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Figure 1. Core of research reactor.

Figure 2. Relative neutron flux as a function of neutron
energy for a typical research reactor.

INSTRUMENTAL NEUTRON ACTIVATION ANALYSIS (INAA)

Instrumental neutron activation
analysis (INAA) is used to
determine the concentration of trace
and major elements in a variety of
matrices. A sample is subjected to a
neutron flux and radioactive
nuclides are produced. As these
radioactive nuclides decay they emit
gamma rays whose energies are
characteristic for each nuclide.
Comparison of the intensity of these
gamma rays with those emitted by a
standard permit a quantitative
measure of the concentrations of the
various nuclides.

FUNDAMENTAL PRINCIPLES

The n-gamma reaction is the fundamental reaction for neutron activation analysis. For example,
consider the following reaction

Fe + n 6 Fe + Beta  + gamma rays58 1 59 -

Fe is a stable isotope of iron while Fe is a radioactive isotope. The gamma rays emitted during58 59

the decay of the Fe nucleus have59

energies of 142.4, 1099.2, and
1291.6 KeV, and these gamma ray
energies are characteristic for this
nuclide. The probability of a neutron
interacting with a nucleus is a
function of the neutron energy. This
probability is referred to as the
capture cross-section, and each
nuclide has its own neutron energy
– capture cross-section relationship.
For many nuclides, the capture
cross-section is greatest for low
energy neutrons (referred to as
thermal neutrons). Some nuclides
have greater capture cross-sections
for higher energy neutrons
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(epithermal neutrons). For routine neutron activation analysis we are generally looking at nuclides
that are activated by thermal neutrons.

The activity for a particular radionuclide, at any time t during an irradiation, can be calculated from
the following equation

A  = σ φN(1 – e )t act
-λt

where A  = the activity in number of decays per unit time, σ  = the activation cross-section, φ = thet act
neutron flux (usually given in number of neutrons cm  s ), N = the number of parent atoms, λ = the-2 -1

decay constant (number of decays per unit time), and t = the irradiation time. From this equation we
can see that the total activity for a particular nuclide is a function of the activation cross-section, the
neutron flux, the number of parent atoms, and the irradiation time. Note that for any particular
radioactive nuclide radioactive decay is occurring during irradiation, hence the total activity is
determined by the rate of production minus the rate of decay. If the irradiation time is much longer
than the half-life of the nuclide, saturation is achieved. What this means is that the rate of production
and decay is now in equilibrium and further irradiation will not lead to an increase in activity. The
optimum irradiation time depends on the type of sample and the elements of interest. Because the
neutron flux is not constant, the total flux (called fluence) received by each sample must be
determined using an internal or external fluence monitor.

It is sometimes useful to convert from half-life to decay constant. This can be done using the
following equation

t  = 0.693/λ1/2

where t  is the half-life and λ is the decay constant.1/2

After the sample has been activated, the resulting gamma ray energies and intensities are determined
using a solid-state detector (usually Ge). Gamma rays passing through the detector generate free-
electrons. The number of electrons (current) is related to the energy of the gamma ray. Because there
can be thousands to hundreds of thousands of gamma ray interactions per second with the detector,
an important criteria in system design is the response time of the detector to gamma ray interactions
(as measured by the dead time). Each radioactive nuclide is also decaying during the counting
interval and corrections must be made for this decay. The standard form of the radioactivity decay
correction is

A = A eo
-λt

where A is the activity at any time t, A  is the initial activity, λ is the decay constant and t is time.o

When subjected to a thermal neutron flux U atoms in a sample will undergo fission producing a235

variety of fission products, some of which are nuclides of interest. Hence, a correction that must be
made, when U is present, is for the amount of a nuclide produced by the fission process.
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Figure 3. Flow chart for a gamma-ray spectroscopy system.

Given the differences in half-lives for various nuclides, there are optimum times to count an
activated sample. In general nuclides with relatively short half-lives, on the order of hours to days,
are determined within the first week of irradiation. Nuclides with half-lives on the order of weeks
to months are determined 4 to 8 weeks after irradiation. Hence, activated samples are counted
several times after irradiation.

INSTRUMENTATION

A gamma-ray spectroscopy system consists of a detector (and high voltage power supply for the
detector), pre-amplifier, spectroscopy amplifier, analog-to-digital converter, multi-channel analyzer,
and an output device. A sample is presented to the detector (Ge in the case of gamma-ray analysis).
In order to minimize thermal noise the detector is kept at cryogenic temperatures (liquid nitrogen,
temperature = 77K). The initial signal is very small and the pre-amplifier, attached directly to the
detector, amplifies this signal. The signal is shaped by the spectroscopy amplifier and then converted
from an analog to a digital signal by the analog-to-digital converter. The results are stored in digital
form (multi-channel analyzer). In modern gamma-ray spectroscopy systems the high-voltage power
supply, spectroscopy amplifier, analog-to-digital converter, and multi-channel analyzer are
combined into a single module. A computer is used to visually show the resulting spectrum and to

do calculations on the spectrum. Various algorithms are used to determine the shape and energy of
each gamma-ray peak present in a spectrum and to determine the area encompassed by the peak (i.e.,
the gamma-ray intensity). Subsequent decay, interference (if required), fluence, and fission product
corrections, and comparison with a standard, lead to a quantitative analysis.
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Figure 4. Gamma-ray spectroscopy system (automated sample changer). The detector is kept
at liquid nitrogen temperatures (dewer under cave). The small box on top of the cabinet
combines all the functions of the HV power supply, spectroscopy amplifier, and analog-to-
digital converter. The resultant spectrum is shown on the computer screen.

APPLICATIONS

While liquid samples (if certain precautions are taken) can be analyzed by INAA, solids are the
matrix of choice for this technique. Virtually any material can be analyzed and limitations are
largely due to the chemistry of the matrix. For example, it would be difficult to obtain low detection
limits for a sample of pure iron because given the half-life (44.6 days) of Fe, the sample will have59

a high background for an extended period of time and shorter half-life isotopes will be gone from
the sample before this background is reduced. Examples of the types of materials that can be
analyzed by INAA are

C Rocks, minerals, and soils
C Atmospheric aerosols
C Archaeological artifacts
C Tree rings
C Dust in ice cores
C Hair, nails, skin, etc.
C Plant and animal matter
C Coal
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Figure 5. Periodic table showing elements that can be analyzed by neutron
activation analysis.

STRENGTHS

The strengths of INAA are

C Can analyze a large number of elements simultaneously
C Very low detection limits for many elements
C Small sample sizes (1 – 200 mg)
C No chemical preparation
C Non-destructive. The material is available for other analytical techniques

Additionally, compared to many analytical techniques, the instrumentation cost is relatively low.
In 2007 it would cost about $50,000 to set-up and INAA laboratory.

LIMITATIONS

There are very few limitations. The major limitation is the number of elements that can be analyzed
by this technique. Several elements of geological interest, such as Nb, Y and some transition metals,
are better determined by other analytical methods. For example, more precise Rb, Sr, Y, Nb, and Zr
concentrations can be obtained by x-ray fluorescence (XRF). In fact, INAA and XRF are
complimentary techniques and rock and mineral chemistries are often determined using both INAA
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Figure 6. Sample vial (smaller vial) and
counting vial.

and XRF. Also, because there is no chemical pre-separation, the sensitivity of the method is
dependent upon the sample matrix. For example, detection limits for all elements are lower in tree
ring samples than in rock samples.

SAMPLE COLLECTION AND PREPARATION

Because of the low detection limits for many
elements, sample collection and preparation is
critical. Great care must be taken not to introduce
contaminants. Virtually any solid material can be
analyzed by this method, but there are geometric
constraints – the sample must fit into the irradiation
vial and should present a consistent geometry.
Before selecting material for analysis consideration
should be given to the geometrical factors.  

DATA COLLECTION, RESULTS, AND PRESENTATION

In modern laboratories the final results are presented
as concentrations, in weight percent, ppm, or some
other convenient unit. All the data reduction is
handled by computer codes. 
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RELATED LINKS

www.canberra.com - technical descriptions of the various components of a gamma ray spectroscopy
system.

 http://web.missouri.edu/~glascockm/naa_over.htm - overview of neutron activation analysis.



-7-

 http://en.wikipedia.org/wiki/Neutron_activation_analysis - description of INAA, includes links to
other sites.


