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Neutron multiplication factor

__rate of neutron production

eff — rate of neutron

loss
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@C THE SCALP PROJECT

* (n,a) reactions of interest for nuclear reactors

e Safety optimisation: reactor modelling and fuel ageing

e Cross sections measurements from threshold up to 20 MeV
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@C THE SCALP PROJECT
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* (n,a) reactions of interest for nuclear reactors

Neutron multiplication factor
e Safety optimisation: reactor modelling and fuel ageing

— rate of neutron production
e Cross sections measurements from threshold up to 20 MeV eff — rate of neutron

N. Rousseaux

loss

— 19F : Fluoride-based coolants in Molten Salt Reactors (4™ Gen)

* °F(n,a)'°N : Uncertainties on reactor k. (+ 40-130 pcm*) [4]
e Validation of the experimental setup (large contribution of °F)

pcm = ‘per cent mille’ = 1e-5
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* (n,a) reactions of interest for nuclear reactors

Neutron multiplication factor
e Safety optimisation: reactor modelling and fuel ageing

— rate of neutron production
e Cross sections measurements from threshold up to 20 MeV eff — rate of neutron

loss

— 19F : Fluoride-based coolants in Molten Salt Reactors (4™ Gen)

* °F(n,a)'°N : Uncertainties on reactor k. (+ 40-130 pcm*) [4]
e Validation of the experimental setup (large contribution of °F)

— 180 : Pressurized Water Reactors & Fast Neutron Reactors (3™ & 4™ Gen) fuels/coolants

e NEA : HPRL (ranked 2"9), WPEC 26 (2008) & 40 (2015) [2] [3]
e 1°0(n,a)3C : - Helium formation in fuel cladding (+ 7%) [1]
- Uncertainties on k . (£ 100 pcm) [1]
pcm = ‘per cent mille’ = 1e-5
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LPC (n,a) CROSS SECTION ON °F

CAEN

n + YF = a + N

— Main methods for measuring the °F(n,a)®N cross section :
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— Main methods for measuring the °F(n,a)®N cross section :

® jonization chambers with active targets
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— Main methods for measuring the °F(n,a)®N cross section :

N
@ (n,a) CROSS SECTION ON °F

® jonization chambers with active targets

¢ proportional counters or cloud chambers
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T1/2 =T7.13s

— Main methods for measuring the °F(n,a)®N cross section :

® jonization chambers with active targets
¢ proportional counters or cloud chambers

e [ | ory activation

N. Rousseaux
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@c (n,a) CROSS SECTION ON °F

n + YF = «a

T1/2 = 7.13s

— Main methods for measuring the °F(n,a)®N cross section :

¢ jonization chambers with active targets

¢ proportional counters or cloud chambers

e [ | ory activation

— Limits on evaluations

e Uncertainties from 12% to 40%, discrepancies up to 300% [7]
e sparse data above 9 MeV (no data between 9 and 13.5 MeV)
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e Overview of the experimental setup
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SCALP : Scintillating ionization Chamber for ALpha Particle detection in neutron induced reactions

lonization
Chamber

Neutron Beam
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SCALP : Scintillating ionization Chamber for ALpha Particle detection in neutron induced reactions
\

ionization chamber

filled with CF,
\

Energy deposited by

reaction products

lonization
Chamber

Neutron Beam lonization chamber

N. Rousseaux 24" GANIL Colloque



A
@C EXPERIMENTAL SETUP

SCALP : Scintillating ionization Chamber for ALpha Particle detection in neutron induced reactions

/ \

4 photomultipliers ionization chamber

filled with CF
\ 4
Neutron kinetic energy Energy deposited by
measured by time-of-flight reaction products

lonization
Chamber

Neutron Beam lonization chamber
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SCALP : Scintillating ionization Chamber for ALpha Particle detection in neutron induced reactions

/ \

4 photomultipliers ionization chamber

filled with CF
\ 4
Neutron kinetic energy Energy deposited by o
. . . iming
measured by time-of-flight reaction products IC energy resolution

resolution

(PMTs)

lonization
Chamber

CF 150 keV 600 ps

CF, (97%) + CO, (3%) = 220 keV > 700 ps

18]

Neutron Beam lonization chamber
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Facility
Configuration

Duration (UT)

Data analysis

NFS (2021)

CF4 + CO2

nELBE (2022)

CF4 + CO2

15

14

11

16

A. Chevalier, PhD,
12/2024 [7]

not enough
stat

ongoing

not enough
stat
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C 1 EADavis1961

[ I iPBondarenko2013
[~ —— JEnDLs

F — enorBvio
2|~ —F— SCALP - Moniteur LS
[ —I— SCALP - Moniteur Us

Section efficace (b)
8
o

o
o

—>First measurements of (n,a) cross sections with the

SCALP detector, A. Chevalier, PhD Thesis, 2024 [7]
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Facility
Configuration

Duration (UT)

Data analysis

NFS (2021)

CF4 + CO2

nELBE (2022)

CF4 + CO2

15 14 11 16
A. Chevalier, PhD, not enough ) not enough
ongoing
12/2024 [7] stat stat
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£0.25
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nELBE (2022)

Facility NFS (2021)

F —— enormvino ‘J
& 0.2/~ —F— scALP - Moniteur Ls
[ —I— SCALP - Moniteur Us

CF4 + CO2

Configuration CF4 + CO2

| Duration (UT) 15 14 11 16
_): : ¢ 5t f(' ° ‘) ! t." .:h " Data analvsis A. Chevalier, PhD, | not enough S not enough
Irst measurements ot (n,a) Cross sections wi e
y 12/2024 [7] stat a06d stat

SCALP detector, A. Chevalier, PhD Thesis, 2024 [7]

¢ hydrogenated materials in the IC chathode

— Data contamination by p(n,n)p
* 60% of the statistic lost (prohibitive for **0(n,a)3C)
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80 ;
g r E.A.Davis 1961

I Eal
8 [ I 1;Bondarenko2013
£0.25

5025 —— enoLs

<

Facility NFS (2021) nELBE (2022)

£ F —— enormvino ‘J
5

& 0.2{— —F— SCALP - Moniteur LS
[ —I— SCALP - Moniteur Us

CF4 + CO2

Configuration CF4 + CO2

| Duration (UT) 15 14 11 16
_): : ) 5t f(' ° ‘) ! t.” .t"h " Data analvsis A. Chevalier, PhD, | not enough I not enough
Irst measurements ot (n,a) Cross sections wi e
y 12/2024 [7] stat a06d stat

SCALP detector, A. Chevalier, PhD Thesis, 2024 [7]

¢ hydrogenated materials in the IC chathode

— Data contamination by p(n,n)p
* 60% of the statistic lost (prohibitive for **0(n,a)3C)

e normalization of the data by the neutron flux
e different monitors (LS/MM, U8FC) => different results [10]

— Cross section normalization

24" GANIL Colloque
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1 EADavis 1961
I el

Facility NFS (2021) nELBE (2022)

Configuration CF4 + CO2

CF4 + CO2

Duration (UT) 15 14 11 16

, ) , . A. Chevalier, PhD, | not enough ) not enough
—>First measurements of (n,a) cross sections with the Data ana|y5|s ongoing
SCALP detector, A. Chevalier, PhD Thesis, 2024 [7] 12/2024[7] stat stat
— Data contamination by p(n,n)p e hydrogenated materials in the IC chathode

* 60% of the statistic lost (prohibitive for **0(n,a)3C)

— Cross section normalization ¢ normalization of the data by the neutron flux
e different monitors (LS/MM, U8FC) => different results [10]

— SCALP modifications and improvement of the normalization procedure at NFS (SPIRAL2, GANIL)
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e E901 Experiment at NFS

Collimator

Converter room
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@C NEUTRON PRODUCTION @ NFS

NFS = Neutrons For Science (SPIRAL2, GANIL) [9]

* 2H beam (LINAG) @ 38 MeV on Be target
e Continuous energy distribution [1-44] MeV

lel0

-
~N

Collimator

e
=]

Converter room

o
o

I
o

o
IS

Neutron Flux [n/sr/pC/MeV]

I
N

g
=}

o L

10 20 30 40
Energy [MeV]
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NFS = Neutrons For Science (SPIRAL2, GANIL) [9]

* 2H beam (LINAG) @ 38 MeV on Be target
e Continuous energy distribution [1-44] MeV

lel0

Neutron Flux [n/sr/pC/MeV]
S e o £ e

e
N

=
=}

o L

10 20 30 40
Energy [MeV]

N. Rousseaux
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— SCALP@NFS ES01 (100% CF, - 14UT)
* primary HF 88MHz + beam chopper — T _=2.271 us
e flight distance : 27.394m

— small gamma flash
— facility suited for the experiment

Collimator

Converter room
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LPC MONITORING OF THE NEUTRON FLUX

CAEN

5 5
S - ©
F = O pulsed neutron beam
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Energy [MeV]
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LPC MONITORING OF THE NEUTRON FLUX

CAEN

1% collimator
2nd
collimator

pulsed neutron beam

' >

5m 18.15m

lel0

Neutron Flux [n/sr/pC/MeV]
S e o £
- (=] [=-] (=]

e
N

=
=

10 20 30 40
Energy [MeV]

(=}
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27.394m

— Fission chamber : detection of 2%3U(n,f) fragments
e Position Sensitive PPACs for beam profile
e 38Y(n,f) cross section for the yield

Fission
Fragment

PS-PPAC

PS-PPAC

— non intrusive
— simultaneous operation

Neutron

Fission \
Fragment | Anode

Calhbde-__?‘(. Aﬂ

3 m
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e Data analysis
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@C NEUTRON TIME OF FLIGHT

ToF = (tpmr — tur) mod Tyyp— HF period
(2.271 ps)
pMT /* "N HE
timestamp timestamp
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@8 NEUTRON TIME OF FLIGHT
ToF = (¢ ¢ mod T, HF period
( PMT HF) HF (2.271 ps)
PMT/ ™ HF
timestamp timestamp

105 4

Counts [per 2 ns]

1000 1500
Time of Flight [ns]
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ToF = (tPMT — tHF) mod THF\ HF period

(2.271 ps)
PMT / N HF
timestamp timestamp
10° 1 Ei §§ :;4000

z ¥ - I
o i E © 200
2 i i
& : : 1000
a : : 95 100
E : Time of Flight [ns]
2 1041 |
© |

0 500 1000 1500 2000

Time of Flight [ns]

Yy flash (ToF reference) — ToF resolution < 2ns
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NS T, = (v — Dmyc

ToF = (tPMT _ tHF) mod THF‘\ HF period 100000

(2.271 ps) |
PMT / . HF 80000
timestamp timestamp @ 60000
=]
4 i — 2
! ! T | [| & 200007
10 %i OJE anoo 20000 T
[— Ei EE %3000
: > — 0
[q\] : : 2000
— 1 1
A i ; 1.5
‘UJ, : i 5 90 95 100 105 110
a I Time of Flight [ns] f—
2 1014 | <
© : — 1.0 1
: 5|
: ~
: G5
' < 0.5
0 500 o 1000fFl' bt [ns] 1500 2000 0 1'0 2'0 3'0 40 5'0
e o TIgRTe Neutron kinetic energy [MeV]
Yy flash (ToF reference) — ToF resolution < 2ns — Energy resolution better than 1% below 20 MeV
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LPC IDENTIFICATION OF REACTION CHANNELS

—_— i-!)F(n,(x)mN [Q=-152 Me\)]‘ S . - . |
. 9F(n.p)0 [Q — 4.04 MeV] - Two-body reactions

q

e
=
=]

o5 d|™ 2C(n,a)"Be [Q = -5.70 MeV] E =T + Q
T | —— 19F(n,t)'70 [Q = -7.56 MeV] ep n ?

d

20 A

10 1

Deposited energy in the lonization Chamber — Ege, [MeV]
o & $

—~
o=’

1'5 20 25 30
Neutron kinetic energy measured by Time-of-Flight — 7, [MeV]

—_
=]
Tty
[y
-~
=

— F(n,a)'®N is well separated from other reactions
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(P\C IDENTIFICATION OF REACTION CHANNELS F(n,a)'*N *°F(n,p)*?0

CAEN

le6 |

e
=
=]

—— F(n,0)'N [Q = -152MeV] : - | — Lo l — Data
; - i — exGaussian fit
e 9F(np)0 [Q = 4.04 MeV] - Two-body reactions S e o e
sl == 2C(n,a)"Be [Q = -5.70 MeV] .. E =T + Q 0.4 e YF(may) : Q=-1.839 MeV
—.1*F(1:t) 70 [9'=7.56-MeV] dep n : —— F(n,p): Q=-4.038 MeV -

Background

0.6
20 A

Counts

0.4

0.2

10 4

0.0

-Q value [MeV]

(]
1

— Projection along the reaction lines : Q_, spectrum

Deposited energy in the lonization Chamber — Ege, [MeV]
&

—~
o=’

0 5 1'() 15 20 25 30
Neutron kinetic energy measured by Time-of-Flight — 7, [MeV]

— F(n,a)'®N is well separated from other reactions
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@ IDENTIFICATION OF REACTION CHANNELS F(n,a)'®N *°F(n,p)*°0
- CAEN
o le6 |
= 30 z - - e 27 s : T —
© —— F(n,a)N[Q =-1.52 MeV] - ] 107 ’ o bata—
ZQ e 19F(np)90 [Q = 4.04 MeV] - Two-body reactions ) l = ‘f;j;(i“:;afoﬁ:t_l e e
= _— l2C(n'a)‘0Be [Q=-5.70 MEV] —_ :: IgE Ll 20822 913ps i3 1) N - .
25 : E =T + : 0.8 $ F(n,0;) : Q=-1.839 MeV
T | — (0070 [@ = -7.56 Mev] dep 'n Q 2 s —— UYF(n,p):Q=-4.038 MeV _
5 ) - 1 L S Background
e ﬂ 0.6 = 71382
g 20 g 19N,
O 8
= 0.4 A
el
® 15+
S 0.21
-8 7 : < : S~ TN
prac / N T ' i
= 101 00 L cail T Cmmel, T
- 0 1 2 3 4 5
g -Q value [MeV]
{ ==
(0]
5 . q . .
3 — Projection along the reaction lines : Q_, spectrum
= .
2 — Residual ®N nucleus :
o

0 IR g e eI .' 1ow - are T, . PRI ST - PR AL - ‘- N RS T:] . .
0 5 10 15 20 25 30 * 3 excited states below 400 keV : Q _ shift
Neutron kinetic energy measured by Time-of-Flight — 7}, [MeV] e energy resolution : 2 effective states

— 19F(n,a)™®N is well separated from other reactions * data matches with TALYS [13] calculations
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 Results on the °F(n,a.)'®N cross section with SCALP
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/\ N\ 19 16
@ number of *F(n,a)™N events

C ESTIMATION OF THE CROSS SECTION

UN / detected with SCALP

cross section [cm?] ——, O’(T ) _ N(Tn)
e E(Tn) Nop L \IJ(TH) number of neutrons
detection efficiency / \ \ impinging the detector

(Geant4 simulation) [%] (beam monitor)

. 3 length of the detection zone [cm]
target nucleus density [cm™]
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I\ 19 16
@c ESTIMATION OF THE CROSS SECTION number of *°F(n, )N events

UN / detected with SCALP

cross section [cm?] ——, O’(T ) _ N(Tn)
e E(Tn) Nop L \IJ(TH) number of neutrons
detection efficiency / \ \ impinging the detector

(Geant4 simulation) [%] (beam monitor)

. 3 length of the detection zone [cm]
target nucleus density [cm™]

with :
w(r,) = T O o (T
(1) =" ><->< ro(Th)
: charge on neutron flux
solid angle
the Be measured with
spanned by
SCALP [sr] target [uC] the FC [n/sr/uC]
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I\ 19 16
@c ESTIMATION OF THE CROSS SECTION number of *°F(n, )N events

N / detected with SCALP
N(T3)

cross section [cm?] — O'(Tn) _

E(Tn) Nop LW (Tn) number of neutrons
detection efficiency / \ \ impinging the detector

(beam monitor)

(Geant4 simulation) [%]

. 3 length of the detection zone [cm]
target nucleus density [cm™]

Quantity Relative uncertainty (10)
with : (%)
_7T’r2 N (Tn) 0.54% - 4.12%
— . 0~ “. (o]
VL) =T > [Qun x ®re(T)
- charge on neutron flux N1 1.99%
solid angle .
spanned by the Be measured with cDFc (Tn) 2 75% - 6.63%
SCALP [sr] target [uC] the FC [n/sr/uC]
r 1.60%
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0.25

0.10
—-— JENDL-5
——- ENDEF/B-VIII.1
—J}— SCALP - no efficiency correction i
0.20 4 SCALP - efficiency correction RN |
t (values from A. Chevalier's PhD iesis) / \ ,’ ‘-‘ Q.08
—_ SIS =
2] N il %) B
g i RIR £ \
© i /l/ \\ [} \ \'\.
2 0.15 1 i i \'l\ ’_/,‘::*-«1 20067 \ S
=) A VA 7 [ o \, 3
() \ W/ | 1.\ 7 S
) 3 VA 111 /! =
3] N1 ; il L7 =
8 s .\ /! | 3 \\ Q
J vl K b N —— wn ]
2 0.10 N M L A= 2 0.04
' ‘NI "
2 1] / i S A N
O i i . &)
W/ | 1 (7o 1o !
0.05 S i 0.02 1
A
/’4
0.00 =" T T T T 0.00
2 3 4 b 6 7 8 9 10

— Uncertainty ranges from 5.28% to 7.98% in the [2, 20] MeV range

ESTIMATED °F(n,0)'®N CROSS SECTION - vs evaluations

Neutron Energy Tn [MeV]

—.— JENDL-5
————— ENDEF/B-VIIIL.1
—}— SCALP - no efficiency correction

SCALP - efficiency correction
1 (values from A. Chevalier's PhD thesis)

12

14 16 18 20
Neutron Energy Tn [MeV]

— Reproduction of expected structure at the right energies (validation of energy reconstruction)
— Preliminary results : detection efficiency taken from previous experiment (simulations ongoing)

N. Rousseaux
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@C ESTIMATED °F(n,0)'®N CROSS SECTION - vs other measurements

w\f

0.25 0.10
I.PBondarenko - 2013 A.Durusoy - 2006
# D.L.Smith- 1981 i [ « PN.Ngoc - 1980
# R.Bass-1966 I 1 & R.Prasad - 1966
0201 & D.M.Smith- 1960 : 0.08 # JPicard - 1965
E.A.Davis - 1961 l —}— SCALP - efficiency correction
@ —}— SCALP - efficiency correction L @ —}— SCALP - no efficiency correction
E —}— SCALP - no efficiency correction E
2 0.15 1 2, 0.06 -
g [ E
k3] i ©
& ‘ @
o 0.10 I ] M % 0.4
%] 17}
g | e 1 g
O ‘ ! J O
1 1
0.05 L h 51 0.02 1 %
£
e
LT]
0.00 — ; : 0.00 ; ; ; . . B
3 4 5 6 8 9 10 12 14 16 18 20 22

Neutron Energy Tn [MeV]

Neutron Energy Tn [MeV]

— Neutron energy resolution (<1%) and u(o)/o (<8%) are competitive, covering [2-20] MeV
— Confirmation of newly observed structures with SCALP@NFS-2021, new data between 9 MeV and 13.5 MeV
— 18N excited states > 3 MeV not accessible (identification matrix) : discrepancies above 10 MeV

N. Rousseaux

24" GANIL Colloque

17



e Conclusion and outlook
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A
@C CONCLUSION AND OUTLOOK

Context

e (n,0) reactions impact nuclear reactor simulations
* new measurements are needed for evaluation

Status e setup is validated experimentally

e analysis, Geant4 simulations ongoing

++ energy resolution, reaction identification
++ normalization procedure, u(0)/0 < 8% achieved
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N
@ CONCLUSION AND OUTLOOK
- —1%0(n,a)'3C : to be submitted to PAC 2026
++ previous results, preliminary simulations

Context
e (n,0) reactions impact nuclear reactor simulations + optimizations to improve statistics

®* new measurements are needed for evaluation

—MoNHaP : non-intrusive recoil proton spectrometer
e normalization with the p(n,n)p cross section

Status e setup is validated experimentally

. . : . e |AEA primary standard
e analysis, Geant4 simulations ongoing .
++ energy resolution, reaction identification * in-beam tests : 06/ 2026 ( 33 UTS)

++ normalization procedure, u(0)/o < 8% achieved 09/2026 (~XX UTs)
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A
@C CALIBRATION OF THE IONIZATION CHAMBER

Edep=a *ADC+b -> slope a : PCA on the identification matrix
- diagonalize the covariance matrix
- principal variance direction (reaction lines) = eigenvector
-> offset b : peak indexing on the Qval spectrum

=

—— 19F(n,a) !N [Q = -1.52 MeV]
—— "F(n,p)"?0 [Q = -4.04 MeV]

19,_-(nl a)16N —— Linear fit

=24
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/L_P\C PMT CALIBRATION
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AN
/LI;C MEASUREMENT OF THE (n,a) CROSS SECTION ON 160
@\ « 9F(n,q) : -1.525 MeV
» %0Q(n,0) : -2.216 MeV

-> delta = 750 keV (400 keV with ES)
-> Neutron energy spectrum deconvolution

N
o

-> 1e12 incident neutrons : 2.5% <stat error> — F(n,p)
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