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Importance ot molybdenum

* Fission product in nuclear power plants;

* Transport casks, irradiated fuel storage;

* Research reactors and Accident Tolerant Fuels;
» Structural material in fusion reactors;

* Stellar nucleosynthesis;

* Production of 7Tc.
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Presolar grain composition
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Stellar nucleosynthesis S

Number of protons
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* Four main nucleosynthesis processes for elements &
heavier than iron: s-process, r-process, i-process, m}on,z

and p-process;

Number of neutrons

* Some isotopes can be synthetized only by one

waRUso | 2RUs: aRuss «Russ | "%Rus.  '%Rus,
0 d 5/2+ 0 S P 0 2

process (e.g., Mo by s-process);

* Possible to set constraints on intensity of the

T390
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pProcesses.

s-process path

wlls | wdrs

around molybdenum
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Cross section uncertainties in ENDF/B-VIII
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Capture cross section uncertainties - ENDF/B-VIII.0 data set

Capture cross section uncertainties - ENDF/B-VIII.0 data set
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Objective of experiments

Improve capture cross
section accuracy for
neutron energies from
thermal (10 meV) to

hundreds keV

Submit results to
EXFOR to improve
nuclear data libraires
(ENDF, JEFF, JENDL

ecc.)



Facilities and techniques




GELINA

* Located at JRC-Geel o FLIGHT PATHS

e

* Multi-user time-of-flight facility

ELECTRON
* Electron beam produced by LINAC —
(E =140 MeV) ‘
* Rotating uranium target
* Production of neutrons via (y,n) or (y,f) g~ ‘q_ ri"I:IJE&URngTN

* Pulsed neutron source
(10 meV < E < 20 MeV)

* Water moderators PR A

SOUTH
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o * Located at CERN;

” * Neutron beam produced using PS
(0) . G .
S \%@ 10 oroton on lead target;

“Ek\ ‘s, * Production of neutrons via spallation;
(’ M3 2%

o\ "’\f‘\\ S . * Pulsed neutron source
(> Nisr f“\,;\\“ (10 meV < E<1GeV)
N ““ 20 GeVic .

Experimental S~ R, Proton beam * Three experimental areas (EAR1, EAR2

Area S Q TT2 and NEAR)

| <
| ‘/ ~-— Neutron-Beam )
[ Q3 o R ,7/\\ TN\t —  aurm ' EAR-2
Detector Sy : EAR-1|

Proton Beam
20 GeVic
7 x10'2 ppp

7 Collimators

Sweeping
magnets

e Neutron-Beam

10° production angle

Spallation
target
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ime-of-flight technique

— Flight path
t = (Ts — to) — (ty_L/C)

— Time-of-flight
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Experimental measurements

Transmission Radiative capture (capture yield)
Percentage of neutrons that traverses a samples Percentage of neutrons that undergoes capture
without interacting with it reaction in the sample
* Related to total cross section: * Related to capture cross section via:
o (S S - C (t) — (t) _a-7 g~ N0y
T =N in in _ Pne — e—nawt exp — (p o e—"0to
Cout(t)—KBoye(t) Pn Co () = By (1) o
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Resonance Shape Analysis
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C. Massimi et al., Phys. Rev. C 85, 044615 (2012)
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«  Determination of the resonance
parameter Ey, [, I}

Simultaneous fit of transmission and
capture data

«  Fit performed using theoretical
parametrization

Parametrization of cross section using
resonance parameters
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Experimental campaigns

Transmission measurements

» Carried out at GELINA
* Total cross section measurement

* Natural and enriched samples

* 10 m and 50 m flight path

(pn C:out
l Cin

(p e —MNOtot

:
}\ﬁ"“
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Radiative capture measurements

» Carried outatn_TOF
* Neutron capture cross section

* Both experimental areas of n_TOF
(EAR1T and EAR?2)
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Experimental campaings
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Enriched pellets preparation

To avoid the background coming from
aluminum capsule three pressed pellets were
prepared using enriched powder:

* Pellets prepared at JRC-Geel;
* Self sustaining pellets of ~ 2g;

» Additional ™Mo samples prepared using
powder with different grain sizes;
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Mo pellet samples

_Atomic% | %Mo | %Mo | %Mo | %Mo | Mo | %Mo | %Mo
 aMo 0,63%  98,97%  0,36% 0,01% 0,01% 0,01%  0,01%
B 031%  069%  9540%  2,24% 051%  0,65%  0.20%
I o028%  024% 101%  9590% 1,00% 132%  0,25%

Mass (g) Areal density (atoms/b)

“Mo 1,9526 3,9592E-03
P5Mo 1,9745 3,9558E-03
Mo 1,9175 3,8064E-03
"atMo-5 pm 2,014 4,0059E-03
"tMo-350 pm 1,989 3,9584E-03
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Experimental measurements

EAR2_2021 EAR1_2022 EAR2_2022

1.7 1018 protons 6.0 10'8 protons 1.7 1018 protons

3B6D6, 1 L6D6, 1 STED 4 C6D6 8 STED, 2 L6D6, 1 DSTI
Powder sample in aluminum Pressed pellets in plastic bags Pressed pellets in plastic bags
canning

+ additional transmission measurement with enriched pellets at

10m station of GELINA
+transmission measurements with natural samples at 50m

station of GELINA
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Preliminary resonance parameters “*Mo  [Jexoiiary dosent

reproduce the data accurately

/]

0.14 %Mo
—— SAMMY Fit
* Resonance parameters have been o2 s
adjusted in all the resolved resonance .
. >, 0.08
region (<21 keV);
%0.06
* Extended resolved resonance region up ot
to 75 keV: o
0.00 *

* Example of fit showed here compared to
the calculation performed with JENDLS
parameters;

Transmission

» Good agreement between transmission
and capture data with enriched samples.

o
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Preliminary resonance parameters Mo

JENDL library doesn't
reproduce the data accurately
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Preliminary resonance parameters “*Mo

107 e e e | B
| |Morethan 100 new |
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94Mo Capture
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in literature. 105
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7*Mo preliminary resonance parameters

---—m-
2\ Unc E meV Unc_Cap idth  n (meV)Uncer n

-1.5

0.5

_
U1 U

-1.5
0.5
-1.5

21

1 108.7365 2.29E-03
1 1051.963 1.48E-02

0 1542.773 1.16E-02

1 1657.322 2.08E-02
1 217549 1.01E-02

1 9576.481 0.109357
0 9689.416 0.184379
1 9797.066 0.132802

158.837
237.578

124.952

169.781
159.592

122.857
98.0503
95.4524
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4.69049
25.6533

0.568967

30.3225
1.06928

2.46143
2.4007/8
/.68889

0.180556
2.35311

1673.86

4.65519
340.652

673.324
2383.27
230.418

1.22E-03
3.02E-02

8.59281

6.62E-02
4.81211

68.231
162.983
44.3515
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Kernel ratio with literature Mo

2.007 j T T T T :
| I I::zmz,sgg,:’::n * The preliminary kernels

| | | o . obtained with SAMMY were
150 compared to the ones in

| | | | | | | | literature (Weigmann and

jx% Musgrove capture

=z measurements);

1.751

1.254

‘  Main measurements used in
" | libraries;

'"""""""E%?f:f:ijji‘“"""""" T

R — —

0.50 |

Kernel ratio
(=] (=]
~J (@]
w (=]
—_—
— e
[
—
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- ]
—_—
—_——
f—

BEEEEERE  Systematic deviation of around
T 20% observed

0.00 4

0o ' ‘ ' 5000 ‘ 10000 ' ' 15000 ' ' 20000
Energy (eV)
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Some deviation from libraries.

Exper|menta‘ SpeCtra Of 95/96MO Good agreement between

capture and transmission data!

T T
0.141 95Mo %Mo
—— SAMMY 0.4 —— SAMMY |
0.121 —— JENDL5 —— JENDL5
{  This work t  This work
0.101 03
T | T
2.0.08 2
e o
=}
3 0.061 3 0.2
§ S
0.04 1
| 0.1 {
0.02]
0.00 --LJLM = 0.0k l | . A n , “
. : : : 1.0
0.8
§0.6; § 0.6
a 2
5 £
S c
= 0.4 204
0.21 02
0.0 . } . . | 0.0
1300 1400 1500 1600 1700 1800 1900 2000 : 100 500 300 200 500 500 700

Energy (eV) Energy (eV)
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Preliminary MACS of “*Mo

! ! I ! !
. —— New MACS )
g — KADONIS 1.0 MACS

___________________________________________

| o * Preliminary values of the

T Maxwellian Averaged Cross
AN A (O T Section (MACS) have been

\{ A\ ED evaluated for %Mo,

— | * Thenewvalues of the MACS
i show a reduction between 10%

] and 3o

=
o
N

MACS(mb)

______________________________________________________________________________________________________________________________________________

Energy (keV)
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Conclusions

» Transmission and capture measurements were performed using highly isotopically enriched
samples in 747>7*Mo,

» Capture measurements performed at n_TOF shows good energy resolution up to tens of
keV, with the possibility of extending the resolved resonance region,

» Preliminary results of resonance parameters for Mo shows some deviations with respect to
data libraries (e.g. JENDL) but a general agreement with literature data,

» Preliminary resonance parameters on “*Mo shows a reduction in the resonance kernels with
respect to measurements in literature is observed,

» Preliminary MACS of Mo shows a reduction with respect to KADoNIS 1.0.
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Thank you for your attention!

This project has received funding from the Euratom research and training programme 2014-2018 under grant
agreement No 847594 (ARIEL).
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Backup
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Capture cross section ENDF/B-VIII

[ — i ——— — — — —— —— — — —

Thermal cross section:
“Mo ~ 350mb
Mo ~ 13b
Mo ~ 620mb

L] I L L] Ll ] L] Ll L L L] L
E-5 E4 E3 E2 E-1 E+0 E+1 E+2 E+3 E+4 E+5 E+6 E+7
Incident Energy (eV)
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Transmission with enriched Mo

24Mo transmission

0.8
'g 0.6 —
£ | |
§
0.4 -
- — 94Mo .
02+ —  JENDL 3 |
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0 | | . | .
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0.8

Transmission
o
o)

o
~

0.2

Transmission at 10 m

station of GELINA

95Mo transmission

Jubinnari

TRV

) My 'wﬂ‘q‘-!l;*u-%w ‘-]ﬁ!"TV‘T“Li AL

i
my

N V
\l' —

SMo
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—— This work |

1550

1600 1650
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Transmission with enriched samples confirm RP file!

N_TOF COLLABORATION MEETING - CERN

25/05/2023




Transmission

YYyYYYY

nut

gan e —NOtot
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Percentage of neutrons that traverses a sample
without interacting with it

—MNOtot

Cin (t)

Cout (t) -

o KBin(t) -
KByt ()

Pn€
Pn

—NOtot

T =N

— €

* Sample-in and sample-out measurement divided
in many short cycles

* Estimation of background using black resonance
filters (see later)

* N normalization factor (1,0000 + 0,0025)

* K correlated uncertainty component (1,00 = 0,04)
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ransMmission measurements

Texp = i oc @ " Ctot
C
out
Neutron
target Moderators

\T// ;

ol

4) Homogeneous sample:
- no spatial distribution
- no holes

1) All detected neutrons passed through the sample
2) Neutrons scattered in the sample do not reach detector
3) Sample perpendicular to parallel neutron beam

=  Good transmission geometry (collimation)

Sample changers

T TN

p D

'

P
=

i

7.7m

| BE

Li glass Detector

-

32

10.9m
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Li
Cu
B,C
Pb
Ni




Detection system

* Li glass scintillators
* Enriched to 95% in °Li

* Placed inside metallic “castle” to
reduce background

* Amplitude and time signals

* Time resolution 4,21 ns

Scintillator

Castle




Background

B(t) = by + bie Mt 4 bye %2t 4 pye~A3(t+70)

: : 0.0001 = E
* by time independent background : e — B
eosk — B® — B,®
— . e — B -~ B
b;e M1t neutron capture in hydrogen of : ‘ Y
05 . Co
moderator “F /
1t o g le—07;
*  bye "2 neutrons scattered inside the :
. 1e-08 &
detector station :
16—09;
«  bge *3(t+%0) neytron from previous cycle F
1 | 1 11 II| | | 1 1 1 III| 1 1 1 Il 1111
(7 = 1/f) te-1o00 10000 1e+05 1e+06
0 — Time-of-flight / ns
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Neutron flux monitor

Neutron flux
continuously monitored;

SiIMON (Silicon
MONitor) in beam;

* Silicon detectors facing
mylar foil coated in
lithium:;

« Minimal reduction of
neutron flux.
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—
o
)]

n

—
o
B

Neutrons/In(E )/7e12 protons

Flux 2014
Flux 2019
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|.|,|] ||||||.|.|] ||||||.|.|] MR

10 10°> 10°

10* 10° 10° 107
Neutron energy (eV)
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Radiative capture

Experimental observable is capture yield

* Percentage of neutrons that undergoes capture reaction
in the sample

* Related to capture cross section via:

Pn GO = B,® e "%

Yexp:NC(t) B(t)9” =3d-=-D

e NOtot

* Normalization factor energy and nuclide independent,
obtained with Au measurement

* Background obtained with additional measurement
(empty, lead)
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Capture detectors

C6D6 detectors

* Low sensitivity to scattered

neutrons;
* Fast recovery from gamma Caition foer ool
0 |
ﬂ as h / \ Expansion tube
\
* Small gamma detection | -~
efficiency. \ ZPMT |

\

\Safety quartz window (3 mm thick)

Inner cell part

Carbon fiber layer.

internally coated with a gelcoat

of resin loaded with Titanium dioxide

RICCARDO MUCCIOLA - INFN24
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Background

B(t) = ag + a,;Cop + ayR,(Cpp — Cpp)

. Neutron energy (eV)
Measurements with open beam, Pb 1.8 10° 180. 1.8 0.018

10!
samples and beam off =10
O 42
. 102
* ay time independent background 5|
: " 107
* a;Cop sample independent, open beam 2
measurement 21074
=
O L
* ayR,,(Cpp — Cop) neutrons scattered by the o1o )
sample, obtained from Pb measurement Q. e[ CmPlysample
S — Ry("'Pb-empty)
O .57l — Beam-off
10
g II L L 1 1
5 8
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Normalization

» For a capture resonance with I3, » I}, the
capture cross section is approximately

—TlO'y

0.7

~

0.6 equal to the total cross section

e Notot
0.5 * A saturated resonance (nos,; > 1)

absorbs all the impinging neutrons T= 0
0.4

* When both conditions are met the

0.3 capture yield is equal to 1

Experimental capture yield

III|IIII|IIII|IIII|IIII|IIII|IIII|T

by sl i i ahia foea s 4 Extract normalization factor from 197Au
4 b e Rt e e b saturated resonance
3 35 F a5 5 55 B 55 7
Neutron energy (eV)
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Capture yield

10° -
— Flux I
€ 107k e i
2 eXp Co(t) = By(t) ? £ 10°
-] -]
8 10" . 8
f —— 10"
100- 1 n_nnnnnn _n_nnnnnn nnnhar 100 E—— Yield A 1 n_nnnnndl i nnnnd
10° 10° 10° 10° : 10° 10° 10° 10°
TOF / ns 10" £ TOF / ns
- i
> 10°f
10°
110 3] ER— §
10° 10° 10° 10°

TOF / ns
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RP compilation from literature

1) Define consistent energy scale: All isotopes

up to 25 keV

Weigmann et al. (1971) (capture experiments at GELINA)

2) Select gIi, reference:
E < 2keV: Leinweber et al. (2010)
E > 2keV: Whynchank et al (1968)

Consistent parameters

3) Select 9Ly reference:
r

Weigmann et al. (1971)
Musgrove et al. (1976) for odd isotopes and E>3keV

» Compilation of RP file from literature data

» Mo transmission measurements at GELINA to validate and improve RP file
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Validation of

compiled RP file

0.8

Transmission
o
o

<
~

--- JENDL4 |

02— \J/!
\ --- JENDL3
— RP file
| | | L | ! | ! | !
0 1510 1520 1530 1540 1550 1560
Neutron energy (eV)
1 I I | |
/

0.8 —
.E’ 0.6 — —
g
=041 —

— 2mm "™Mo
--- JENDL4 1
02f- --- JENDL3 -
S RP file |
0 | | ! | ! | I
2000 2020 2040 2060 2080 2100

Neutron energy (eV)
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* RP file verified by transmission data
(50 m) of 2mm and 5mm thick
natMo samples

* Missing resonances in libraries
reported in literature data

* Literature parameters more
consistent with transmission data

New RP file improve data description.

I I T I I
] — —]
NN A — B
AN
0.8 -
(=1
206
E
g
=
04— _2mm natMO =
- --- JENDLA4
02t --- JENDL3 -
S RP file
0 . | . | . | . |
4820 4840 4860 4880

Neutron energy (eV)
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Pulse Height Weighting Technique (PHWT)

Use lcl)gdetegtors with Capture efficiency Efficiency almost
S?];a_ etection | — proportional to — independent of neutron
te ICIency proportiona cascade energy
O y-ray energy

energy at low energies

Use of Weighting Function (WF) calculated with
Monte Carlo simulations to make efficiency
proportional to y-ray energy

26/02/2024
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Experimental conditions @ EAR

DETECTION SETUP SAMPLES

Samples:

~ * Pressed pellets in thin

/ Setun:
| - 4 CoDe,
| * 8 cm from sample. 3 ~ plastic bags,

| L » Samples mounted in

sample exchanger.

44 N_TOF COLLABORATION MEETING - CERN 25/05/2023




RICCARDO MUCCIOLA - INFN24

| |
Mo94 .
—— NEW MACS
—— Kadonis 0.3 |
\ — Kadonis 1.0 New MACS for all Mo
\\ Isotopes using parameters
2 5 .
R — from this thesis
10 20 30 40 50 60 70 80 90 100
Energy (keV)
U pd ated | | i i i
Mo95 . Mo96 .
MACS —— NEW MACS —— NEW MACS |
- —— Kadonis 0.3 | —— Kadonis 0.3 |
N —— Kadonis 1.0 | —— Kadonis 1.0 |
\
ANAN \
_ N _
£ N \\\ E \
§ \\\\ § \
i e~ 10? \\
\_\\ —
—] “ﬂ_,_ — |
102
10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
Energy (keV) Energy (keV)
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