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SUMMARY

O INTRODUCTION
1 Specific features, constraints and requirements
1 Examples of radiation measurements and
associated instrumentation for :
- In Pile Measurements

- Radioactive waste characterization and control

 Conclusions and prospects



RADIATION DETECTION & MEASUREMENTS:
APPLICATION DOMAINS / SUB-DOMAINS
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NUCLEAR REACTORS

2 Main Families
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Nuclear Power Reactors
NPPs :
- GENII (REP, REB ...)

Experimental and Research Reactors :
- Zero Power Reactors ZPR (

. ’ ) - GEN Ill et llI+ (AP600, EPR,
- Material Research Reactors MTRsS AP1000 ...)
( JHR, BR2, Maria, ATR...) . SMR, AMR

- Research Reactors (ILL, Orphee, TRIGA) - GEN IV (SFR...)
- Safety Study Reactors (Cabri, Treat...)
- Reactors for special applications (RES)
- Research and Education Reactors

( , ISIS, TRIGAS...)




Nuclear Fuel Cycle
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Nuclear Fuel Cycle :
cea w

— |nstrumentation & measurement are key aspects for control & characterization

[ —

Measurements and Specific Controls are Strongly needed and necessary Y. -
at each step /sub-step of Nuclear Fuel Cycle. ﬁ

Ore
Characterization

“From Mining to Waste
Storage : Main Fuel Cycle |
Steps» Enr‘ichissemem‘(

Identification and
m Characterization of
final product

* Mechanical properties of Fuel
* Advanced Characterization of Fuel
* Non Destructive Assays
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Measurement in Experimental Reactor
under representative conditions.

Reprocessin
Research 2 Radioactive Waste Sourse “Ca (300 GBa)
~ Reactor Characterization &
g U"“'-/ @ Management ...
[J_" ’ - Monitoring and rad. protection :
' e’ Control, NDA - Chemical & Physical Characterization
Ezrc‘id 1 l) - Control of U-Pu
T U - Working Control
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T, Dimensions,
Defects, Failure

Fission gas release, fuel
movement
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INSTRUMENTATION & MEASUREMENTS IN
NUCLEAR MEDIA

Modeling / Simulation
is currently used during R&D as well
as during routine issues of
Instrumentation and measurement:
From Design to Analysis (Sensor
Design & Modeling, Detection
Efficiency, Nuclear Data...).
e.g. TRIPOLI, MCNP, GEANT4,
FNDS, MATISSE...

IN-PILE
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challenge ! 1 I = = W
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Dosimetry, Gamma and X-ray spectrometry, Gamma and X Imaging, Neutron
Imaging, Alpha radiography, Beta spectrometry, passive & active neutron
measurement, PNAA, DNAA, Photon interrogation.
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Sensitivity & Select

CHALLENGES FOR INSTRUMENTATION &

MEASUREMENTS IN NUCLEAR ENVIRONMENTS

Reliable
impossible or difficult maintenance on irradiated objects

Accurate despite a very severe environment

to follow modelling progress; ex: pum dimensionr Surements, AT<5°C
R\ <
. O
Miniature R4
et
: . S _ .
narrow location to get maximal n o(‘ lux: few mm available

Corrosion resistant 0\‘3
0‘0

<
operation in presp'(j-" water, high temperature gas, liquid metals...

High * .qaure resistant

> 300 +1600°C

Neutron / vy “resistant”
dose > 15kGy/s and > 10dpaly




SUMMARY

 Examples of radiation measurements and
associated instrumentation for :
- In Pile Measurements
- Radioactive waste characterization and control

 Conclusions and prospects
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Main Aim of Nuclear Reactor Measurements : To reduce uncertainties

To reduce uncertainties at each step of the process; from
conceptual design to final running of
nuclear system(s) :

Measurement of Basic Physical Monitoring & Control in NPP
Data

Smart/Analytical Experiments Global/Integral Experiments on ZPR

-> Predictive / Calculations Reactors

-> Check, verify, predictions
Validation of Models/ .
Calculation schemes ~. Pt

Model Development

In Pile Measirements,
Qualification and Testing in
MTRs



What are the Objectives of a MTR
(Material Testing Reactor) ?

MTR allows to reproduce on
a small scale, real power plant |
conditions and in some cases,
more severe conditions for :
Material screening (comparison of materials § g
tested under representative conditions) ®

Material characterization (behaviour of one material in aW|de
range of operating conditions, up to off-normal and severe conditions)

Fuel element qualification (test of one / several fuel rods
(clad+fuel))




Reflector

® 25510 n/cm2.s
20 fixed locations
6 mobile locations

JULES HOROWITZ (JHR) MTR REACTOR

Core
® =5.510% n/cm2.s > 1 MeV
® =10 n/cm2.s> 0.1 MeV

Fast neutron flux

| Applications :
Material and fuel samples irradiation/ageing
Radio-isotopes production for medical use

Geometry:

From 34 to 37 cylinder-shaped fuel assemblies
U3Si2-Al fuel enrichment of 19,75% then 27%
Aluminum racks (hosting all the fuel assemblies)
Hafnium control rods (in the center of fuel assemblies)
Beryllium reflector



IN-PILE MEASUREMENTS

Main Stakes

Radiations ( Physical parameters

Reduction of uncertainties in Better characterization of thermo-

experimental conditions hydraulic conditions
- Neutrons / gamma flux - temperature field / fluid flows

- Neutron spectrum
- Neutron fluence

Better knowledge of nuclear heating

—> design of experimental devices Highly instrumented experiments
Major stack for JHR Online measurement of
« Cook and look » = experimental
parameters

N

Material behavior Fuel improvement and qualification
New materials, better representativeness - Fission gas release

- Temperature - Pellet-cladding interaction

- Deformations (creep...) - Accidental conditions (LOCA)




Nuclear Radiation Detectors

On-line radiation detectors

For nuclear reactor neutron detection and measurement

«* On-line radiation detectors <«

. . .. §|‘¢i
O Polarized Gaseous detectors Q , Solid state radiation detectors e
= Jonization chambers (FC, BLD) . »  Semiconductor detector (Si, Ge,
=  Proportional counters (CPNB, 3He) SiC, CVD, GaAs, CdTe...)

10%2 Geiger-Mueller
Propontionaity i

- ,_‘__. E "
§ 10° lonization Chamber ' :::3
5 i Q Scintillator radiation detectors
£ ~Proportional Region =  Cristal scintillator
ié- : 1 MeV beta :100knvbnll : § Cf — - Organic SCintillator
2 108 ! particles E particles , i E / ,

102 5 E 3 n( ’;,,__ul—:__ Scnilator Fhato Multplier (PMT)

Q‘ Ly .

emitter

\
v incident

radiation

O Non-polarized Gaseous detectors
= Self Powered Neutron Detectors
(SPND)

insulator

useful electrons

collector \\\ i

surrounding

R | R,
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Nuclear Radiation Detectors

On-line radiation detectors

For nuclear reactor neutron detection and measurement

«* On-line radiation detectors <«

LS A
Q4 . Solid state radiation detectors \'§¢

O Polarized Gaseous detectors

lonization chambers

=  Semiconductor detector (Si, Ge,
SiC, CVD, GaAs, CdTe...)

i ‘lv S=f(raV,Pr)

Tﬁu i N0'¢

e gt

Output Signal depends on :

H.V., gas pressure, geometry, converter material, its mass, its
thickness, its density, neutron flux..harsh environment.

The main manufacturing steps

Process of converter material deposition
Chamber assembly

Filling the chamber with gos (Argon)
Primary tests of fission chamber

+ Combines detection capacity for thermal and electronics
* Front end and signal processing
W Operational amplifier
W Analog to digital converter
+ Designed for High temperature
p operation
* Proprietary SiC bipolar
analog/mixed-signal integrated
circuit technology

fast neutron as well as y ray
= Neutron detection based on °B (3900 barns):
1B + n = 7Li +*He + 2,79 MeV
ng, (k)

Ll Geiger-Mueller
Limited i
Proportionality
\ Y N
w0 b —

10 ! . ! Continuous
3 H Discharge
§ Recombination &
o =8
3 10t F ok
3 10 lonization Chamber L&
o egion i i
5 = \| /
5 o} Proportional Region ~N —
£ % -0
2 d VAR
5 . L 1 MeV beta 1100 keV beta N . .
z 10 particles | particles Radiation sources SiC based SiC based innovative Innovative data

(0, ¥y innovative sensor electronics and signal processing
re processing
102
) ) " L. * Silicon Carbide spectroscopic sensor * Silicon Carbide based + Data processing : Tools for
signal recognition

* Tools for advanced modeling
and signal interpretation of SiC
spectroscopic detectors,

* Numerical simulation of
radiation interaction with SiC
sensor.

* Capability of simultaneous
spectroscopic detection of
gamma and neutron radiations

[
o= gguidiniertis

e, Eos 2ty "0 B0 -0 oY

Countrate, 1/s.

—— Biamand, iy

3 4 5 L) T
Deposited energy, eV



Cea On-line Neutron measurements

Fission chambers

Online and real-time neutron flux measurement :
v Absolute/relative Measurements
v Amplitude of 108 to 10> n.cm2st
v Absolute or relative measurement (axial flux profile)

Principle: Measurement of the current generated by fission reactions in a fissile material

(generally U,;:) deposited on an electrode
Neutrons

AN

S:f(rf,V,P,...)

Q ext

Tf :N°G'¢

\4

Cathode / \ / \ Fissile deposit

(sensor body) Argon Anode (thin layer)
(deposit holder)




Cea On-line Neutron measurements

CEA — Cadarache Fission Chamber Workshop PHOTONIS

» Design and Realization of sub-miniature fission chambers
»Characterized fissile deposits (mass/composition)
»Optimized and dedicated Geometries
»High temperature operation (> 400°C)

i R Vi "

Thorium 232
Uranium 233, 234,
235,238
Neptunium 237
Plutonium 238, 239,
240, 241, 242
Américium 241
Curium 244

FC@1,5mm/4mm/8 mm
3-Bodies FC

FC @3 mm




On-line Neutron measurements

Pulse Height Spectrum

| Fission Chamber operating modes
g 000 | Measured
§ -, . PUlse characterizatjon
;é Nose ete D'S“li_ AL ||':l:;‘! UL e kg Ji
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i} y Discrimination, Q : Average charge per element (Qy < Qn)
Pulsé\ Mode ’ N : Average .coun.tlng rate
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Mesure Incore

Pour les REP:
Chambre afission
mobile (CFUF43)
associée a une
mesure du courant
moyen via un céble
minéral

-
-3

Pour le réacteur RES
(propulsion nucléaire):
Chambre afission
(CFURG64) associée a une
mesure grande
dynamique (modes
impulsion, fluctuation et
courant et via un cable
minéral

- Fond de cuve d’u
réacteur de 1300 MWe

235U Fission Chamber : Predominant response to ny,




cea Fission Chamber for Fast Neutrons

Fast Neutron Detector System - FNDS @
GV coa

Laboratoire C d’Instr

Problématique

- Measurement of neutron flux >1MeV is an indicator of Material Damage (dpa)

Incident neutron data / JEFF-3.2 / / | Cross section

10°
100000
—— Pu243 MT=18: (2,fission) Thermal flux
[ ——  Pu239 MT=18 : (z,fission}
T P —_— Puzdz MT=102  (zy)
T — PUZ42 MT=18 : (z,fsSION) .
L . 10
00+~ £ e ~— / \ ’
Réactions-| ——/| |

wi Parasites_|
= . Epithermal flux

Fast flux

Cross-section (b)

Zone d’intérét

=+ | Réaction d’intérét
fission 242Py

I I I I I I I
T T T T T T T T T T T T
1E-11 1E-10 1E-9 1E6 1E7 1E-6 1E5 1E4 0,001 oM 01 1 10

1Y 10" 1w* 1w 1w 1w 10t 1w w0 10" 10t
Neutron Energy (eV)

Incident energy (MeV)
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CZa Chambre a fission pour neutrons rapides

Fast Neutron Detector System - FNDS @

Laboratoire C d’Instr
- On-line fast n-flux measurement (E>1 MeV, ¢ <10%) :
6 Chambre a fission Pu242 3mm
- Flux max 104 n/cm2/s - Fluence max 102° n/cm?2 ,@6‘
>
‘LQ Acquisiti en mode

Logiciel FNDS de traitement des mesures
Compense ['évolution du dépét

:‘m— E=- et ajuste la sensibilité du détecteur
I :
— Calibration P reacteur
détecteurs P A
- ..:‘ W -:::-'—.5‘ [ ..'.. w W
] | Modélisation
Bibliotheques du spectre Calibration
5 -' électronique
P g PMM {
g O(t-1) et C.L(t-1) [ Combo. oo Mesures FNDS < fafu;(de
_ g Po-150- ¢ Acquisition |¥— P Atelier CF
v
.| DARWIN 2.2 l t
I Calcul S(t) Détecteurs A
Pu242 — G—
C.L(t) J, . U235/SPND i
ux
Calcul @(t) e

| PAGE 28



I-SMART : European Project aimed to develop and test advanced solide state

sensors & measurement system for selective n-y detection in Severe Media

I-SMART system : 3 sub-systems

N

A~
/ |\
Radiation sources
(n,v,...)

SiC based
innovative sensor

SiC based innovative
electronics and signal

System designed and
validated by :
*Simulation & Calculation
(interpretation, conceptual
design, feasibility studies)

bl *Radiation testing and
Innovatlvg dat calibration in experimental
processing facilities

* Silicon Carbide spectroscopic sensor
* Combines detection capacity for thermal and
fast neutron as well as y ray
* Neutron detection based on 1°B (3900 barns):

10B + n = 7Li + “He + 2,79 MeV
e aglk)

processing

* Silicon Carbide based
electronics
* Front end and signal processing
B Operational amplifier
I Analog to digital converter
* Designed for High temperature
operation
* Proprietary SiC bipolar
analog/mixed-signal integrated
circuit technology

* Data processing : Tools for
signal recognition
* Tools for advanced modeling
and signal interpretation of SiC
spectroscopic detectors.

* Numerical simulation of
radiation interaction with SiC
sensor.

* Capability of simultaneous
spectroscopic detection of
gamma and neutron radiations



C@a Why SiC and Diamond for Nuclear Detection ?

Property Si i
Bandgap (eV) 812 i

Break down field (MV cm?) 0.3 i
e-hole creation energy (eV) 3.6 8.9 i
Threshold displacement energy (eV') 13-20 0-20 i
Thermal conductivity (W/cm-K) 1.5 i

The main advantages of SiC and Diamond :

Wide band gap : low leakage current

High breakdown field : fast response (ns)

High Energy threshold of defect formation : stability versus radiations

High thermal conductivity : no cooling system required

Carbon : good neutron/gamma discrimination

U N N N i

Epitaxial Growth control (for SiC) : low defect concentration




C@a Fast Neutron Detection with solid detector

SiC detector (I_SMART project)

n,
HV i
p epitaxial layer |
_____________ R 1lpum
ope " 4
Be ~w¥n
e C
— —+
SCRat 2 75V T« 20 um
n epitaxial layer

Diamond detector
(Capacitor type configuration)

n,
\
\
HV ‘ +
E—
9Be+ ‘+*12C 4
@
- -+
-+'¢+ 2
Ie_ ‘.g l 500 pum
sCVD Diamond
T v

“C(n,n)"’C* 2+, E,

SKIT

Karlsruhe Institute of Technology

> D-T neutron generator
> E,;z14.1 MeV (90°)
> $=9.4x10% cm-2s!

“C(nn)“C, E,

=2.751 MeV E =14.1 MeV

®=9.4x10n/cm’/s

=3.976 MeV

100 4 12
] C(n,m)3a, E ., = 6.756 MeV
1 12 3 _
] C(n,a,)'Be, E=6.72 MeV Cln.c,) Be, E=8.4 MeV
w 10 E
it 3
Al ]
q5 . Sl(n n) oS 2+, E =1.G44 MeV
IR /
_: o zaS|(n n'y*si, E ax—1-864 MeV
c ]
S ”‘W el
(@] "y ‘i,
01 E "*‘ul#“ﬁ‘vﬂmﬁw'- NS T
O ' W"-M’W\,‘MM'
Wl o ]
1 ’ ‘H"'x."uwwﬁnll.w 1
0.01 !
. - /)’ leri |
Diamond “Sina*Mg T ] II N '| ) !'
1 SiC
1E-3 T T T " T " T T 1
2 3 4 5 6 7 8 9 1 0

SiC:

Deposited energy, MeV

lower intensity (thinner SCR), Si-related peaks
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C@a Thermal Neutron Detection / Tested @ Minerve ZPR reactor

GOALS » CVD and SiC sensor response to thermal neutron flux in a mixed n/g field
» CVD and SiC stablility and performance comparison

MINERVE > ZPR — Nominal Power 100 W

_ Diode 4H-SiC  Détecteur

. = " .
Reflector (graihlte) .. ‘J‘!/ a 100000 E'ﬁ;?fé?:csﬁim: towaov

10W a 60V
1ati i = 8 2¢1) ) — 10W a 100V
= _ Irradiation Location @, = 9.41x10° n/(cm*s') a 80W 10000 \/ | 1owa200v)
vd \ "°B(n,q)'Li réaction
[ ~ cRuDn ’ 1000 \\ “He(1.47 MeV)
" [Emstacement 1 o 1NN SRIM: 1 MeV
mm v/ &
I TN O — Calculated neutron flux (MCNP5 JEFF3.1.1) 8 100
DK p oy
mjonnonesRnnnsss o
IR —= — o 104
Emplcemene2 [ = = = - m K€
e - . Energie de
=l THE ?é neutrons
=1 [ev —— £ — —_— Numéro de canal
= = 5 .5e .6%
== [ ® = LE’ 0r15 eV <E. <100 | Décalage du pic - Changementde la CCE ]
eSS = ST [ 11 § keV " 26.9% l CCE incompléte a OV
s = LO[ HNNDND 1] 2 piégeage des porteurs de charge, recombinaison ?
[T EENDnNDODNDNDND 100 keV <E,
/r l_ <1MeV 26.5% I Augmentation du comptage avec V dans le 1er pic I
EsT 1609 1E08 1e07 1E06 1E05 1E04 1603 1E02 Le01 1E00  LEWD 1MeV <En <5Mev 148% . p—
C(Bllr [ Energle des neutrons (MeV) OV : WEZCE) =402 pm
—200V : W(ZCE) = W,=20 um
5 MeV <E, <10MeV 1.2% Augmentation de la ZCE

Also tested in BR1 @ 7.10% n. em™. s°! (thermal flux).



C@a Thermal Neutron Detection / Tested @ Minerve ZPR reactor

Diamond
N N - 3500
SiC detector (I_SMART project) sCVD Diamond detector —
108 (0.23 pm) . A
Al (1 um) Collimateur (CIVIDEC) “:‘t e /",',::L\:‘jﬁ,dglx-idﬁal
(3 mm »1.6 mm) 6LiF (1.9 pm) £ 2000 /:;;?/;"/
R O ARG £ 1500 -
\v S 1000 :/:::/
1 pm, p* epitaxial layer Pz
. ‘-':n 500 /*// # Total count rate
5 i NE 0 ‘,“// A Without background
n-epitaxial laver S o s 10 15 2 25 30 35
’ sCVD diamond, 140 um s Reactor Power, W »
4H-SiC substrate s Si
:r' 0 # Total count rate
Cﬁ 200 A Without background y=3,0597x- 8,5714
1l
'e:é i 150
—— SiC 10W a - 200V © 100
SiC 10w a ov =
b —— Diamant 10W a 120V Lg) . / y=0,5437x+3,3222
oL N Dead time (SiC) = 5.28% ://‘/./-/‘
100 i(n,a) LLD (SiC) = 5% 0 ‘ : : : :
» y/n ( -200V) = 500 0 20 R4o tor P 60 Wso 100
o /n (OV) = 20 . eactor Power,
- ! SiC Detector :
2 10 Dead time (Diamant) = 14.28%
= LLD (Diamant) = 7%
£ | Jn=20 > Better gamma/neutron discrimination
s '3 at OV (Full Detection)
x
B o1 Diamond Detector :
. . L kg0 T > Higher count rate (higher C density)
500 1000 1500 2000

Numéro de canal



SUMMARY

1 Examples of radiation measurements and associated
Instrumentation for :
- In Pile Measurements
- Radioactive waste characterization and control

 Conclusions and prospects



MEASUREMENT & INSTRUMENTATION FOR NDA

Radioactive Wastes Characterization & Management

Non Destructive Measurements (NDM)

« Passive Measurements
— photons : Dose rate, gamma spectrometry, gamma
tomography
— neutrons : Global counting, neutron coincidences counting
and neutron multiplicities counting.

« Actives measurement
— Photon/Neutron Transmission Imagery/Radiography

— Neutron Interrogation = fission prompts and delayed
neutrons, Gamma rays emission from (n,n’y), (n,y) and
following neutron activation reactions (n,p), (n,a)...

— Photon interrogation = delayed neutrons and gamma from
photofission, Gamma rays from photon activation




DE LA RECHERCHE & LINDUSTRIE

Cea MEASUREMENT & INSTRUMENTATION FOR NDA

) Photon Imagery and tomography
Interrogation (n,f)

CELLULE DE SPECTROMETRIE GAMMA CELLULE DE MESURES NEUTRONIQUES

‘\
Unité ﬂ I
de Tri

de Marcoule

Detecteurs *He + CH, +Cadmium

Combination LINAC

Couplage des donntes
LICORNES

INEES PRODUCTEURS
Ratios RN non mesurables | mesurables
Composition isotopique Pu




Active neutron measurement

Couronne graphite

Geneérateur de neutrons GENIE 26

/ Fat maguette d'enrobé bitume
— ~ Polyethylene
= _____— Carbure de bore

____ Détecteurs *He

Cadmium

/ Graphite

| .
g i
|G 6
I
| fragments noyaEL
neurran i de fission | fls
¢ + Cee | |eee
{ihemmigue) | neutrons | neLtrons
noyaL prompts refardés
ﬂ55l|e | B | w
| 256, 2500y, B4Ry | _ Y prompts | Q’retardes
| | -
instant 0 | w'Te [0.15 4 plusisurs
minutes
1000008,
V ——Bruit de fond
zone de mesure des ) 235 - 30
100000 A neutrons prompts de uranium m=Jumg
fission —uranium 235 m = 60mg
——uranium 235 m = 122 mg
10000 - .
_ —uranium 235 m = 242 myg
L
2
= 1000 neutrons retardés de
% fission
Wl
100 --zone de i “ﬁ . 2.
saturaiton e |'ml11 JJ H* Tt“?ﬂh‘ﬂ‘ r‘!"‘i‘ Jn':f'i
d'acquisition ” h. } 'Fl
10 J-mexpioitamie 'r w \IW LI [ il |
0 2000 4000 6000 8000 10000 12000 14000 16000 18000

Tem ps aerés I'im Bulsion de neutrons ]Hs'l

SP = a x m(23°Pu) + b x m(235U)

*SR = ¢ x m(2¥°Pu) + d x m(235U)
+ e xm('70) + f x m(#*"U)
+f x m(232Th)
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MEASUREMENT & INSTRUMENTATION FOR NDA

Active Photon Interrogation

SPHINCS counting technique

hotons
interrogateurs
i (WTM Eeonance L@ Coups (log N} Coups Coups Coups Coups
el eo Q \\ 0 %)-/ Qy = Signal intégré Signal intégré Signal intégré Signal intégré
° /@ photofission dd a 2 impulsions dd & 3 impulsions dd & n-1 impulsions di & n impulsions
n A absorption >
] \ du photon Impulsion m )
accélerateur ) - “start" ._ -
e e 0 O, h e — T
(ga démisstion
e neutrons —
Hlustration : D. Hadjiyannakis - "Défis du CEA” n" 87 colis de déchets »o période duLINAC Signal dd & une seule _’
a caractériser impulsion Temps
Comptage Time distribution of neutron signal for simultaneous
(coups) . .
. photon & neutron interrogation (Ee = 15 MeV, Cu & Be)
3He Detectors + CH, +Cadmium “‘“ﬂa"ﬂ“ﬂmﬂmﬂ semn
ash gamma, photoneutrons, neutrons

prompts de fission rapide et de photofission @

neutrons prompts de fission thermique 10E+03
(matiére fissile : noyaux A impairs) Signal issu de U Signal issu de 55U + %Py

neutrons retardés de photofission et de fission

thermique et rapide ?
{matiére totale : noyaux A pairs et impairs) % 10502
10E+01
1f Temps(ms)
Bruit de fond
(Be+Cd+CH,.)
1OE+00 - T T T t T T T T t t t t t t T t T T
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000 14000 15000 16000 17000 18000
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1.0E+05
1.0E+04
T Prompt neutron  signal
comes from thermal
ERa TR neutron interrogation and
;% Signal issu de **Pu entouré delayed neutron Slgl"la| IS
& ot de 1 mm de cadmium mainly due to photofission
interrogation ( ~95 %)
1.0E+01 H
1.0E+00
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CONCLUSIONS

» Important R&D efforts are maintained on instrumentation an measurement dedicated
to existing and future Research Reactors (JHR,...)

» As codes and nuclear data get more and more accurate, nuclear instrumentation
should be continuously improved in terms of:

- Uncertainties and Precision - Absolut measurements
- Reliability to support high fluence (up to 100dpa !) and temperatures
- Measuring and Interpretation Processes (online / combined measurements)

» Due to the closing of several irradiation facilities and the disappearance of the
associated teams, collaborations are a favoured way for instrumentation
developments to be enhanced =)
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Jomt Instrumentation Laboratory

» An attention should paid for Nuclear Data which are often not enough developed for
instrumentation needs (e. g. charged particles)



FINALLY...

Maintain and enhance efforts on Research and Innovation in ;

O High temperature measurements (500°C up to 1000°C).

O High radiation level measurements

O High count rate measurements

O Selective radiation measurements n, y Asrobel Mosmrament Systom

O Neutron spectrum measurements

O Material and electronics hardening

O Integrated electronics

O Multiplexing

O Integration probes 2

O Accurate modeling/calculation tools (nuclear data library
“corrections”)

0 Real time data acquisition

0 Combined measurements and cross interpretation and analy

O Uncertainties treatment, analysis and reduction

O Data mining,Algorithmic, Machine learning, Artificial Intelligence

O Numerical Twins
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“It doesn’t matter how beautiful your theory
is, it doesn’t matter how smart you are, if

doesn’t agree with experiment, it is wrong.”
Richard Feynman (1918-1988)




