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MOTIVATION

LAr is currently used as a
detector material for several
low energy and rare event
searches which  neutrons
might interfere with and its’
cross section is poorly known.

OBJECTIVES

Identifying the best describing
theorical models for the
experimental data and the
energy ranges that show the
largest discrepancies between
data and theorical models and
that require further studies.



CROSS SECTION, o

Measure of the probability that a specific process will take
place when some kind of radiant excitation intersects a
localized phenomenon.



ELASTIC CROSS SECTION, o7

Probability of a scattering process occurring when two particles
elastically collide only changing its directions, where the kinetic
energy and momenta are conserved.

NON-ELASTIC CROSS SECTION, oy«

= Total Cross-Section — Elastic Cross-Section

Probability of a scattering process occurring when two particles
collide changing the target nucleous, and creating new particles,
easily detectable.




MEAN FREE PATH
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Particles’ Path before an interaction.
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It was recently verified that the neutron’s 3
free path is approximately 10 times bigger 10k !
that it was known before, due to the B
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Neutron-Argon total cross section as a funcion of energy



MArEx at CERN

Experimental Setup

CARBON

~ Neutron beam ARGON NEUTRON AND
target GAMMA DETECTORS

From few eV to
hundreds of keV

conteiner
36 -54cm




Carbon and Argon
Natural Abundances

Argon 40

99,6%
18 protons
22 neutrons

Carbon 12

98,89%
6 protons
6 neutrons

Argon 36

0,336%
18 protons
18 neutrons

Carbon 13

1,11%
6 protons
7 neutrons

Argon 38

0,063%
18 protons
20 neutrons
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1.
Argon (target)




Cross-section (b)
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Total 40Ar Cross Section

Incident neutron data I/ Ard0 [/
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Elastic 40Ar Cross Section
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Cross-section (b)

Non-Elastic 40Ar Cross Section

Incident neutron data // Ar40 1/
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Not zero: there is nuclear
reactions and production
of new particles (higher
energies)

At lower energies there is
neutron capture (low
kinetic energy)
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DETECTED NUCLEAR REACTIONS

ENERGY

EMISSION

[10; 100] MeV

n+Ar-40 > a+ S-37

[0.01;0.1] eV /
[1; 10] MeV

n+Ar-40 >y + Ar-41 (n-
capture)

[8; 20] MeV

n+ Ar-40 - p + Cl-40

[0.01; 0.05] MeV

n + Ar-40 - X(2n+p) + Cl-38
n+ Ar-40 - X(n+p) + Cl-39

TERMAL NEUTRONS:  Specific
energy state of neutrons are
characterized by their kinetic
energy, which is roughly equivalent
to the thermal energy of their
surrounding environment, typically
at room temperature and are more
likely to interact with atomic nuclei
due to their lower kinetic energy.



Cross-section (b)

Total, Elastic and Non-Elastic 40Ar Cross Section
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2.
Carbon (conteiner)




Total 12C and 13C Cross Section

Incident neutron data/ TENDL-2019 /I MT=1 : (n,total) | Cross section
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Cross-section (b)

Total 12C Cross Section

Incident neutron data// C12//

100+

0,5

Theoretical models are very similar
and agree very well with experimental
data over the energy range, with the
exception of energies below 10 meV
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Cross-section (b)

Total, Elastic and Non-Elastic 12C Cross Section

Incident neutron data// C12 /I Cross section
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Total 40Ar Cross Section vs 12C Cross Section

Comparisson

Neutron-Argon and Neutron-
Carbon Cross Sections

between Incident neutron data /| ENDFIB-VIIL.O [ I MT=1 : (n,total)  Cross section

[0.01 eV; 100 keV]

C-12

\

Cross-section (b)

0,005

0,001 4

SE-4-

In the energy range investigated by the MArEx
experiment, the cross sections for Carbon and
Argon are quite different.

To study Argon alone, the measurement will be
performed with and without Argon in the container.
Due to the larger cross section for Carbon, the
thickness of the container will be chosen
appropriately to avoid loss of neutrons
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——
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CONCLUSIONS

| have shown that for natural abundance targets the dominant interactions
are on the most abundant isotopes: 40Ar and 12C.

For neutron’s interactions on Carbon targets, theoretical models agree very

well with experimental data over the energy range, with the exception of

energies below 10 meV, which however are less relevant for the MArEx
experiment.

Due to this well known behaviour Carbon is a good material for building
containers + neutron interactions on Carbon can be used as a reference.



CONCLUSIONS

For neutron’s interactions on Argon targets, the theoretical models well
represent the experimental data above 10 keV, with the exception of
TENDL-2019. However, TENDL-2019 shows a better agreement with
experimental data for energies below 100 meV.

It is important to investigate the energy range below 10 keV (lack of
experimental data) and the resonance region (disagreement between old
and new experimental data).
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Cross-section (b)

Elastic 40Ar, 36Ar and 38Ar Cross Section (backup)
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Non-Elastic 40Ar, 36Ar and 38Ar Cross Section (backup)
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Total 40Ar Cross Section
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3.1.2
Argon 36 (backup)




Cross-section (b)
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Elastic 36Ar Cross Section

Incident neutron data /1 Ar36 1/
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Non-Elastic 36Ar Cross Section

Incident neutron data /1 Ar36 1/
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ENERGY EMISSION

[0.01; 0.1] eV n+Ar-36 > a+S-16

[0.01;0.1] eV n+ Ar-36 — y + Ar-37

n + Ar-36 — CI-40

[0.001; 0.01] eV THS.




Cross-section (b)

Total, Elastic and Non-Elastic 36Ar Cross Section

Incident neutron data // Ar36 I | Cross section
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PREDOMINANT CROSS-SECTION

ELASTIC

[1x 10711 + 9] MeV

NON-ELASTIC

[+ 9; 100] MeV




3.1.3
Argon 38 (backup)




Total 38Ar Cross Section
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Elastic 38 Cross Section

Incident neutron data // Ar38 1/
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Non-Elastic 38Ar Cross Section

Incident neutron data // Ar38 1/
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ENERGY EMISSION

[0.01;0.1] eV n+ Ar-38 — y + Ar-39

[10; 100] MeV n+Ar-38 — p + Cl-38




Cross-section (b)

Total, Elastic and Non-Elastic 38Ar Cross Section
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PREDOMINANT CROSS-SECTION

ELASTIC

[+7 X 107°: +9] MeV

[+40; £100] MeV

NON-
ELASTIC

[1x 1071147 x 107°] MeV

[+9; £40] MeV




Cross-section (b)

Elastic 12C and 13C Cross Section (backup)
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the velocity of the neutron

Cross Section is constant with
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Non-Elastic 12C and 13C Cross Section (backup)

Incident neutron data /| JENDL/HE-2007 [ | MT=3 : (z,non-elastic) | Cross section
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Cross-section (b)

Total 12C Cross Section (backup)

Incident neutron data// C12 I MT=1 : (n,total) | Cross section
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Cross-section (b)

Elastic 12C Cross Section (backup)

Incident neutron data// C12//

100

501

01T

B
<
F
A
@]
+
F
A

O

TENDL-2019 MT=2 : (z,elastic) Cross section

EXFOR
EXFOR
EXFOR
EXFOR
EXFOR
EXFOR
EXFOR
EXFOR
EXFOR
EXFOR
EXFOR
EXFOR
EXFOR
EXFOR
EXFOR
EXFOR
EXFOR
EXFOR
EXFOR
EXFOR
EXFOR
EXFOR
EXFOR
EXFOR
EXFOR
EXFOR
EXFOR
EXFOR
EXFOR
EXFOR
EXFOR
EXFOR
EXFOR

(EL)E-C-12 S.F.Mughabghahb, 2006
(,EL)E-C-12 P.J.Dimbylow, 1981
(EL)E-C-12 V.P Vertehnyj+, 1970
(,EL)E-C-12 LA Kozh+, 1964
[ELYS-C-12 GV .Gorlov+, 1084
,EL)5-C-12 K.Gul+, 1981
(EL)E-C-12 Zhang Kun+, 1995
,EL)3-C-12 D.Schmidt+, 1985
(,EL)E-C-12 G.Haouat+, 1978
[,EL)5-C-12 M.Baba+, 1991
{,EL)3-C-12 N.Olsson+, 1088
[,EL)5-C-12 A Takahashi+, 1987
(,EL)3-C-12 M.Baba+, 1985
(EL)E-C-12 M.Ageno+, 1947
[,EL)5-C-12 K.Tesch, 1082
(,EL)E-C-12 W.Triftshaeusert, 1965
(,EL)3-C-12 R.Bouchez+, 1063
(,EL)3-C-12 R.Bouchez+, 1063
(,EL)3-C-12 G.A. Grin+, 1080
[,EL)3-C-12 G.Haouat+, 1973
(,EL)-C-12 F.Demanins+, 1873
,EL)3-C-12 A oshimura+, 1965
(,EL)E-C-12 F.Buoreli+, 1968
(EL)E-C-12 M.Drosg+, 1985
(EL)E-C-12 D.W.Glasgow+, 1978
(,EL)3-C-12 D.Lister+, 1058
(EL)E-C-12 J.B.Singletary+, 1950
(,EL}E-C-12 J.H.Coon+, 1058
[,EL)5-C-12 R.M.Wilenzick+, 1955
[,EL)5-C-12 R.M.White+, 1978
(,EL)E-C-12 J.D.Brandenbergert, 1975
(EL)E-C-12 D.E.Velkley+, 1973
(EL)E-C-12 P.Boschung+, 1971

1E-11

1E-6

Incident energy (MeV)

T
0,001
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Cross-section (mb)

&

100

Non-Elastic 12C Cross Section (backup)

Incident neutron data// C12//

) K

There is relevant production of other particles

above 100 MeV

Incident energy (GeV)

|EI-5 57 k=ev|EI-4




EMISSION

PRODUCION

[0.005; 0.1] GeV

n+C-12 > n+ 2a + He-4

[0.01; 0.05] GeV

n+C-12 - X+H-0

[0.01; 0.1] GeV

Nn+C-12 >a+n+p+H-3+
He-4

[0.05; 0.1] GeV

n+C-12 - X+ H-1

[0.01; 0.1] GeV

n+C-12 - 2a + He-5

[0.05; 0.1] GeV

n+C-12 - X+ H-2

[0.05; 0.1] GeV

n+C-12 > X+ He-6

[0.05; 0.1] GeV

n+C-12 - X+ H-3

[0.01; 0.1] GeV

n+C-12 ->n+p+n+a+li-6

[0.05; 0.1] GeV

n+C-12 - X+ He-3

[0.01; 0.1] GeV

n+C-12 - a+ H-2 + Li-7

[0.01; 0.1] GeV

n+C-12 - X + He-4

[0.01; 0.1] GeV

Nn+C-12 > a+n+p+Li-7




[0.01; 0.1] GeV

n+C-12 > n+p+a+li-
7

[0.01; 0.1] GeV

n+C-12 > a+n+ Be-8

[0.001; 1] GeV

n+C-12 > p+a+Li-8

[0.01; 0.1] GeV

n+C-12 - n+ o+ Be-8

[0.05; 0.1] GeV

n+C-12 - X+Li-8

[0.01; 0.1] GeV

n+C-12 >n+p+H-3+Be-8

[0.05; 0.1] GeV

n+C-12 — X +Li-9

[0.01; 0.1] GeV

n+C-12 - a+ Be-9

[0.01; 0.1] GeV

n+C-12 - 2n + a + Be-7

[0.01; 0.1] GeV

n+C-12 > n+ H-3 + Be-9

[0.01; 0.1] GeV

nN+C-12 > n+a+n+
Be-7

[0.01; 0.1] GeV

n+C-12 > p + H-3 + Be-9

[0.001; 0.5] GeV

n+C-12 - X+ Be-7

[0.01; 0.1] GeV

n+C-12 - p + H-2 + Be-10




[0.05; 0.1] GeV

n+C-12 > X+ B-8

[0.01; 0.1] GeV

n+C-12 — H-2 + B-11

[0.01; 0.1] GeV

n+C-12 - 2n + H-2 + B-9

[0.01; 0.1] GeV

n+C-12 > n+p+B-11

[0.01; 0.1] GeV

n+C-12 - 2n+p + B-10

[0.01; 0.1] GeV

n+C-12 — p + B-12

[0.01; 0.1] GeV

n+C-12 -H-2 +n +B-10

[0.01; 0.1] GeV

n+C-12 - 3n+C-10

[0.01; 0.1] GeV

n+C-12 - n+H-2+B-10

[0.001;1] GeV

n+C-12 — 2n + C-11

[0.01; 0.1] GeV

n+C-12 ->n+p+n+B-10

[0.1; 10] meV

n+C-12 - THS + C-12

[0.01; 0.1] GeV

n+C-12 - H-3 +B-10

[0.01; 0.1] eV/
[0.01; 1] MeV

n+C-12 -y +C-13




3.2.2
Carbon 13 (backup)




Cross-section (b)

Total 13C Cross Section

Incident neutron data // C13 1/
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051

EXFOR (,TOT)W.P Abfalterer+, 2001
EXFOR (,TOT) H.O.Cohn+, 1981

EXFOR (,TOT) G.F.Auchampaugh+, 1970
JENDL/HE-2007 MT=1 : (n,total) Cross section
FENDL-2.1b MT=1:(n total) Cross section
ENDF/B-VIILD MT=1: (n,total) Cross section
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Incident energy (GeV)

0,001

|EI-5 57 l=(e\/|EI-4




Elastic 13C Cross Section

Incident neutron data // C13 1/

T T T T T T T T T T T T T T
/. EXFOR (,EL)-C-13 S.F.Mughabghab, 2008
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e JENDL/HE-Z007 MT=2 : (z,elastic) Cross section
= FEMNDL-3.1b MT=2:(zelastic) Cross section 4
ENDF/B-VIIL.D MT=2 : (z,elastic) Cross section
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Cross-section (b)

Non-Elastic 13C Cross Section

Incident neutron data // C13 1/

T T T T T T T T T T T T
4
i < EXFOR (,T)5-B-11 F.Cserpak+, 1978
05T W EXFOR (,T)5-B-11 F.Cserpak+, 1978
EXFOR (,G)B-C-14 5.F.Mughabghab, 2008
I ¥  EXFOR (,6)6-C-14 R.B.Firestonet, 2016
EXFOR (,G)B-C-14 T.Wright+, 2019
14 -+ EXFOR (,6)6-C-14 AMWallner+, 2018
: A EXFOR (,6)5-C-14 T.Shima+, 1997
o054 EXFOR (AM-BE-10 F.Sudbrock+, 2000
y I EXFOR (2N)-C-12 J.Frehaut, 1878
| [] EXFOR (2N)§-C-12 D.AResler+, 1087
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ENERGY

EMISSION

[0.005; 0.05] GeV

n+C-13—-2n+(C-12

[0.01; 0.05] GeV

n+C-13 —> a+Be-10

[0.01: 0.1] eV +[1 X 107°%:5 x 1074 ] GeV

n+C-13 ->y+C-14

[0.01; 0.1] GeV

n+C-13 — H-3 + B-11




Total, Elastic and Non-Elastic 13C Cross Section

Incident neutron data /| JENDL/HE-2007 | C13 /] Cross section

100

MT=1: (n,total)
e MT=2 : (z,elastic)
s MT=3:(z,non-elastic)

01+ —

Cross-section (b)

0,001+ \‘\\’\J\,\

il il il

T T T T T T T T

1E-14 1E-13 1E-12 1E-11 1E-10 1E-9 1E-8 1E-7 1E-B 1E-5 57 k 1E-4 0,001 0,01 o1 1
eV

Incident energy (GeV)




PREDOMINANT CROSS-SECTION

ELASTIC

[1 x 10714:0.1] GeV

NON-ELASTIC

[0.1; 1] GeV
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