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Medical Imaging

Anatomical i Functional :  Hybrid
Imaging ¢ Imaging - Information

CT. Computed Tomography
PET. Positron Emission Tomography
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Motivation

What are the axes of tomorrow’s functional medical imaging”
- Early diagnosis:
- Better sensitivity & specificity in disease detection

- Personalized diagnosis and treatment:
- Quantitative analysis — Personalized Medicine

- Lower dose / Shorter Exam Time

e How?
New detectors design —
- Depth of interaction ~ e T E
- Time of Flight
- Larger Field of View
- Multi-modal imaging TOF-PET R RER

( Alternative to standard technologies? )
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XEMIS: XEnon Medical Imaging System

Low activity Medical Imaging (~-20 kBq)

¥

3y imaging + Liquid xenon Compton camera

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
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Outline

1. 3y Imaging and liquid xenon

2. XEMIS1: R&D

3. XEMIS2: Small animal imaging
4. Image Reconstruction

5. Conclusions
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Principle of the 3y Compton Imaging

e Radioisotope (B*,y) emitter in coincidence

¢ Direct 3D reconstruction of the source:

Line of response (LOR) + Compton cone
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Principle of the 3y Compton Imaging

e Radioisotope (B*,y) emitter in coincidence

¢ Direct 3D reconstruction of the source:

Line of response (LOR) + Compton cone

e Reconstructed y direction:

Compton kinematics

1 1
. 2 - _
cost) =1 + mec (E., El)
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Principle of the 3y Compton Imaging

e Radioisotope (B*,y) emitter in coincidence

e Direct 3D reconstruction of the source:

Line of response (LOR) + Compton cone

" (X2,y2,22)
’_k (E1 »X1,Y1 !21)

e
.

e Reconstructed vy direction:

Compton kinematics

a 1
st/ =1 Co| — — —
COS + MeC (b}, El)

Spatial resolution = axis A of the cone
Energy resolution = opening angle 6

- Direct 3D location of the radioactive source
- Administered dose reduction &/or shorter scan times

e e — ———— S ————a— —_——
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3y Imaging with XEMIS

XEMIS2: A monolithic LXe cylindrical camera for small animal
3y Compton imaging

Lucia Gallego LLR, January 30 2017
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Sc-44

Good B+ /y emitter radionuclide for 3y medical imaging: 44Sc

e Emission B+ (Emax = 1.474 MeV) + 1 photon of energy 1.157 MeV
* Spatial and temporal quasi-coincidence

. T—|/2 = 4 h
44 B+ 94.3 %
2ISC > %%Ca* + et 4+ i,
[ wcaty
Ay 8] 44Sc production: ARRONAX cyclotron
A, Inserm R&D
ARRONAX | B Iy ST e Radiopharmaceutical labeled with 445c: CRCNA

Lucia Gallego LLR, January 30 2017

13



Liquid Xenon as detection medium

* High stopping power (Z = 54 & p = 3.06 g.cm3) for y-rays from 10 keV to 10 MeV

* Simultaneous production of a scintillation and an ionization signal

* High scintillation light yield and high ionization yield

* Scalable to large, massive and homogeneous detectors

Element LHe LNe LAr LKr | LXe
Atomic number Z 2 10 18 36 o4
Average atomic weight A 4.00 20.18 39.95 83.80 | 131.30
Density (g.cm™) 0.145 1.2 140 241 | 3.06
Boiling point at 1 atm (K) 422 271 873 119.9 | 165.0
Average ionization energy W (eV) 41.3  29.2 23.6 184 15.6
Light yield (photons/MeV ) 15000 30000 40000 25000 | 42000

Lucia Gallego
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Charge and Light in liguid xenon

ionization B ;
E > Xet+ e escape electrons

Kubota et al., Phys. Rev. B (1979)

‘ONIR ‘@ 10’:
~ A ’ e
l_*_xe é: lk'x»*'& : . . *
.\ recombination § ﬂ\ T el M"‘s. R SN
. . ) \ il
excitation Xe, 45 ns (168 K) IR ",
g_ \ BN 0 70 30 30 4 S0 €0 4o 80 80
l_'_e— ® 0f ‘\' \\'\ Time(ns) ]
s | w
. g \i‘4kV/“ 1y, 9 KViem
Xe* « Xe**+Xe - g Cmi—_t "1 1717
Electric field '} | ~—
l+Xe dependence L L
xe; % . [ : : + : : v
Triplet Singlet i 1;:,._. i h j CO@bme‘
(27 ns) /\(2.2 ns) 2 oof . é l I — I
Sose 1 L] Colun |
2Xe 2Xe o7 i -
UV photons 178 nm . osf- ko |1s7cs
G. Plante, 2012, E = 0kV/em osF-
Incident particle 7, (ns) 7 (ns) 7, (ns)  L/I oaf 1 T T .
Alpha particles:  43+06 220%15 0.45 + 0.07 B
Fission fragments  4.3+0.5 21.0+2.0 1.6 + 0.2 o peviony
Aprile et al., Phys. Rev. B 76 (2007)
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Overview

Possible applications:

- Gamma-ray astronomy
- Dark matter search

- Neutrinoless double beta decay search
- Medical imaging

Liquid xenon based detectors:
* Double-phase (LXe/GXe): XENON, LUX, ZEPLIN, Panda-X
* Single-phase (LXe):

- Scintillation signal: XMASS
MEG [ XeGRIT, XEMIS (o=

- lonization signal:

Lucia Gallego LLR, January 30 2017 16



XEMIS: LXe Time Projection Chamber

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

Scintillation light (PMT)

| Xe to
PMT +
Cathode ------- [ NPT T T lT |On|8a’[|on
[ Xe (Frisch grid, Anode, FEE)
Energy + (X, y) + t,
Field fings < Earp .
Vgt KNnOWN
A ., . ) (T,E) = constant
. R B A Fesh Z= Vdrift'(t1 - to)
noae
. Energy + 3D Positions
L of each interaction
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XEMIS: LXe Time Projection Chamber

‘ XEMIS1: R&D prototype ‘

e 30 kg ultra pure LXe
« Active volume 12 (6) x 2.5 x 2.5 cm?

» Field shaping rings (23)
Homogeneous drift field up to 2.5 kV/cm

e 1" square UV sensitive PMT — Trigger

e Segmented anode (2.5 x 2.5 cm?2 active)
in 64 pixels

e Frisch grid

Lucia Gallego
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Xenon Cryogenics

g g gy

Jrm e —

Pressure [atm. absolute]

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

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

I . | — -

120 140 160 180 200 220 240 260

Temperature [K] ™

Experimental Conditions:
168 K - 1.2 bar

Narrow temperature margin of 7 K
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XEMIS1 Facility

| exchanger

Purification

‘ Storage \

Getters

Cryostat [

Lucia Gallego LLR, January 30 2017 20



Circulation and Purification

« Electronegative impurities — electron loss during drift
* Light absorbing impurities — scintillation light lost

Shell side '

Before purified
After purified
........ Recondensation
Rescue line

Cryostat (TPC) /

Purification in gas-phase:
| Purification rate: 30 liter/min < | Xe evaporation )

GXe purification
__Xe recondensation

Lucia Gallego LLR, January 30 2017 21



Electronegative impurities — electron loss during drift

Signal Amplitude (V)

N N ey

Qo
||III|III|III|III|III|\II|I

.

N

[

160
140

1.. - « "

’5 0 5 10 15 20 25 30 35

Drift time (us)

Electron Attenuation Length

—120

—100

One week — Attenuation length >1 m

!

Concentration of 1 ppb O, equivalent
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XEMIS1: lonization Signal Readout

IDeF-X HD LXe Asics Gevin et al. 2006 | Noise <100 e (at LXe Temp) |
Developed for CdTe @ IrFU

Adapted by Subatech for LXe

511 keV (@1 kV/cm) = 27200 e-

Noise (e)

Anode 64 pixels

31x31mm2 1 |

~ 95__ .............................................................................................................................................

a 1

6' 90:_ .............................................................................................................................................

Z B 5
_ Ultra |OW no'Se front_end eleCtronlcs 855_ .................. ........................... ........... [ ........................... ............
- 32 channels per IDeF-X HD L Xe ]| E— ___________________________ .......................... ___________________________ _________________________ ®. ..
- Two chips = one channel per pixel N D T

i i AN M
0.2 0.4 0.6 0.8 1
Grid - anode distance (mm)
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Gridded lonization Chamber

« Planar lonization Chamber

Cathode
)\’\’l’k A 4 4 A
0 ' | |
Cathoch Xe+ : i B
1 e & e |EB
Vi — d - o, FE © e
1 v l |
Anode Q(t) — Anode
MWh K —_—
R ’ ’ —
’ ] '
— = = > |

Signal depends on position
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Gridded lonization Chamber

« Gridded lonization Chamber

? A
Vy, —_ d ?q“ ‘q+ ﬁdrift.
P& = oo o
A F A
amode 7 |Q()
v

- The grid removes the pulse-amplitude dependence on

position of interaction

- Signal induced in the anode by ionization electrons is

proportional to the deposited energy

Cathode

Cathode A\’}Y’.Lk

Induced charge

100 LPI metallic woven mesh

LPI: Line per Inch

Lucia Gallego

LLR, January 30 2017

25

t:



Gridded lonization Chamber

lonization signal affected by:

Frisch grid

\

;"
i

- Transparency of the grid

- Efficiency of the grid

S
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.....
......

- Small pixel effect: induction in
non-collecting pixels
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Gridded lonization Chamber

lonization signal affected by:

Frlsch grld
r_*_“h-, - . pizg;ffu'g -
‘ L’!

.___'.—, \__,_ .]_._

ented Anode

Iﬁétéhll 3

. Transparency of the grid - Small pixel effect: induction in
- Efficiency of the grid non-collecting pixels
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Gridded lonization Chamber

lonization signal affected by:

Fr'sch grid
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Gridded lonization Chamber

lonization signal affected by:

Frisch grd
! = ‘.»_..>'L-‘ S i e o S R SR
: -+ v+t 44 te ey
bbb .-t,?.: ~ -

ented Anode

Transparency of the grid - Small pixel effect: induction in
- Efficiency of the grid non-collecting pixels

—— Expected signal

.._ —_— 511 kev Signal .............. : ................
i 5 5 5 5

o
[ ]
(o8]

J Y —— o e e R . .
| | | ' | | | % Electrons induce a current in the anode

______________ before passing through the grid

o

o
I
|

preAmplifier Signal (a.u.)

o
N
=TT |

- 2 l 5 l O 5 0 0.5 1 1.5 2
Frisch grid Time (us)
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Gridded lonization Chamber

lonization signal affected by:

Frisch grld

ented Anode

]—1—“1:, |
EEaas
Iﬁétéhll ;-
Transparency of the grid - Small pixel effect: induction in
- Efficiency of the grid non-collecting pixels

Shaped signal

[
Treny

10 = 1.39 us

~ ™
Electrons induce a current in the anode

before passing through the grid

Signal (a.u.)
S
I I Ir

Expected
m— 511 keV
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Transparency of the grid

Frisch grid

Gridded lonization Chamber

lonization signal affected by:

ented Anode

.....
......

- Efficiency of the grid non-collecting pixels

Small pixel effect: induction in

— i e 500 LPI - gap lmm
a w100 LPI - gap lmm
= 1 E - 70 LPI - gap lmm
fU. _ s 50.3 LPI - gap lmm
- 8 100 LPI - gap 0.5mm
§ 107k (" ™\
o £ - :
i Signal depends on the type of grid
1072 -
- \\
X\
-3 L. P o
— -6 6 8
Time (US)
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Gridded lonization Chamber

lonization signal affected by:

Frlsch grld
,—f—.w - ST TR R
‘ L_W

ented Anode
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Transparency of the grid - Small pixel effect: induction in

- Efficiency of the grid non-collecting pixels
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1 . 1 I
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Gridded lonization Chamber

lonization signal affected by:

Frisch grid
- ented Anode

-

+4 44+

Mlcro~mesh '

(MM
Transparency of the grid - Small pixel effect: induction in
- Efficiency of the grid non-collecting pixels

gap: 1 mm gap: 500 pm
R : 1 : ' Cathode
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Gridded lonization Chamber

lonization signal affected by:

Frisch grid
- = ented Anode

+++4 R I R e g -
4 4~ -~ rREe
~>~-.-_--~<»‘~,‘t b p bga b
R IeREeee
v b e ¢ >4
: 5 :

. b~ 44 g ot
-t et 4+ ~ .
b

SR R R
- e e T
- Micro-mesh

(M)

- Transparency of the grid - Small pixel effect: induction in
- Efficiency of the grid non-collecting pixels

Grid Tech Pitch Thickness Bar
500 LPI MM 50.8 um 5um 12 um
200LPI | MM | 127 um 5 um 24 um T mm
100 LPI MW 254 um 50 um 25 Um 500 pm
70 LPI MM 362 um 5um 18.5 um
50.3LPI | MW | 505um 60 um 30 um 125 pum
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lonisation signal @ 511 keV for Photoelectrics

Event reconstruction: Compton scattering /photoelectric effect identification

Lucia Gallego LLR, January 30 2017 35



lonisation signal @ 511 keV for Photoelectrics

Event reconstruction: Compton scattering /photoelectric effect identification

Y JE E’” i ﬁ 64 pixels
20-‘2_— ' Sampling rate: 12.5 MHz
= - 1 channel = 80 ns
g 01—

) g )
0.08
0.06
0.04 —
0.02— |
e, Hy Qg Ao e ke ‘hQF»"‘
Of“*z‘k v Wﬁ“&ﬁ? w)ﬁ&é«% PR e ‘a@é“ vty
'0020 T T — O T — ‘10100‘.‘ 1200
Time (channels)
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lonisation signal @ 511 keV for Compton

Event reconstruction: Compton scattering /photoelectric effect identification
A

% : Sampling rate: 12.5 MHz|| I w T | f 64 p XelS
2 03— i 1 channel = 80 ns %\"\%N| sl ._, :
g - " - A R 8 S —
0.25}— | o | AAAAAAAAAAAA ] = ] L | 1 tiI“ ‘ “ ]
(l\ M 1P, = ] 1! J.' “I ,.d [J. ..U, Il
02| i fﬁjﬁ‘%m&ﬁ Zir*"lw'wﬁl!'”!‘#"{ :‘!\nﬁ‘ﬁﬁm‘ . lv\i' il
- I - . ‘ - .
' I AW I
L | . TN . \
0.1 | I ’m”?’\t“ 1Al
- ol | At
o.os: | \Mm;.. M‘%m n\q"
B Lo s0aas Do . Co co ]
400 450 500 550 600 650 700 |
Time (chann'els)_
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Experimental Set-up @ 511 keV

22Na: (EnaxB+= 545 keV, E,=1.274 MeV)

|
= ‘ |
o P

-

-
;;;
-

-
-
-
"‘."
=

-
A
e

.
J”
=
"""""
-

’’’’’’’’’
""""

---------- " - N\
lonization signal
........................... >

q--

A
R

ADC

12.5 MHz digitizer

22Na source ¥ %
(20 kBq)

i,

Time

Coincidence

Trigger

LXe
Scintillation signal

-------------------------------------------------- .- | ADC

250 MHz digitizer
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XEMIS1: lonization results @511 keV (1 kV/cm)

%? / ndf 340.5 / 360

Constant 6.159 = 0.006

+

Entries

Slope -0.06413 + 0.00047

TIIIIIIITlléllTTI1IIIIII

A 1 A L A A

—101111011111011120 01 140
Beginning Drift time (M)  Epg

500

0 _
9 S|/ mag 7.6a2 /12 3 90F %2 / ndf 8.546 / 15
i—l) C | po 230.5 + 3.0 : 80;'_| . H |_| po 37+ 1.1

o 4001 pl -0.08494 + 0.00367 Y =
e - . = 0. <} 70 | |_| L |_|—|_|_| pl 29.19 = 0.01
B p2 0.04338 = 0.00322 i 60; p2 0.05317 = 0.00963

300 o

- 50F

200 40

B 30

100/ 20F

- 100
ol v v b e v b P e L " N

-1.5 -1 -0.5 0 0.5 1 1.5 028 28.5 29 29.5 30 30.5

Drift time (us) Drift time (us)

Drift time resolution: ~ 50 ns
DOI resolution: ~ 100 pm
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lonisation: recoil electrons in LXe with CASINO

| J« Incidents electrons impulsion 511keV

Spread of the electron cloud due to the
chaotic trajectory of the primary electrons

Lucia Gallego LLR, January 30 2017



XEMIS1: lonization results @511 keV

N - L
'}.’ 0000: Er-r.es L231€C "l 1 kV/Cm
o “ | xS ndl 4%.23 / 2% [
G 29000 ol 2336 19.7
- | Me=an 0.9¢37 + 0.0005
2000 | sigra 0.048¢2 £ 0.00033
“500| -,
T e W
o(E)
= 4.92 + 0.04 %
£ o
u ~“m-:"l \
D,_' (R B | | [ | ! I ! |
W

0.8 1 1.2 1.4
Signal Amplituda (V)

2.2 0.4 0.6

Recombination in LXe: Thomas and Imel model

— L.2- 100 —
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Thomas et al. 1989 Phys. Rev. A
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XEMIS1: Resolution along the LOR

AL resolution along the LOR = @, a-distribution Entrios 581
g Constant  88.20
Detscton Source Do g 90 ':_ Mean -0.1066
w [a o 070 KViem  / Sigma 4.06

Y © 511keV S 7@ SV - - =

MBI 70— —

7 \\::\\?\\ F =

20 — 60 - =

\k Conpton telescone B al

) %\7\ =E =

E 8| *\ ¥ 405_—; =

‘ .“' E' = E: - -

; : 0~ :

.-’ 20 =

10 =

%5 o 5 0 5 10 15

cost) =1 + mec? : ! Angle (deg.)

B “\E, B

* Angular resolution limited by active area of XEMIS1

* Improvement expected at higher electric field

« XEMIS2 is the key

Gallego et al., NIMA (2015)

Equivalent to AL = 8.2 mm
(FWHM) for a 5 cm distant

source

Lucia Gallego
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XEMIS2

Scintillation Cathode LXe: 200 kg

380 x 1" PMTs in LXe i | Fiducial volume ~24 L

I| ML L LSSt L I I

Field Rings

High Purity LXe
at 1.2 bar (168 K)

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

LXe TPC
Active volume
-axial : 2x 12 cm LAl 1| lonization
- depth : 12.cm N 200 pixels - 3.1 x 3.1 mm?2
- Tmin : 7 CM Ultra low noise FEE
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XEMIS2: lonization Signal Readout

IDeF-X HD_LXe XTRACT: Xemis TPC Readout for
Imaging Detector Front-end Acquisition of Charge and Time

-

- Amplitude .
Time '

Address l

(ARRARSRS
SSBBININS

ARLAR RLR R .I

L
*
L]
L
.
L
*
-
.
-
L
L]
*
L
*
.

I |‘1 LT
A

AR

Trigger

000000000000 0000000000000000000
l NI EER AR NN REEE

‘ Read

sIssseEmsRS S

IRFU - SUBATECH MICHRAU - SUBATECH

~20000 electronic channels
Challenge: continuous read-out with negligible dead-time

XTRACT v1 is on test since summer 2016. Final version expected for 2017
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XEMIS2: Light Signal

Hamamatsu R7600 1” PMT

Used as time measurement for the charge signal
readout and interaction volume determination

Developed to work at LXe temperature

Phase 1: 64 x 1" PMTs inside LXe covering 8 sectors
in®

Future upgrade: 380 x 1" PMTs = complete
coverage of the active zone

Lucia Gallego
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XEMIS2: Recovery and Storage of Xenon

ReStoX:
Recovery and Storage system of Xenon

Double walled vacuum
Insulated stainless steel cryostat

Compact (210 kg capacity)
- storage
- distribution
- recovering

Safe
- from room temp. to -110 °C
- 71 bar design pressure

Ultra pure LXe at 1.2 bar
- ppb impurities level

A AIR LIQUIDEW SUbOtGCh

ADVANCED BUSINESS & TECHNOWGES
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XEMIS2: purification and re-circulation

+
N
2
4

rrrrrrrryre—- )

> 0O @

L

XEMIS2

Closed loop
Reversible transfer ReStoX - XEMIS2

- LXe injection from ReStoX to XEMIS2
- Purification & circulation: 30 NI/min
- Recovery from XEMIS2 to ReStoX
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XEMIS2: Simulation

Complete simulation of XEMIS2 with Geant4

Signal
read-out

Phantom

LXe
=10 cm
FEE
lonization Signal
reXt ‘

7mm¢) PTFE

I"inq\ Air
Geant4d Gate®y Lihodl
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XEMIS2: Simulation & Reconstruction

‘o r=25mp X
& T
Input of the simulation: £
- Energy resolution: Thomas Imel model g%n f
5% @ 511 keV v
| | @
- Spatial resolution: <1 mm (X, Y)
~ 0.5 mm (2) Rat phantom
| | Total activity: 20 kBq
- Electronic noise: 100 e~ (~ 2 keV) Contrast: 15
Acquisition time: 20 min (~24x106evts)

Submitted to Physics in Medicine and Biology

Quite uniform response of the detector!

0.3 0.3
=

025} ,H’H’Hr/—h—_\“‘\\\’“x )25} ( )
> b S I - High sensitivity 3y > 7%
(- 0.2;— e b c 02__

g g | along the FOV
£ 0 € Phantom length 5| = M5 Phantom radius S
= o z o - Expected resolution along
= 0.05 T 3-05:‘ the I_OR <1cm
o L el e e bt | RINENE FEENE NNE T FRANE ARAE i A A J
60 40  -20 0 20 40 60 0 S 10 15 20 3 9
z [mm] r [mm)]

Lucia Gallego LLR, January 30 2017 49



XEMIS2: Reconstruction Algorithm

: Submitted to Physics in Medicine and Biolo
( Simulated event ) < ysIes | IC l0logy

l 1st event cut

( At least 4 xenon interaction )

l Group reconstruction

( 3 reconstructed groups )

l Cone/LOR reconstruction

(Cone/LOR intersectiorD

l Point reconstruction

1 final i -
( ina po'"t) 3D reconstruction of the source

Nb of Cluster per event

Hit distances for all photons
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XEMIS2: Reconstruction

Raw Image

/5 x 2 mm slices along the axial FOV

the contrast on the central sphere is clearly visible
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XEMIS2: Deconvolution

* ldea e HosnAEe
- Inverse problem of convolution

* Algorithm

- |terative ML-EM based on Poisson distribution

(n+l) _ 4 (n) . , .
AT =T Z 7&(”) i : : !
Z f;J ka] : Deco Image Space - : Raw Image Space

Preliminary

Image Evolution vs Iteration
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XEMIS2: Deconvolution

Deconvolved Image  Preliminary
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Expected resolution: [2-3 mm] in all the FOV

A lot of work to do...

Lucia Gallego LLR, January 30 2017 53



Conclusion

| Small animal imaging with XEMIS2
- Commissioning at Subatech: 2016 - 2017
- Installation at Nantes Hospital: 2017
- First 20 kBq image: 2017

- Preclinical researches: til 2020

e —
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Have a seat Kermit What I'm about to tell you might come as
big shock...
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