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e
Why 94.95.96Mo?

* Molybdenum is relevant for nuclear astrophysics and nuclear
technology.

« Presently 74757¢Mo(n,y) cross sections are recommended in libraries with
large uncertainties.

Istituto Nazionale di Fisica Nucleare
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* Molybdenum is relevant for nuclear astrophysics and nuclear
technology.
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Nuclear Astrophysics:

Why 94.95.9%6Mo? the s process around Zr-Nb-Mo

P4Rh °5i; 5‘@.» *’Rh 5“nw* 5?Rr 1“i:;1 1“1ax ?“3a~
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Nuclear Astrophysics:

Why 94.93.96Mo? the s process around Zr-Nb-Mo

Current stellar models
cannot explain Mo
isotopic ratios
observed in pre-solar
grains

« AGB stars (during
pulses and
between pulses)

« SiC pre-solar grains

See for instance:
 (Cescutti et al. MNRAS

94.9596Mo(n,y) key uncertainties impacting Mo 478 (2018) 4101
abundances « Liuetal APJ 881
(2019) 28

Nuclear uncertainties could explain discrepancies in Mo

. . . . « Battino et al. MNRAS
isotopic ratios between models & observation

489 (2019)1082

Accurate predictions of Mo isotopic abundance allow to
constrain stellar conditions in the s-process.
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Why 94.95.96Mo? Nuclear technology

 fission products in nuclear reactors

« Related to safety assessments of spent nuclear fuel fransport, storage
and final disposal (*Mo(n,y) reaction cross section related to criticality
safety studies, based on a burnup credit)

 Mo-based dlloys used to produce nuclear fuel for research, naval and
space reactors and nuclear fuel cladding considered in Accident
Tolerant Fuel.

« Mo (T,,, = 4000 yr) present in spent nuclear fuel (radiotoxicity)

« Improve/handling of spent nuclear fuel in reprocessing facilities

European .
Commission ask 2.2: Neutron capture cross sections

»

> Subtask 2.2.1. Capture measurements of fissile isotopes

Combined measurement of the 23°Pu(n,y) and 2*°Pu(n,f) cross sections at GELINA and n_TOF.
HORIZON .
2020 SANDA Subtask 2.2.2. Capture measurement of stable isotopes
INFN
nale di Fisica Nuc

92.94.95Mo(n,y) cross sections at GELINA and n_TOF .

ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA

Istituto Nazios icleare



o
Why 94.95.96Mo?

Scientific relevance, in addition to other constraints (uncertainty, sample
material, ...) led to this proposal, limited to the 3 isotopes.

Capture cross section uncertainties
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Data in the literature

Capture data

1. Weigmann and Schmid. 10 eV - 1 keV (25 keV) @ GELINA (30 m), total
energy detection principle using a Moxon-Rae detector and natural

molybdenum samples.

2. Musgrove et al. 3 - 90 keV @ ORELA (40 m) C,F, liquid scinfillators and
enriched samples.

3. Leinweber et al. 10 eV - 600 eV @ RPI using natural samples and the
capture detection system was a total absorption detector based Nal.

4. ...other data present, poor or absent description.

Transmission data
1. Leinweber et al. 10 eV -2 keV @ RPI using natural samples.

Spin and parity
1. Sheefts et al. @ Los Alamos using DANCE for n+747>Mo.

Istituto Nazios icleare




No capture data on

(] Y . h d I
Data in the literature enriched samples

using C;D,

Capture data o®

1. Weigmann and Schmid. 10 eV - 1 keV (25 keV) @ GELINA (30 m), total
energy detection principle using a Moxon-Rae detector and natural
molybdenum samples.

2. Musgrove et al. 3 - 90 keV @ ORELA (40 m) C,F, liquid scinfillators and
enriched samples.

3. Leinweber et al. 10 eV - 600 eV @ RPI using natural samples and the
capture detection system was a total absorption detector based Nal.

4. ...other data present, poor or absent description.

Transmission data
1. Leinweber et al. 10 eV -2 keV @ RPI using natural samples.

()
‘e
No transmission

data on enriched
samples
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Spin and parity
1. Sheefts et al. @ Los Alamos using DANCE for n+749°Mqg



o
Data in the literature: MACS @ kT = 30 keV
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Data in the literature: MACS @ kT = 30 keV
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Proposed measurements

The measurements are proposed at both EART and EAR2 measuring
stations in order to accurately estimate the neutron capture cross-section
for neutron energies between thermal energy (25.3 meV) and ~ 100 keV.

Isotope Mass Enrichment Areal density

gl K latom /b] Natural Mo
%Mo 2.0 98.90 1.81E-3 sample will
0.1 8.97E-5 be also used
957\ /
Mo 1.9 = 959 1.70E-3 S
0.2 1.74E-4
961\ /
Mo 1.8 > 90.7 1.59E-3

Table 1: Mass and areal density of the three enriched molybdenum samples.
Metdllic discs with a 30 mm diameter.
The Molybdenum enriched samples have been already located.

3
4 ",‘;:,‘
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under similar conditions to

Proposed measurements previous successfully
completed measurements:
Background: _. o et e  Mazzone et al. PLB 804
6x1017 Sop o (2020) 135405
Normalization: § Array of 4 C,D,
3x10" 10° 20x10'” POT@ EAR1

Neutron energy (eV)

Count rate 96Mo

Array of 3 C.Dq
5x10'” POT@ EAR2

1 Lol Ll vl Lol

1072 107" 1 10 102 10°
Neutron energy (eV)

INFN ALMA MATER STUDIORUM
nale di Fisica N

UNIVERSITA DI BOLOGNA
Istituto Nazios cleare




under similar conditions to
Proposed measurements previous successfully

completed measurements:
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under similar conditions to

Proposed measurements previous successfully
completed measurements:
Countrate Salo « Mazzone et al. PLB 804

(2020) 135405

Array of 4 C,Dg
20x10Y7 POT@ EAR1

10°
Neutron energy (eV)

Count rate 94Mo
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Conclusions
NTOF

To improve the status of evaluated data libraries for Mo isotopes and in
parficular to improve the quality of the recommended capture cross
sections, a collaborative effort has been planned as part of the SANDA
project supported within the EU Horizon 2020 framework programme:

« capture measurements at n_TOF
* Transmission measurements GELINA
using isotopically enriched Mo metallic samples.

Requested protons: 8 x 10'® protons on target

Experimental Area: EAR1 and EAR2

Istituto Nazionale di Fisica Nucleare




Conclusions

NTOF

Resonance parameters (RRR & URR)
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Nuclear Astrophysics:

Why 94.95.96Mo? the s process around Zr-Nb-Mo

Element

Ge Se Sr Zr Mo Ru Pd Cd Cd Sn Sn Te Te Xe Xe Ba Ce Nd Sm Sm Gd Dy Yb Lu Re Os Pt Pt Pb

----------------------------------------------------------

= | + AGB stars (during
- = = T pulses and
between pulses)

Abundance, log,,(Y/ Y.

|See for instance:
 (Cescutti et al. MNRAS

70 82 86 96 96 100 104 108 116 115 124 123 130 130 136 136 142 148 150 154 154 160 170 176 187 187 192 198 204

478 (2018) 4101

Monte Carlo reaction rate variation study for all s-process reactions: simultaneously
varied all reaction rates within their current uncertainties and determined

correlations and key reactions for uncertainties in final abundances of nuclides both
for the s-process in the 13C-pocket and in the thermal pulse of an AGB star.

94,95,96( n,’Y)

3596Mo(n,y) appear as strong key reactions in all of the investigated models of s- .
processing in the 13C-pocket of massive AGB stars. .‘1"\ appearin

all models
94,96Mo(n,y) appears as strong key reaction also in the thermal pulse processing of
the AGB star

et MATER STUDIORUM
UNIVERSITA DI BOLOGNA



Nuclear Astrophysics:

Why 94.95.96Mo? the s process around Zr-Nb-Mo

Isotopic abundance ratios measured for several trace elements discovered in presolar SiC
grains recovered from primitive meteorites represent stringent tests for s-process models

0 0 .
&£ -200 3 3 . .
5 5 200 = « SiC pre-solar grains
82 -400 = = 200
2 600 = 00 2 Wi
b1 by Bree i % -400 e T

-800 - 21 -60013 sl

1000 0o " '60?030 500 600 <400 200 (i)
. ~1000 -800 - 3

100 o _— K 8(*Mo/*Mo) (%o)
0 ~ : .
z £ 200} I , See for instance:
= 100 s L o CHiLIdata v Y m 'Z (this study)
2 & 4001 )%5.4 4 |updated 2 MZ PRUITY Tofir modal (KADONiS v0.3)
83 -200 mg “'k« Trippella pocket(ﬁ.Ox1O’3 M, ) in Original case
= o | o i —o— Zy == 0722,
85 -300 c_ -600 {ﬁﬁ%ﬂ Trippella pocketo(s.3x10’3 Mg ) in D3 case

© " KADONiS v0.3~—0,72 Z¢, .
-400 -800 Tz: ~ | ==linear fit to all the grains ° Llu et al_ APJ 881
S *I 1 1 1 1
2000 800 600 400 200 0 ~109%00 800 -600 <400 200 0O (201 9) 28
5(°*Mo/**Mo) (%o) 8(*"Mo/**Mo) (%) « Battino et al. MNRAS

Pre-solar SiC grains with different metallicity have 489 (2019)1082
indistinguishable Mo 1sotopic composition. o
Mo constrains the maximum stellar temperatures %Mo is the reference,

during thermal pulses in AGB stars. 95/96 ratio inconsistent
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Energy regions: contribution to the MACS.
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Measurements: counting statistics.

Statistical uncertainty 94Mo Statistical uncertainty 96Mo
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Protons

n + ?*Mo 20 x 10t/ 5x 10%/
n +2>Mo 10 x 10/ 3 x 10V
n + 2°Mo 18 x 101/ 5x 10%/
Normalization 3 x 10/ 1 x 101/
Background 9 x 101/ 6 x 101/
TOTAL 60 x 101/ 20 x 10%/

Istituto Nazios icleare
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C,.Fs
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Oigm Evaluated Nuclear Data File (ENQF) Retrieval & Plotting ALMA MATER STUDIORUM
New: ENDF/B-VIL.1 library. UNIVERSITA DI BOLOGNA
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(n.y) / (n.n)
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Gigﬁﬁﬂ Evaluated Nuclear Data File (ENpF) Retrieval & Plotting ALMA MATER STUDIORUM
New: ENDF/B-VIL.1 library. UNIVERSITA DI BOLOGNA
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(n,y) Kapchigashev data Vs Musgrove data

n+>*Mo

Cross Section (barns)
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42-MO-95(N,G)42-MO-96
EXFOR Request: 342138, 2020-Oct-29 13:40:53

31 I I I 5| I LI I I I I 50 I I |1 |02
N 1964 Kapchigashev -
[ 1976 De -
2 g
1 ]
] 1 1 1 1 1 11 1 I 1 1 1 1 11 1 1
1 5 10 102

Incident Energy (keV)

Koehler unpublished data: MACS ~ 350 mb
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(n,y) data at E,, = 0.0253 eV
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Uncertainties in a capture experiment

Table 3. Summary of the correlated uncertainties in the ***Gd(n,~) and '*"Gd(n,y) cross section measurements.

Source of 155Gd(n, ) 157Gd(n, )
uncertainty near thermal resonance region near thermal resonance region
Normalization 1.2% 1.2% 1.2% 1.2%
PHWT 1.5% 1.5% 1.5% 1.5%
Background 1.4% ~ 1% 1.0% ~ 1%

BIF 1.5% 1.5%

Flux 1.0% 1.0% 1.0% 1.0%
Sample mass 1.0% < 0.2% 2.1% < 0.2%
Temperature 1% 1%

Total 3.2% 2.6% 3.5% 2.6%
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Natural molybdenum sample
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Cross section: uncertainties.
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Capture cross section uncertainties - ENDF/B-VIII.0 data set

40

w
o
T

N
o
T

uncertainty [%]

10 |

Mo-92
Mo-94
Mo-96
Mo-97

Jan

0 L

|

0.001

Istituto Nazionale di Fisica Nucleare

0.01

0.1

10

neutron energy [eV]

100

1000

10000 100000 1e+06

ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA



backup

Cross section: uncertainties.

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