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Elemental and Isotope imaging with 

epithermal neutrons 



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 ïso called strong interaction

Neutron Resonance Absorption spectroscopy - NRS



Most representative Neutron Sources in the world

FRM II



Most representative Neutron Sources in the world

Facilities with NRAS available for users Facilities with NRAS being developed



About elements and isotopes

Table of elements

Table of isotopes
NRS is a bulk on-destructive method for determining elemental and isotopic distribution inside

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



Interaction of neutrons with matter

(n,tot ) 



Neutron Resonance Absorption spectroscopy

(n-tot) cross sections from ENDF 

VIII nuclear physics database for 
75As, 65Cu, 63Cu, 107Ag, 109Ag, 
123Sb, 121Sb

(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

Epithermal neutronCold Thermal Fast neutron

We can have detailed 

information on the 

composition of our sample

It is isotopic selective

Resonance energies are 

ñfingeprints ò of elements and 

isotopes

Cold Energies below 0.01 eV

Thermal 0.01 eV to 0.3 eV

Epithermal 0.3 eV to 10 keV

Fast 10 keV to 20 MeV



Neutron Absorption probability



Neutron interaction probability - summary



Neutron interaction probability - summary



Neutron interaction probability - summary



Neutron interaction probability - summary



Neutron Absorption (capture) probability -

resonances

Ç Resonances occur when there is a vacancy in a 

nuclear level corresponding to the energy of 

the neutron captured

Ç The nucleus is happy to capture a neutron of 

the ñright energyò therefore the high cross 

section

Ç Nuclei can be described in terms of energy 

level , similarly to atoms



Neutron Resonance Absorption Spectroscopy



Neutron Resonance Transmission Imaging (NRTI)

NRTI is the techniques that 

allow for element/ isotope

mapping in 2D and 3D (with 

some difficultiesé)

Transmission 

measurements



Neutron Resonance Capture analysis (NRCA) and

Prompt Gamma Activation Analysis (PGAA)

NRCA and PGAA are 

techniques that allow for 

element/isotope bulk 

composition

Prompt g-rays 

measurements



Neutron Activation Analysis (NAA)

NAA is a techniques that 

allow for element/ isotope

bulk composition

Delayed g-rays 

measurements



Neutron Resonance Absorption spectroscopy an example



NAA - an example

Å The decay may lead to multiple possible final states with different spin-parity assignments, 

resulting in a variety of possible transitions with different probabilities.

Å Odd-odd nuclei  in particular provide a range of possible decay pathways and can exhibit 

complex decay schemes.

éthe decay may lead to multiple 

possible final states with 

different spin-parity assignments, 

resulting in a variety of possible 

transitions with different 

probabilities .

Butéé



NRTI is the techniques 

that allow for element/ 

isotope mapping in 2D 

and 3D (with some 

difficultiesé)

NRCA and PGAA are 

techniques that allow for 

element/isotope bulk 

composition

NAA is a techniques that 

allow for element/ 

isotope bulk composition

Neutron Resonance Absorption spectroscopy

Imaging technique , 

unique for bulk mapping of 

element and isotopes

Elemental analysis 

techniques , for bulk 

quantification of 

element/isotopes, with 

different sensitivity to 

elements



Energy distribution in the ISIS water moderatoré

,,,,including the neutrons that nobody wants J

Cold Energies below 0.01 eV

Thermal 0.01 eV to 0.3 eV

Epithermal 0.3 eV to 10 keV

Fast 10 keV to 20 MeV

INES Flux (4X4 cm 2 area)

Spallation sources beam 

(water moderator 

especially) is not only 

made by thermal 

neutrons (meV), 

epithermal neutrons (eV-

keV) are present as well. 

The neutron are under -

moderated , since they 

donôt spend long time in 

the moderator to preserve 

ToF accuracy 



Concept of Time of Flight 

Time of flight Imaging

Å The transmitted neutrons (or lack of 

thereof) have ñattachedò the energy, 

therefore energy selection can be 

performed after collecting the data in 

one go



Pulsed neutron
beam

tstart

tstop

Sample

Incident beam

Transmitted
beam
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Neutron Resonance Transmission Imaging (NRTI)

Epithermal E

Non-destructive method for determining elemental

and isotopic distribution inside objects

Based on the resonance structures in neutron

induced reaction cross-sections

Negative 
dips

Pixel size: 0.8 mm



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 (tstop- tstart) of the g-rays emitted by the sample (NRCA) and the g-
rays energy in addition to ToF (PGAA ). PGAAdoesnôtrequire ToF, NRCA does.

g-rays 

Detectors

Sample

Incident neutron beam

tstart

tstop



Neutron Resonance Absorption spectroscopy on 
INES@ISIS

NRCA 

(Neutron Resonance 

Capture Analysis)

PGAA 

(Prompt Gamma 

Activation Analysis)

NRTI 

(Neutron 

Resonance 

Transmission 

Imaging)

Prompt g-rays 

measurements

Transmission 

measurements

g-rays detectors



Neutron Resonance Absorption spectroscopy applications

isotopic imaging
elemental imaging

quantitative 

elemental analysis



Elemental imaging

Radiography of Ag foil + 

Ag wire



Elemental imaging

Radiography of Ag 

foil + Ag wire



Elemental imaging

Radiography of Ag 

foil + Ag wire

Ag resonance selection

Sensitivity can be 

extremely high. For high 

cross-section elements 

like Ag, tens of part per 

million can be spotted and 

quantified with low 

accuracy in a sample.



Elemental imaging

no sample T=1

Ag foil

Ag resonance selection Off resonance selection

Resonance selection :

enhancing the contrast due to

the absorption of the selected

element.

Radiography of Ag 

foil + Ag wire

G. Marcucci, A. Scherillo et al. EPJ+ 2024



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

samples

Sample Cu (%) Sb (%) As (%)

A 90 10 -

B 96 4 -

C 99 1 -

D 96 1 3

1 cm

8 cm



NRTI of 4 Cu/Sb/As samples

1 cm

8 cm

Position Cu (%) Sb (%) As (%)

Upper Left 90 10 -

Bottom right 96 4 -

Upper right 99 1 -

Bottom Left 96 1 3



Towards quantitative analysisé.

Area under the resonance is proportional 

to Sb content

Not always true, there are correction to 

applyé

Corrections?

Modification of the incident beam due 

to absorption in the samples (self-

absorption) mostly!!!  Analogous to X-

rays beam hardening.



Ç Irradiated samples of varying amounts of Antimony to 

determine Cu/Sb content.

ÇLevels of Sb varied as expected ïbut not proportionally

to the amount of Sb (up to 20% error)

ÇSelf absorption correction both for incident beam and 

emitted g-rays needed

Towards quantitative analysisé.



Towards quantitative analysisé.

Sb amount not corresponding 

to area of peaks (or dips)

Correction are essentials!!!!

saturated



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

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

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
(ñsaturation ò)

E

Flux

E

Flux



MCNP simulation

Open Beam 

measured with 

nGEM monitor

Incident

neutron flux

simulated

on a 4 x 4

cm2 surface

Cu/Sb/As 

sample

3 x 8 x 1 cm3

The average

neutron flux inside

the sample volume

is simulated.

y

z

x

Rebin

saturated

corrected



NRTI on INES@ISIS

metallic 

depositions on 

the surfaces

Roman crucible

1 cm

Brass production in Italy in Roman times:

üExcavation of Corso di Porta Romana in
Milan (Italy)

üCrucible fragments connected to bronze
and brass production , datable between
the end of I and the beginning of II century
AD.

üActivity of at least one workshop in the
Roman city of Mediolanum.

Composition of the bulk of the fragment?

Chemical mapping: Cultural 
Heritage

G. Marcucci et al, EPJ+ 2023

PhD thesis of G. MarcucciïMilano-Bicocca  university/ISIS



Resonance selection

Chemical mapping - Roman 

crucible fragments

First evidence of Brass production in 

Mediolanum



AgSb Sb SbAs

Mn Fe Co Ni Cu Zn Ga As Ag Sn Sb Pb 

OT6 0 2454 158 942 751100 209331 1090 430 382 7067 2208 22852

OT5 0 591 133 274 994284 567 100 22 772 808 1362 470

OT20 0 408 188 415 947002 90 76 76 113 2599 1816 45430

OT23 0 1683 0 926 768608 166110 1540 144 297 30391 1953 25833

OT21 0 1034 281 215 953563 10344 250 0 194 18810 1936 12128

PIXE: As under detection limit

1

2

3

Chemical mapping - Roman crucible 

fragments



Bimetallic sword fragment from 200 -100 

BCE China 
Lost-wax casting process

Bronze hilt cast around Iron blade



Bimetallic sword fragment from 200 -100 

BCE China 



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

Bimetallic sword fragment from 200 -100 

BCE China 

As

Sb, Ag

Cu, Sn, Sb



Fe

Cu

As

Sn



Element Measured with 

NAA

Measured 

with ND

Detected in 

NRTI maps

Tin 0.08 Ñ0.01 0.10 Ñ0.005 Yes

Indium (5.9 Ñ0.8) ·10-6 - Yes

Antimony (2.5 Ñ0.3) ·10-3 - Yes

Arsenic (3.3 Ñ0.4) ·10-3 - Yes

Silver (1.6 Ñ0.2) ·10-2 - Yes

Gold (9.1 Ñ1) ·10-5 - Yes

Chipir set-up for NAA

C. Cazzaniga, A. Scherillo et al., AIP advances 2021



Isotopes imaging 

> 90% Ag 107

> 90% Ag 109

> 90% Pb 204

Ag-107Ag-109Pb-204

1.69 and 2.48 keV Pb 204 resonances



Isotope 
Enrichment

Ag-107 Ag-109

Ag-109 0.3 99.70±0.1

Ag-107 99.5±0.1 0.3
5 mm 5 mm

Isotopic imaging - Burrito

Standard radiography (IMAT @ ISIS)Sample picture (false colours )



Isotopes imaging - burrito 

Ag-107 Ag-109

0 20001000 1500500 0 10 155

8

0 4 6                82

No energy selection Ag-107 selection Ag-109 selection

Pb-204



Three key ingredients:

Ç High epithermal neutron flux

Ç High enough neutron capture 

cross section

ÇñConvenientò daughter nucleus  

for NAA for ɔ emission, half-life 

time, ñconvenient ɔ-ray energies 

for NRCA and  PGAA

Sensitivity depends on:

Ç type of material (cross section, half-life)

Ç neutron exposure time

Çbackground in the region of the gamma emission for ɔ-

rays based techniques, not too many overlapping 

resonances for NRTI 

Neutron resonance absorption spectroscopy is a Bulk

non-destructive method for determining elemental and

isotopic distribution inside objects based on the

resonance structures in neutron induced reaction

cross -sections

quantitative imagingIsotope imaging Elemental imaging
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