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Neutron induced reactions

@ O elastic scattering
(n,n)
radiative capture
(n,y)
> M fission
% (n)
inelastic scattering
@w\_ﬁ (n,n’y)
@ other reactions
(n,p), (n,d), (n,a)
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Neutron induced reaction cross sections

238 +n

o =0 +o +o0 . +
tot n,n n,y n,f
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Cross section / barn

Neutron energy / eV
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Neutron induced reaction cross sections

— | * Calculated cross sections are required for

10° Li nuclear energy applications
o M AN — Ensures full consistency, e.g. o, =) 0,

— Doppler broadening

o — Inter- and extrapolation in regions were
A no data is available
-~ th.li..\ i

131

i
Xe

e Cross sections are strongly energy dependent
10° i AR

e Cross sections are different for each nuclide

Total cross section/ b
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Neutron induced reaction cross sections

: Resonance region Continuum | e Parameterized by nuclear reaction
e
10 R-matrix Opt. mod. + HF model

o =0 +o +o
tot n,n n,y n,f

e Different models in different energy
regions

Cross section / barn

10°  10° 10° 10* 10°
Neutron energy / eV
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Parameterisation in resonance region

Resonance region Continuum
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Parameterisation in resonance region
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The resonant structure can be described by a

Breit-Wigner shape :

-

Gtot

(En _ER)Z +(r/2)2

with

[ total width (FWHM)

E; resonance energy

Heisenberg uncertainty principle

AEAt = h

2

FAtZﬁ
2
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Parameterisation in resonance region

10°

10*

10

Cross section / barn

o =0 +0 +o
tot n,n ny n,f
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NDRA - 2016, Riva del Garda, ltaly
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Neutron energy / eV
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Model parameters

R and (ER’ JT[;rn; ry) "'I)j

Er resonance energy

I, [, ¢ partial widths

[ total width
(F=0,+T, +T;..)

R scattering radius
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Neutron induced reaction cross sections

] Resonance region Continuum e Cross sections cannot be predicted
10 R-matrix " Opt. mod. + HF. by nuclear theory from first
C . .
3 . 6,50, +0, +0, principles
=2 10 ol
= e Model parameters are adjusted to
S 10 experimental data
D J
|
)
o
O 10t . .
' —> Experimental data are required
107 |.ml. ‘
10° 10° 10° 10°

Neutron energy / eV
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Neutron induced reaction cross sections

GELINA Van de Graaff

238+n
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White neutron source
+

Time-of-flight (TOF)
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Mono-energetic neutrons
(cp,n) reactions
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Mono-energetic neutron beams by (cp,n) reactions

guasi mono-energetic neutrons produced

via nuclear reactions n
e.g. T(d,n)*He d
a
Li(p,n)’Be E:0-5.3MeV
T(p,n)3He E:0-6.2 MeV
D(d,n)3He E:1.8-10.1 MeV
T(d,n)*He E :12.1-24.1 MeV
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Mono-energetic neutron beams by (cp,n) reactions

Li(p,n)’'Be E,:0-5.3 MeV
T(p,n)°He E,:0-6.2 MeV
D(d,n)°He E.:1.8-10.1 MeV
T(d,n)*He E,:12.1-24.1 MeV

L
N

* huclear reaction,
* heutron emission angle,
* ion energy.
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Mono-energetic neutron beams by (cp,n) reactions

1,E+09
D(d,n)3He, gas target, E,;=0-7 MeV, Q°
o
U /
=
o 1,E+08
~ . _
= "Li(p,n)'Be, E,= 0-7MeV, 0O°
e,
o [
> D(d,n)3He, solid target, E;=0-7 MeV, 0°
c
5 1,E+07
% T(d,n)*He, E, = 1 MeV, 0 -150° T(d,n)*He, Ep=0-7 MeV, 0°
\/_\\/—
T(p,n)3He, Ep=0-7 MeV, 0°
1,E+06 ; ‘ ‘ ‘
0 5 10 15 20

Neutron energy / MeV
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Low-scatter experimental hall at PTB Braunschweig

* Neutron cross section measurements
* Neutron activation measurements

e Fission studies

e Neutron fluence measurements

e (Calibration of detectors
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Response functions of EJ-309 scintillator at PTB

Conversion of light output into energy units

L =477 keV

based on energy deposition of electrons:
W
| [ Light output for electrons is = linear
L.=aP,
i
| 60
E =662 keV
2@y B Y
# - N 50 © EXp
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| e < 30
L T8 [¢)]
Boty of Alumi 2 [
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Response functions of EJ-309 scintillator at PTB
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Count rate / (1/s)
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Response functions of a EJ-309 scintillator at PTB

Light output function

E =5MeV
0.7 - - 0.02 . . . : - -
¢ Experimental
0.6 calid | —Sim - single interaction
0016 t '—*S%m. - multiple interactions ||
= S8im. total
2 0014 -

=2 o
- =
5 D4 = 0012 -
e —
< L/E =by+b E A1+ bE) E " 0 |
@ 0.3 ===LJE =g+ (& /E) (I -exp(a E}I H _%
= ——PTB(MNE213) = 0008 -
e —-—-Enquist etal. 127x12.7 cm o
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0.1 B Cycl, ToF i 0004 -
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4 VIS T/TI 0002 =
':I : I 1 ] i 1 I;:':I' L
0 5000 10000 15000 0
500 1000 1500 2000 2500 3000 3500
Proton Energy / keV

Light / keV
* Ideally:L,/E =1

* L, :strongly non-linear (quenching)
Tomanin et al., NIMA 756 (2014) 45
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Response functions of a EJ-309 scintillator at PTB

Light output function Resolution-

=
=

——o’=25+ 1,422 L+ 0.0016 L
= Engvist et al, 12.7% 127 cm
peviee-Engst et al. 762 7.6 cm

=
=

2
Ln

+ 7-Q

A y-Q

®  Heutrons - cycl mono
[ |

[ 2

L |

LJE =ty +b E K1+ bE)

'-""L-P-I'EP-ED + (g J"E.p) (1 - exp (a, E“PE}}
—PTB(MNE213)
== Fngustetal 1272127 cm

Engwvist et al. 7.6%7.6 cm

Neutrons - cyel, ToF
Mewrons - VdG LiF
Meutrons - VdAG T/Ti

=
L4l

100 x AL/L

Specific light output (I/E )
= o
] -

— - g - — .!..........

® Cycl, mono
0.1 b = CFE'-I. ToF L 5 i |

> VG LF

4 VIG TITi

':I . ! a i i i i
0 5000 10000 15000 0 2000 4000 6000 8000 10000
Proton Energy / keV Electron equivalent light output / keV
* lIdeally:L,/E =1 « AL, /E;=AL, /E,

* L, :strongly non-linear (quenching)
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Use of EJ-309 scintillator to verify fuel assemblies

[=+— Houzing
1 T Bult-in

£ = Suew M25 By

Verification of fuel assemblies
Detection system based on a EJ309 scintillator
3He-alternative

of Aluminium
Voltoge divider
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i
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Response functions of diamond detectors at JRC Geel

18.48 MeV

18.96 MeV 20.54 MeV
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Normalized response
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Pillon et al., NIMA 640 (2011) 185
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Diamond detectors

e Use of diamond detectors for
= verification of spent fuel
ElE—4 o
= @
__1E5 3
1pasMey 18.96 MeV 20.54 MeV EE g
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\y\\ e\ 67 ¢
S\ | Nsses NV _
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§ Ly 165 &
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//////////////////////////////// ) . . .
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Deposited Energy (MeV) Finland and Sweden
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Response functions of a plastic scintillator at INFN Legnaro
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Response functions of a plastic scintillator at INFN Legnaro

8 ; 1.2
— 'Li(p,n) Ep =5 MeV, forward direction I L (n.p)
250 um thick Li-target 1.0 | \flash
| E, =4.65 MeV
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.CL; a i
é 41 g 0.6 |-
- S B
2 S 04+

2 &) - E,=2.3MeV
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I rd - E_=200 keV
1 1 } i A —— .
0 1 | ) ] ] | \ OO
0 1 2 3 4 0 200 400 600 800 1000

Time-of-flight / ns
Neutron energy / MeV d
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Response functions of a plastic scintillator at INFN Legnaro

6 1.2 -
L% 25.0 mm - Anode I —— 'Li(n,p)
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TOF — facility GELINA

Pulsed white neutron source
(10 meV < E, < 20 MeV)

/'

Neutron energy : time — of — flight (TOF)

Multi-user facility: 10 flight paths (10 m —400 m)

Measurement stations with special equipment:
— Total cross section measurements

— Partial cross section measurements

FLIGHT PATHS
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GELINA : neutron production

NEUTRON

FLIGHT PATHS LI 1] y * e accelerated to E, ., =140 MeV

* Bremsstrahlung in U-target
(rotating & cooled with liquid Hg)

* (y,n), (Y, f)inU-target

"‘:“;i-,_-_ L GELINA 30m 800 Hz
ELECTRON
NEUTRON 8 BEAMLINE EXIT 1055 Fast
= MODERATOR % : [ = MCNP
T "?‘ -
>, ol \lk Exp.
S b
10°}

10° ;

(d¢/dInE) / (cm?s™)

10°
10° 10° 10° 10* 10°
Neutron energy / eV
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GELINA : neutron production

NEUTRON

FLIGHT PATHS LI I ]l Y * e accelerated to E, ., =140 MeV

* Bremsstrahlung in U-target
(rotating & cooled with liquid Hg)

* (y,n), (Y, f)inU-target

* Low energy neutrons by moderation
(water moderator in Be-canning)

¥ Sae - GELINA 30m 800 Hz
ELECTRON
NEUTRON : 10°¢
' BEAMLINE EXIT E Fast Moderated
= MODERATOR . [ = MCNP O MCNP
r - -
I 2 \ lk Exp. Exp.

-

(d¢/dInE) / (cm?s™)

Neutron energy / eV
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TOF - measurements

Target- moderator Detector
assembly | L

Sample
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Probability distribution of t,: GELINA

0
10" —— 0.01- 0.02 eV
— 1 - 2 eV
, — 1 - 2 keV
. X 10 —— 100 - 125 keV
X 10
10'1 L x 107
— E
mn
=
Y
-2
10" F

10° 10° 10" 10° 10 107
Tlme, t+ / IJ.S European
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Equivalent distance : L, = v t,

R(t,,E.) =R'(L(t,), E,,)

d
dt,

Flaska et al., NIMA 531(2004) 392
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Probability desinsity

0.4

0.3

0.2

0.1

0.0

10000 - 20000 eV
60000 - 80000 eV

-_— 1 - S5eV

100 - 500 eV
— 1000 - 2000 eV
— 6000 - 8000 eV

10 15 20
Distance / cm
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P(t,, E) : photonuclear

2.0
_ —— GELINA 40m E, =35keV
Neutron centre Ilm:____. O [
| | 1.6}
Beryllium < L i
Water
Uranium tors s flT 1.2}
Helium Jlee——— v —————— & = ' \":::
\'j":} p— '“:""1_ : '__""_-1:“1[’ C::_ Eﬂl‘l beam ad
stamnless steel l[ J l] 08 i
Mercony flow =4 1
[ 0.4F
| |
Adumaniin- {G
10 em 0.0 1 . ;
- 2.57 2.58 2.99
(L/t )/ (mips)
Resolution . AL
GELINA . 2cm
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P(t,, E) : photonuclear

2.0
c— E =35 keV
Target Configuration ORELA _ . .. L gFEQLN'EA jgrr: "
P /I:;E"’: =in.-wi 2.000-in.-high 1.6 i
«., m 1.2}
_ Beryllium housing \-a:::'
X
1 0.8}
/vfumams/ s
0.4+
i
WATEROUT' ﬁ WATER IN 0.0 1 N "
£ - O | 2.57 2.58 2.59
(L/ tm) / (m/us)
Resolution - AL
GELINA . 2¢cm
ORELA 2 cm
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P(t,, E) : photonuclear < spallation reactions

R0 —
E ;
>
40 |
p-be
A
| Hz0 | z
—20 o
. £
=
<
s | P |
| Al-Container
-50_;_0 —20 0 20 40 B0
Z(cm)
Dimensions : 80 x 80 x 60 cm?3
Pure Lead 14t
H,O moderator :5cm
Al-window :1.6 mm
Al-container : 140 |
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R(t,E)

2.0

1.2

0.8

0.4

0.0

[ = ORNL  40m
1.6F

——— GELINA 40m E =35 keV

= nNnTOF 180 m

257 258  2.50

(L/t )/ (mlus)
Resolution . AL
GELINA :2cm
ORELA :2cm
nTOF : 10 cm
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P(t,, E) : photonuclear < spallation reactions

1.2
—— GELINA 23m E =35 keV
ISIS 23 m
1.0} = JPARC 23m
0.8} A
m) i
< 0.6}
m 3
|
N j
Oog—— I M L\
2.54 2.56 2.58 2.60
(L/t )/ (mlus)
Resolution AL
ISIS (INES) 5cm
J-PARC (MLF/ANNRI) : 13 cm

Strongly depend on target/moderator
configuration (coupled/decoupled)
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R(t,E)

2.0

1.6F

1.2

0.8

0.4

0.0

—— GELINA 40m E,=35keV
" = ORNL  40m
e nTOF 180 m
2.57 2.58 2.59
(L/t )/ (m/us)
Resolution - AL
GELINA 2cm
ORELA 2cm
nTOF 10 cm
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Response GELINA (60 m) <->n_TOF (180 m)

56
-4 =
4
B Exp. (GELINA)
Response (GELINA 60 m)
Response (n_TOF 180 m)
Ay = 42.88eV
i®) A, = 42.29eV
D _ _
~ 2F o, = 684eV
r = 196eV

O N 1 1 N |
33.8 34.0 34.2 34.4
Neutron energy / keV n S—
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Response GELINA (12.5 m) <->1SIS (22.8 m)

Double pulse proton beam at ISIS

1500 10000 ¢
7 EBxp - —— GELINA (12.5 m)
. Fit ——1SIS (22.8 m)
_ 9
2 1000 =
5 FWHM =65 ns ;
g AP =320 ns g 1000 _
o Q A | ‘ \
O 500} © | ‘ | \’“ ‘
TR | / ,,JJ
AT
O L . 1 L . L SaEmananel 100 | ] . ] )
O 100 200 300 400 500 600 2000 4000 6000
Time-of-flight (ns) Neutron energy (eV)
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Cross section measurements

Transmission

T Oe” MOt

T : transmission
Fraction of the neutron beam traversing
the sample without any interaction

NDRA -

vV VVYYVY

2016, Riva del Garda, Italy

@(x)

> ¥

P LIS
> @
®
>
g .ﬂ;b“w
)
> @
° 1
n : areal density
Nom N, :Number of Avogadro

: material mass
: sample area
- atomic mass

n European
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Cross section measurements

Transmission Reaction
- no ~(1—p~ N Oy 9r
T Oe tot Y. =(1-e ot )
Otot
T : transmission Y, : reaction yield
Fraction of the neutron beam traversing Fraction of the neutron beam creating a
the sample without any interaction (n,r) reaction in the sample

vV VVYYVY
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Transmission measurements

Transmission

Te —_ Cln

o = - [1e "Otot

out

Cout

e Incoming neutron flux cancels

e Detection efficiency cancels

— Direct relation between T, , and O,

v VvV VvV Vv

C.
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NDRA - 2016, Riva del Garda, ltaly Commission



Transmission : principle

(1) All detected neutrons passed through the sample

(2) Neutrons scattered in the target do not reach detector

in (] e—nCItOt .
C (3) Sample perpendicular to parallel neutron beam
out

exp

—> Good transmission geometry (collimation)
(4) Homogeneous target (no spatial distribution of n)

European
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Transmission : principle

exp

in

out

e N0yt
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Detectors
Low energy : bLi(n,t)a
High energy : H(n,n)H

Li-glass
NE213 type, plastic scintillator
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Lithium-glass scintillator : energy deposition

5Li(n,t)a

Scintilljltgr + PMT

i
Ll

9.8 mm

16.0 mm

> | ‘
‘ 1
\I‘ 1 /
beam i /
i
] h
1
| :

g
il
[
/1«*
neutron ! /

Al screen

NE 912 Li-glass scintillato

|=— 0.3 mm

7 layers barium sulfate refl

quartz boron free window

U metal

T
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PM housing

Counts

40000

30000

20000

10000

— °Li(n,a)t E, =2.73 MeV and E, = 2.73 MeV

10°

10'F
10°F

10° §

10'F

10° L L L
0 500 1000 1500 2000

500 1000 1500 2000
Amplitude
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Lithium-glass scintillator : resolution

5Li(n,t)a
Scintilljltgr + PMT

(]
ol

- Al screen
[
1 47_‘/ NE 912 Li-glass scintillato
neutron | _ ;
[ = i 9.8 mm
! - ‘ |=— 0.3 mm
\ e i |
beam “ i /
i 7 layers barium sulfate refl
I |
.- AR
quartz boron free window

EMI 9823 KQB

U metal

PM housing
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R(L,E)

1.0

0.8

0.6

0.4

0.2

0.0

E, =10 eV

T |||||I'I'| T |||||I1'|_

0.0 05 1.0 15 2.0 25

e \|CNP

-\l&

0.0

05 10 15 20 25
Equivalent distance, L / cm
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Transmission station at GELINA

6Li detector

/

Castle — Neutron target +
moderators

n European
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Background: black resonance technique

Black resonance filter
- strong resonance at E,

T=e "Owt=(Q

- removes all neutrons at TOF
corresponding to E,

Counts / (1/ns)

— Remaining counts are due to
background

10° 10" 10° 10° 10’
Time-of-flight / ns
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Background: black resonance technique

3
10 Exp.
- BKO(
2 —B,
10 —
—~ —B,
8 1 - BOV
= 10
N
~
(7)) 0
= 10
-0
Q 1
© 10

10° 10" 10° 10° 10’
Time-of-flight / ns
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B(t) = By + By(t) + B.(t) + B, (t)

* B, time independent

B/(t) *H(n,y) E,=2.2MeV
b,e?1t

B, (t) scattered neutrons
bze-)\zt

B, (t) overlap neutrons
bge-A3(t+To)

Shape from measurements at lower
frequency or extrapolation at high
TOF-values
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Transmission data : 2*!Am + n

Sampleout — Cuw
—B
out

Counts / (1/ns)

Time-of-flight / ns

Transmission
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N

m

£

N

T = (:n1" E3n1 ‘(//'iﬂ
exp - Cl Bl %
- O

out out U

1.2
1.0
0.8
0.6 !
0.4}
0.2}

0.0

10*

Time-of-flight / ns

Time-of-flight / ns

Texp —_ 0
=0.25%

exp
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Transmission data : 2*!Am + n

Transmission : fraction of neutron beam traversing without any interaction the sample

X2 ) = (Texp ~Tm )T VT_eip (Texp - TM)

- — B, u
Texp = ,C'” B!” o0 <0.25%
Cout ™ Bout Texp
—> absolute measurement
= no calibration measurement required S
k)
12
=
n
S
TM(t):jR(t,E)e‘”dE =
R(t,E) : response of TOF-spectrometer
Oyot :  total cross section 0.0 , _ , _ , _ , _
n : areal number density 1000 2000 3000 4000 5000

total number of atoms per unit area

Time-of-flight / ps

Euro?ean
Schillebe! ucl. Data Sheets, 11 3054§201H
ommissio

NDRA - 2016, Riva del Garda, ltaly



Neutron Induced reactions

<3

"‘,n

NDRA - 2016, Riva del Garda, ltaly

n+X

n+X -

C*

C*

X+n
Y+y
Y, +Y,
Y+p
Y +a

Y+r

Various exit channels

(n,n) elastic scattering
(n,y) capture

(n, f) fission

(n,p)

(n,a)

ol

> Otot
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Reaction cross section measurement

Reaction yield

_ o
Y. = (1-e "0t) T 4+
Otot

Y,: reaction yield
n :areal density
O, :cross section for (n,r) reaction
O, : total cross section

Fraction of the neutron beam creating a
(n,r) reaction in the sample

NDRA - 2016, Riva del Garda, ltaly

@(x)

Yy Yy vy Y
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Reaction cross section measurement

Experimental response < yield

C,=¢ QP YA}

VYVVVYVVVVYVYYVYY

 C. experimental response

e ¢ neutron flux

e A effective area
(beam/sample intersection)

* Y. reaction yield

e P, escape probability

e Q solid angle

e £ detection efficiency

n European
NDRA - 2016, Riva del Garda, ltaly Commission



Reaction cross section measurement

Experimental response < yield

v -_ 1 ¢
e APFQI’E:I’ (I) é
e ¢ neutron flux "
e A effective area
P, escape probability
e Q solid angle
e £ detection efficiency

“ European
NDRA - 2016, Riva del Garda, ltaly Commission



Reaction cross section measurement

Experimental response < yield

_ C,
Yr,exp - ?

e ¢ neutron flux

e A effective area

P, escape probability
e Q solid angle

e £ detection efficienc

NDRA - 2016, Riva del Garda, ltaly

VYVVVYVVVVYVYYVY

N =AP Q €
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Cross section measurements

Transmission

e Absolute measurement

e No additional measurements

+ direct relation: T « O,
good geometry
homogeneous sample

Reaction

_ 0]
Y, O1-e nGtot)_r
Otot
1C
Yrex =——L
"N o

 Normalization required

e Additional flux measurement

+ complex relation : Y, = O,
Y. =1(0;, Oy & Gy)

only for no,, <<1:Y, Un O,

NDRA -

2016, Riva del Garda, Italy
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Cross section measurements

Transmission

e Absolute measurement

e No additional measurements

Oiot * most accurate cross section

197Au(n,y) from transmission
a(ny,,y)=(98.7£0.1) b

NDRA -

2016, Riva del Garda, Italy

Reaction

_ 0]
Y, O1-e nGtot)_r
Otot
1C
Yrex =——L
"N o

 Normalization required

e Additional flux measurement

+ complex relation : Y, = O,
Y. =1(0;, Oy & Gy)

only for no,, <<1:Y, Un O,

European
Commission



Flux measurement : neutron detection

Neutron: electrical neutral
e No direct ionisation or excitation

* Transfer reaction is required to
transform neutron energy into
I I > charged particle energy

e (Create ionisation or excitation
Anode

“ European
NDRA - 2016, Riva del Garda, ltaly Commission



Neutron flux measurements: standard reactions

&) STANDARDS Data developme... . %

& a https:/

IAEA o

International Atomic Energy Agency

» Nuclear Data
P

TAEA Nuclear
| 4 Data Services
Home Page

Most recent
calculations

UPDATING...

IAEA Project

»CM 2008
L INDC(NDS)-0540 doc

NEUTRON CROSS-SECTION STANDARDS (2006)
and REFERENCES (2015)

An IAEA Nuclear Data Section Initiative

MNeutron cross-section standards are important in the measurement and evaluation of all other
neutron reaction cross-sections. Not many cross-sections can be defined as absolute - most cross-
sections are measured relative to the cross-section standards for normalization to absolute values.
Previous evaluations of the neutron cross-section standards were completed in 1987 and
disseminated as both NEANDC/INDC (NEANDC-311) and ENDF/B standards. R-matrix model fits for the
light elements and non-model least-squares fits for the heavy elements were the basis of the
combined fits for all of the data. Some important reactions and constants are not standards, but assist
greatly in the determination of the standard cross-sections and reduce their uncertainties - these data
were also included in the combined fits.

The need to re-evaluate the cross-section standards at the beginning of the 21st century is based on
the appearance of a significant amount of precise experimental data and developments in the
methodology of analysis and evaluation. An IAEA Consultants’ Meeting was held in 2001 to consider
the major tasks to be undertaken in order to improve the 1987 standards evaluation (Summary Report
of the Consultants' Meeting on Improvement of the Standard Cross Sections for Light Elements,
Vienna, 2-4 April 2001, INDC(NDS)- 425, prepared by A.D. Carlson, D.W. Muir and V.G. Pronyaev, June

2001). Thus, an [AEA Co-ordinated Research Project (CRP) entitled "Improvement of Standards Cross-

course of these multinational studies by the inclusion of tasks to evaluate the cross-section standards
for heavy elements.

The evaluations of the neutron cross-section standards were finalized in October 2005. Previous
difficulties experienced with a data evaluation problem known as "Peella’s Pertinent Puzzle” create
biases in the fit of correlated data, and were addressed to reduce this phenomenon. The new
evaluations of the cross-section standards also include covariance matrices of the uncertainties that
contain fully justifiable values. Significant contributions to the experimental database were made by
participants of Subgroup 7 of the NEA Working Party on Intemational Nuclear Data Evaluation
Co-operation (WPEC). Furthermore, the evaluations could not have been carried out without access to
the original GMA database and related computer codes given to staff of the IAEA Nuclear Data Section
by the US Cross Section Evaluation Working Group (CSEWG).

A final technical report was prepared in 2006, and published in 2007. A comprehensive paper with

NDRA - 2016, Riva del Garda, ltaly

For neutron flux measurements
a transfer reaction with a well-known
cross section is required:

Standard and reference reactions

https://www-nds.iaea.org/standards/
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Neutron flux measurements: standard reactions

Reaction 2200 m/s Energy region
EIow Ehigh

"H(n,n) 1 keV 20 MeV

*He(n,p) X 25.3 meV 50 keV

°Li(n,t) X 25.3 meV 1 MeV

**B(n,a) X 25.3 meV 1 MeV
°B(n,0y) X 25.3 meV 1 MeV

"'C(n,n) 25.3 meV 1.8 MeV
“7Au(n,y) X 0.2 MeV 2.5 MeV

>*U(n,f) X 0.15 MeV 200 MeV (1 GeV)
28U(n,f) X 2 MeV 200 MeV (1 GeV)
239py(n,f) X 0.15 MeV 300 MeV

9Bi(n,f) 34 MeV 1 GeV
"'Ph(n,f) 34 MeV 1 GeV

NDRA - 2016, Riva del Garda, ltaly

For neutron flux measurements
a transfer reaction with a well-known
cross section is required:

Standard and reference reactions

https://www-nds.iaea.org/standards/
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Neutron flux measurements: standard reactions

10
Reaction ~ 2200m/s Energyregion — He(np)t
EIow Ehigh _ 6|_i(n’t)a
H(n,n) 1 keV 20 MeV 3 —— B(n,a)'Li
*He(n,p) X 25.3 meV 50 keV 10
5Li(n,t) X 25.3 meV 1 MeV =
198(n, ) X 25.3 meV 1 MeV o ,
°8(n,a1y) X 25.3 meV 1 MeV - 10
"3tC(n,n) 25.3 meV 1.8 MeV g
au(n,y) X 0.2 MeV 2.5 MeV =
25(n,f) X 0.15 MeV 200 MeV (1 GeV) @ 10t
238 (n.f) X 2 MeV 200 MeV (1 GeV) 2
2py(n,f) X 0.15 MeV 300 MeV N
20981 f) 34 MeV 1GeV o 10°
"2l (n,f) 34 MeV 1GeV O

10° 10" 10° 10" 10° 10° 10* 10> 10°
Neutron energy / eV

m European
Commission

NDRA - 2016, Riva del Garda, ltaly



Neutron flux measurements: standard reactions

Reaction 2200m/s Energy region
EIow Ehigh

H(n,n) 1 keV 20 MeV

*He(n,p) X 25.3 meV 50 keV

®Li(n,t) X 25.3 meV 1 MeV

%8 (n,a) X 25.3 meV 1 MeV
°8(n,a1y) X 25.3 meV 1 MeV

"'C(n,n) 25.3 meV 1.8 MeV
au(n,y) X 0.2 MeV 2.5 MeV

25U(n,f) X 0.15 MeV 200 MeV (1 GeV)
28U(n,f) X 2 MeV 200 MeV (1 GeV)
2py(n,f) X 0.15 MeV 300 MeV

299Bj(n,f) 34 MeV 1 GeV
"'ph(n,f) 34 MeV 1 GeV

NDRA - 2016, Riva del Garda, ltaly

Cross section / barn

=
o
=

7 T rrrem

[ IIIIIId [ IIIIIId LA 0 bl

H(n,n)H
natC(n’n)natC

— °Li(n,Ha

- 238U(n,f)

10° 10° 10* 100 10°

Neutron energy / eV

European
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Neutron flux measurements: standard reactions

Reaction 2200m/s Energy region
EIow Ehigh

H(n,n) 1 keV 20 MeV

*He(n,p) X 25.3 meV 50 keV

®Li(n,t) X 25.3 meV 1 MeV

%8 (n,a) X 25.3 meV 1 MeV
°8(n,a1y) X 25.3 meV 1 MeV

"'C(n,n) 25.3 meV 1.8 MeV
au(n,y) X 0.2 MeV 2.5 MeV

25U(n,f) X 0.15 MeV 200 MeV (1 GeV)
28U(n,f) X 2 MeV 200 MeV (1 GeV)
2py(n,f) X 0.15 MeV 300 MeV

299Bj(n,f) 34 MeV 1 GeV
"'ph(n,f) 34 MeV 1 GeV

NDRA - 2016, Riva del Garda, ltaly

a(n,f) / barn

10° E

Oo
o o,
® oo M% ::f h
100 -J. £ featll
_-I"'"
-1 -
10 . 235U(n,f)
. 238U(n,f) ,
of o e :
10 < Bi(n,f)
»  "™Pb(n,f)

10* 10° 10° 10" 10° 10°

Neutron energy / MeV

10° 10°
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Neutron flux measurements

Frisch-gridded ionisation chamber loaded with 1°B

standard reaction: 1°B(n,a)’Li —— “B(n,a)Li
200000 |

Counts

100000 [

0 2 | 2 1 2
0 100 200 300 400

Amplitude

European
Commission
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Neutron flux measurements

Frisch-gridded ionisation chamber loaded with 23°U

300

standard reaction: 23°U(n,f)

200 |

100 |

Pulse Height

European
Commission

NDRA - 2016, Riva del Garda, ltaly



Neutron flux measurements

Parallel plate ionisation chamber loaded with 23°U

standard reaction: 23°U(n,f) 100000
80000 F
T =  SS ﬂ
o | 11 S 60000 |
I _ - o
—}?—m¥___ ‘ ‘ DS O
E | 40000
- e DS
+HV' i - ss
— 20000
SS: SINGLE-SIDED B
Ds: DOUBLE-SIDED
o)
o)

NDRA - 2016, Riva del Garda, ltaly

a

Fission fragments

10°

L L L L
0 200 400 600 800 1000

Pulse height

1000
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Reaction cross section measurements

1. Reaction measurement  C.=¢ Q. P. Y. A, ¢

2. Flux measurement Cop =€p Q¢ Py Yo Ag ¢
(mostly thin target)
_Ep Py As & G
Y exp = Yo =N—Yq
€ Qr Pr Ar C¢ Cq)
= Y, op IS the ratio of results of 2 reaction cross section measurements
_ 9
= Y, is required Yo O(1—e™"%wt) ¢
Otot

neutron standard reaction

n European
NDRA - 2016, Riva del Garda, ltaly Commission



Example : fission cross section

v

v

A 4

Pli-foll

Grid Kathode Gri_d Anode

Ay = A
P(I) = F)r (: 1)
Q, = Q

5¢ = & (: 1)

NDRA - 2016, Riva del Garda, ltaly

_8 Qo Py Ap C

Y =
e QP A Cy

r

Geometry (back to back)

C
Y, 0=,
Cy
Thin target approximation
Y LU no No,, << 1
n
O'r D&_q)o'q)
Cy N
¢ Nx

European
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Neutron induced capture process

% Resonances

E'=S_+ E
— / A

Cross section

Neutron Energy

v

- European
NDRA - 2016, Riva del Garda, ltaly Commission



o(n,y) measurements

Efficiency to detect capture event independent of gamma-ray cascade

e Gamma-ray spectroscopy
good resolution for E, e.g. Ge-detectors

e Total absorption detectors
4m& €,=100%  e.g. BaF,

 Total energy detection principle
e, LJE &€ <<1 e.g. C,Dgscintillators

Schillebeeckx et al., Nucl. Data Sheets 113 (2012) 3054

NDRA - 2016, Riva del Garda, ltaly

e e — —
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e —

Py FEESSE S

IIIIIII
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o(n,y) : y-ray spectroscopy

e Gamma-ray spectroscopy
high resolution & simple known decay scheme

Ge-detectors

00—

T
0.0012

T

0.0009 E

0.0006 - B -
L

o

o

)

N
I

0.0003F

0.001 -

Counts / (1 / keV)

0.000 —l
0 250 500 750 1000 1250

Energy / keV

European
Commission
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o(n,y) : y-ray spectroscopy

e Gamma-ray spectroscopy
high resolution & simple well-known decay scheme

I |
0-003 v ] v ] ) 1 ) 1 T — I I I
| | | O, = Z Oy, . '
0.0012 | . ] ‘JO \ 4 | |
S 0.0009 |- 4 I |
2 I |
Y4 0002 — 0.0006 | . - < | |
— 0.0003 | | \ L | :
: 156 160 164 J | I
@ L
c ¥ y
> 0.001 | . = Z -
8 Gy O-V,J |
J
gs 4
OOOO 2 | 2 rr'"r vvvvvv "cvr"'rrA-'-ZlX

0 250 500 750 1000 1250
Energy / keV

Borella et al., Nucl. Phys. A 850 (2011) 1

n European
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o(n,y) : total absorption detector

e Total absorption detector
Q=4m & g,=100%

Au

Neutron

Response

ob— v ) e
o 2 4 6 8 10 12

Deposited energy / MeV

n European
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Total absorption detector at nTOF (CERN)

e Total absorption detector
Q=4m & g,=100%

.
Neutron absorber

103 doped c,ar/bo.ﬁ\fjbre
. capsules

Guerrero et al, NIMA 608 (2009) 424

NDRA - 2016, Riva del Garda, ltaly



o(n,y) : total energy detection principle

 Total energy detection principle

Probability to detect a capture event = efficiency to detect at least one y- ray

g =1- |T| (1—ay,i)

Sn + Enc
E
1) Detection efficiency : €, <<1 ]
£, = Zgy’i Ez_l ‘.
|
2) Detection efficiency: € =kE, E,
A+£X
m e. = k(Es + E; + E) .= KEg
= & =) g, =k» E,. =k(S, +E X
B
| |
independent of y-ray cascade
European
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o(n,y) measurements at GELINA

Total energy detection principle

* C.D¢ liquid scintillators
g, <<1 & ¢ LE, (PHWT)

e Flux measurements (IC): 1°B(n,a)

C. —B.
Y,
Co ~Bg

exp

Pulse Height Weighting Technique

Ey = j WF(Eq) R(Eg,EyME,

Borella et al., NIMA 577 (2007) 626

European |
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Yexo fOr 137Au(n,y)

Counts / (1/ns)

=
o

N
LA |

=

o
[N

L |

10°

—BSNa

total bgr

TOF / ns

Yield

10™ -
10

C., -B. 10° |
\Y NGBy, :

exp [ [

CouXJ\(l/ns)
=
(=} OH
1) LB l LB ) 1) L

10° k

WM |

Yield

10°

TOF / ns

10*

10°
TOF / ns

10°
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Normalization: saturated resonance

1.0}

0.9

0.8

0.7

N r leV ry/eV
—— 1.0000 15 125
— 1.0002 12 155
— 1.0020 18 100
001 : | : | : | : | : |

> 3 4 5 6 7 8
Neutron Energy / eV

no,, >> 1 and Oy = Oy

N is independent of :
e sample thickness

e nuclear data

0, : only the relative energy dependence is required Uy, o
— <2%
= 10B(n,a) ~ 1/v Yexp

NDRA - 2016, Riva del Garda, ltaly
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Experimental observables

Texp — N N
Cout ~ Bout
_, Gin— B,
Yexp,y =Ky Co — By Yo
C. —B.
Yexpf :Kf - - Y(l)
’ C,—B
¢ ¢

Methodologies to determine (Z

Texp
<0.25%

Texp

Uy
—1. <2.0%

Yexp,y

(without fission)

Uy
! <2.0%

Yexp,f

exprVzey,) 37€ Well established

Nuclear Data Sheets 113 (2012) 3054 - 3100
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+ Doppler + Response

0.020

0.015

Yield

0.010

0.005

0.000

1140

>%Fe(n,Y)

n,, =1 10%at/b (0.012 mm thick)

Area density : 0.0001 at / barn

—AD:AR=O

[ —— A, (KT =25 meV)
+A_ forL=60m
+A forL=30m
+A forL=125m

|

1145

1150

1155

Neutron Energy / eV

NDRA - 2016, Riva del Garda, ltaly

1160

o
WD_V
O'tot

o(E) = j dE'S(E')o(E —E')

Vexp = | RILE)Y, (E)CE

(1—e 0wty 4

L=60m
L=30m
L=125m

o

AL

L

J o

At
t
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Resonance shape analysis

2 () — Ty\,—-1
X (n) _(Zexp _Zl\/l(tmln;K)) VZeXp (Zexp _ZM(tm;n; K)) 206Ph + n
- _Yexp
—YREFIT
Zexp : experimental observable 6
o
s et
Zyy(t,n,K) : model for theoretical estimate of Z,, 2
Model implemented in REFIT (M. Moxon):

e R-matrix theory : parameterisation of 0 by RP (n)
e Experimental conditions : parameter vector K : © Ten

Zun(tm) = | Ritm,E) Z(E)GE

T(E) =e "0t

Transmission

-no o
Y.(E)==(1—e ") ——+...
Otot

Z\(E) =5

200 220 240 260
Neutron energy / keV

m European
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Resonance shape analysis

2\ — T,,-1
X (n) _(Zexp _ZM(tmrﬂ;K)) VZexp (Zexp _ZM(tm;n; K)) 206Ph + n
Zeo : experimental observable 6L o
o
s 4
Z\,(t,n,K) : model for theoretical estimate of Zexp 2
Experimental conditions:

e Doppler broadening

-
e Response TOF-spectrometer Treer
c
8
e Multiple interaction 2
e Sample characteristics g
e Detector characteristics '
1 " 1 " 1
220 240 260

Neutron energy / keV

n European
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Transmission + capture at GELINA

0.8 |
0.6 |

Yield

0.4 |

0.2 |

A
&
R
(i
i
al
(&
®
® 3
'
b ()
% 4
4
® |
® 3 (]
® ‘“ &
A
] ®  {
) R ¥
v 3 [(
| ¥
i ‘l‘:'

O

Experiment
REFIT (normalization)

|

1.0
0.8 |
0.6
0.4 F
0.2 |

Transmission

O

)
[
(
@&
5
4
e
4
1
A Y
b L0 #SPN
e o )
P T TR
S
]
D
q

Experiment g
REFIT ([es. par.)

N

C

1.00 £ 0.02

Energy/ eV

N/ mev

ry/ meVv

0.306
0.574
1.272

0.064 (0.0004)
0.110 (0.0009)
0.373 (0.0035)

41.55 (0.39)
42.11 (0.63)
41.68 (0.79)

0.0

NDRA - 2016, Riva del Garda,

0.5

1.0

Neutron energy / eV

Italy

1.5
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Transmission + capture at GELINA

0
107
L — Y, ”
o E i t B
0.8 i R)I(EpFelrll'n(]r?grmalization) : -_— Yfit (+ bound state)
o
i) —
2 > -1
g o 10 F
~~
~~
o
i
c L
il
; o 107
©
£ > o(n,,y) = 749 + 35 b
0.2 o Experiment ¥
) .REFIT (|;es. par.). .
0.0 0.5 1.0 1.5
Neutron energy/ev 10-3 2 2 2 s 2 2 222l 1 2 2 2 s 2 222l O 1
10 10 10 10

Neutron energy / eV

n European
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Cross sections for neutron induced reactions

NDRA - 2016, Riva del Garda, ltaly

Total cross section/ b

10°
10°

10°
10

10°
10°

10°
10°

10°
10°

10°
10°

10°

| —
hhﬂ 1111 R | T |

H
—

|.|.||l uul ||||.u|| 1 |.|.||l |||||.|,|,|| R |
°Li

11 |||.|.||l 11 |||.|,|,|| R |
ML M‘I L“.u. RPN PR 0]

10° 10* 10" 10° 10 10° 10° 10° 10° 10°

Neutron energy / eV
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Evaluated data libraries

H [¥] 3A015 NEA - Incident neutron data - JEFF-3.2 - Cross sections i =T
3 JANIS 40 - OECD NudearEn.. BN q | Fie Database Search Chart
. = crosssecTions =] | Mizr azs 1z 130 131 12 tms 134 tam 13 a7 13 138 140 141 14z 143 144 193 40 14T 48 19w 50 ta) 152 1
°| € @ hips:/nww.oecd-nea.org/iaris/ ve ‘ v Google P‘ wE 4+ A | = ! %ﬂf = = = - —r
1B Most Vst (8} Most visted [B) Mostvisted 18} Most Visted. 1B} MostVisted {1 i B[V | vecuzal |
& & C a - C L -

Home About Us | News Work Areas ‘ Data Bank ‘ Publications ‘ Delegates’ Area

AYNEA > @)OECD

NUCLEAR ENERGY AGENCY BETTER POLICIES FOR BETTER LIVES

Data Bank > Nuclear Data Services > JANIS

Projects o parity fiter BlE:
Nuclear data %
JEFF project

D 75 -Flatinm =

[
WPEC @ 73-Gold
Java-based Nuclear Data Information System PRt J-feiaroid
» What is JANIS? NRDE :::i:éf:m
b Screen-shots @ 54 Polonium
» What's new in 4.07 (Sept 2013) Sofiware ® 83 -Radum
} Content of the NEA database _::i:;‘w" s
» Help pages @ 51-Protactium
"ianls @ 92 - Uranium

- @ u232

@ uzss
@u34
- @ U235

JANIS 4.0

(® Launch JANIS 4.0 @ JANIS Web
Java Web start Online version, no Java reguired
Services and
Resources

& Downloads @ Order a DVD 4.0

Software, Manual, DVD 4.0 ISO {NEA Data Bank member countries)

JANIS Books

Nuclear databases

Browse databases
JANIS Books Search databases
- Evaluated data

» Comparison of experimental and evaluated cross-sections - Experimental data
- Bibliographic data

Feedback co/ovD

Do not hesitate to request more i ion or to send to janisi d-nea.org
The archive of messages sent to this listserver is available at: www.oecd-nea.org/lists/janis.html.

] Contact

Nicolas Soppera
OECD / NEA Data Bank

E-mail: janisinfo@oecd-nea.org

5:15:34 CET

https://www.oecd-nea.org/janis/
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Neutron Resonance Analysis (NRCA&NRTA)

10° Hl o Resonances appear at energies that are specific
- — for each nuclide
10° °Li
m e Position and amplitude of resonances can be
1o, B used as fingerprints to

— identify and quantify nuclides

10°

3

0 e Allnﬂi.x i ren

(0]
[P |
e

— elemental & isotopic composition

59

é 10 — “xe | ® Neutron Resonance Analysis (developed at JRC)
2 » Mﬂm — Non-Destructive Analysis (NDA)

5—2 1 P — sensitive to almost all nuclides (except light)

: 10° L — no sample preparation required

l 0 235U

— requirements:

10° TOF-measurements at a white neutron source

238
U

239
Pu

Schillebeeckx et al., EUR Report 26848 EN

10

Neutron energy / eV n European
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Cross section measurements

Total cross section Capture cross section
T Oe ” Y,=(1-e " %‘)
O'tot

Well-characterised samples
n: total number of atoms per unit area is well-known

U
|§:\;f§
"

accurate cross-sections can be determined
n European
NDRA - 2016, Riva del Garda, ltaly Commission
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Neutron resonance analysis

NRTA NRCA

0)
T De@tOt YV = (1—e@otot )_V

Otot
|i§w—m:
% >

n European
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Well-known cross sections

U

areal density can be determined
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NRTA and NRCA

5 Element wt% Isotope  E,/eV
P 006_“5In : (61 3) ppm — NRCA 63CU 63
8 - Cu 77.76 + 0.11 Cu 579.0
= ®Cu 2300
o 4F
=~ Sn 20.85 + 0.10 25 94.8
& . 50 11egn 111.2
% 2 iy 12 1.4 16 18 116Sn 117sn 288
@) 1084 117 118 '
U [ Aglz:l. Sn As g Sn 45.7
8 —~ > lL—‘-——‘*Jh-L_UL_J-LAJ 196 222.6
1- [ [ [ | llll' [ [ [ | llll' [ [ [ 1205n 427.5
= 245 62.0
O R e
% As 0.34 + 0.01 As 47.0
E 05} Sh 0.20 + 0.02 ish 6.24
2 1235 21.4
E 107
— i Ag 0.09 + 0.01 Ag 16.3
g 5.2
0.0 [ [ [ | llll' [ [ [ | llll' [ [ . 2 0 00 Fe 077 + 0 10 56Fe 11474
1 10 100 1000 ' - '
Neutron energy / eV In 0.0061 + 0.0003 ' “In 1.46

- =y opcart |
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NRCA = PGAA

Counts

Postma et al., Czech. J. Phys. 53 (2003) A233

NDRA - 2016, Riva del Garda, ltaly

6

0

Typical dead time : 2.5 s
—> detection of In is not hindered by strong resonances of other elements (e.g. Cu)

63
Cu

65
Cu

Counts

116
Sn

115
0.06 |-

0.04

0.02

0.00

In: 61 (3) ppm

A 1 i
700 750 800
Time - Of -Flight / us

850

100

Time - Of -Flight / ps
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Roman mixer tap : hot — cold water (1/2)

Wifchen-1 Cu(33186)

800 ~ ) Cu(3508) Cu(3594)
|
600 - ' f’
3 J
= ! 4;
28 400 - Pb(3063) Cu{3142) : ;p3(3357] l
NRCA Neutron Diffraction
materials used fabrication process
Cu (4.8 +0.5) g/cm? $ho0 3100 3200 3300 3400 3500 3600 3700
Pl P2 P3 Neutron energy, eV
Sn/Cu 0.0868 * 0.0025 0.094 0.0977 0.0940 |
Pb/Cu 0.335 +0.34 0.415 0.337 0.402

Sb/Cu  0.00167 +0.00003
As/Cu  0.00098 + 0.00003
Ag/Cu  0.00096 + 0.00003
Zn/Cu  0.0036 +0.0003
Fe/Cu  0.0012 %0.0003

- European
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Characterisation of Pbl, by NRTA at GELINA

e JRC Geel preparation group extracted:

— 150 g lodine (powder) from 210 liter from reprocessed waste (Le Hague)
— (1.3 g/l lodine and 40 MBqg/I)

e Sample characterisation: by mass spectrometry, (N)AA and NRTA

N
e beam Concete wall sl

_—y. 2
shielding Nt tube

\ a:
. ar i )
—— | - = paday =
( Phbl; sample

Bi
Co]l Lead and paraffin Evacuated

Neutron J|

source _ ) .
Colimator (Pb, Cu)  Colimator (Pb, Cu) Colimator (Pb, Cu)
} ¢ =12cm $d=4cm b="%m
Fig 3. Addition of Ph{NOsk Lo the iodide solution to 2378.0cm
precipitate lead iodide. B o .
49340cm

- European
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Characterisation of Pbl, by NRTA at GELINA

Transmission

>Na * ¢

0.65

24 26 2B 30 32 34
Enargy (kaV)

n
0.60
: | *
é 0.55 '
'5
0.50 X '.{
206pp
0 %2 251? P 258
- " ey (keV) '
065 . ' ’ '
o
0.60 IL’M M%ﬁi
g | H ﬁ
£ 055 "‘ r
!
0.50 '
208 P b J

70.0
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Transmission
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Transmission
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0.40
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Tu(ty.n) = [R(t, ,E) e "= OdE
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exp (TeXp

- TM (tm ! n))
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;
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REFIT

0.3
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NRTA compared with NAA and ICP-MS

Element NRTA NAA Mass
spectrometry
(GELINA) 7 7 (PSI)
lodine total 20.24 (0.41) 19.75 (0.61) 19.86 (0.41)
L27] 3.44 (0.05) 3.35 (0.10) 3.36 (0.08)
129] 16.80 (0.40) 16.40 (0.60) 16.50 (0.40)
Lead total 52.30 (1.70) 51.10 (1.80)
%php  12.80 (0.50)
“Pp  11.50 (0.10)
2%pp  27.10 (1.70)
Sulfur 5.44 (0.03)
Sodium 0.72 (0.02) 1.00 (0.15)
Oxygen 13.92 (0.05) 14.50 (1.50)
Hydrogen <0.13 0.02 (0.002)
Nitrogen 1.20 (0.40)

NDRA - 2016, Riva del Garda, ltaly

NRTA :

Noguere et al., NIMA 575 (2007) 476

e more elements have been analysed
e jsotopic composition of Pb
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Fukushima accident

Earthquake followed by a Tsunami (15 m)
core meltdown (units 1,2,3)

Temperature(K)

2750

2500

Melted fuel:

Complex mixture of materials in fuel and
control/safety rods, contains

i.e. U, Pu, fission products, structural materials and
neutron absorbers (1°B)

2250

2000

mnhum||!|H||1|||||||rm

1750

n European |
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Decommissioning of Fukushima nuclear site

e Removal of fresh and spent fuel assemblies (undamaged)
- started November 2013

e Removal of melted fuel
- start removal within 10 yrs
- completed after 20 ~ 25 yrs

 Dismantling of the power plants
- completed after 30 ~ 40 yrs

European
Commission
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Removal of melted fuel: substantial amount of debris

All debris, including particle- or rock- like » Putting into a tube with
. . cooling wa!er so as not
debris, contain Pu and U to move.in the tube

o

Characterization is required for
—> Nuclear Safeguards
—> Criticality safety and decay heat

| .

Jebris

/ v IaneLel s>everal crn)

Failure Stratum B

Cylindrical debris in a
tube

with size of several cm)
lassified into a few sizes)

Stratum A

Drilling

Rock of
solidified melted fuel

Small / Fine debris
(like particle debris

H European
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Complex material to be verified

e Huge amounts of particle-& rock - like debris

e Technical Challenges:
— Materials only remotely accessible
— Unknown shape of target materials
— High temperature
— Complex mixture of materials
— Unknown components: 1°B
— Strong radioactivity: '3’Cs (about 102 Bg/g)

2012: At the time of the first decommissioning studies
no technique existed to quantify the amount of U and Pu
in such particle - and rock - like debris of melted fuel

H European
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Characterization of debris of melted fuel by NRTA

Target value: uncertainty on Pu and U content < 2%

Challenges due to the material characteristics:

e Inhomogeneity of the samples: due to diversity in shape and size of the
particle - & rock-like debris samples

e Impact of impurities: structural material and neutron absorbers, i.e. 1°B
(control rods and borated water)

e Complex transmission spectra due to fission products

- European
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Impact of particle size distribution

Transmission is a non-linear function of n %

e Homogeneous sample

e Heterogeneous sample: <T=>=

<n> is the quantity of interest
Homogeneous model can lead to an error of 15%

— Dedicated model is required

European
Commission

NDRA - 2016, Riva del Garda, ltaly



Impact of particle size distribution

Transmission is a non-linear function of n %

e Homogeneous sample : T=e

—_ —no —<n>0
o Heterogeneous sample: <T=>=<e tot >Z¢e tot

Levermore-Pomraning model (1. math. phys. 27, 2526, (1986))

— widely used for other problems dealing with radiation transport through stochastic media,
e.g. scattering of sunlight in clouds

— starts from microscopic properties of the sample such as grain size

— in particular applicable for powder samples

implemented in REFIT and validated by experiments at GELINA

Becker et al., Eur. Phys. J. Plus 129 (2014) 58

“ European
NDRA - 2016, Riva del Garda, ltaly Commission



Experimental validation of LP-model at GELINA

Transmission

Residual

Declared

Ty (hom.)

n, = 9.38 10 at/barn
n, = 9.36 10+ at/barn

10l

10

20

30
Neutron energy / eV

40

nat\\/-metal disc

— bias < 1%

NDRA - 2016, Riva del Garda, ltaly

50

Declared

: ny =1.03 10~ at/barn
Ty (inhom.) : ny, =1.05 10~ at/barn

Tiﬂxp(hom.) e

0.0 | —— T,, (in-hom.) -
10 | I : I = !
| .
Iy
-10 I ] ] ] : ]
10 20 30 40 50

Neutron energy / eV

nat\\/-powder mixed with "S-powder
LP - model

= bias< 2%
- SRS Ao
ommission




NRTA demonstration experiment at GELINA

Samples
18 different samples
8 different elements

Black box: 8 slots

B, Mn, Co, Cu, Nb, Rh, W, Au samples with different thicknesses
Selection of samples by DG-ENER, IAEA and DOE representatives

_ - European
Commission
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NRTA demonstration experiment at GELINA

NRTA station at 10 m

European
Commission
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=

o
|

Y

)

@

3

iISsion

Rh
W

Nb
Co

Transm

Mn -
iXx |nx owex(E)=ayx +—2
Matrix |Nx Ototx X E

Residuals

Neutron energy / eV
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NRTA demonstration experiment at GELINA

Element Areal number density (at/barn) Ngret/ NNRTA
NRef NNRTA
Mn 1.901 x 10 (1.928 + 0.003) x 10 1.014 +0.002
Co 4.583 x 10 (4.509 + 0.015) x 10 0.984 + 0.003
Cu 0 0
Nb 5.485x 107 (5.382 + 0.010) x 10 0.981 + 0.002
Rh 1.856 x 10 (1.891 + 0.003) x 10 1.019 +0.002
W 2.269 x 10 (2.250 + 0.002) x 10 0.992 + 0.001
Au 0 0

=
o

Transmission

o
o

Residuals

1 10

100

Neutron energy / eV

NDRA - 2016, Riva del Garda, ltaly
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NRTA: nuclear material GELINA

U,04 reference sample

-1
- i Cout
ECNRM 171 '; c
| in
80 _ 10_2 |
__~Ultrasonic seal = r
S |
N
__—Aluminium plug n 10 |
s E
-
U308 powder 8
" _4
10
66 .
@70 10 '

e Strong impact of matrix material

Time-of-flight / ns
e Beam attenuation due to matrix ~ 99%

“ European
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NRTA of nuclear material at GELINA

U,0q reference sample
ECNRM 171 0010 L
c |
) .
)]
@2
= B 31
Fit for 23>238U areal density 2 0.005 - =4
+ £ ,
. 0.000 | £
Ny G (E) —a +_X . REF.IT 238) |
X Ytot, X X \/E — = ] ] ]
)
= _
N
)
o '4 I I | | | | |

O 5 10 15 20 25 30 35 40

Neutron energy / eV
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NRTA of nuclear material at GELINA

U,04 reference sample

EC NRM 171

U-isotope Areal number density (at/b) Ratio
Declaration NRTA

2>y (5.0326 + 0.0080 ) x 10*  (5.063 +0.09 ) x 10™ 1.006

238 (1.0628 + 0.0015 ) x 10*  (1.062 +0.01) x 10 0.999

— bias < 1.0 %

Transmisson

Residual

0O 5 10 15 20 25 30 35 40

Neutron energy / eV
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Thank you for your attention

Transnational access to nuclear facilities at JRC Geel
https://ec.europa.eu/jrc/en/eufrat/contacts

Course on
"Nuclear data processing and use in nuclear applications"

http://gentleproject.eu/courses/schedule/
JRC Geel, 14 — 18 November 2016
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