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S/U%E@ch Context Detector technology advances in PET imaging

Motivation TB-PET/Total-body
Increase FOV

Increase axial FOV of PET camera

@ Personalized medicine:
smaller dose
faster exam
better sensitivity ...

TOF-PET/Time Of Flight
Shorten length of LOR
Detectors with very good CTR

Detector technologies

based on solid scintillators
i DOI-PET/Depth Of Interaction
- Reduce Parallax effects

Precise DOl measurement on the whole FOV

Alternative technologies
combining all advantages?
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S/U%E@ch Context XEMIS (XEnon Medical Imaging System)

Total Body, TOF like, parallax free medical imaging technique
High Rate Single Phase LXe Time Projection Chamber
XEMIS2 already the biggest Compton telescope with LXe ever done

XEMIS project

XEMIS3

Total body imaging
Hadrontherapy monitoring

Alternative technologies Under instal
ation

9.0 2 ;at |
combining all advantages: | 9" Nantes ¢y ;’
5 XEMIS2 ———_ |

__ “One Small animal imaging

XEMISI
R&D Prototype
s ]

=1y,

» Liquid xenon Compton camera
» 3-photon imaging

! 30 kg 200 kg 2 P 2 tons
=46 (12) cm drift TPC ’ | 2 X 12 cm drift TPC 2m long
O A\ O 12 cm drift TPC

2010 2022 Final goal

XING Yajing | GdR Mi2B 3 * B 30/11/2021-01/12/2021|CPPM Marseille




S/ubﬁg@ch Context Emerging monolithic radiation detection medium

v" High stopping power (Z = 54 & p = 3.06 g.cm-3) for y-rays from 10 keV to 10 MeV
o v" Simultaneous production of the scintillation and ionization signals
Liquid xenon v’ High scintillation light yield and high ionization yield

@ Scalable to large, massive and homogeneous detectors

XENON, LUX, Panda-X, nEXO, XMASS, MEG ... ...
in the researches of

XEMIS y-ray astronomy / Dark matter/ OvBp ...

Monolithic| Homogeneous|scalable
— Increase efficiency & FOV | sy
DOl measurement 7
— Parallax free

w2¥a® Single phase liquid xenon Compton
B LXeGRIT  telescope for MeV energy cosmic y-
ray imaging

€5) Precise vertex position measurement
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S%Eech Context 3-photon imaging: “TOF-like” PET

A\ Direct 3D source location:
N Line of Response & Compton Cone Intersection (LCCI)

3-photon imaging

O (B*y) emitter in quasi-coincidence: (E2,x2,y2,22)

B* (Emax = 1.472 MeV) m
& 44Sc 5 vy (Eo=1.157 MeV)

(E1,x1,y1,21)

XEMIS Mo
e N T 1/2 =4 h L, | ARRONAX
Monolithic| Homogeneous|scalable
— Increase efficiency & FOV [ y direction reconstruction :
DOl measurement S Compton kinematics
— Parallax free 1 1
“TOF-like” PET imaging cosf = 1+ m,c? (E_ — E_> Active detection
— Direct 3D source location Y 1 volume (LXe) ;
. J ‘

0\ Image quality Angular resolution of 2° @ 1 MeV

Axis A of the cone = Spatial resolution ~100 um in 3D
Opening angle 68 = Energy resolution 2~3% @ ~1 MeV

XING Yajing | GAR Mi2B 5 * B 30/11/2021-01/12/2021|CPPM Marseille




Good B*/y emitter radionuclide for 3y medical imaging: 4*Sc

44 Bro43% 44~ F
ZISC — zoca ‘|‘ e+ ‘|‘ Ve

L scaty

24+ 0.0 3.97HA
31503 \ 169 Logft
Q09=3633.3keN9 . 100%/ 0.0044 6.6 2“‘21443 1 33015 35 FS
. 33014
Emission B+ -
1.020 5.16 ] 2656.5 30 FS
T1/2 =4h «—

~ o . .
o = | O e o

2.61 ps

0+

0.0 STABLE

44
209324

A

ARRONAX

rattst sasoesl
de ks 3arid ot e s recherche medicae

& " -
A, Inserm R&D Sc production: ARRONAX cyclotron

Radiopharmaceutical labeled with #4Sc: CRCNA
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S/u%Eech XEMIS2

-

Experimental facility

Conceived and Developed
@ SUBATECH

> 78 \é\&“‘ L

\

N\

ol -~ S

]
N ’

"="ReStoX LXe cryogenic station:
Liquid xenon storage and
security operation in hospital

Commissioning @ SUBATECH
Suie @ AirLiquide
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S/U%E@Ch XEMIS2 Liquid Xenon Time Projection Chamber

Particle interaction in the active volume produces prompt
scintillation light and ionization electrons

Working principle p— . Yo X
A dFr'SCh,,G”d lonization electrons
n ’ . 3
D . Cathode Recombination
o | PmT PMT | | - o i
i ER Excitation Xe De-excitation 55
L ) Atomic H q
Scintillation signal (SS < S1) LXe otion . eat Not measure
VUV scintillation light (178 nm) o _
: : 2 B . Combine
y—Xe — Interaction Time ¢, o Tpset—s : ‘. °"‘ ne;
g 0.9 é— .....
= - :
lonization signal (IS < S2) I g ooph- = Ehiros
Charge transport and collection ﬁ = > e\ i e e e 1 i e i e wan
H Emesh Ed”iﬁ 06 E’- L0 TR Ceaim runty B Y B e ooy e oo
— Interaction vertex (x,y, z, E) LXe AN e
—> Vertex separation 5
p SS drlft t|me I\S 0.4 : Ll,ghl ..........................
l 0.3 E._ ...............
tO tl tZ t 0'2:3“"o.isl“l:'“'mls““zi 'llz.isll“;i“'13.15““41“"45
A Field [kV/cm]
F:' High electric field 2 kV/cm

: Energy measurement thanks to high charge yield
7 ‘*' 30/11/2021-01/12/2021|CPPM Marseille
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S/U%Ecach XEMIS?2 XEMIS2 camera for small animal imaging

High Purity LXe Compton Camera
at 1.2 bar (168 K) with 200 kg LXe

Detector design LXe TPC

Active volume ~24 L
-axial : 2x12cm
-radius: 7->19cm

~ Objective:

low activity (20 kBqg) small animal
imaging in 20 minutes (first phase)
with same image quality with PET

d % g “

Charge readout

2x10% 3.1x3.1mm? ||
pixels with ultra-low F
noise cold FEE

64 x 1" Hamamatsu
PMTs in LXe

Cover 32 sectors in ¢

| Full Gate/GEANT4 simulation
. High sensitivity 3y > 7% along the FOV
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§ub’§gech XEMIS2 Reconstruction TOF-PET with CASToR open source

- 3y Scandium-44 tracer simulation
- Full camera design simulated with Geant4

- Detector fully simulated
- LOR and cone reconstructed for Crossing

Detector design

point computing
Activity as low as 20 kBq 20 kBq, 20 mns exposure Debora Giovagnoli’s PhD, Nov. 2020
should be enough! 2,4, 8,10, 12 mm radius hot sphere (44Sc contrast 15)

XEMIS2 3y XEMIS2 3y

XEMIS2 PET
“TOF = 100 ps” “TOF = 50 ps”

B 7 ‘ : - .
** Better resolution should ML-EM - ' I .
be obtained with Reconstruction |
Algorithms

3y imaging reconstruction
D. Giovagnoli et al., "A Pseudo-TOF Image Reconstruction Approach for Three-Gamma

Small Animal Imaging,” in IEEE Transactions on Radiation and Plasma Medical Sciences,

vol. 5, no. 6, pp. 826-834, Nov. 2021.
XING Yajing | GdR Mi2B 9 fg < 30/11/2021-01/12/2021|CPPM Marseille

GROUPE XENON



S/u%gech XEMIS2 High Rate DAQ for LXeTPC

e

The commercial DAQ system cannot meet the requirements for use in LXe

Self-triggered ionization signal readout architecture
Data acquisition system

) XEMIS2 small animal imaging 640 x IDEF-XHD LXe 640 x XTRACT V2
MICHRAU - SUBATECH

37 20 kBq - 20 mns IRFU — SUBATECH

Low activity image

— good measurement efficiency

— High frequency signals readout
with processible data flow

...................................

80 x PU
SUBATECH ¢

oo Eharges, fime
£ & affected
pixels

e
S W “Digital
' data

§ Air

Cold Front-end electronic to reduce the electronic noise
only 1 amplitude and 1 time per ionization pulse escape from the cryostat
only 2 data lines escape the vacuum (to the air) for all the measured charges
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S/LL%Eech

XEMIS1 experimental setup

Full GEANT4 Simulation

[1 XTRACT adjustment & calibration
[] Photoelectric peak calibration
[1 Compton Geometric calibration

1
source |
1
envelope!
1

1

| L
22Na ) «

T~

XEMIS1 TPC characteristics

* 30 kg ultra pure LXe

e Active volume 6.5 x 2.5 x 2.5 cm?

* 2 x1” square UV sensitive PMT

* Segmented anode — MIMELI LXe 4

2.5 x 2.5 cm? active in 64 pixels wh S B
* Frisch grid — 500 LPI Micromesh Bt Edrp
* 6 Field shaping rings (gap 1cm) for | ey PMT

homogeneous drift field of 2 kV/cm ! _____ L Frisch Grid
* Source<—active zone=1cm | A E esh

64 pixels Y-Anode
3.1x 3.1 mm?
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26y) "Na
5 tGCh 22Na: (EmaxB T = 545 keV, Ey =1.274 MeV) | 3 gamma emitter [j/
(3.7 ps) ZZNC*

XEMIS1 experimental setup

. . . R E,= 1274 keVl7
[1 XTRACT adjustment & calibration W - “Ne

[] Photoelectric peak calibration L\
[1 Compton Geometric calibration —— v

TPC

IDeF-x XTRACT XPU FlexRIO I__.___Ii
2X 2X

Novel DAQ electronic prototype

-
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5}1bﬁgech Results Energy resolution with single scatter and *?Na source

Energy resolution

511keV
£ 80000 -
Q E v Em
8700001 N g . | ®Ntal Resy
D - o™~ 4.5- 5.0% @ O XEMs] S
0 - @2kV/cm | ¥ XEMis opelari |
o 60000 — L ConditiOn Ion/
50000—
Asymmetric events distribution in 4oooof—
the PE peak -
-> scattered y-ray 30000
-> overlapping physics interactions H
20000
1.274MeV
10000 laE"’ 3.0-3.5%
@2kV/cm
IIII|IIII|IIII|IIII|IIII|IIII [ II|IIII

0
0 10000 20000 30000 40000 50000 60000 70000 80000
Charge of cluster [e-]
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5}@6&@ Results

Z resolution

Varige = 23(1) mm/us

Z resolution of detector is
much better than 300 um
allows us to observe the
electron range effect

ac

XING Yajing | GAR Mi2B
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Events/bin

60

50

40

30

20

10

70F

Photoelectric events of 511 keV LXe@2 kV/cm

C 31800 ¥* / ndf 158.7 / 65
— A E C p0 874.1 = 4.2
E 516001 pl 28.07 = 0.00
- I H HM ” 51400i P2 0.09052 = 0.00100

p3 0.5995 + 0.3775

- W i

Drift time resolution: ~ 90 ns

C 800—

3 o naE 7238 1 67 - Z resolution + range electrons:
C po 28.2 = 0.7 600[—

? pl  -0.1249 = 0.0074 400i ~ 200 p_m

r P2 0.08567 = 0.00765 r

F p3 1.037 = 0.019 200

[ NEEEE R EEE EEEE SRR FE RN RS SRR | o b b b by B g IS l |

0
-0.4-0.3-0.2-0.1 0

0 L L1 1|
0.1 0.2 0.3 0.4 0.5 27.627.727.827.9 28 28.128.228.328.428.5

At [us] At [us]
Photoelectric events of 1.274 MeV LXe@2 kV/cm
g F o =
A g5 Q1600 :
a 45F S1600 ¥* / ndf  73.51 / 30
3 40i 3 p0 760.3 = 7.3
3:) F §14ooj pl 27.99 + 0.00
M 35 S C p2 0.1197 + 0.0020
E = = 12001~ P3 -0.09344 = 0.66698
30— T_‘ C
F 1000/~
251 = . . .
F 8000 Drift time resolution: ~ 130 ns
20 C .
: 7 mat  39.38 ) 37 cool Z resolution + range electrons:
15? PO 15.5 = 0.8 - ~ 300 Km
10F Pl 0.00161 = 0.02061 400~
F p2 0.148 + 0.023 N
5 200?
C p3 1.037 = 0.048 r
0* ol e e 0 poc b b b b b o 1 % T N
-0.4 -0.2 0 0.2 0.4 0.6 27.627.727.827.9 28 28.128.228.328.428.5
At [us] At [us]
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5 oEech Results MIMELI Technology

Energy resolution
Z resolution

uMesh (copper, d ~ 10 um, 500 Line Per Inch-LPI)

XY resolution w (g ~ 130 ym)
Angular resolution ' ‘\‘-—1~ - i
Pixel p = 3.1 mm, 100 pm isolating Derimental esu)
; o v, CTXEMS ‘
g F i S <AL
g . 5 §1°6§ Mlﬁ OPeration
=t mp | 3 F ——-"ndition
o B e | e : . a T
! _ﬁ oime 10 §10° T
- L 0 C
Isaanar B ﬂ
- 3 8 o
~ IDAERBE | .
- ' ¥ i ' 10 -
. 1gs =l
Wi l\il! O
[ mimm = 1a 101
: 1 I 1 1 1 1 I 1 1 1 1 i 1 1 1 1 I 1 1 1 1 I 11 l 1_I 1 |I 1 1 1 1 | 1 | 1 1 1 1 1 1 | 1 1
-10 -5 0 5 10 -10 -5 0 5 10
X Position [mm] X Position [mm]
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§/ub6Eech Results

Energy resolution
Z resolution

XY resolution
Angular resolution

XING Yajing | GdR Mi2B

MIMELI Technology

uMesh (copper, d ~ 10 pum, 500 Line Per Inch-LPI)

Conductive pillar (g ~ 130 pm)
| [ 0

5 -
9 y = 104
P :
- "
n
0
A
> 103
0
102
-1
» 10
_3 1

-3 -2 -1 0 1 2 3
X Position [mm]
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S/U%E@ch Results Compton Geometric Angle Calibration (CGAC)

Energy resolution No-linear ER charge yield in LXe ~ Compton coincidence measurements

Z resolution _ ,
Charge Yields for B Electron Recoils

XY resolution
Angular resolution

NEST v2.1.0
nestpy v1.3.0

o
(=]

— 1V/cm
— 2Vicm
—— 5 V/jcm
— 10 V/cm
—— 20 V/cm
—— 50 V/cm
~ 100 V/cm

—— 200 V/cm

~—— 500 V/cm

—— 1000 V/cm
—— 2000 V/cm
—— 5000 V/cm

0 S S ) z .
1071 100 10! 102 103 ﬂele

137C N ,
661.7 keV v

@ LXe

detector

Charge Yield [ne/keV]
g &8 8

N
(=]

-
(=]

z
'd
Enesgyilkedt detector o RN
Q \\
Charge Yields for y Electron Recoils S
NEST v2.1.0

70 nestpy v1.3.0
560 HPGe @
& 5{ = 2vem detector
; — 5 V/cm
E 40 : 10Vlz$
> | — sovim HPGe detector:
(o)) ~— 100 V/cm \ .
8 0| — movem * precise scattered y-ray energy measurement
U — 'cm \‘ . .

| it Big distance between source and detector:

2 i
—— 5000 V/cm . .
0 ~ - - ~ * Good geometric angle resolution
10 10 10 10 10

Energy [keV]
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§}L%Eech Results CGAC concept @ XEMIS1

Source 22Na

r=15mm ___________________________4_______._ _»___"

Angular resolution

S(xo»J’jp;Zo)

Thanks to the high spatial Fiducial volume . [
resolution of XEMIS i e e e Active area i :

60 mm

[N AN

Limits of the experimental setup:

'Y

[1 Small scale of detector
[ Size of source — non point-like
[] Distance between source and

Compton Geometric Angular Calibration

v

E2 (1 — COS QG)

G _ . TR G G m
= arccos (u. i = ) $
detector f arccos (#.5) T T mE £ B (1—cost9) 3 QF <> @
Vertex position Compton Charge yield Calibration |
measurement kinematic Nest Sequence selection
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S/U%Eech Results

Angular resolution

Calorimetered and no
Calorimetered events with

Good sequence

Mix of 511 keV events

No Calorimetered events
with false sequende
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CGAC Results of 1.274 MeV g-ray @ XEMIS1

Detector acceptance

n

o)

— 70 —14

£ N

a

s 60} —12

g — T

Ol 1
50§ —10
40 80
30; 60
20 40
108 20

0 20 60

40 80 100 120 140 160 180
0° [degree]
E;,r > 600 keV AD >6 mm

Total acceptance:

Eé%nts?bin

0

Q [e-]

All 180° Compton angle reconstruction!
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Compton scatter sequence selection
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%E@ch Results CGAC Results of 1.274 MeV g-ray @ XEMIS1

Directly Compton angle reconstruction with measured charge !

) Possible correct reconstruction angle range 10°~70°
Angular resolution

—140 — 20r
o [ o
.. G - S 18
Limited by the detector o100 o oF
) o] = —— CUT AD = 6 mm Lo} 16;
and source size = I —~— CUT AD = 10 mm — O
o100~ —— CUT AD = 15 mm @ 14f
- e
. i o 12
Adapted experimental setup 801 -
. . 10—
is required ! sl ] -
- 8-
s0F 6
- 4
) 20— G _ o, o Opc = 2°°
Better results with XEMIS2 ) 09 =10°~70 g - —
i | ‘ L1 1 1 ‘ L1 1 1 ‘ L1 11 ‘ Il ‘ ‘ x103 : lcontlrlbu-tllon Solurce ‘ ‘ X103
00 10 20 30 40 50 60 00 10 20 30 40 50 60
Q] [electrons] Q] [electrons]
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S/le/tech XEMIS2 installation : general view

Delayed, initially targeted for end of 2020
o New exceptional funding from Pays de la Loire and Subatech
for 2021/22
o Challenging Goals :
 March 2022, end of the installation
* Autumn 2022, beginning of the exploitation
o ETP Research at Subatech:
e 2021:10.5
e 2022:115
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5/ub6£ech Investigation on other applications:

~orano

Passive MOX Control with XEMIS

First studies done during 2021 M2 internship
PhD : from 15t December 2021

Unique advanced passive control capacities of XEMIS
technology should help significantly for MOX assembling

Experimental measurements planed with XEMIS2
at Nantes hospital (with radioactive sources)
“XEMOX” camera technology and know how to transfer in
case of success
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Thank you for Your attention |
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XEMIS2 installation @ Nantes CHU



