Neutron capture and total cross
measurements on 2493>9Mo at n_ TOF and

GELINA
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Importance of molybdenum

 Fission product in nuclear power plants;

* Nucleosynthesis of heavy elements: pollution in

presolar SiC grains;
- Transport casks, irradiated fuel storage;

- Research reactors and Accident Tolerant Fuels.
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Presolar grain composition
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SANDA project

SANDA WP2:

f{ﬁk 2.2: Neutron capture cross sections N

Subtask 2.2.1. Capture measurements of fissile isotopes
Combined measurement of the 2*°Pu(n,y) and 2**Pu(n,f) cross sections at GELINA and n_ TOF.

Subtask 2.2.2. Capture measurement of stable isotopes
\ 92.94.95Mo(n,y) cross sections at GELINA and n_TOF .

/




Objective of experiments

Improve capture cross Submit results to
section accuracy for EXFOR to improve
neutron energies from nuclear data libraires
thermal (10 meV) to (ENDF, JEFF, JENDL

hundreds keV ecc.)




Experimental campaigns

Transmission measurement Radiative capture measurement

- Carried out at GELINA - Carried out at GELINA and n_TOF
- Total cross section measurement * Neutron capture cross section

* Natural and enriched samples - Both experimental areas of n_TOF
-« 10m and 50m flight path - 10m station of GELINA
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Facilities and technique
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GELINA

- Located at JRC-Geel . FLIGHT PATHS

NORD

« Multi-user time-of-flight facility

- Electron beam produced by LINAC
(E = 140 MeV)

« Rotating uranium target

NEUTRON

- Production of neutrons via (y,n) or (y,f) & ‘ B TARGET

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

- Water moderators FLIGHT PATHS
SOUTH
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- Located at CERN

- Neutron beam produced using PS
proton on lead target

‘ 20 GeVic
Experimental\ s ~ — ‘ \ Proton beam

A  Production of neutrons via spallation
rea

;\ TT2
/ - Pulsed neutron source
E =7
o ~. 2 | / (10 meV < E <1 GeV)
ostctor . ‘ —~ - Three experimental areas (EAR1,
Neutron source '/ EAR2 and NEAR)

~€— Neutron-Beam =
10° production angle

i
[ El <— Neutron-Beam

LINAC
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Time-of-flight technique

t = (T; — to) = (&, — L/0)
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Experimental measurements

Transmission Radiative capture (capture yield)

Percentage of neutrons that traverses a Percentage of neutrons that undergoes

samples without interacting with it capture reaction in the sample
- Related to total cross section: - Related to capture cross section via:
o (KB (O oo v C,(t)—B (t) - a T) o ~N0y
in in _ Pne °t _ -noygo exp — - —N0to
P i O B0 = o ¢ o0~ B, (©) ¢ et
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Resonance Shape Analysis
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- Determination of the resonance
parameter E,, I, T

«  Simultaneous fit of transmission and
capture data

«  Fit performed using R-Matrix formalism

Parametrization of cross section using
resonance parameters
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Resonance parameters evaluation
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Cross section uncertainties in ENDF/B-VIII

Capture cross section uncertainties - ENDF/B-VIII.0 data set Capture cross section uncertainties - ENDF/B-VIII.0 data set
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Improved RP for °42>96natMg

1) Study transmission and capture data for Mo reported in the literature:
» compilation of resonance parameters based on these data

2) Transmission cross section measurements using "@tMo samples at 50m GELINA:
» adjust the compiled resonance parameter file by RSA with REFIT

3) Experiments with enriched °4.°5.°6Mo samples:
» Transmission and capture measurements at GELINA

» Capture measurements at n_TOF

» Final resonance parameter file by a simultaneous analysis of GELINA and n_TOF
data
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Mo literature study

Transmission Capture

Wang natMo POHANG (<200 eV) Weigmann natMo GELINA (<25 keV)
Pevzner 92,94,95,96,97,98,100M0o DUBNA (<10 keV) Weigmann  9294959637,9810Mo  GELINA (<5 keV)
Wynchank ™Mo Columbia Univ. (<5 keV) Musgrove 92,94,95,96,97,98100M o ORELA (>3keV)
Shwe 9>97Mo, "*Mo Argonne (<1.5 keV) Wasson Mo ORELA (<30 keV)
Chrien %Mo ORELA (<50 keV)

Babich %Mo 90m chopper (<2.5 keV)

Leinweber "Mo RPI (<2 keV)

Wasson 2Mo ORELA (<30 keV)

Weigmann 199Mo ORELA (<4keV)
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Mo literature comparison
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RP compilation from literature

1) Define consistent energy scale:
Weigmann et al. (capture experiments at GELINA)

2) Select gr,, reference:
E < 2keV: Leinweber
E > 2keV: Whynchank

Ir,r
3) Select g% reference:

Weigmann
Musgrove for odd isotopes and E>3keV

» Compilation of RP file from literature data

» NatMo transmission measurements at GELINA to validate and improve RP file
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1 | I | T
- RP file verified by transmission data
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™A : | : ' ' | ' '
0.8
ol Z%ﬁ‘vb’fﬁr - RP file improved by an adjustment
S . S Juste - - -
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Dissemination of results

- Results of resonance parameters compilation submitted for publication
« EXFOR submission under preparation

- Collaboration with additional experiment performed in another facility

Evaluated data file will be proposed for new version of JEFF!

21 RICCARDO MUCCIOLA - ENEA 13/5/2022




Enriched samples campaign
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Mo powder @ n_TOF

- Metallic powder in metallic capsules;

« Capsule fixed to mylar disk using
Kapton foil;

- 2g of powder available for each
iIsotope;

- Capture measurements performed at
n_TOF in October 2021.

13/5/2022
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Energy spectra
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Energy spectra

Energy
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Enriched pellets preparation

Pressed pellets prepared using
enriched powder

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

Additional "@®Mo samples prepared

using powder with different grain sizes

Samples used in EAR1 campaign at

n_TOF

RICCARDO MUCCIOLA - ENEA

Samples prepared
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Mo samples

Atomic % |2Mo %Mo ___[°Mo ___|®°Mo___|’Mo___|®Mo __|i%°Mo _

T 063% 9897%  0,36%  0,01%  0,01%  001%  0,01%
m 0,31% 0,69% 95,40% 2,24% 0,51% 0,65% 0,20%
T 028% 024%  1,01%  9590%  1.00%  132%  0,25%

Mass (g) Areal density (atoms/b)

**Mo 1,9526 3,9592E-03
>Mo 1,9745 3,9558E-03
°Mo 1,9175 3,8064E-03
natMo-5 pum 2,014 4,0059E-03
natM0-350 pm 1,989 3,9584E-03

27 RICCARDO MUCCIOLA - ENEA 13/5/2022




Transmission with enriched Mo

¥

1 il LA ]"‘”l'".”' L0 R

08—

<
o)

Transmig Jion

o
.
|
|

02— —— 94Mo|
— O5Mo
- -~ 96Mo| -
0 | | | 1 | | 1 I 1 | 1 | 1 1 | | 1
100 1000

Neutron energy / eV

28 RICCARDO MUCCIOLA - ENEA 13/5/2022




29

Transmission with enriched Mo

! ' ) | ' |
Preliminary results of transmission .%rfl.rﬁwa;- i R
@10m for enriched pellets; ol T
N

Resonance parameters from new ] “l.\
compilation; g00r
Deviation on °>Mo content from £l
declared abundance; ]
Abundance of biggest contaminants 02k
fitted with REFIT. -

040 I 4|2 | ‘ - 46 48 50
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Transmission with enriched Mo

[Nominal _|2Mo %Mo __[*Mo___|®*Mo___|’Mo___|®Mo __|i%°Mo _

I 063% 9897%  0,36%  0,01%  0,01%  001%  0,01%
Y 031%  069% 9540%  2,24%  0,51%  0,65%  0,20%
T 028% 024%  101% 9590%  1.00%  132%  0,25%

3

Fitted  |2Mo %Mo ___[°Mo___|®°Mo___|’Mo___|%Mo __|i%°Mo _

T 063% 97,61% 0,35%  0,01%  0,01%  0,01%  0,01%
T 031%  069% 84,10%  2.24%  0,51%  0.65%  0,20%
T 028%  024% 1,25% 94,50%  1,08% 1,00%  0,25%
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EAR1 samples
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EAR1 measurements

Energy
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What is done:

- Compilation and validation of nhew resonance parameters file for
all molybdenum isotopes

* Preparation of article describing the reccomended resonance
parameters

- Capture measurements at n_TOF (EAR2) and transmission
measurements at GELINA using enriched samples

Summary

and What is left to do:

outlook  Full analysis of capture and tramsission data of enriched
samples

- Additional capture measurements at n_TOF (EAR1) and GELINA

* Preparation of results for EXFOR submission
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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).



Backup
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Capture cross section ENDF/B-VIII
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Thermal cross section: —— 94Mo
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Libraries sources
Isotope |JENDL-3.3  [JENDL-4 _ |ENDF-B/VIII _ |JEFF-3.3

°2Mo Wasson, Welgmann Wasson, Weigmann, Mughabghab JENDL-4
Musgrove Musgrove
24Mo Weigmann, Musgrove Weigmann, Musgrove, JENDL-3.3 JENDL-4
Wang
2>Mo Weigmann, Shwe Weigmann, Shwe, Wang Mughabghab Mughabghab
°6Mo Weigmann, Musgrove Weigmann, Musgrove, JENDL-3.3 JENDL-4
Wang
°’Mo Weigmann, Shwe Weigmann, Shwe, Wang JENDL-3.3 JENDL-4
28Mo Weigmann, Weigmann, Musgrove, JENDL-3.3 JENDL-4
Musgrove, Chrien Chrien, Babich, Wang
100Mo Weigmann, Weigmann, Musgrove, JENDL-3.3 JENDL-4

Musgrove, Weigmann Weigmann, Wang
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Backup - "*Mo abundances

°2Mo 14.84%
%4Mo 9.25%
°>Mo 15.92%
°6Mo 16.68%
°’Mo 9.55%
°8Mo 24.13%
100Mo 9.63%
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Detection system

- Li glass scintillators
« Enriched to 95% in SLi

* Placed inside metallic “castle” to
reduce background

- Amplitude and time signals

- Time resolution 4,21 ns

Scintillator
Castle
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Neutron flux monitor

Neutron flux
continuosly monitored

SiMON (Silicon
MONitor) in beam

Silicon detector facing
mylar foil coated in
litium

Minimal reduction of
neutron flux
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Normalization

* Au sample

0.7
06 ; LI » Black resonance at 4.9 eV
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Capture detectors

* Five gamma detectors
« 4 C6D6 liquid scintillators

* 1 sTED prototype

- Low sensitivity to scattered
neutrons

Carbon fiber cell

Expansion tube
 Fast recovery from gamma \
flash

Carbon fiber
tube housing
2"PMT \

\

\ Safety quartz window (3 mm thick)

\

\
Inner cell part
Carbon fiber layer.
internally coated with a gelcoat
of resin loaded with Titanium dioxide
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Backup - EAR2 samples

24Mo 1737,5 mg 3,47E-3
>Mo 929,2 mg 1,86E-3
26Mo 1611 mg 3,22E-3
natMo pellet 2003,3 mg 4,00E-3

natMo powder 985,7 mg 1,97E-3
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Time of flight spectra
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Backup — EAR2 Measurements
Sample  ___________ Protans

%4Mo (thick) 4,9E17 (2,8E17)
°>Mo 3,7E17
°6Mo 4,2E17
natMo 2,1E17
Au 7,3E15
Dummy 1,1E17
Empty 1,1E17
Pb 4,3E16
Filters (Ag, Bi, Cd) 7,3E16

TOTAL 1,84E18
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