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1 - Principle and Objectives of Reactor Dosimetry

Definition of the Reactor Dosimetry

- Quantitative (Fluence) and Qualitative (Spectrum) characterization of the neutron population that
has passed through a given point over a defined period of time.

Neutron fluence (1 to 10%* n/cm?): quotient of the number of neutrons penetrating a given
time interval in a suitably small sphere centered at that point, divided by the area of the great

circle of that sphere.

Neutron spectrum (in energy: eV or in lethargy unit (In(EO)/In(E)) : Neutron population
distribution as a function of energy (kinetic) or lethargy unit. Neutrons Energy Distribution

—
o
L

Tharmal flux

— -
g 3

Relative Heutron Flux
=1

10" 1 !‘ 1 |I 1 1 |‘ 1 1 n'
0° 10° 10 10° 10 1 1 0 0 1 1 1©

@ Neutron Energy (eV)
PAGE 3




1 - Principle and Objectives of Reactor Dosimetry

Goals

- Helping to establish/validate/improve the laws of behaviour of materials and systems under irradiation

Properties

Influnece parameters
(temperature, Physico-chemical
constants, pressure, etc.)

(ex : embrittlement,
damage, Burn up,
corrosion, conductivity, etc.)

# Personal Dosimetry
Radioprotection
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Principle and Objectives of Reactor Dosimetry

« Spectrum shape qualification
* Neutron response quantification
* Neutron dose gquantification

v

* irradiation history, space modeling

¥

Cross section H Reaction rate,
Neutron fluence rate,

Activity sl | Gaz production rate ....
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1 - Principle and Objectives of Reactor Dosimetry

cofrac
Irradiated sample

y or X spectrometry  &sars
measurement

<
<

(Gamma) Pic area

\

Activi ty —

gualification of
neutron calculation
schemes or of
nuclear data

e nuclear data,

Reactlon rate

 calculation codes, \

* unfolding

 neutron spectrum unfolding

Neutron fluence rate fluence

Deplacements per atom (dpa)

Gaz productlon \ embrittlement,
life time
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1 - Principle and Objectives of Reactor Dosimetry

Bateman’s Equation
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1 - Principle and Objectives of Reactor Dosimetry

Bateman’s Equation

Activité

Decay @ !''adiadon

Cross
constant

Flux Section

,\ \ / \\ A(0) Ay(t)=A Ny(t)

Az(t) — (Do XN, X0, X (1- @2 X ) X -2 X

\l Temps
Activity

(Ba) Number of — : : :
Nuclei =» Diminution of the father isotope concentration (BU)

« - Reducing dimensions: High-purity metals (wires, discs, strips)
—> Limits/ handling (fil /10 mm x 3mm)

« > Alliages : Al-Co (0,01%), Al-Au
@ - Composition knowledge 8
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2 - Neutron Spectra and Flux

Cross Decay
Section constant
\ / \\

A(t) = Dy x N, x 0, x (1- e72x7) x 72X

Y
Activity

(Bg) Number of
Nuclei

PAGE 9




2 - Neutron Spectra and Flux

Thaermal flux

Relative Heutron Flux
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2 - Neutron Spectra and Flux

o B0 Spécificities:
s - Resonance Self-shielding effect
Y - Flux depletion
o |
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0.001 0.01 0.1 1 10 100 1000 10000 1e+05 1e+06 1e+07
Neutron Energy (eV)
51 (n,y) !
Neutrons: 15Ag (n,y) |
Activation, Power Calibration 53Co ()
AU (1)
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2 - Neutron Spectra and Flux

T e e

1e-06

1e-08

1e-10

Neutrons Flux (n/cm?/n-source/dInE)

. l | | . |
0.001 001 0. 1 10 100 1000 10000 1e+05 1e+06 1e+(

le-12

Neutron Energy (eV)

Thermal Neutrons:
Activation, Power Calibration

Epithermal neutrons :
Damage (DPA), GEN-IV concepts

Fast neutrons:
Damage (DPA), Accelerator devices

Dosimeters

Specificities:

No response from 1keV to 1MeV
Thermal Reaction parasitic contributions

Target

===24Mg (n,p)

|
|
|

®In (n,y)

1°°Ag (n,y) |

52Co (n,y)

1E-8

1E-7

1E-6

¥7Au (n,y) |

—'#I—'_

1E-5 1E4 1E3 1E2 1E1

Incident neutron energy (MeV)

====48Ti (n,p)
===%Fe (n.p)
_S4Zn (n’p)
s=—58Nj (n,p)

238 (n,f)
15|13 (n,n’)
%Nb (n,n’)
103Rh (n,n’)
237Np (n,f)

1E+0 1E+1
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2 - Neutron Spectra and Flux

: ~90% of the response
1e-06

W . =V (n,)
3 Specificities: 27A1 (n,0)
‘g - Low cross sections ==24Mg (n,p)
‘? le-08~ ===56Fe (n,p)
S “Ti (n,p)
§ 2 ====%Fe (n,p)
5 < e—t4Zn (n,p)
5 £ S
E le—]O 8 1 (n!p)
g 238y (n,f)
*3 e——115|n (n,n’)
%.) %3Nb (n,n’)
- | 1 193Rh (n,n’)
©6001 001 01 1 10 100 1000 10000 1e+05 1e+06 lex 257Np (n,f)
Neutron Energy (eV)
5In (n,y) !
109Ag (n,) ;
%Co (n,y)
*TAu (n,y) i
1e-8 17 1E6 1E5 1E4 1E3 1E-2 1E1 1E+0 1E+1
Fast neutrons: _ Incident neutron energy (MeV)
@ Damage (DPA), Accelerator devices
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Decay
3 - Nuclear Data Hux ’

2(t)—CD0XN X 0, X (1-eh2x )Xe)\zx

Actlwty

(Bg) Number of
Nuclei
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3 - Nuclear data

Interactions neutron-matiere

'. 1 &
| :.ll: ™ | -
G-:}rnr_:-l:j:ll_.lnﬂ .
Target nur*lpuc..
neutron
— B — 85—
If"-le utron
Capture
Eromipl y '!

L

K
Reactions (n, y) : interaction with neutrons of varying energy (strong response in the thermal
domain and epithermal resonances)
Reactions (n, p) & (n, a) : energy threshold usually > 1 MeV — excpetion : 1°B

Reactions (n, f) : fass or thermal responses (resonances in the epithermal domain)

Reactions (n, n’) : energy threshold usually 0,4 MeV
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3 - Nuclear data

Gold
Cobalt

Indium

Cobalt/Cd

Zirconium/BN

Neptunium
Rhodium
Indium
Niobium
Uranium
Nickel
Zinc
Iron
Copper
Magnesium
Aluminum

Vanadium

197 Au(n,y) 1%8Au
*9Co(n,Y)®°Co
11510 (n,y) 2In

*9Co(n,Y)®°Co

94Zr(n,y)?>Zr
237Np(n,f)137Cs
103Rh(n,n’)103mRh
115]n(n,n’)115M|n
3Nb(n,n’)**"Nb
238 (n,f)137Cs
>8Ni(n,p)°8Co
4Zn(n,p)®*Cu
>4Fe(n,p)>*Mn
63Cu(n,a)%°Co
2*Mg(n,p)**Na
27Al(n,ot) %*Na

>1V(n,ot)*8Sc

Thermal + Epithermal

Thermal + Epithermal

Thermal + Epithermal
> 0,74 eV

From 1 keV to 1 MeV
> 0,6 MeV
> 0,7 MeV
> 1,3 MeV
>1,2 MeV
> 1,4 MeV
> 2,7 MeV
> 2,8 MeV
> 2,8 MeV
> 5,5 MeV
> 6,7 MeV
> 7,3 MeV

>11,5 MeV

2,7d
527y
54 m
527y

64 d

30y

56 m
4,5 h
16,1y
30y

71d

12,7 h
312d
5,27y
15h

15 h

1,8d
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3 - Nuclear data

Cross Sections Librairies

Incident neutron data f IRDF-2002 /11

Multipurpose Libraries:

- JEFF 3 (NEA)
- ENDF/B-VIII

- JENDL 4.0

- CENDL,...

Cross-section (b)

Incident Energy (MeY)

For Reactor Dosimetry applications:
- IRDFF (AIEA) :
- Systematic covariance matrices

JANIS 4.0 : www.oecd-nea.org/janis
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3 - Nuclear data

Effective Cross Sections and Reaction Rates

Westcott formalism and Effective Cross Sections

Atlas of Neutron
Resonances

TX = (0o * p (les * 114)) *02200ms * CEsivev) .~ DE>1Mev)

Resonance Properties and

[hermal Cross Sections

- og p: tabulated

—> Self shielding Correction to use : gy, 9,es J11

2 OEs1vev) - CONdensed on the effective neutron spectrum

Neutron Calculation codes |

- Energy pointwise / continuous Reaction Rates & Effective XS

Neutron Fluence

Measurements
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3 - Nuclear data

Decay Data (A, Emission Intensities)

Nuclides : www.nucleide.org/Laraweb

Nucléide - Lara
Library for gamma and alpha emissions

Nuclide list:

Nuclide, element or
mass number search:

(e.g.: 57Co, Co-57, Co, 57)

Energy threshold (kev):

Intensity threshold (%) _
Coincidence threshold [%): _

Show y-y coincidences 54}
Sort by decreasing intensity |+
Emission type: ¥ X |# gamma ¥ alpha

Language: ® EN (JEO [ JFR

Nuclide search criteria

Decay mode: W B s W B WIT ¥a
() And (@ Or (_IXOr)
Emission type: #| X |#/ gamma [ alpha

Jes-[ ] kev

Energy 2 (or range): @ And
Jer-[ Jkev ¢ =

Energy 3 (Qr.rangs) .
Jer-[ ] kev

Intensity range:

(S

Mass range:

(N S B

Atomic number range:

Half-life rang-e:

[ Jlo_v]-| I v

Reset all forms Load last settings

PTGV Iy (T S oS (9 T O
Reference: INEEL - 2006
Associated data files: Table - Comments - ENSDF - PenNuc

Data and emissions file (ASCIl text format): Co-60.txt

Activity 2 Mass conversion: [1000 |eg 2 kaote11 g

Nuclide  (T%) Aftg) Altq)

Decay calculation: @ t4

80co  (5.2711 &) [1000 500 Bg

Coincidence threshold: 10%
Emissions (10 lines) sorted by decreasing intensity

Levels i inci i
Energy (keV) Intensity (%) Type Origin‘L start® End PDSS;bolsiiCtﬁle“:Ldr:n:fe[I‘:::‘t:::]kev)"
1.332.492 (4) 89,9826 (6) ¥ Ni-60 1 0 1173.228 (Z=2 505.720)
99.85 (3) ¥ Ni-60 3 1 1332.402 (£=2 505.720)
0.0076 (8) ¥ Ni-50 2 1
347.14 (7) 0.0075 (4) X Ni-60 3 2
7.47824 () 0.0065 (3) Xiar NGO
7.46097 (-) 0.00334 (12) Xka2 Ni-60
8.2967 (-) 0.00136 (5) Xeg NGO
2 158.57 (3) 0.0012 (2) X Ni-60 2 0
0.84 (-) 0.0002 (-) X Ni-60
692 (5) 0.0000020 (4) Y  Ni60 3 0 (3—1)+{1—0)

52T (Bla

99.88 S é,(” (keV)
\3 VES oo 2605748
0.002 8
W2 y oo & 215861
0.12 &
W l & 1332508
g l 9 stabie

GOp g
s}

@ = 2823.07 keV
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3 - Nuclear data

Selection criteria

- Suitable energy response range
- Sufficient effective cross-section level
- Radioactive half-life compatible with operating constraints

- Nature and detectability of particles emitted by the excited nucleus (emission probabilities)
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4 — Dosimeters

Table of Contents

Decay

Flux Section constant

N SN

A(t) = Dy x N, x 0, x (1- e72x7) x 72X

Number of
Nuclei

Cross

Activity
(Ba)
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4 - Dosimeters

- Controlled composition: pure material, alloy or oxides
- Controlled impurities: example of copper (Co<0.1 ppm)

- Controlled dimensions (solid or powder) and mass

- Reduction of uncertainties on "N

Fissiles
(24,6 mm x HS5,0 mm)

=:: Uranium
-3 Neptunium

PAGE 22
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5 — Irradiation
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5 - Irradiation

Condition d’irradiation

Control:
- lrradiation conditions (duration and flux level) to obtain measurable and manageable
activity (ALARA):
- Integrator behaviour over short time t<<T
- Saturation Activity t>3T
- Period of oblivion beyond

Activité

]- # Power history time recording (relative format)

Flux ¢

G’o

A(0)

Temps

- Time before measurement (recovery, transport, parasitic contributions, deletion if t

@ >10T, etc.)
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Decay

Cross
constant

Flux Section

\ \ VAN

A2(t) = CDO XN, X0, X (1- @12 X ) X e-)2 X

E
.. B umber o
6 - Activity measurement > i
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6 - Activity measurement

Example of measurement of Cs-137 activity from a fissile dosimeter (Np-237 & U-238)

Constraints
Dosimeter for Np-237 and U-238
High Co-60 activity
Remote counting geometry
Consideration of stainless steel casing thickness

Pic de Cs-137
(661,7 keV) B sk
ic de simple

hy échappement |

du Co-60 [

(1173,2-511)

662,2 keV

662 664 666

Other methods: chemical dissolution

500 1000 1500
keV

PAGE 26



6 - Activity measurement

6 HPGe + 2 BeGe detectors
0,1-107 Bg
v [ X emitters

25 years of Cofrac accreditation

Modelisation/simulation of detectors 2 X - detectors
(TRIPOLI-4, GEANT4, MCNP-6)

1 automatic bench (v) 2 HE v - detectors 1 mobile y/X - detector
@ https://www.youtube.com/watch?v=-ajtgldeejk
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7 - Interpretation of measurements

Technologic data:
Geometry, T® ...

Nuclear Data:
ENDFB-VII, JEFF3,...

Neutron modelling codes
TRIPOLI, MCNP, APPOLDO,...

Local Neutron Flux
(Self-shieding, Depletion)

Activation Cross-Sections
(IRDFF, ENDFB-VII, JEFF3
Multi-group or Point-wise format

V

-

Effective cross-sections for
reactions of interest

\
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7 - Interpretation of measurements

Effective cross-sections for
reactions of interest

Irradiation power time
record

Specific Activities

¥ (Bg/mg)

For each
Dosimeter | =<

Neutron activation codes
d=FYA, N, O, T, 1)

Txm= @, O,

DARWIN/PEPIN2
FISTPAC
MENDEL

AA22

Result average
- Fluence

Spectrum shape
not modified
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7 - Interpretation of measurements

Effective cross-sections for
reactions of interest

Irradlatlfgcg?&/ver time Specific Activities
¥ (Ba/mg)

4 Neutron activation codes
For each
DARWIN/PEPIN2 -
- d=FYA, N, O, T A\
dosimeter [< ' ( | ) MENDEL
_ Txmi: o, Gi FISTPAC

ARXZ

Cross-Section Unfolding Calculated Spectrum
Covariance Matrices Spectrum Codes Covariance Matrices

CALMAR, STAY-SL, SANDII, MS-ITER‘MAXED, GRAVEL, GRUPINT,..

Unfolded Neutron Spectrum + Covariance Matrices
Reduced Uncertainties (< 5% - k =1)
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7 - Interpretation of measurements

adjustement case 1-1 CALMAR

e, T i i
o E&J _ :ggquﬁﬁfﬂk L FLJB:%
=7 ol
E ~ L
S 4o o
S = E%]Et
£ E "
8 0 =
108 ;—
107 _2— -
10 10 Energy (MeV) ! 10
;gi _r,_r.r*‘_"_
§ 30 = rJ
g s | it
bl 15 = [ e
s 1: = _‘—l—_ﬁ_’f
oF
o+ 107 Energy (MeV) 1 10
No spectral information from measurements spectral information from measurements
=» only normalization =>» shape fitting
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7 - Interpretation of measurements
Effect of the Normalization Process on Correlation Matrices

Spectral Information given by the measurements
- Minimization of the correllations

——

Correlation matrix of the adjusted spectrum

Test spectrum correlation matrix
1

CALMAR

E (MeV)

10

) E (MeV)1 10 - . E (MeV)
\ )

102

No added information
Addition of correlation issued from the normalization process
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8 - Examples of applications

- Nuclear test and irradiation reactors (RJH, CABRI, RES, etc.)

—> Characterisation of irradiation location spectra and fluences

—> Characterisation of spectra and fluences in irradiated devices

—>Analysis of material behaviour under flux (damage, gas, etc.)

—> Characterisation of cores (spectrum, flux levels and profiles, power)

- V&V approach to neutron codes

—> Qualification of new core configurations (CABRI)

—> Start-up campaign for new reactors (RJH)

—> Calibration of other instrumentation (on-line measurements)

—> Monitoring of very short events (power pulses)

- Measurement using Neutron Activation Analysis (NAA) :
—>Quantification of low impurity levels ( <ppm)

| PAGE 35
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8 - Examples of applications

- Nuclear Power Reactor (NPP)
- Monitoring damage to the reactor vessel under irradiation
—> Core characterization (spectrum, flux levels and profiles, power)
- V&YV of neutron protection codes (TRIPOLI 4)
—> Calibration of other instrumentation (on-line measurements) : EPR AMS

—> Estimation of residual activity in structures / dismantling
—> Accelerators Beam calibration

—> Accident situation: SNEAK devices to assess the fluence emitted in a criticality accident
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8 - Examples of applications

Survey of the Nuclear Vessel Embrittlement since the 80’s

155 bar 320°C

280°C

coeur ,
Tests sur éprouvettes

mécaniques ART,

EDF l

ART,q = F( @51 mev, impuretes)

éprouvettes
de traction

éprouvettes .
de ténacité n

éprouvettes
de résilience

Capsule Irradiation

Dosimétrie
CEA

capsule de
surveillance

/ Point chaud de la cuve

Cuve




8 - Examples of applications

Mapping of thermal flux for the CABRI start-up
With Au dosimeters
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8 - Examples of applications

Characterization of a reactor configuration:
FLUOLE 2 experimental program in EOLE reactor facility (2014 -2015)

More than 800 dosimeters measured for the V&V of a TRIPOLI4® based
reactor modelling scheme

Thermal
dosimeter
Co

Epithermal
dosimeter

Sn = 0,3 MeV
Rh = 0,7 MeV
In = 1,3 MeV

Fast
dosimeter

Ni = 2,7 MeV
Fe = 2,8 MeV
Ti = 4,4 MeV
Al = 7,3 MeV
V = 11,0 MeV

EOLE

PAGE 39



8 - Examples of applications
EPR- AMS system

Nitrogen
as camer of
ball stacks

3D core simufator | 4um Copiter

Waiting position of ball stacks
before und after Activation and Measurement

@ Measurement of Activity * EPR-Datas

Balls to Rest Position
and Measuring Table

|

Carrier Gas N,

Balls into
the Core |

Inner Diameter of Tubes
=20x0.1mm

sty ) s2y, 37m0_ o0,

Vanadium Steel Balls
2 =17 mm
1.5%V
forming ball stack
=
k=
Q
I
g Flux detecting reaction:
O
o (B).y
=
°
<

Ball Stop
(open for carrier gas)

Fig. 4. The Aeroball measuring table with 7 measuring rows. The

- Periodic calibration of Cobalt SPNDs
—> Periodic Neutron / Power map flux

measurement table of the EPR™ will consist of 10 measuring rows.
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9 - Areas for development

X Spectrometry Nuclear Data Spectrum Unfolding

- Nb, Rh Dosimeters IRDEF - Covariances Matrices (¢ et o)
- Fluorescence, ND - International Benchmark

- Measurement Techniques

| Sect_46Ti_np_IRDF02_spec_ini.d_12.d | |—:e:::nﬂ£uu I
C o)

eféerence wih R ‘;_ | M__,__,\
) (NHB} - A /
I - Erozli | 3 il
Etalon de S E, 7 J‘Ir
travail gmq; ': i o
Echantillon b : -t ° ‘ fH
fm"— ]
107 } JJJJ
High Doses and Temperatures mee 59
«  ®>10%n/cm2
* T°>500°C Epithermal Dosimetry
1lkeV-1MeV Region
| > 117Sn
‘ ' i > 92Zr
¥ Retrospective Dosimetry

* Measurement Techniques

NEUTRON FLUX, (n/cm?-s)

1w 1 1 10" 10 10° 10* o* 10* 10’

NCUTRON CNCRGY (eV) PAGE 42
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9 - Areas for development

Cross-section (b)

Enriched 117Sn

Incident neutron data /// MT=4 : (z,n') / Cross section

10001

1001

(T S—

0,001

mm— EAF-2010 Sn117m
ENDF/B-VIL1 3n117
m— RUSFOND-2010 Sni17
= JENDL-4.0 50117
= JEFF-3.2 5n117

B4

Reaction
17Sn(n,n’) 1'mSn (T,,,=14 d)
EThreshold = 0.314 MeV

Irradiations in CALIBAN, EOLE, ISIS,
TRIGA (JSI) since 2012

T
025

05 075 1 25 5 75 10

Incident energy (MeV)

Feasability - ok
updated T,

Improved Measurement
Method (€,<5%)

C/E <10%

!

Nuclear data to be Improved
(JEFF & IRDFF project)

C. Destouches “Review of nuclear data improvement needs for nuclear radiation measurement techniques used
at the CEA experimental reactor facilities” Wonder EPJ Web of Conferences 111 01002 (2016)
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9 - Areas for development

Improvement in measurements of X-ray emitter activity (ex Nb)

83mNb Impureté al *Nb
o L 92mNb z ny 93
Dosimeétre niobium T,,=10 d mNb
%Nb + impuretés YNb £, o1y,
T,,=680a
0
. . 92Nb )
Rayons XK Rayons XK du niobium e
du niobium %mNb
93Nb
l 93 93mNp
Nb T,,=16 a
- 94Nb
Pics XLB de 'Am-241 | PicXLpI _
16.9 keV Pic XLps ®Nb B %Mo
e o T,,=35 d oo &
g 25
Diffusé du pic XLjH 94Np 95mNp 95Np
Garmarsunn oo 20keV Pl XLp4 T,,20300a 5 T=36d  975%IT
& %Mo
. pf?a’z( .!ZB‘ 937Zr B 93Nb

T,,=1,6 Ma

ic X 0
PicXLBIO  pre XL

L 1

C. Domergue et al. “Improvement of the activity measurement method for solid dosimeters emitting x-rays” ICRM 2017

J. Riffaud et al. “Measurement of 193mRh X-ray emission intensities and evaluation of the decay scheme” ICRM 2017
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9 - Areas for development

RETROSPECTIVE - DOSIMETRY

Direct measurement of the activity induced by neutrons on a sample taken from a device
of interest (hot spot in the vessel, internals, screw, etc.).

Separation of the S Activity
daughter radioisotope Measurement
Sample S Sample \1'
Collection Preparation
Measuring the Activity
concentration of —7 Analysis
parent isotope

Irradiation data

Reaction Rate

v

Neutron
Fluence

- Accessibility at any location (+)
- Prior knowledge of the father isotope concentration(-)
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10 - Summary and outiook

Reactor Dosimetry

- Reference post-mortem measurement for determining neutron fluence:
- Accurate
- Absolute
- Enables the neutron spectrum to be characterised

- Requires considerable expertise to carry out successfully:
- Measurement
- Modelling
- Nuclear data

- Historical method for determining fluxes/fluences, but still relevant today (EPR) and
being developed further:
- Retro-dosimetry
- X-measurement
- Epithermal dosimetry
- High dose and T° dosimeters
- Modelling
- High energies (fusion, accelerators) ... (IRDFF) s

We are not measuring a neutron flux but a reaction rate.This gives a flux/fluence value
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