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1. XENON group and the XEMIS project
2. 3y Imaging

3. XEMIS1: R&D

4. XEMIS2: Small animal imaging

5. Conclusions
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XENON Group @ Subatech

Medical Imaging Applications: XEMIS project
Dark Matter Research: XENON100, XENON1T, DARWIN

R&D in photo-detectors & liquid xenon cryogenics
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XEMIS: XEnon Medical Imaging System
Low activity Medical Imaging (~-20 kBq)

3y imaging Liquid xenon Compton camera

Radioisotope (B, y) for functional imaging: 44Sc Time projection chamber (TPC)

XEMIS1 XEMIS2 XEMIS3
Small animal Human body
R&D imaging imaging

PMTs

,
.
:
-
»

B

From 2020

7

LXe clinical camera

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

lonization Signal

30 kg 200 kg
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Principle of the 3y Compton Imaging

B+ (Emax = 1.472 MGV)

e Radioisotope (B+,y) emitter in coincidence: 44SC~Ey (Eo = 1.157 MeV)
T,,=4h

¢ Direct 3D reconstruction of the source:
Line of response (LOR) + Compton cone

% (X2,y2,22)

e Reconstructed y direction: st (E1,X1,y1,21)

Compton kinematics

« 1 1
cosd =1 + me, 20—
0S M (E7 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
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Liquid Xenon as detection medium

* High stopping power (Z = 54 & p = 3.06 g.cm?-3) for y-rays from 10 keV to 10 MeV
e Simultaneous production of a scintillation (178 nm) and an ionization signal
* High scintillation light yield and high ionization yield

e Scalable to large, massive and homogeneous detectors

Element LHe LNe LAr LKr | LXe
Atomic number Z 2 10 18 36 54
Average atomic weight A 4.00 20.18 39.95 &83.80 | 131.30
Density (g.cm™3) 0.145 1.2 1.40  2.41 3.06
Boiling point at 1 atm (K) 422 271 873 1199 | 165.0
Average ionization energy W (eV) 41.3 292 23.6 184 | 15.6
Light yield (photons/MeV) 15000 30000 40000 25000 | 42000
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Liquid Xenon as detection medium

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 ‘oo
MEG [ XeGRIT, XEMIS ‘o=
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- lonization signal:

i XENON1T Waseda LXe TOF-PET
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XEMIS1 Time Projection Chamber

* 30 kg ultra pure LXe
e Active volume 12 (6) x 2.5 x 2.5 cm?3
* 1" square UV sensitive PMT — Trigger

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

e Frisch grid. Gap 0.5 (1) mm

* Field shaping rings (23) for
homogeneous drift field up to 2.5 kV/cm

Energy + 3D Positions
of each interaction
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XEMIS1 Facility
Experimental Conditions: = PTR
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Xenon Cryogenics

—y
o

solid

—_—

Pressure [atm. absolute]

Triple point

i | - - | | L N
120 140 160 180 200 220 240 260

Temperature [K] 3

Experimental Conditions:
168 K - 1.2 bar

Narrow temperature margin of 7 K
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XEMIS1 TPC
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- Assembly in a clean room

- Maximum limitation of heat exchanges
(thermal leak ~ 40 W)

- Dynamic vacuum: 10-8 bars

Stainless steel components are
cleaned with an ultrasonic bath
and drying (> 200 °C)

ropt-End Electronics )
\\

Ultrasonic cleaner
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Pre-cooling and Liquefaction
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Copper heat exchanger

Haruyama et al., 2000

- Pre-cooling : < 1 day
- Liquefaction: 1 day

- Liguefaction rate : ~ 6 liters / min
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Circulation and Purification

» Electronegative impurities = electron loss during drift
e Light absorbing impurities — scintillation light lost

Tube side

.. ‘Cryostat(TPC), | \El
Purification in gas-phase:

Purification rate: 30 liter/min < LXe evaporation )

Rescue tank

GXe purification
__Xe recondensation
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Electron Attenuation Length

Electronegative impurities — electron loss during drift

Signal Amplitude (V)

-
-

s o 5 10 15 20 25 30 35
Drift time (us)

One week — Attenuation length >1 m

!

Concentration of 1 ppb O, equivalent

160

140

120
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Temperature and Pressure Stability

Very good temperature and pressure stability during long data-taking periods
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Temperature and Pressure Stability

Very good temperature and pressure stability during long data-taking periods
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Experimental set-up @ 511 keV

22Na;: (E,,..B+= 545 keV, E

/

22Na source

= 1.274 MeV) A
!
/ /‘

................. (o ‘\,//: - :
RN = L : LXe

= Scintillation signal
+  lonization signal Time :
---------- [-===="="==ssccccccccccccc===P ) ] s CE LR LR
: Coincidence ;
i ' Trigger *

ADC |[€--¢=======-soscsmmmemmemmnn=- emmmmmmmmmmmmmmmmmm e e »---> ADC
Sampling 80 ns Sampling 4 ns

12.5 MHz digitizer

250 MHz digitizer
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lonization Signal Readout

IDEF-X HD LXe Asics Gevin et al. 2006 ‘ Noise: 85 +/- 5 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
3.1 x 3.1 mm?2

w [|Entries 63| [
-ﬂ 10 Mean 84.86
3 |rMs 4.67
g 9

- Ultra low noise front-end electronics 6

- 32 channels per IDeF-X HD LXe i

- Two chips — one channel per pixel 2

. . - %_||||||
Good linearity and stability PR e (&)
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Electron Diffusion

Electron Diffusion — Spread electron cloud — non-negligible probability that the
electron cloud would fire multiple neighboring pixels

1z A A
o 1 < 2 + o
. ETP\ —

x, = Dr : diffusion coefficient
- f(zy) 47 Dy tarif 4D 1 gr; ft)
Edriﬁ

6cm

Spread electron cloud: ©t = V2 D rtapif

| N | E B EEEEEEER EEEREN EEEEEEEEEEENER
;~0.5mm !

A
T A ] E mesh

31 x 3.1 mm2

( )
Laf Transverse diffusion (@1kV/cm)

o o+ o; ~ 200 pm x V(cm)
511 keV

-
-
@

X Multiplicity
-
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5 10 15 20 25 30 35 40 45 50 55 60
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Event Topology @ 511 keV

Event reconstruction: Compton scattering /photoelectric effect identification

64 pixels
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Event Topology @ 511 keV

Event reconstruction: Compton scattering /photoelectric effect identification

’\"'\A.NN}‘ Mixas

Sampling rate: 12.5 MHz
1 channel = 80 ns
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Event Topology @ 511 keV

Event reconstruction: Compton scattering /photoelectric effect identification
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Depth of Interaction @ 511 keV

Photoelectric events @ 511 keV and 1 kV/cm  § sorr7—"0"7
j_", E p0 230.5 = 3.0 flj-u-d]TF{Fl—qjh‘
Beg|nn|ng I'JC:I: 400[—| p1 -0.08494 = 0.00367
> " | P2 0.04338 = 0.00322
300
2 500 E
2 - ¥? / ndf 340.5 / 360 200~
H - N
4&:’ 4001 Constant 6.159 = 0.006 100:—
g 400 | J
v v gy s v Vo by by
B Slope -0.06413 = 0.00047 I E——— : L . L
300[— Drift time (us)
W.:\/» 8 90 v2 / ndf 8.546 / 15
y 200 E 80§—|_I 7 H |_| po 37 £ 1.1
N o 70 L |_| L] I_I—I—._l pl 29.19 = 0.01
- F 605— p2 0.05317 = 0.00963
100 3
B End >0
N > 40F
0_ 1 1 1 1 1 1 1 1 | 1 1 1 1 l 1 1 1 | ms R P | 1 1 302_
-10 0 10 20 30 40 20E
Drift time (us) 10F-
02_|8| | '28I.5" | '2I9' | é9|.é = '3|o' — '30|.5

Drift time (us)

Drift time resolution: ~ 50 ns
Z resolution: ~ 100 pm
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Energy Resolution@ 511 keV
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3000 ries 123160 o(E)
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2500—_ Constant 2936 + 19.7
- | Mean 0.9957 + 0.0006 |
2000[| sigma 0.04899 + 0.00035 |
1500_—J~H
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Signal Amplitude (V)

Excellent energy resolution
measured with the ionization
signal in LXe
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Electron-lon Recombination

e Electron-ion recombination = loss of primary ionisation

11

Aprile et al., Phys. Rev. B 76 (2007)

- - = f
* Fraction of light and charge depends on: L et . . °°""""‘7
- Density of ionisation 3 | -
- Applied electric field S orf
: %D 0.6 137Cs
- Deposited energy =N
04F Light
Recombination in LXe: I I B
Field [kV/cm]

Thomas and Imel model: depends on the number of produced ions

Primary electron v&/%
E~102keV Y

 V PR IR ——

SR R0 S
T\
Secondary electrons E; E; E; thermalization E1 ~ 5 keV
Tertiary electrons 2 L 0 E, = 20 keV

Thomas et al. 1989 Phys. Rev. A
Adapted from T. Oger, 2012
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Amplitude (V)

Electric Field Dependence

lonization charge yield Energy resolution o(E)/E (%)
1.2 1100 —~ ~ 10
| ! oe oP .
| B P ~ ~ 9
1 — i o (] | —— Thomas & Imel model
. * 80 O ~. 8:\.\ .
' | B‘ © E N
, 7|
0.8/ . @ g |
60 o o 6 S
,',’ | H .4_) .__
O . 6; | .-rC:U '3 5 = <
: 40 © o 4 - &
0.4 ' g 3|
| —— Thomas & Imel model 220 5|
>y |
0.2’ 1 @) |
: - 1
. 8 :
S T U S S SR S T O S S
Electric field (&) Electric field (&R)
o(E)

—~— =392 % at 2.5 kV/cm

Recombination:
 |onization saturates at high electric field (~10% recombination at 2 kV/cm)

* Energy resolution increases with the electric field

Qo= Eo /W with W average energy to create an electron-ion pair (15.6 eV in LXe)
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Electron-lon Recombination

NEST: The Noble Element Simulation Technique NEST, JINST (20T1)

70 Py ———— Yy —f———rrYY
[

Recombination model depends on the energy:

4 )
Thomas-Imel model: short tracks (low energy):

number of electrons

In(1+&) @

lonization yield (electrons/keV)

r=1-— , €= _
S da’v et
- v, _ gamma energy (keV)
- ~ E, 70—
E I 50 Vicm 4
Doke-Birks law: long tracks (high energy): g % 200 ;
o 500
"g 50 | 1000 —
J 2000
dE » energy loss d
s X — 1 s Y F h
r 1+Bd_E+C’ C=1-A/B 2
dx > 30 [ b
c
- y, 9O
© 2 b _
N
c
O 10 rdd s saaal rdd s aaaat 4 2 2 222:20 s 2 2
- 1 10 100 1000
beta energy (keV)
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Angular Resolution

. a-distribution
AL resolution along the LOR — O

90 ‘
: 0.75 kV/cm

LOR v 1LOR 70
LR
LR

Y@ S 1keV

50

40

30—

20

10-

%s .10 -5

| 1
0s0 =1 4+ me?( — — —
COS + MeC (E.7 El)

YYYYYYYYYYY

Entries 581
11 Constant 88.29
Mean -0.1066
Sigma 4.06

I‘l»l II~I

0 5 10 is
Angle (deg.)

Gallego et al., NIMA (2015)

* Angular resolution limited by active area of XEMIS
e Improvement expected at higher electric field

« XEMISZ is the key

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

Lucia Gallego Manzano 13 October 2016
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XEMIS2

Scintillation Cathode

LXe: 200 kg

380 x 1" PMTs in LXe i =

Al q = -
"j".m i -\ !Field Rings
== LXe j :
7, NE |_ & e

? |
ﬁ

| 120mm 120mm I
LXe TPC
Active volume

oyl
byl
-axial : 2x 12 cm 1 | lonization

- depth : 12 cm N 2104 pixels - 3.1 x 3.1 mm?
- I'min : 7/ CM Ultra low noise FEE
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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

- Temperature stability: Gain independent of

temperature inthe T =[-110, -106 ] °C range

High gain and linear behavior with supply voltage
between 760 to 900 V

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 Manzano
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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

IRFU - SUBATECH

MICHRAU - SUBATECH

XTRACT v1 is on test. Final version expected for 2017

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

Lucia Gallego Manzano 13 October 2016 33



XEMIS2: Recovery and Storage of Xenon

ReStoX:
Recovery and Storage
system for LXe

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

e Safe
- from room temp. to -110 °C

e Ultra pure LXe at 1.2 bar
- ppb impurities level

A AIR LIQUIDE‘ SUbOtC&Ch

ADVANCID BUSINISS & TECHNOLOGHR S
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XEMIS2: purification and re-circulation

Purification
&
re-circulation

L roo—m—m e i

H2

=
Wi Al Exchanger -,

11

ReStoX XEMIS2
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Overview
~ ) . B 5 l

. Commisioning at Subracz 261
|* Installation at Nantes Hospital: 2017

* Firstimage: 2017 i!
|+ Preclinical researches: til 2020 |

—
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Charge and Light in liguid xenon

tanization A Kubota et al., Phys. Rev. B (1979)
> Xe++ e escape electrons 10';.1 - no‘-/‘(.:‘t )
+Xe 5 [ AN
recombination 51t l‘“{\ o't My ey
. . + 3 \ E=4(kVkm) 3“ ' "".
excitation Xe, 45 ns (168 K) 2l ‘\, M,
g. » ’ ‘{,‘. 0 10 20 30 40 S50 60 70 80 90
l_l._e— ® 10} "7 . \'__'.\ . Time(ns) .
§ ) Ry |
Xe* < Xe**+Xe o | CM 111" "7 17771,
Electric field | | +—
l.{_xe dependence Y- B R
XCE 3 1.1: +
Triplet Singlet ; taseo o : .__Combine_
(27 ns) /\(2.2 ns) 8 of [ l
g F Y S— '
5 osf® | Charge ]
-~ =
2Xe 2Xe 0'75
UV photons 178 nm — 08| 137
P E = 0 kV/cm ok Cs
Incident particle 7, (ns) 7 (ns) 7, (ns) I,/1, 0_4% Light
Electrons: 22+03 27010 ~45 0.05 °-3§‘
Alpha particles: ~ 4.3+0.6 22.0+1.5 0.45 + 0.07 1R P PN PP PP PRI PR SRS S
Fission fragments 4.34+0.5 21.0+2.0 1.6 +0.2 Field [kViem
Aprile et al., Phys. Rev. B 76 (2007)
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Good B+/ y emitter radionuclide for 3y medical imaging: 44Sc

+94.3 % *
MSe 228 MCa+el +ve

. 20Ca+ 7y

2+ 0.0 397H4
315(23 \ 169 Logft
. :

. . 33014
Emission B+ 1.020 516 =% 7oorm 2656.5 30 FS

Eo = 1.474 MeV 2656.5

T1/2 =4N <
effective range: 2.8 mm

@ T 115®—> ~ O(_)I ﬁ s;nﬁzl\cl)r'; of a

04

0.0 STAELE

44
20224

O/ ') 44Sc production: ARRONAX cyclotron
s, Inserm R&D
| ARRONAX | ittt S Radiopharmaceutical labeled with 445¢c: CRCNA
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Pre-cooling
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Liquefaction
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Electron Drift Velocity

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

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

This work (168 K)

Ichigue et al. (1993) (163~173 K)|.
Gushchin et al. (1982) (200 K)
Aprile et al. (1990) (195 K)

Electric field (]é—IYI)

- Electron drift velocity increases with electric field

- Expected drift velocity saturation at high electric fields ~ 3 kV/cm

13 October 2016
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Spectral Response and Energy Calibration

lonization charge yield Energy resolution o(E)/E (%)
; 3~ - 5.5_.
Z | P0-0.007636 = 0.0009451 ® - {1 kV/em
Q 2.5: pl 0.001972 + 1.914e-06 """:' = 5; :
ko y ) . S - . { 1.5 kV/cm
S i - ,
+ 2q PO -0.005208 + 0.0009394 b .
:|| & 4.5
0, j Pl 0.002037 &+ 2.001e-06 -9{ B '
- p -
5 1.5F » t 1 kV/cm 5 af- é
N { 1.5 kV/cm '6' -
3 o 0 .
1f e 0 3.5 t
- H -
0.5 " g 3} *
_ 5 -
x 3 -
c'"l“'lkllllllllllllklll" g25_.11111111.-l,.ll.llillllll<
0 200 400 600 800 1000 1200 1400 "0 200 400 600 800 1000 1200 1400

Energy (keV) Energy (keV)

* Non-linear energy dependence (~2% at 1274 keV and 1 kV/cm)
e Expected non-linearity of ~30% at low energies (30 keV) = NEST

* Non-linear behaviour with type of interaction = X-ray emission — Y

- y-ray = electronic recoll K X-ray
- photoelectric effect = Compton scattering
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XY Resolution

e Center of gravity is not a good estimator of the position

Charge distribution : Gaussian @ 10°F

.E :

‘ g 10

. | 10%=

Qe E ]-OE_

.Qr.igm E
: )2 'l,'k\ : ’x l §_|, | L
(0,0) Pet " No Pright -3 2 3
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1000~ - — » — 1000
: . - g 50 keV

§_ 900" ¢ Center of Gravity | g 900(- ’ 200 iev
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Experimental Set-up @ 1274 keV
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