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Neutron Resonance Absorption spectroscopy - NRS

Bulk non-destructive method for determining elemental and isotopic
distribution inside objects

based on the resonance structures In neutron induced reaction
Cross -sections .

Neutrons interact with nuclei, not electrons, therefore the cross section
IS determined by the nuclear force T so called strong interaction
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Most representative Neutron Sources in the world

A

/2 1SS Neutron and
AN, Muon Source

\ .
3

RRRRRRRRRRRRRRRRRRRR

7/
NEUTRONS
FOR SCIENCE 4

SPALLALION NLUTRON SOURCE

AAAAAAAAAAAAAAAA



Most representative Neutron Sources in the world
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About elements and isotopes

fg ‘l
Group® 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 1=
Period v Noble S—-
gases "'S
Some elements near —— E
1 1 the dashed staircase are 2 O
Nonmenzlf““_H_ _______ sometimes called metalloids He g
Metals 3 4 i15 6 7 8 9 10 —
2 U Be iB C N O F Ne é Z=82
1 B2 Transition metals 13114 15 16 17 18 b ! =
Na Mg (sometimes excluding group 12) Al l‘_ Si P S cl A _ F
4 19 20 21 22 23 24 25 26 27 28 29 30| 31 32 : 33 34 35 36 H
K Ca Sc Ti V C Mn Fe Co N Cu 2Zn | Ga Ge L_A:s_ Se Br Kr -
s 30 40 41 42 43 44 45 46 47 48 | 49 50 51 | 52 53 54 It (= N=120
Rb  Sr Y 2 Nb Mo Tc Ru Rh Pd Ag Cd|In Sn SbiTe | Xe -
6 55 86| |71 72 78 74 75 76 77 78 79 80 |81 82 83 84,85 86
Cs Ba Lu H Ta W Re Os Ir Pt Au Hg| T Pb B Po ;__A_:_ Rn
; 87 88| o |103 104 105 106 107 108 109 110 111 112|113 114 115 116 117118
Fr Ra Lr Rf Db Sg Bh Hs Mt Ds Rg Cn [N FI Mc Lv Ts;Og
s-block ‘ f-block ‘ d-block p-block (excluding He)
(plus He)
lanthanides 57 98 59 60 61 62 63 64 65 66 67 68 69 70
la Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb
Actinides 89 90 91 92 93 94 95 95 97 98 99 100 101 102
Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No
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N (Number of neutrons)
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. . . . o . Table of isotopes
NRS is a bulk on-destructive method for determining elemental and isotopic distribution inside b

objects since neutrons interact with nuclei, not electrons.
NRS is isotopically sensitive , since from the point of view of a neutron different isotopes have
different structure, and the interaction (nuclear physics strong interaction) is different



Examples of isotopes

Gold, 79Au Cobalt, ,7Co Copper, 29Cu

Main isotopes!‘! Decay Main isotopes!”! Decay Main isotopes!”] Decay Main isotopes!®! Decay
abun- half-life |mode pro- abun- half-life ' mode pro- abun- half-life mode pro- abun- half-life 'mode pro-
d t duct dance t duct
ance | (fn) ue (i) dance | (ti) duct dance (t112) duct
54Fe  5.85% | stable 195Ay | synth 186.01d € 195pt o
5 5%cCo| synth 77.236d | B* %6Fe Cu 69.2% | stable
Fe synth 273y ¢ 55Mn 19%6Ay  synth 6.165d | B* 196pt = = o " o
C th 12.70 h i
%Fe  918% | stable B | 18 Co synth 271.811d ¢ Fe u syn B Ni
- 64
5TFe 2.12% | stable 197Au 100% | stable 53CO synth 70844 d B+ 58Fe |3 Zn
58Fe  0.28% stable %Ay synth | 2.60464d | B~ | 1%Hg 59Co  100% | stable 65%Cu  30.9% stable
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Interaction of neutrons with matter
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Neutron Resonance Absorption spectroscopy

1ES
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Cross Section (b)
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Incident Neutron Energy (V)

— A5-75(n,tot) ENDFB-8.0 = Cu-55(n,tot) ENDFE-B.0

Cu-83(n tot) ENDFE-8.0 =— Ag-107(n,tot) ENDFE-8.0

Ag-109(n,tot) ENDFE-8.0 = Sb-123(n,tot) ENDFE-8.0 == Sb-121{n,tot) ENDFE-8.0

(n-tot) cross sections from ENDF
VIl nuclear physics database for
5As, 65Cu, 63Cu, 107Ag,

lZle

(n,tot)
is the nuclear physics notation for
reaction meaning:

Nucleus X interact with neutron n
and anything happen (tot), with the
end result as neutron Y, that can be
equal to X or not.
X(n,tot)Y



Neutron Resonance Absorption spectroscopy

Cold Thermal

1ES

Epithermal neutron

Fast neutron

1E4

1E2
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Cross Section (b)
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Incident Meutron Energy (W)

1ES

1E&

— As-75(n,tot) EMDFE-8.0 — Cu-55(n,tot) ENDFE-8.0

Cu-53(n,tot) ENDFBE-8.0 — 4g-107(n,tot) ENDFBE-8.0

£g-109(n,tot) EMDFB-8.0 — Sh-123(n,tot) ENDFE-8.0 — Sb-121(n,tot) ENOFE-8.0

Resonance energies are
ffingeprints 0 of elements and

Isotopes

We can have detailed
information on the
composition of our sample

It is isotopic selective

0.01eVito0.3eV

Thermal
Epithermal 0.3eVto 10 keV

Fast 10 keV to 20 MeV



Neutron Absorption probability

* Resonance capture occurs
when incoming neutron’s
energy matches AE level P
between two discrete states Eom==== 77—

* Energy region where this
occurs is “Epithermal” region

* Neutron is preferentially
absorbed
GROUND STATE

* One or more Gamma rays |
(or a,8) emitted as COMPOUND NUCLEUS
compound nucleus begins
decay back to lower energy
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Neutron interaction probability - summary

Interaction rate of neutrons with target nuclei is
characterized by cross section
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Neutron interaction probability - summary

Interaction rate of neutrons with target nuclei is
characterized by cross section

Cross section: ¢ (in barns, or 10-24 cm?) is probability of
interaction as function of neutron energy: o(E)
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Neutron interaction probability - summary

ISIS Neutron and
Muon Source

Interaction rate of neutrons with target nuclei is
characterized by cross section

Cross section: o (in barns, or 10-24 cm?) is probability of
interaction as function of neutron energy: o(E)

Low energy thermal neutrons tend to interact more

Epithermal neutrons tend to support resonance
capture/scattering reactions




Neutron interaction probability - summary

ISIS Neutron and
Muon Source

Interaction rate of neutrons with target nuclei is
characterized by cross section

Cross section: ¢ (in barns, or 10-2* cm?) is probability of
interaction as function of neutron energy: o(E)

Low energy thermal neutrons tend to interact more

Epithermal neutrons tend to support resonance
capture/scattering reactions

Neutrons with energy levels corresponding to specific
quantum shifts in compound nuclei will preferentially
interact




Neutron Absorption (capture) probability

resonances

C Resonances occur when there is a vacancy in a
nuclear level corresponding to the energy of
the neutron captured

C The nucleus is happy to capture a neutron of
t he Ar i g hthereforeéhe lngh cross
section

C Nuclel can be described in terms of energy
level, similarly to atoms
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Neutron Resonance Absorption Spectroscopy

Incident
neutrons  Compound B~
nucleus . particle
0 @ 0 Radioactive
Neutron decay

o Target capture A+1X A+l x

Transmitted A
neutrons Ay Prompt y-
Z radiation
NRTI Av* \ Ax
NRCA z+1X Z+1

PGAA Delayed
Y- NAA

radiation
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Neutron Resonance Transmission Imaging (NRTI)

NRTI is the techniques that
Compound B allow for element/ isotope
nucleus o nparticle mapping in 2D and 3D (with

-~ some difficult
0 Radioactive
- ', decay
A+1 %
X 72X
Prompt y- D
radiation -y

* A
NRCA 241X \ z+1X
PGAA Delayed

Y- NAA

radiation

Incident
neutrons

Transmitted
neutrons A

Transmission
measurements
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Neutron Resonance Capture analysis (NRCA) and
Prompt Gamma Activation Analysis (PGAA)

Incident

neuirons Compound B-
nucleus o particle NRCA and PGAA are
techniques that allow for
@ O Radioactive element/isotope  bulk
e NEGG .| decay composition
o Target \ capture A+1X A+1X
Transmitted
neutrons I‘Z\X r;ggt?;x' Prompt grays
X measurements
Z+1
Delayed
.
radiation

Science and
Technology
Facilities Council

ISIS Neutron and
Muon Source




Neutron Activation Analysis (NAA)

Incident NAA is a techniques that
neutrons Compound B~ )
nucleus . allow for element/ isotope
. particle ..
bulk composition
@ 0 Radioactive
/ Neutron decay
o Target capture pA4+1 X A+l 7 X \\‘
Transmitted - )
neutrons %X Prompt y- ~ \ Delayed grays
NRTI radiation measurements

NRCA Z+1

PGAA

Delayed

" o

adiation
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Neutron Resonance Absorption spectroscopy an example
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NAA - an example
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Neutron Resonance Absorption spectroscopy

NRTI is the techniques NRCA and PGAA are  NAA is a techniques that
that allow for element/ techniques that allow for allow for element/
Isotope mapping in 2D element/isotope bulk  isotope bulk composition
and 3D (with some composition

diffi*cultiesé) \ /

Imaging technique
unique for bulk mapping of Elemental analysis

element and isotopes techniques , for bulk
guantification of

element/isotopes, with
different sensitivity to
elements
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Energy distribution 1 n t
.»»,iNcluding the neutrons that nobody wants J

1E+13
Spallation sources beam

1E+12 (water moderator

2 iR especially) is not only
INES Flux (4X4 cm 2 area) = made by thermal
& 1E+10 neutrons (meV),
£ £400 epithermal neutrons (eV-
Cold Energies below 0.01 eV g keV) are present as well.
S 1E+08 The neutron are under -
< 1E+07 A
Epithermal 0.3eVto 10 keV E ?ho n 3 t t Stp end
1E+06 e moderator to preserve
Fast 10 keV to 20 MeV ToF accuracy
1E+05
1E-8 1E-7 1E-6 1E-5 1E-4 0,001 001 0,1
Energy (MeV)
Science and
Facilities Council Cold Thermal Epithermal Fast
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Concept of Time of Flight
Moderator ¥

/ Detector
I“\\ l
L
Sample
& 4 = 4 Time of flight diffractometers
E = « The neutrons are sorted by
time at the sample and the
diffraction done as a function of
> - - time
Time Time
- A full diffraction pattern is

The initial pulse from the As they travel down the collected at a fixed angle
moderator contains all instrument the faster shorter

neutron wavelengths wavelength neutrons arrive
first Time of flight Imaging

A The transmitted neutrons (or lack of

Sci d ~
T:;;;;‘:ozz | thereof) have Aatta
Facilities Councll therefore energy selection can be

ISIS Neutron and performed after collecting the data in
Muon Source one go



Neutron Resonance Transmission Imaging (NRTI)

Total Cross Section (b)
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and isotopic distribution

induced reaction cross-sections

Non-destructive method for determining elemental
inside objects

Based on the resonance structures in neutron

1E+4 1E+5

Kinetic Energy

Kinetic energy is the energy that objects
possess due to their motion.

KE = lmv2
2

m = mass (kg)
v = velocity (m/s)
KE = Kinetic energy (J)




NRCA and PGAA measurements

Pulsed neutron source: the energy E of the neutrons is related to their Time-of-Flight
(ToF)

Measurement of the ToF (t .- t.) Of the grays emitted by the sample (NRCA) and the ¢
rays energy in addition to TolE (PGAA). PGAA d o e sregoire ToF, NRCA does.

Sample

Incident neutron beam

B

— R
e
Scisnce and Detectors

Technology
Facilities Council

ISIS Neutron and
Muon Source




Neutron Resonance Absorption spectroscopy on
INES@ISIS

Transmission Diffraction
measurements detector ¢
banks Prompt grays
‘ measurements
Neutrons ‘

NRTI
(Neutron . NRCA
Resonance — (Neutron Resonqnce

Transmission Capture Analysis)

Imaging)

PGAA
(Prompt Gamma
Activation Analysis)

| grays detectors
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Neutron Resonance Absorption spectroscopy applications

Isotopic imaging
elemental imaging

Pb-204 Ag-107
1.0
1M 0 A B i e O o A
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©
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T . T ¥ T L 1
500 1000 1500 2000
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o

guantitative
elemental analysis
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Elemental imaging

Radiography of Ag foil +
Ag wire

T (a.u.)

2000
1750
1500
1250
1000

750

250
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Elemental imaging

Radiography of Ag
foil + Ag wire

Time-Of-Flight (us)

Transmission (arb. units)

0 500 1000 1500 2000




Elemental imaging

Radiography of Ag
foil + Ag wire

T (a.u.)

2000
1750
1500
1250
1000

750

Ag resonance selection

Time-Of-Flight (us)

Transmission (arb. units)

0 500 1000 1500 2000

T (a.u.)

Sensitivity can be
extremely high. For high
cross-section elements
like Ag, tens of part per
million can be spotted and
guantified with low
accuracy in a sample.



Elemental imaging

Radiography of Ag Ag resonance selection Off resonance selection
foil + Ag wire

Resonance selection :
enhancing the contrast due to T (a.u.) T (a.u.) T (a.u.)
the absorption of the selected 200 100 100
element. I )
1250 60 60
500 20 20
7 2 * (@ /
z (b no sample T=1 'E 1.0+
> 5
g 1.0 e Ag foil
5 B
c c
k) S 05~
7 3
0.5 -
g 5 00,
= ‘ ‘ ‘ P o ‘ | Z 0.0 +———— e ,
0 500 1000 1500 2000 0 500 1000 1500 2000
Time-Of-Flight (us) Time-Of-Flight (us)

1> Neutron and G. Marcucci, A. Scherillo et al. EPJ+ 2024



Quantitative elemental analysis: NRTI and NRCA of 4 Cu/Sb/As
samples

A
8 cm

v

7 lcm
Sample Cu (%) Sb (%) As (%)

A 90 10
B 96 4
C 99 1
D 96 1 3

'
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NRTI of 4 Cu/Sb/As samples

: CuSb700
No resonance selectlon As Sb CuSbB97
- 4 CuSb703
T (a.u.) CuSb704
2000 8 cm
1500 6-
1000 v 7]
500 3]
0 <7 IU
0.0 - T T T T T T T T T : T T T T T 1
0 200 400 600 800 1000
Sb selection As selection Time-Of-Flight (us)
T (a.u.) Position Cu (%) Sb (%)  As (%)
50 Upper Left 90 10 -
4
0 Bottom right 96 4 -
30
20 Upper right L) 1 -
10 Bottom Left 96 1 3
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Time-of-flight (us)
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tati ve

anal

Area under the resonance is proportional
to Sb content
Not always true, there are correction to

appl yé

Corrections?

Maodification of the incident beam due
to absorption in the samples  (self-
absorption) mostly!!'! Analogous to X-
rays beam hardening.



Towards quantitative

anal

50

(; Irradiated samples of varying amounts of Antimony  to

determine Cu/Sb content.

40

(; Levels of Sb varied as expected i but not proportionally
to the amount of Sb (up to 20% error)

( Self absorption correction  both for incident beam and

emitted g-rays needed

counts

— 17825 -
— 17826 -
— 17827 -
— 17828 -
— 17829 -
— 17842 -

4% Sb
11% Sb
10% Sb
8% Sb
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Towards quantitative anal

Cu (At%)
100 98 96 94 92 90
30 ‘ [ Experimelntal Sb resonancle area | | ; ' 30
: ® Expected Sb resonance area Sb amount nOt COrreSpOndlng
g P to area of peaks (or dips)
ﬁ 20 [ 20
O 1 i . .
& | _ Correction are essentials!!!!
S 151 - 15
e ;
x | ° [
& 107 o saturateg> - 10
5 - L5
039 As
0 2 4 6 8 10
Sb (At %)
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Beam hardening

Thick and dense samples:

Low energies X-rays are absorbed in the first layers of the
material more than higher energies X-rays

Flux

Only higher energy photons are left to contribute to the
beam, and thus, the mean beam energy is increased
("hardened").

—5\
< N
/\

» E

4
For epithermal neutron , the beam changes while passing
through a sample containing elements with high cross . -
section resonance, since the neutron corresponding to
those energies are reduced or completely removed

( Saturation 0 )
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MCNP simulation

Rebin
Incident
neutron flux —_—
. —
simulated
on a4 X 4 ccomemp_ - ___________ |
cm?2 surface —_—
—

X

Z
/‘ Cu/Sh/As

R sample

7 >y

3x8x1lcmd
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The average
neutron flux inside
the sample volume
Is simulated.

Open Beam
measured with
NnGEM monitor

Correction factor

Sb Resonance Area

1.4
1.2 1
1.0
——Sb 1%
— Sb 4%
D] — Sb10%
——Sb 1% - As 3%,
0.6
0.4 B B e n L e b L i e e i b e e e

1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 0.001 0.01 0.1 1
Neutron energy (MeV)
Cu (At%)
100 98 96 94 92 90
— 77—
301 @ Experimental Sb resonance area ®
1| ® Expected Sb resonance area
] correcte®
25
20 -
15
] ®
] ®
107 " saturated
&5 ]
R39% As
———————————— | —+——————
0 2 4 6 8 10

Sb (At %)




Roman crucible

Chemical mapping: Cultural

< DEGLI STUDI

. c’7‘> —
Heritage 2 z
& ; 9
2 Z, p
- @) 2.

Brass production in Italy in Roman times: BICOCGCA

U Excavation of Corso di Porta Romana in
Milan (Italy) D

U Crucible fragments connected to bronze
and brass production , datable between
the end of | and the beginning of Il century
AD.

U Activity of at least one workshop in the
Roman city of Mediolanum.

depositions on
the surfaces

Composition of the bulk of the fragment?

G. Marcucci et al, EPJ+ 2023 l1cm

PhD thesis of G. Marcuccii Milano-Bicocca university/ISIS




Chemical mapping - Roman
crucible fragments

0.6 4

0.8
Resonance selection _
:‘§‘
Off-resonance selection Cu selection g 0.7
<
kel
3
'E 0.6
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&
=
O L

Sn selection Time-Of-Flight (us)

First evidence of Brass production in
Mediolanum
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Chemical mapping - Roman crucible
fragments

AS Sb  sb Sb Ag
080 1T T T T T
n 1 1 1 1 1
= 1 1 1 1 1
: 1 1 1 1 1
0754 | : : : :
-1 1 1 1 1 1
-1 1 1 1 1 1
- 1 1 1 1 1
- 1 1 1 1 1
0.70 : : : :
I 1 1
1
'f;; 1 1 1
= 065 Y . : :
c
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i 0.60 1 1 !
n : 1 : | I
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Mn Fe Co Ni Cu Zn Ga As Ag Sn Sb
oT6 2454 158 942 751100 | 209331 | 1090 430 382 7067 2208
OT5 591 133 274 994284 567 100 772 808 1362
0T20 408 188 415 947002 90 76 113 2599 1816
0oT23 1683 926 768608 | 166110 | 1540 297 30391 1953
o121 1034 281 215 953563 | 10344 250 194 18810 1936
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2 IPERION CH PIXE: As under detection limit




Bimetallic sword fragment from 200 -100
BCE China

Lost-wax casting process

Bronze hilt cast around Iron blade

QINGHAI

S SICHUAN
.Chengdu W
i‘.
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Bimetallic sword fragment from 200 -100
BCE China

¥ Cu+Sn
B Cu+Sn+Pb
B Cu+Pb
Science a
& Technolog
Facilities Council
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Bimetallic sword fragment from 200 -100
BCE China

Sword 1
0.9 [
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.E 075 - Sb’ Ag
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°7 Cu, Sn. Sh

0.65 | . . . . .
200 400 600 800 1000
Time of Flight [us]
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[ h '
0.85 F["\ P et e e
™
| ‘ I| I. i
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= o8 |
=
8
&
E
2 p75-
= 0
= «— As
07
X 065 | . . . . .
?c";"c? and 200 400 600 800 1000
echnology Time of Flight [1s]
Facilities Council

ISIS Neutron and A. Fedrigo, D. Raspino, F. Grazzi and A. Scherillo, JAAS 2019
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0.15

Cu-63 (€, w2040 0, £, 1938 oV
P

Cu-63 (£, 2000 ov. € w1308 o)

Sn116 (€ =111 ov. £ o1
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Isotopes imaging

e IQ(AEX

> 90% Ag 107 —
> 90% Pb 204 CX,
4

isotopes
el LAy dbibias
H e g
fﬂnm

No resonance selection Ag-107 selection

T (a.u.)
2000

1500

1000

qu T N it &

500

06

Pb-204 selection Ag-109 selection

" 1.69 and 2.48 keV Pb 204 resonances
0.2
1 —— Ag_107:spec0
Ag_109: spec 0
4 — Pb_204: spec0
0.0 T . T T . . . T . . T T . . . T . T . | T . .
0 200 400 600 800 1000 1200
Time-of-flight (us)
ISIS Neutron and Pb-204 Ag-109 Ag-107

Muon Source



Isotopic imaging Burrito
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Isotopes imaging - burrito
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Neutron resonance absorption spectroscopy is a Bulk

\\/ non-destructive method for determining elemental and
— isotopic  distribution  inside objects based on the
K T&,ée resonance structures in neutron Iinduced reaction
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