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Visit of XEMIS2 at CHU Nantes proposed for XESAT2023 participants! ‘
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XEMIS2

THEN

30 kg
12 cm drift TPC

NOW FUTURE
XEMIS2 XEMIS3
Small animal imaging Whole body imaging
Toward 2 tons
2mlong
12 cm radial drift
TPC

200 kg
2 x 12 cm drift TPC

Purification

ReStoX

Camera
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THEN NOW FUTURE XEMIS2 CAMERA
XEMIS2 XEMIS3 - i TPCI
o
Small animal imaging Whole body imaging om
depth 12 cm
Toward 2 tons r.:7cm
2mlong
12 cm radial drift
TPC
30 kg 200 kg
12 cm drift TPC 2 x 12 cm drift TPC &
Ll i fonization Scintillation
- TE 2x1043.1x3.1 mm? 64 x 1” PMTs in LXE
I pixels with ultra low covering 8 sectors in ¢
noise cold FEE
ReStoX ' [380 PMT placements reserved]

Purification
Camera

XEMIS2:

= Nuclear Medical Imaging with 3y technique and LXe
* High Rate Single Phase LXe Time Projection Chamber
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Source:

44 B, k.. 44
el —— 5,Ca*t+ve+et L S5Catwv.tet +4

3y-imaging 'scheme. Crediits: M.Latif, LS2N, CRCI2NA

Goal:

Direct 3D location of the radioactive source
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3V'| MAG | N G Classic way [medical application] W UnigBlE

Source:

44 BY. 44,y » 44
B —— 5Ca*tv.tet L 5Catwv.tet 44

Measure: 4Sc-pharmaceutics:
V,, V, — hits positions Emission y:
El’ E2 — energy deposited ~100% of Ey = 1.157 MeV
Fast emission [2.61 ps]
A= V2[ ; Emission B+
0 = arccos (1 — _mec®Ey ) : E . = 1.474 MeV
3y-imaging scheme. Credits: M.Latif, LS2N, CRCI2NA BplEo— 1) T,,=4h
H Resolution effective range : 2.8 mm
ave.: :
LOR reconstruction [e*] Spatial - axis A of the cone
+ Compton telescope [LXe] Energy — opening angle 6
Goal:

Direct 3D location of the radioactive source

10
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3v-| MAGING Summarize [medical application]

Axis A XEMIS2:
e Conical surface — _
~~~~~ Low activity [-20 kBq] + good resolution*
y 911keV e
~~~~~~ Specificity:
(E1, X4, Y1,|21) Mono-energetic y & e+ source
44S y Eo
C
. (B2 X, Y2 2, Research done:
Emutter (3+, ) LOR LXe -
y 511keV | Line of Response Events selection and topology
Source
Compton telescope
Looking for crossing points — emitter’s position
o(X,y) = 100 um ]?(z) _= 100 pm _*Y. Xing, "Studies and optimization of
o(E)=3.5% or single scatter ionization signal measurement for the 3-
for 2Na, single scatter, 2 kV.cm gamma ’mcigr;;”f’t ;Ec"gﬁgrgﬁ’,“’d el

PhD thesi: tech
g (9) = 20 thesis @ Subatec
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IMAGING  Fuel control application [this work]

. : Source:
A v, . '-
% *““ #2inLxe. o Nuclear fuel pellets
al ol Moving along Z-axis
Vl / g » Spectrum of y-rays

Active LXg H ?5( Hn()fllymz%;

e st e R s o i LA s e B W,

Speed = éo_nst 1.7 : Speed = const

T T T T T T T P T R e e

. : &= Controlled
& pellet

. Goal: : Active LXg . ‘
-Find cone’s ci with Z-axis - image & control: First time probe such
' ; - source and geometry!

O 90
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IMAGING Fuel control application [this work] ERE

. Source:
of % A Vv, : "
o x i it inxe gt * Nuclear fuel pellets
% v/ Cr,z) = Moving along Z-axis
1 - * Spectrum of y-rays
Active Lg ?5‘“"({’,'“};*’ :
L fx : Measure:
o1 LY s _ V,, V, — hits positions
T R PRI (. o e g " 1 (R e i el e L ) B R 3 )
A - 1 . ¢ . E,, E,— energy deposited
Speed = const ; C / 2 Speed ‘_=' const *. y
; : =| : : : e . Challenge [later]:
' | ‘ = Emission spectrum
- e | . - - | = Control parameters
_ | . S ' | = High activity [total y]
""""""""" ,—chued = Low statistics [useful y]
' {;\ & C‘:ZU:HU i To be continued...
Goal ’- o points :
Find cone’s crossing points with Z-axis - image & control - First time probe such
: - : source and geometry!

I\l Nantes
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XEMIS2 overview

3y-imaging

Object to image

Control methods:
Scanning & Counting
Compton tracking

® Conclusions

Eugene Semenov: Feasibility evaluation of nuclear fuel control with XEMIS2 ~ ©62 XeSAT2023 ) Nantes, France == @ O Unahorsite SUbO s Li hlys 14



OBJECT TO IMAGE MOX[U0,+Puo, peliets = @ Sl

Goal:

Detect heterogeneity of fixed*
sizes, shape & PuO, concentration

*not in the scope

Leterogeneities ‘_g?_t_/ e40g§SJ .

Uniform and non-uniform distributions of Pu in fuel*

*Example of alpha-autoradiography results

I\ Nantes gubo @ (\) 15
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OBJECT TO IMAGE MOX [U0,+Pu0, pellets] = T g

Goal: Specificity:
Detect heterogeneity of fixed* " p~1glm’
sizes, shape & PuO, concentration " U+ Pu+daughters
_ = High y activity
*not in the scope = Emission spectrum
) homogeneous case eterogenemes Pu excess] . Movmg in FOV
A0S B O S g;f . * Control parameters

Umform and non-umform distributions of Pu in fuel*

Fuel pellets moving in XEMIS2 FOV

Fuel pellets

*Example of alpha-autoradiography results

€3 16
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OBJECT TO IMAGE wmox[uo,+Puo, pellets]

Rate of generated gamma-rays escaping one fuel pellet as a function of their initial energy

3 T T T T T T T ! T T T T T T
é .o
S ~
— J 1 LL'
g : ! This work 7
2., . . is wor o
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] i ~
Y- scannmg now . 1 2>~
s kol ) : ]
“I o SOI ] ROI2 ] ROI3
-
50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000
Energy, keV
Total escape probability as a function of particles energy
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50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000

Systematic bias ~ absorption:

Strong : ROI, [E, < 250 keV]
Moderate : ROI, [250 keV < E, < 550 keV]
Small : ROL [E, > 550 keV]

Challenge:

Statistics & attenuation
are opposite!

orano 7“"

+ Noise study done: y of UO, can be neglected

+ Noise study to be finalized: neutrons from 23Pu

I\l Nantes
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OBJECT TO IMAGE wmox[UO,+Pu0, pellets]

Rate of generated gamma-rays escaping one fuel pellet as a function of their initial energy

ol o ! ! ] Systematic bias ~ absorption:

5l : i - Strong : ROL [E, < 250 keV] o
£y Go . miswok Moderate : ROL, [250 keV < E, < 550 keV] P s
e e I N Small : ROL[E,> 550 keV] y
gzl Bm o F— 0o '5 ] £
s rﬂb% o: oo g 2 25
g, &, 8% ! &%, H 99 %o < :

&t Towmp?y jﬂuiﬁu g g/ O . S

® o : & Challenge: g3

S 0 g ] i —— il\ o . . g

. /\\ : 3 Statistics & attenuation g g

" o(ROI i ROL ROI, ] are opposite! :

50 100 150 200 250 300 350 400 tll;?erf)g()yl? kf;S\? 600 650 700 750 800 850 900 950 1000 % S

Total escape probability as a function of particles energy Detectlon threShO|d S!

o8 r i : pe e @ Impossible : ROI, + any scenario °
: % Better : ROIZ, but strong bias ~ scenarios

05 =
= W Ideal : ROI,, but need good stats
zé 04 - l\'@‘; g 7]
& 2 - .
ioo 7 g Shielding study:
= %]

02| e ROI, + ROL, y — removed

ROL, ROL RO n with 1mm thick W-cylinder
0.1 - L;]! S -
50 100 150 200 250 300 350 400 4E50 500 55;;) 600 650 700 750 800 850 900 950 1000
Eugene Semenov: Feasibility evaluation of nuclear fuel control with XEMIS2 3 XeSAT2023 % Nantes, France =t
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IMT Atlantique
Bretagne-Pays de la Loire
Ecole Mines-Télécom

Relative differences for scenarios of het. placement inside of a fuel pellet

I Rate excess ~ const
© : [ ~mass of PuO, ]
& .
- & . "
A A @7 : ROI
A : 3
o \
£ & RO
L i léf 4
I ROI,
[ [R!dmE _'Rn] / Rn A Edge heterogeniety ]
Q & [Rmm = R"] / Rh 7 Center heterogeniety
1 m@:ﬂfu‘ . L | L | I L | I L . I .

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000
y-ray energy, keV

R . —rate in LXe — case of “at the edge” placement of heterogeneity

R — rate in LXe — case of “at the center” placement of heterogeneity
center

R, — rate in LXe — case of homogeneous pellet

+ Noise study done: y of UO, can be neglected

+ Noise study to be finalized: neutrons from 23Pu
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XEMIS2 overview

3y-imaging

Object to image

Control methods:
Scanning & Counting
Compton tracking

® Conclusions
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CONTROL METHODS scanning & counting

|. Geant4 simulation: source + XEMIS2
II. Methods development

orano/ M

IMT Atlantique
Bretagne-Pays de la

ys de la Loire
es-Télécom

etag
Ecole Ming COr

Count rate profiles from moving pellets in FOV deas:
; = N2, Raw Count rate profile =  Find observables
SE 1| % Controlled peliet profle. » Bias: fluctuations from each pellet
- § Hmegeriscspelt piofly = Compare with excess expected
£ = R g Sy TS Homogeneous pelet profilg = Find control efficiency
\ | Specificity:
<E \ = Subtract BKG from non-controlled pellets
- = Study inter-pellet distance
- \ = Is it enough?
= N DN
6340 6360 6380 64 6420 6440 6460
Time channel number
Eugene Semenov: Feasibility evaluation of nuclear fuel control with XEMIS2 2 XeSAT2023 % Nantes, France w==. LA ol e

Subo
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4 nd ntes
CONTROL METHODS scanning & Counting ~ >"®"°=5" @ Ui

|. Geant4 simulation: source + XEMIS2
II. Methods development

Count rate profiles from moving pellets in FOV Ideas:

; ----------------- N2, Raw Count rate profile =  Find observables
SE 1| 77 Controlled pellet profile = Bias: fluctuations from each pellet
= § Hmegeriscspelt piofly = Compare with excess expected
j] = N Homogeneous pellet profile . . .
EoF i S i R = Find control efficiency
R Specificity:
M= = Subtract BKG from non-controlled pellets
“E = Study inter-pellet distance
= ‘, » Is it enough?
6340 6360 6380 640 6420 6440 6460

Time channel number

Observable “a”

30 :
Ei .
Ve 1o Example:
- Std Dev 0.043

Number of simulations

= 1000 simulations of homogeneous pellet
< = inter-pellet distance of 0 mm
= To compare:

Uncertainty vs excess expected

20

e vl e e b L v
12 13 14 15 16
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>
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avalue‘
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To be defined:

Done.:
= Inter-pellet distance study = Target control efficiency
= Defined true and false alarms* = Suitable for control?

Example: One heterogeneous pellet in a sample

41— .
:E. - Deviation from homogeneous PuO2 content
c —
2 35— -1 K15 R A TEY 1T G O N 2 =
o I 4 E
= - s 1.04
9 |} [0} —
= - - - © =
i.) 3 — L] . “2’ 1.03 =
g B . g 1o
8 25— e = o - £
o - . " : 1.01
2 — g S L6 3530 ¢ VLB [T T S S SN S =
— [ | I 1 : »
- - ] =
1.5 . 0.99
= < =
P e ————— 68, 27%. U ALAIINE. ..ococcvscnemssmessn s E 0.98
- > =
- e 0.97E
05— =
. : 0.96 =
o L 1 1 1 1 1 1 1 1 1 | 1 1 1 1 l 1 1 1 1 | 1 1 L ‘ I 1] [
LA 50 100 150 200 250 “ 50 00 50 200 50
Distance between pellets, mm Distance between fuel pellets, mm

2y 29
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XEMIS2 overview

3y-imaging

Object to image

Control methods:
Scanning & Counting
Compton tracking

® Conclusions
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CONTROL METHODS Compton tracking

:A y Source:
] ;Hit#z niyg. . = Nuclear fuel pellets

y 2l = Moving along Z-axis

1/ - ; = Spectrum of y-rays

Active LXe /ff “"(:lly'"z%’éﬁ : A
v : Measure:
I Lo V,, V,— hits positions
., 7 W A Fo - E, E,—energy deposited
Speed = const . P /] : Speed = const -

= 3 /A . =% . Challenge:

e ——  ~
: : . = Emission spectrum
| PITAY. . - - = Control parameters
: : . i ofyay - e, o - = High activity [total y]
""""""""" ,—chued - = Low statistics [useful y]
_‘g‘i'\ pellet -
> © e
‘ Active LXg .
Find cone’s with Z-axis —» image & control - First time probe such
' E : source and geometry!

O os
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CONTROL METHODS compton tracking v

First try image: one pellet [no fluctuations] Strategy'
£ CIntegral  328.600
3 12 rieqrel 328600 k 1. Image of controlled pellet
k3] Mean 5.472 i
B Sigma 6.818 | 2. Image of all pellets in FOV
g 10 \
z 3. Detect the excess
8
4. Compare to fluctuations

Work in progress:

Pellet: “real” location ‘

.| 1. Improve events selection & cuts
- I "Integral” - increased step-by-step
HY I

o 200 2. Compton Tracking in-depth

Weighted crossing pomts vs true emlss:on position: Z¥°-Z, [mm]

\J\‘\\\‘\\I‘\\l‘l\\‘\\ll\\

New topology? [3-hit events, cuts, ...]
4. Very promising and interesting to industry

Target: resolution ~ pellet size

$iop

LIBPhys
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CONTROL METHODS  compton tracking

First try image: one pellet [no fluctuations]

Integral  328.600

N

Mean 5.472
Sigma 6.818

o

\J\‘\\\‘\\I‘\\l‘l\\‘\\ll\\

Number of counts

Pellet: “real” location ‘

/I
el il

k

.

0 200
Weighted crossing pomts vs true emlss:on position: Z¥°-Z, [mm]

First try image: all pellets in FOV [with & without fluctuations]

r Inter-pellet distance of 200 mm

Number of counts
N

2

o

U

‘u‘[”‘[‘[w‘l“”i[‘

.

—9000 -800 600 400 200 0 200 400 600 800

1000

Weighted crossing points vs true emission position: Zy°-z, [mm]

Eugene Semenov: Feasibility evaluation of nuclear fuel control with XEMIS2 2 XeSAT2023 ) Nantes, France '

Strategy:

Image of controlled pellet
Image of all pellets in FOV
Detect the excess

P w N Re

Compare to fluctuations

Work in progress:

orano 7“"

IMT Atlanthue
Loire

1. Improve events selection & cuts
"Integral” - increased step-by-step

Compton Tracking in-depth
New topology? [3-hit events, cuts, ...]
4. Very promising and interesting to industry

Target: resolution ~ pellet size

First time probe such
source and geometry!
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XEMIS2 overview

3y-imaging

Object to image

Control methods:
Scanning & Counting
Compton tracking

® Conclusions
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Feasibility not yet established... ) _
B Experiment planned with XEMIS2

during the PhD
B Measure camera response with *’Cs

...work is in progress right now!
Very promising first results
New application of imaging with LXe

B More background studies needed

B Step-by-step improvement:
events selection, topology, cuts, etc...

B . |ead to better resolution and control

Many thanks to the ORANO & Subatech’s XEMIS team that make this work possible.

Thanks to XeSAT international advisor committee, organizing committee, institutes and participants.
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