC 2 x 12 cm drift TPC And for hadron therapy ?

dominique.thers@subatech.in2p3.fr
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Price to pay : it works with natural xenon

Xenon is only extracted from atmosphere : ~ 40 billion of tons at ~ 0.087 ppm concentration

» Big Air Separation Unit :
» 1 ton/year of xenon where ~ 2.10° tons of
liquid oxygen are produced

| > World production : 60-70 t/year

» cost : 0,5 - 4 k€/kg, mostly due to electricity
. consumption for initial separations

Strong constrains for an industrial application in medical imaging:
» The wotld production will have to be increased in case of liquid xenon camera “rush”
» Xenon procurement should be considered as long term investment/heritage !

Research projects have to trig also these issues:

» Gaseous companies: new markets, new needs mean lower price (but very difficult
before the rush).

» Xenon handling processes (cryogenics) are essential parts of the wotrk | The camera
cannot lose xenon, xenon procurement is for generations ...

dominique.thers@subatech.in2p3.fr



_Subotech XEMIS2 : compact xenon handling roeimeseredeizops

Purification Loop 1 ReStoX : Cryostat

Thanks to a scientific
collaboration with :

ﬂ| AIR LIQUIDE‘

Purification Loop : ReStoX [ Cryostat
Warm up ReStoX teSt pate and time (00/MM HH:MM) ReStoX for XEMIS2
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Recovering
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Ultra fast recovering assisted by gravity already commissioned

No human assistance
ReStoX is part of the closed loop, xenon 1s passing through it continuously
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Supar XEMIS, Compton imaging with pole imagerie deéfi 10 ps
charge and position of electron recoils measurement

Photomultiplier Tulpgs

Scintillation signal

UV detection by PMT

71 < y—XeInteractionTime £

lonization signal

Charges transport & collection
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From E. Aprile et al., “Observation of Anti-correlation

between Scintillation and Ionization for MeV

Gamma-Rays in Liquid Xenon,”
Physical Review B, vol. 76, 2007.

LXe TPC can resolve most of the Compton vertices and provide a dense
target for high efficiency y camera
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Swee XEMIS2 : cryostat and detailed design poreimeeredizors

Active volume
-axial : 2x 12 cm
- depth : 12 cm
-t it 7 cm

|
"

— -

Charge read-out

2 x 10* pixels in LXe
3.1x3.1 mm? pitch

i v |

Completely
specifics

64 x 1x1” photo-detectors in LXE, Hamamatsu PMT
limited by the budget, while the ideal configuration is 8x48 x 1''photo-detectors

Axial drift of the charges
Radial detection of the light
Best solution for small animal scale, fruitful discussions with KEK (Tauchi, Mihara) TXePET

dominique.thers@subatech.in2p3.fr



Tt XEMIS2 : the largest Compton telescop ™"«
with LXE never built

I It is a challenge ! Specially designed for very low activity sensibility
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pble imagerie défi 10 ps

XEMIS2 : LXe performances fully simulated with
Geant4, detailed design validated with MCs

Thanks to a scientific
collaboration with :
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e Geometry :

@ Material :

CAMERA

Uniform Tube of LXe
it =7 CM

Fext = 19 CmM

L =24cm

Liquid Xenon

eGeometry :

@ Acquisition time :

SS304
A=1.5mm
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Cylinder :
rc=2.6cm
| =12cm
Sphere:
rs=5mm

@ Material :

Water
44SC

eRadio-Activity :

Total =20,0kBq

Bkg (cylinder) = 19,5 kBq
Src (sphere) = 0,5kBqg
Uniform distribution

== Contrast =15
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6Ub0 : p6le imagerie défi 10 ps

XEMIS2 : raw line-cone algorithm developed

Event Reconstruction Algorithm : Cone
@] \ ' X-Point

3 geometrical clusters

1 cone cluster with
2 interactions, E._ >600 keV

Line Of Response

Event evolution

Reco Events

Good Reco Events

Good Reco Events wio
Compton Phantom

> 7 % expected at the end

Probability

The raw image is obtained
directly

with the selected events

Debora Giovagnoli PhD thesis, work in progress

dominique.thers@subatech.in2p3.fr



6Ub0 pbOle imagerie défi 10 ps

XEMIS2, expected image in 20 mns with 20 kBqg

Raw cone line Image

75 x 2 mm slices in the axial field of view

the initial contrast on the central sphere is clearly visible

dominique.thers@subatech.in2p3.fr



)UbO pole imagerie défi 10 ps

XEMIS2, expected 3D PSF inside the FOV

I Thanks to a great work of Nicolas Beaupére

Raw image : directly in the Cartesian coordinates for each crossing point
No referential transformation : absolute position in the FOV

1000
Profile along :

X axis

900

800

700

Forx,yand z:
<FWHM> ~ 1 mm

Nb of Events

400 Entries 9621 <RMS> ~ 3 mm (queue from scatter)
Mean 0.01904
00—
RMS 2746

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII]IIIIIIIII

OlJ.]_LIIIIJI‘

. TS T E—
Dist. **Sc-xPoint [mm]

PSF are used for spatial deconvolution in the laboratory referential :
no projection on finite directions to manage
The dream ! easy and natural imaging technics, very small noise integrated
(only closed to the decay location)

» Very promising for low statistics imaging I




Subo pole imagerie défi 10 ps
XEMIS2, tracking and reconstruction

From Raw Image to Deco Image

eldea: Assumption : Point Spread Function uniform
2Inverse problem of convolution

. . . . in all the field of view
@Points image to points image

eAlgorithm :

@|teration 0: raw image

@|terative Maximum Likelihood Expectation Maximization
based on Poisson Distribution

@Convolution in frequency domaln

AL+ — 9 () 2 ‘ - f
lJ 7&J %
Deco Image Space Raw Image Space
Raw Image ;
Image Evolution vs Iteration
10
: of
£ £ oF-
Deconvolution _F 3
[an] E I
X [mm] — E ege ..2.“
e SE Max detectability : ~ 20 '™ =
. S aF . . g0
S| obtained with o S
" — = . . o
£ £ 2 8 iterations : < 1 sec “0
T ) 13:_,_,_.——-—_._.____________ —20
00_I = Ié‘ = I1|IZII = |1|5‘ = IE‘U‘ = I2‘5I = ‘3|DI = ‘3|5| = I4EI)
Yk 7T Nb of MLEM lterations
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XEMIS2, expected image in 20 mns with 20 kBq

Deco Image

XEMIS2 adapted for 20 kBq injection
(several 100 time less than commercial uPET), work in progress for real time imaging

dominique.thers@subatech.in2p3.fr
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Electron recolls and ionization cluster in L Xe

CASINO : monte CArlo SImulation of Parametrization with
electroN trajectory in sOlids (no X-rays) recombination at 2 kV/cm

J, Incidents electrons impulsion 511keV

lmm

Imm

Ionisation Charge Distribution Barycenter after
Gamma Interaction in Liquid Xenon

300 T ¥ T g T Y T d T Y T
#  Shift in the forward direction after the gamma interaction
250 - |_# Isotropic Radial Extension after the Shift |
Without tracking the primary
200 = . .
_ l electron trajectory :
E e P - ) . . .
o | l - J | Intrinsic resolution at 100 um
= p
Q =
: [ 4 \
.2 100 - 2t A
A [T e .
i 1 | LXe TPC for 100 pm spatial
50 - N | — . .
| & | st resolution on gamma
_& :_, < PE A ° ° °
0+ YW " interaction vertices
T T ! T v T * T Y T
100 200 300 400 500

0
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M I M E L I pole imagerie défi 10 ps

(Mlcro-MEsh for dense Liquid lonization Chamber)

Chemically
Etched
Very nice but
expensive

Ball Grid Array
welding
Under
development
Low cost

uMesh (coppert, d ~ 10 pm, 500 Line Per Inch-LPI)

Conductive pillar (g ~ 130 pm)

I I

?

Pixel p = 3.1 mm, 100 pm isolating

dominique.thers@subatech.in2p3.fr

Negligible induction on neighbors pixels (g/p < 5%)
Excellent Frisch grid efficiency (500 LPI nMesh)
Stable on long term (more than 1 year accumulated test)
Scalable on large surface ...
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MIMELI performances

- . =) 1_— ' """"""""""" 7 OLPI """" 1““@5’15"11?61'& """""" :
ST PR~ A A S A “ 100 LPI - gap 0.5mm :
& L s — ;| —— 200 LPI - MIMELI
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© L — e
Q L , éll N
0 ; R
g 04 - | < ERRROE S S SO N7/ S S N
e L Ecénversion =1 kV/ cm H
0-2 :“"____“___»_ : H H 1 ::
I 1072 k=
0 L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 %: o R S ""‘i‘
5 10 15 20 25 30 1 I
-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 O
Eqep (KV/cm) ,
Time (us)

Negligible current leak

1 0
I Electron collection > 99% Frisch grid efficiency > 99%

MIMELI in Liquid Xenon TPC for ultra precise ionization current
measurement
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electrons 3D positions

Yajing Xing PhD thesis, work in progress

Entries

10 0 10 20 30 40
Drift time (us)

w

uMesh and cathode
edges to measure

100 um measured at

200

th

the z resolution

Spatial resolution along z [um]

100 ®

511 keV

0 50 100 150

200

MIMELI performances for recoil

pble imagerie défi 10 ps

Recoil electron
@ Noise & DAQ

Spatial resolution along z

300 350 400 450 500

Energy of recoil electron [keV]

Lucia Gallego-Manzano PhD thesis, https://tel.archives-ouvertes.fr/tel-01479948

¥ Hultiplicity

5 10 15 o 25 30 35 40
prift l=ngth (mm)

dominique.thers@subatech.in2p3.fr
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Susio MIMELI performances for recoil  roemagercaeisops

electrons energy
With 511 keV y calibration line
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MIMELI performances for angular resolution

With 22Na 3 gamma @ 0,75 kV/cm
| Entries 581
: Constant 88.29
20 Mean -0.1066
20" S| 4.06
T0
B : Compt
% N — . " Compton
© '/ I 0 . Telescope
30 Bl fpannnnnngg, : ..-.,.:".. b “
20 *s %
10 /AI ! X TS
%s . = ‘.‘Q‘
\ o...' I A »
\ o... -..'. K .
. + ¥y T l-..........'.'-"‘ ...'
2° targeted at 3 kV/cm Emitter (B+.v) A Wi
L] \
work in progress \
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" XEMIS2, electronics

640 x IDEF-XHD_Lxe 640 x XTRACT 80 x PU
IRFU — SUBATECH MICHRAU - SUBATECH SUBATECH

IIIIIIIIIIIIIIIIIIIIIIIIII

||||||||||||||||||||||||||||||||

Serial Data

100/200 Mbps LVDS
Pixels charges, .
time & addres

________

Charge amp Trigger for each pixel :  Digitalisation:
Peaking Time 1.39us * Time ~ 64 bits / hitted pixel
Dynamics 80 000e" e Address

Rate : up to 4x103 charges/pixel/s

dominique.thers@subatech.in2p3.fr
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XEMIS 2, DAQ and Feedthroughs

LXe Vacuum Air
£ s W e Cooling Extern” s D
ooling Exter 5
Cooling LXe -100°C g +25°C
8
AT 2A+1D
35 |DEF-X XTRACT = PU
(8 LVDS
2A+1D
IDEF-X XTRACT PU
6 x FPGA
807> Board
8 >2m
2A+1D
i |DEF-X XTRACT PU
640x |def-X 640x XTRACT 80 x PU
(32W) somwy/chip (32W) somw/chip  (40W) s00mw/pu
Tidef-x = -100°C Txtract ~ -80°C Tru~ 0°C
22

dominique.thers@subatech.in2p3.fr



gubogech - o _ pole imagerie défi 10 ps
| XEMIS2 contains specifics p-electronics

XTRACT
XEMIS TPC Readout for Acquisition of Charge

IDEF-XHD_LXe and Time

Detector Front-end

»iwoogqorw-ﬂowﬁoﬁﬁqr|
EHEEHEE HE EHEEREE

g Amplitude '
Time '

= | Address |

=  Trigger '
: ' Read
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00.00000000.00__

NN E R NEEENEEEEEREEEEEE

e

*
L
*
*
L
L
L
-
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-
-
-
L d
*
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L
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L4
-
-
-
-
-
*
-
*
*
*
*
*
*
*
*
*
*
-

0000000000000 006000000
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| XEMIS2 : Data flow at 20 kBq

pble imagerie défi 10 ps

LXe TPC i 7

| All Physical Hits
Very specific technology

li] Photo-Electric
Compton
Noise

DAQ Read-out
Threshold
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Strategy:
- High rate at level O trigger

Hit Frequencies [Hz. ¢

SHRIHREEESEE
ERRRRRERERY
NS

-
o

:
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AN AR A AR AR
ASANAAAAANANANAN!

R Y fasaey
LERNNY NN SONNNN

5

AR AAAA A AR AN
NS

107

L i - Moderate data flow after soft zero

lo[80e] supression with analysis

Energy Threshold
7 6~ 15 keV

Goal : record small charge on adjacent pixels above 36
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S XEMIS?2 : Last DAQ stage for data storage
and on-line analysis
gl 1

DAQ Custom Electronics T [ﬁ DAQ Standardised Platforme

— e

PU FPGA : Low power FPGA interface to X-Tract ASICs NVME RAID Intt
- Intel Max 10 or Microsemi Igloo Flash FPGA X86 Platform : Industrie standard Computer ’
- 32 Xtract per PU, 80 PU fone s ; - . l NVME Flash
R 200 A 1 VDS 1 A - Intel x86 Coreid processor (44 PCle Gen 3 Lanes)
100 to 200 Mbps custom LVDS interface to DAQ | _ Data logging from UDP stream =
- Experiment specific data processing p—
- Command and control of Aguisitioon sequence £ | I
- N | |
J i DAQ FPGA 1 ——
o 1 PE— . e — P —1
| 3 |PUFPGA | = ] - ey (T m— X86 Platform
aes| | P—
f AS) 1 iy '___'_j I & \ S \ Bata _ —_—
ey : 2 =2\ UDRIIF . 10GB NIC t e i
| S N — | E| 7D ] ; == I..__ -
) LVDS | | | IGE o PCle
| Aflog 100Mbps = T | | k= ! l em—rrrs , - .
[ 1 1 \.\ s = -
s 4LV z ) |
| | PUFPGA| s rec] — - ;
i ASIC | AsIC — i i z — 10GE e _PCle x e e
| \ |__! [|FullRate Ethernet [ i " | NUME RAID Intt
I | . Lo ; DPAF 10GB NIC _ |
\n ] e e Ama | ( Anayss NVME Flash
| ? 100Mbps= ] SRR LIRS ‘-‘I— : i S R
' | Apalg e S / - _— = e s
\ e | PUFPGA ‘,I r | \ - . e————— : '
+ P wan | [ | |
\ T \ B i 0GB NIC : Of the shelf Network Interface Controlier
L } —] o | - |
i - s | - 10G Ethernet NIC (e
1 - 00"“ J - Point to Paint topology \ |
kT G.a,\‘s_ b eer———— - CATG Copper cables X
"I q ‘ »\_\U:'_,..--"' -
" N NVME Raid : High speed storage solution —_—
DAQ FPGA : Mid +Range FPGA interface to 10GBe Metworkin
. L W - NVME PCle FLASH Drives (ex - 960 Pro Samsung) l
- Xilinx Kintex 7, scalable FPGA and DDR3 RAM density - PULRAID comroler iEAXNVME.
- 80 LVDS inputs, link synchronisation and data recovery (Max 400Mbps) i :-Ip " %Egéj’mﬂes's of "!'rlt,?l,c'p?r,aﬁ’e' _— )
- Hardware data pre-processing (zero filtering ECC etc..) -Up fo 16TE of storage (500/600 / To)
- 2% Fullband Harware UDP/IP Stack on 10GB Ethemet
] I e e s e S|

* up to 2 TB Storage in 20 minutes with continuous real time files for every 80 ms

* low cost expected
* online soft additional zero suppression under development (from 3 to 7G)

* online line-cone algorithm crossing under development
* online tracking under development

First complete DAQ system expected for September, online imaging expected for 2019
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Suos XEMIS2 Assemblina and construction ™« e« oes
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Inner cryostat instrumented for summer 2018

L XY
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XEMIS2 Installation at the Nantes hospital

Thanks to a scientific
collaboration with : [[= = = —
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~ 87 m? for the camera and control rooms
Installation : Official date 30" June 2018

One year of work before commissioning at Nantes CHU
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Conclusions

* 3yimaging is a new medical modality, promising thanks to LXe technology
* We met very nice challenges with the camera design and with its imaging capacity

* Construction of XEMIS2 is well advanced, the potential of this new generation of Compton
camera with LXe for medical imaging is reaching the level of the real demonstration

* Expected image qualities are very promising:
- very low injected activity
- good spatial resolution all over the FOV
- reduced acquisition time on a large FOV

LXe technology is scalable: design of large whole body camera can be investigated
We plan to do it from 2020 for Nuclear Medicine

Prompt Gammas for in beam hadron therapy monitoring is reputed to be very challenging
It could also benefit from this new kind of camera

dominique.thers@subatech.in2p3.fr
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Hadron/Proton therapy
Clinical treatment of Radiotherapy Hospital Dpt

Proton therapy

Cyclotron/Synchrotron

Heavy Infrastructure: ﬁ srage ek IS (O Wiy beam
- Bean .
- Gantry m L
depth .
i I
» Mote than 20 years )
live time -
Treatment
room
» “State Investment” ]
for generations a

) |

From T. Nishio, TWMUTokyo

e —

dominique.thers@subatech.in2p3.fr
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Present treatment planning

Before each treatment

1/ CT and MR Images (4D planning)

2/ Dose simulation

3/ Dose optimization with ballistics selection

- Patient position

- Beam energy and position (gantry for treatment in depth)
- Spot scanning and expiration gating

y N\

Less haalthy tissue around More healthy lissue Mound
the tumor receives radiation the tumor receives radiation

Grey/white area indicates Colored ared ind<ates ORI Less
MO 133BNUGA Q1POSUre FAGMGN 01 DOSUTe RADIATION _ RADIATION

140
120

3w/l /
A\ A AanA
optmal 2N~ O] T SN

-20
160 165 170 176 180

Ti S
Lower Level L| —~ |m3/[ﬁ]\
o= \

Proton Beams

‘ | &7 1 ‘
| | _/ _J
\ / pot-Scanning Iradiation
\ f iy
| = | e
|

185

No online monitoring:

Beam and tumors are not observed during treatment

I » Gantry for high energy treatment I

I > Less dose with hadron and proton than with y

dominique.thers@subatech.in2p3.fr

Measured Braggpeaks

——— 0

Yy
£z

Depth in water (mm)

Precision in the penetration depth, variable proton energy to guarantee

coverage of the tumor (measured at the RPTC)
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Rotating Gantry

Proton therapy
- Gantries are commonly used
- Commercially available

Carbon therapy
- Required Bp is 3 times higher i o
* Magnets will be very Iorge and heovy W ;
- Difficult to i e
e Design
e Construct

.

Mlisublshl |

From Y. Ywata, NIRS-HIMAC

dominique.thers@subatech.in2p3.fr
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Super Conductive
Gantry for carbon beam

From Y. Ywata, NIRS-HIMAC

NIRS — .-l 55+ 155 5 U
‘ \/ Construction completed by the
C Layout of the - /) end of September 2015
Scanning magnets on top Combined function SC magnets
—Large scan size —No quadrupole magnet required

Weight: only 300 tons !
Beam energy: 430 MeV/u max
Range in water: 30 cm

Combined function SC magnets
—Square irradiation field

—Parallel beam
| ISO-CENTER =

; 13m

-+

dominique.thers@subatech.in2p3.fr
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Hadron therapy in Japan

‘— Number of Patients

Jan. 2018 | &
5 Carbon : 2000 { Wmm HIMAC —&— Total (Cumulative) [ 17500
. 13 roton . HIBMC i %
- . 1750 | mmm GHMC 15000 =
ol BN SAGA =
.= 1500 A - 12500 &
A Yaghagata . mm KCC <
.«‘\ Q | .
\ > 12501 - 10000 @
) 0 Approved as £
L’ IRS s 19001 Advanced - 7500 2
»«:E“/ © 250 Medical Care g
g Kanagawa | L 5000 &
o 3
d" ; o Carbon 500 1 L 2500 g
O
® Proton 250 -
od
. ©_120m > TNONDONOANMITNONODDO ANMS N O
ECR ion source DN NOO0OO0O0O0O00O0O0O0 A A ot o
HIMAC _ DN NN O0OO0O0O000O000O00O0O0OO00 OO
o AN NN AN NN NN ONONONONN NN N N
year Approved as #jndard Treatment
s5m (Bone & Soft Tissue) -
IectorLnac R From Y. Souda, Gunma University HMIC
320M$ 3
7200m?

GHMC 71 'ff‘ A ﬁ—[

‘ . “a“

120Mm$ | ] ﬂ//

5 . De5|gn Concept:
2500m * Compact, Low Cost
.- * Comparable performance to HIMAC
* Stable and easy for operation

» Japan is the incontestable world pioneer and
leader in hadron/proton therapy

dominique.thers@subatech.in2p3.fr
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Accelerator driven cancer therapy

Low Cost Therapy Hadron Therapy

a-Therapy BNCT Next generation Proton Carbon
(p/He3/C)
Space 211At delivery patlents no injector

requirement  © @ ® no gantry
u I

to patlents in hospltals

Energy (MeV) 30 30 250/300/200 230 400
Accelerator Cyclotron Cyclotron Induction Cyclotron/ Synchrotron
synchrotron Synchrotron

Cost (MS) 7 10-15 40 - 50 60 -70 ~ 150
Fee (kS) 37 10° 207 ~ 30 > 30

status under Clinical trial is under running running

development going on. development
From K. Takayama, KEK » Low cost hadron/proton therapy in the future ? I

dominique.thers@subatech.in2p3.fr
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Alternative low cost hadron/proton therapy
center

Next Generation of Hadron Therapy - gantry-free and injector-free, with

continuous spot-scanning in the X, y and z directions from 4n angle
W Injector-free
Properties: m 10 Hz Continuous energy sweep extraction
B Any heavy ions such as p, He, C, etc. can be delivered.

» Low cost
» » 3D spot scanning
on moving target
Moving target treatment rooms
A A R o T e g ﬁ‘z.l.- SRR
ESCORT (Energy Sweep Compact Xy p
Rapid-Cycling Therapy Driver) scanning ;

system

Fast extraction F_rﬂ_—“:‘,;\
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Energy sweep extraction Fast full-body

RO 5 P
»’}‘i EIC I
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PET camera *;-':
i B
"‘j * N oy a3 ™ A
35 At R R A R A R R e A R
From T.Dixit, SAMEER » Need to image online beam on tumors

> Need new generation of camera

dominique.thers@subatech.in2p3.fr
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Imaging of proton irradiated volume in liver fumor  pp. - 0o by blood circulation

and organ motion with patient respiration

Calculated proton dose distribution 150 + BN + 11C

From T. Nishio, TWMU Tokyo

» Off-beam and In-beam PET are facing big issues :
- B* production by the beam with long half time

- Beam Bragg Pic not accessible on line

> XEMIS as an alternative thanks to :

- Tumor localization with 3y labelling (**Sc not produced by

the beam) Calculated proton dose distribution (a) and PET

- Online beam monitoring capacity image measured at 1 (b), 2 (¢), 4 (d), 10 (e), and
30 minutes (f) after proton irradiation in plan 1.

dominique.thers@subatech.in2p3.fr
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From J. Krimmert, D. Dauvergne, J.M. Létang, E.Testa, Prompt-gamma monitoring in hadrontherapy:

A review, Nuclear Inst. and Methods in Physics Research, A (2017).

Prompt Gammas and *4C therapy

12C 310 MeV/u

Water target

cts/carbon/mm
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0.01
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0.002
0

ﬁu||||||||_u|||||||||||||||||||||

SR rrrrrrrgss=4a

e Al prompt 7y

===+ relative dose

all vertices

prompt ¥ primary
prompt ¥ secondary
proton

neutron

i

—

b III|IIII|IIII|IIILIIIII|

0

——————
50 100 150 200 250 300 350 400

Ideal Compton camera :
- largest geometrical acceptance due to the low statistic

- several attenuation lengths for the calorimetry of MeV gamma rays
- precise angular resolution to achieve mm precision along the beam (1D)

penetration depth [mm]

0.8

0.6

0.4

0.2

relative dose

Prompt Gammas :
Fallof very closed to the Bragg peak
Low statistic for primary:

around 2.10-3/ion on the last mm
Secondary PGs: largely distributed
~ 0.3 PG/ion
PGs are mostly isotropic
PGs are largely distributed in energy
until more than 7 MeV
Neutrons are dominating

pbOle imagerie défi 10 ps

- insensitive to neutron (the best), with a very good neutron/gamma rejection power (the minimum)
- synchronized with beam micro bunch structure to separate delayed information from prompt signal
- usable with a 3D rotating bed

- moderate cost

XEMIS Compton LXe camera is well positioned ...

dominique.thers@subatech.in2p3.fr
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Geometrical acceptance, what is possible ?

Patient bed could translate
horizontally

Patient bed could rotate
axially

Camera and patient bed
could rotate horizontally
and translate vertically

Geometrical
acceptance
up to ~ 50% feasible
with 2m active length
25% per half-barrel

R&D required with cryogenics, mechanics and xenon handling

dominique.thers@subatech.in2p3.fr



Xenon
From NIST Data base

KY ~10cm

iy Compton

Pair production

4 l

10
10" 10°

Photon Energy (MeV)

= Incoharent Scattering
Pair Production in Muchear Fiald

—  Total Attenuaton with Coherent Scattesing

dominique.thers@subatech.in2p3.fr
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PGs: MeV y-rays calorimetry and attenuation

MeV vy-rays :
Most difficult region for sensitivity
longest attenuation length
up to 10 cm of LXe @ 4 MeV

PGs:
Mainly Compton interactions in LXe, but

high energy recoils electrons
Pair production to be considered

Raw estimations :
- up to 25 % of PGs
fully calorimetrised
- up to 90 % of PGs
interact with Compton first
- less than 30 % of PGs
interact with patient first
- less than 5% of PGs
interact with camera windows

~ 15% of PGs detectable

R&D required with expected PGs distribution and Geant4
R&D for high energy electrons recoils detection
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Radial drift of the electrons for XEMIS-HT scale

For whole body scale:
in radial direction, E,, can be quite uniform
thanks to the higher radius

2-3kV/ecm E ;.
achievable on the whole active volume

AT ATRL AT AT AT ATEL AT AT AT AT T AT

R S N S S N S, o, S SRS R,

~ 250 000 pixels for each half barrel
~ 900 MIMELI units for the camera

XEMIS2 resolution scalable to XEMIS3
2° of angular resolution for PGs

Idef-X and Xtract

1 MIMELI unit : 9 x 64 pixels
(pitch 3.1 mm)

nelectronics

Ceramics anode ——>

500 LPI pkMesh ———>"

R&D required with mechanics and electronics

dominique.thers@subatech.in2p3.fr



pbOle imagerie défi 10 ps

s MIMELI implantation and positioning

MIMELI
1/ pMesh and anode welded unit per unit
2/ 13 units assembled in a common SS box

Each box contains 13 MIMELI units
Spacer between each unit : few mm
Box length close to 1 m
Active area closed to 95%

Boxes precisely mounted on SS rails
inside the cryostat
Boxes are completely immersed inside LXe
17x2 boxes per half barrel
Need additional 2m insertion space

R&D required for integration and for connection

dominique.thers@subatech.in2p3.fr




“owsst MPPC for XEMIS-HT light detectors | ™G

2 options

[72)

\

900 .é (2 8tons) LXe detector for ¥ (‘52 sMev) of ;L
BR < 4%10- 14(900/f

Installatlon completed!.

Pt 1T
iy 12x12mm2MPPC-(SiPM) x 4092

multi-pixel photon counter’ ¥

" 27 PMT x 668y

photo-multiplier tube "4

MPPC inserted
“inside” IMELI

g e photo taken with 360" camera
“MEG1I; Ilq‘md xenor detector W|th VUV-sensitive SiPM, Kei leki, XeSAT2017 (Ricgh theta S)

7
/ v
’ \ 4 !
) R
_— —_— _—— —_— _—— —_— _—— —_— _—— _— —_— _—

|
MPPC on cathode b

Very good light detection for :

prompt/delayed time separation
PET-TOFPET monitoring
petfect n/y identification

R&D required with mechanics, electronics and DAQ

dominique.thers@subatech.in2p3.fr
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On-line monitoring of the PGs with XEMIS-HT

Overall efficiency ~ €, .., X €ca1 X Ecompton

~ 50% x 15%x |33%

\ Safety factor for Compton
tracking efficiency

Raw estimation : gy, ~ 2.7 % feasable

It means, with 10® C ions on tumor, ~ 5.4 107> PGs detectable and coming from the last mm

With 2° of angular resolution, mm resolution on the beam (1D) could
be achieved from n ~ 7

XEMIS2 DAQ for the charge read-out will follow :
- 900 PU cards
- 10 DAQ-FPGA interfaced to x86 platform

R&D required with electronics and DAQ for MPPCs, with on line analysis and tracking for imaging

» Beam inside patient could be on-line (1s) monitored with XEMIS-HT !!! I

> First study very impressive and positive I

» New partners are very welcome to start XEMIS-HT advanced
feasibility studies

dominique.thers@subatech.in2p3.fr




