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HOW? Neutron  Activation AnalysisNeutrons 
can be used as a probe/tool 

to give us information 
about a system

Scattering, 
 diffraction, 
  imaging…

neutron

Target material 

Observe 
products

Other uses of neutrons:
- Energy
- Production of 
radionuclides

(number, 
energy, other 
parameters)
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Neutron activation analysis, NAA, is the topic for this week’s 
laboratory exercise

NAA is a sensitive analytical 
technique which allows us to 
determine elements present 

in a sample

• Quantitative and qualitative 
analysis

• Non-destructive
• Due to the way neutrons interact 

with matter,  technique is more 
or less matrix independent

• Offers very low detection limits 
for some elements

• High accuracy and low 
uncertainty 

• About 70% element have 
properties suitable for NAA
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1 Neutron interactions, basic NAA
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The neutron has no charge is a small magnetic moment: interaction with 
matter is though nuclear forces and not EM interactions

Thermal neutrons:  
12 meV < En < 100 meV

Epithermal neutrons: 
100 meV < En < 100 keV 

Fast neutrons:
En > 1 MeV

Secondary 
cosmic 

rays 

Cold neutrons: En < 12 meV 

High energy neutrons: En > 20 MeV

Neutrons appear naturally  
Primary 
cosmic 

rays 



Interaction with matter depends on the energy of the neutron and the 
intensity of the source

ENERGY
Determines what the neutron can 
do when it interacts with matter

INTENSITY
Determines how ‘well’ or how fast

Activation analysis; many elements can be identified using thermal 
neutrons, but some elements are only identifiable with fast neutrons

Production of radionuclides for medical applications 
require high intensity and often thermal neutrons 

In material characterization fast and thermal 
neutrons are applied depending on the technology   
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Possible neutron interactions

Original 
nuklideZ

Z-1

Z-2

(n, 2n)

N-2 N-1 N N+1

(n, 3n) (n, g)
(n, n’)

(n, p)

(n, an)

(n, p3n) (n, pn)(n, p2n)

(n, f)

(n, a) (n, 3He)

(1) Scattering reactions
• Elastic scattering
• Inelastic scattering

(2) Absorption reactions 
• Radiative capture
• Fission

(3) Transfer reactions
• Charged particle production
• Neutron production reaction
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Possible neutron interactions

Original 
nuklideZ

Z-1

Z-2

(n, 2n)

N-2 N-1 N N+1

(n, 3n) (n, g)
(n, n’)

(n, p)

(n, an)

(n, p3n) (n, pn)(n, p2n)

(n, f)

(n, a) (n, 3He)

(1) Scattering reactions
• Elastic scattering
• Inelastic scattering

(2) Absorption reactions 
• Radiative capture
• Fission

(3) Transfer reactions
• Charged particle production
• Neutron production reaction
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Scattering can either be elastic or inelastic

A
Z NX

A
Z NX

ELASTIC

INELASTIC

neutron

neutron

Nuclide

Nuclide

Compound
nucleus

Compound
nucleus

Inelastic 
scattering gamma

Nuclide

A
Z NX

A
Z NX

Nuclide

neutron
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Absorption reactions: 
the neutron can be absorbed or lead to fission

RADIATIVE 
CAPTURE

FISSION

A
Z NX

A+1
Z N+1Xneutron

Nuclide Compound
nucleus

Decay gamma

Prompt gamma

A
Z NX

neutron

Nuclide
Compound

nucleus

Prompt 
neutrons

Fission products

Nuclide

Prompt gamma
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Transfer reactions leads to 
charged-particle or neutron production

CHARGED 
PARTICLE 

PRODUCTION

NEUTRON 
PRODUCTION

A
Z NX

A
Z NX

A-3
Z-2 N-1X

A-1
Z N-1X

neutron

Nuclide Compound
nucleus

neutron

Nuclide
Compound

nucleus

(n,2n) (n,3n), …

(n,p) (n,a), (n,d), …



Scattering reactions
• Elastic scattering – can occur at any incident neutron energy 
• Inelastic scattering – threshold energy: Eth = E* [(A+1)/A]

Absorption reactions 
• Radiative capture – typically highest for thermal neutron energies, 

some has high likelihood in resonance region 
• Fission – some heavy nuclides have very high likelihood for fission by 

low energy neutrons 

Transfer reactions
• Charged particle production – threshold energy, must be over 

Coulomb barrier of outgoing particle 
• Neutron production reaction – threshold energy related to 

the neutron binding energy in target nuclide 
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If we want to identify an 
element – what mechanisms 
are relevant and happening 

at the energies of our 
neutron source?
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Nuclear reaction Radioactive decay

Target 
nucleus

Compound  
nucleus

Prompt g 
radiation

b-particle

Decay g 
radiation

Prompt y – high energy photons emitted within nanoseconds of the capture 
These are characteristic photon! 
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Prompt Gamma Neutron Activation Analysis
PGNNA 10-16 – 10-12 s

Nuclear reaction Radioactive decay

Target 
nucleus

Compound  
nucleus

Prompt g 
radiation

b-particle

Decay g 
radiation

Delayed Gamma Neutron Activation Analysis
DGNNA 10-6 – 103 s 
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DGNNA
Delayed Gamma Neutron 

Activation Analysis

• INAA – Instrumental NAA
• RNAA – Radiochemical NAA
• FNAA – Fast NAA

Conventional: most common

Possible to measure many different 
elements in same sample without chemical 

processing

If chemical separation is applied to remove 
interferences or concentrate radionuclide of 
interest procedure become labor intensive 

and costly.

PGNNA
Prompt Gamma Neutron 

Activation Analysis

• TNC PGNNA
 – Thermal Captuere PGNAA

• NIS PGNNA 
– Neutron Inelastic Scattering PGNAA

Set-up might be challenging - 
detectors need to be protected 

from the neutrons

Useful when half-life are too short for 
conventional, the produced nuclides are 

stable or just have to weak/no g-lines 
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2 Neutron sources
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Compact Neutron 
Generators

Reactors and High 
Energy Accelerators

Portable Neutron 
Generators and 

Radionuclide Sources

1014 – 1019 n/s 1010 – 1013 n/s 105 – 109 n/s

High intensity
Large infrastructure

Moderate intensity
~Room size Limited

Licensing, cost and regulatory requirements…

2019, Shine 
Medical/ Phoenix
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There are three types of neutrons sources 
based on radioactive materials:

(1) Neutrons from a spontaneously fissioning 
nuclide, 252Cf (T1/2 = 2.65 y)

(2) Alpha-particle emitter mixed with beryllium, a – n: 
241Am:Be, 238,239Pu:Be, 226Ra:Be, 210Po:Be

(3) Photon-induced, g – n: 124Sb:Be

US Deparment of 
Energy/ Science Photo Library

https://frontier-cf252.com/products/antimony-beryllium/
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252Cf

241Am:Be

120 2 4 6 8 10
0

1

2

3

Neutron Energy (MeV)

R
el

at
iv

e 
in

te
ns

ity

238Pu:Be
Reactions in Be: 
9Be + a 12C + n + g (4.44 MeV)
9Be + g   8Be + n  

• Activity of source depends on a-emitter activity, and how 
the materials are mixed/ constructed 

• Be by far the most common, but is also possible with F or Li
• there is also a g-dose depending on nuclide
• long term: potential build up of pressure due to helium 

being produced

• Pro: emitted neutrons are 
close to mono-energetic

• Con: considerable     
g-doserate

• Neutron energy spectrum similar to reactor fission spectrum
• High neutron yield per unit mass (allow for small sized 

sources)

252Cf

a – n 

g – n 
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Neutron generators are accelerators based on 
reactions between hydrogen ions:

3He (0.82 MeV) + n (2.45 MeV) (50%)
3H (1.01 MeV) + p (3.03 MeV) (50%)

4He (3.51 MeV) + n (14.1 MeV) 

Target:  D eller T 
solid/gas

neutrons

2H + 2H 

DD GENERATOR

DT GENERATOR
2H + 3H 

Positive ion, constant voltage accelerator 

Neutrons 
“on-demand”
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Parts: 
Accelerator, High-voltage supply, and control console

• Requires power supply of 100 – 500 keV to accelerate the deuterons
• Pulsed or continuous emission possible
• Ion-source, optics elements and target are all in vacuum tight enclosure 



24

Neutron generators can be turn on/off, 
but radionuclide sources are always ‘on’…

Neutron output = 
total number of neutrons per second in 4p

Flux is lower: 
neutrons per cm2 second 
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Research reactor often have beam ports that allow neutrons to escape reactor 
core, - consequently samples may be inserted to core for irradiation 

https://indico.cern.ch/event/145296/contributions/1381141/
attachments/136909/194258/lecture24.pdf

Fission Reactor Spectrum
235U

Slow neutron
Fast(er) 
neutrons

JEEP II

https://indico.cern.ch/event/145296/contributions/1381141/


26

The fission reactor neutrons needs to be moderated to sustain the
fission reaction

MODERATING THE NEUTRONS

Material with:
• Large scattering cross section
• Large energy loss per collision
• Small absorption cross section

1H(n,total)
1H(n,elastic)

1H(n,g)
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Research reactor often have beam ports that allow neutrons to escape reactor 
core, - consequently samples may be inserted to core for irradiation 

10-3 10-2 10-1 100 101 102 103 104 105 106 107

Thermal Maxwell distribution
Most likely energy: 0.025 eV

Resonance area

Fission spectrum
Most likely
energy: 0.72 MeV

5

Neutron energy (eV)

4

3

2

1

0R
el

. n
eu
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on
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Energy distribution in an irradiation position may look like:

Reactors offer very large fluxes: 1012 – 1015 n /cm2 s

The neutron energy distribution 
may vary greatly
  
• for different positions in a 

reactor 
• for different reactors
• due to the materials used for 

moderation of the neutron 
energy 

Typically: 
1013 n/cm2 s 

per 1 MW
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3 What is being made?
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https://www.nist.gov/laboratories/tools-instruments/instrumental-neutron-
activation-analysis-inaa

What elements are suitable for NAA?
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https://www.oecd-nea.org/jcms/pl_39910/janis

https://www.oecd-nea.org/jcms/pl_39910/janis
https://www.oecd-nea.org/jcms/pl_39910/janis
https://www.oecd-nea.org/jcms/pl_39910/janis


31

Choose which 
ones to plot
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Select for 
plotting
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https://www-nds.iaea.org/pgaa/pgaa7/index.html

• Energies from 45 keV to 12 MeV
• Poisson statistics during 

measurement

• Energies from 15 keV to 2.8 MeV
• Non-Poisson statistics during 

measurement, due to decay

PGNAA:

DGNAA:

BOTH:
• Baseline increase toward low 

energies
• Peak position to identify element
• Peak area to determine quantity

https://www-nds.iaea.org/pgaa/pgaa7/index.html
https://www-nds.iaea.org/pgaa/pgaa7/index.html
https://www-nds.iaea.org/pgaa/pgaa7/index.html
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4 Quantitative analysis DGNNA 
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Given a stable nuclide in a sample is exposed to 
neutrons 

A
ZX + n   ZX + gA+1

Each nuclide may capture a neutron and 
produce a radioactive isotope of the 
element…
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The reaction rate 
is given by: R = s · f · Nt

s – cross section [cm2]
f – particle flux [particles per cm2 per s] 
NT – number of target atoms [atoms]

Dimension R: [atoms /s]

Note:  The target is smaller than the area filled by the incident particles   
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Reaction yield = Rate of production – Rate of decay

A(tirr) = N f s (1 – exp(-l tirr))

= N f s – l N*
dN*
dt

N*(t) =    (1 – exp(-l t))N f s
l

At t = 0, N* = 0

Activity at time, tirr , is given by 
A(tirr) = l N(tirr)

End of irradiation



38

Reaction yield = Rate of production – Rate of decay

End of irradiation
A(tirr) = N f s (1 – exp(-l tirr))

tirr -> ꝏ  => A(t) = N f s = Asat 

Asat= N f s 
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End of irradiation, tirr A(tcol) = N f s (1 – exp(-l tirr)) · exp(-ltcol)

Asat= N f s 

Cooling, tcol

Measurement, tm

Cooling: A(tcol) = A(tirr) exp(-l tcol)

Activity at start of measurement:

Activity decay during 
measurement time, tm:

A(tcol) exp(-l t) dt∫
0

tm

Aint =
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A(tcol) exp(-l t) dt∫
0

tm

Aint =

Aint = N f s (1 – exp(-l tirr)) · exp(-ltcol) ∫
0

tm

exp(-l t) dt

A = N f s (1 – exp(-l tirr)) · exp(-ltcol) · 
1 – exp(-l tm)

l

We can then relate what we measure on our 
gamma-ray  detector to this activity 
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Measured net count, Np: Np = Aint · e · Ig
e – detector efficiency at g-energy
Ig – g-line emission probability

Np = N f s (1 – exp(-l tirr)) · exp(-ltcol) ·     · e · Ig    
1 – exp(-ltm)

l 

Asat= N f s So, we can solve for Asat:

Np lAsat =
(1 – exp(-l tirr)) · exp(-ltcol) · e · Ig · (1 – exp(-l tm))



Absolute determination of the concentration/amount of an element of 
interest is challenging due to large uncertainties in f and s. 

94Zr(n,g)

Incident energy (MeV)

Cr
os

s s
ec

tio
n 

(b
)

Large variations in the cross 
sections

How well do we know the 
cross sections?

How well is the neutron 
energy spectrum of the 

source described?  
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Irradiation of calibration standard together with 
unknown sample 

The calibration standard contains a known 
amount of the element of interest

Relative standardization

Absolute determination of the concentration/amount of an element of 
interest is challenging due to large uncertainties in f and s. 

I have many 
elements of 
interest!!!

Comparison to a certified reference material, e.g. gold (Au)

Experimentally determined k- factors

Singel comparator, k0 method

MAu · ga · qa · sa

Ma · gAu · qAu · sAu
k0 = 

M = atomic mass 
g = g-line probability
q = isotopic abundance
s = cross section
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5 Some examples of macro-object applications 
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A complex matrix, and I am interested 
in a trace element, what to do? 

when samples contain lot of elements which 
have strong thermal response and 

overshadows the response from trace 
elements of interest!

Epithermal NAA

Cadmium (Cd) and boron (B) have large 
absorption of thermal neutrons and small cross 
section for epithermal 

Eliminate the response to thermal neutrons: 
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Some elements have large resonance integrals: 
easier to detect when thermal neutrons are 
filtered out

The resonance integral, I0 is the reaction 
probability integrated over epithermal 

range (0.5 eV – 10 keV)

When I0 >> sth
 ENAA is useful!

Nuclide
Thermal 

cross section 
(barn)

Resonance 
Integral (barn)

79Br 10.3 127
81Br 2.4 50
121Sb 5.9 205
123Sb 4.0 127
75As 4.2 61
127I 6.2 150
136Ce 6.5 77
197Au 99 1550
232Th 7.4 85
238U 2.7 277

https://www.osti.gov/etdeweb/servlets/purl/20332542
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I want to analyze some elements not suitable for conventional NAA! 
– Cyclic irradiation with fast neutrons

Neutron-
generator

Detector

Sample

Shielding
-concrete

18O(n,p)16N
T1/2 = 7,13 s

Eg = 6,1 og 7,1 MeV

207Pb(n,n’)207mPb

T1/2 = 0,803 s
Eg = 569,7 og 1064 keV

Cyclic activation for short half-lives (s, min) for 
acceptable count statistics. Number of cycles and their 
lengths must be carefully chosen: - over time the 
background will increase. 

nth = 0.54 b nth = 0,23 mb

nth 0,14 mb
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Neutron backscatter (back diffusion) 
– some uses with portable sources

(1) Content of water in soil

(2) Road integrity

(3) Well logging (oil)

Hydrogen are efficient in slowing 
down neutrons. Thermalization in 

water is in the order of µs

Equipped with detectors sensitive for 
thermal neutrons, 3He, BF3 

3He + nth        3H (191 keV) + p (573 keV)
10B + nth       4He (1.47 MeV) + 7Li (0.84 MeV) + g (0.48 MeV) 
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Si and Al - bulk analysis of red mud wastes

27Al(n,p)27Mg 

T1/2 = 9.44 min
Eg = 0.84 and 1.01 MeV 

28Si(n,p)28Al 

T1/2 = 2.25 min
Eg = 1.78 MeV 

29Si(n,p)29Al 
T1/2 = 6.56 min
Eg = 1.28 MeV 

Gamma-ray spectrum after 1-h irradiation of 50 g red 
mud with 14 MeV 107 n/s

From: OBHONDAS et. al. 2011
doi:10.1109/ANIMMA.2011.6172957 

X-ray techniques like 
EDXRF are often chosen 
for bulk analysis. 

Not good for light 
elements. 

Fast NAA

Si, Al, Na, Mg: 
self absorption and peak 
overlap with background
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PGNAA with fast neutrons for identification of 
explosives and illicit materials

Evaluation of the 
H/C/N/O ratio:

Rection Eg (MeV) s (barn)
12C(n,n’g) 4.44 0.42
14N(n,n’g) 2.3 & 5.1 0.39
16O(n,n’g) 6.13 0.31

U.S. Army Dugway Proving Ground, 2003, 

T. R. Twomey et al, INL/CON-07-12304, 2007

Neutron generator

Gamma-
ray 
detector

Projectile with mustard gas. 
Airtight steel container
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Imaging with 
neutron

Neutron image

©PSI

X-ray image
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6 Laboratory exercise  
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LABORATORY EXERCISE 

Qualitative and quantitative analysis: 
Copper reference disks and 
identification of unknown
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(n,2n)

(n,p)
(n,d)

(n,a)
(n,g)
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