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Neutron Activation Analysis: A Primary
(Ratio) Method to Determine Sl-Traceable
Values of Element Content in Complex

Samples

Peter Bode*?, Robert R. GreenbergP®, and Elisabete A. De Nadai Fernandes®

Abstract: The metrological principles of neutron activation analysis are discussed. It has been demonstrated that
this method can provide elemental amount of substance with values fully traceable to the SI. The method has
been used by several laboratories worldwide in a number of CCQM key comparisons — interlaboratory compari-
son tests at the highest metrological level — supplying results equivalent to values from other methods for elemen-
tal or isotopic analysis in complex samples without the need to perform chemical destruction and dissolution of
these samples. The CCQM accepted therefore in April 2007 the claim that neutron activation analysis should have
the similar status as the methods originally listed by the CCQM as ‘primary methods of measurement’. Analytical
characteristics and scope of application are given.
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1. Introduction

Neutron activation analysis is an isotope-
specific analytical technique for the quali-
tative and quantitative determination of
elemental content.[!l The method is based
upon the conversion of stable atomic nuclei
into radioactive nuclei by irradiation with
neutrons and the subsequent detection of
the gamma radiation emitted during the de-
cay of these radioactive nuclei. Activation by
neutrons may result in radionuclides from
all elements (that have radioactive daughter
products) present in the sample, with some-
times strongly different production rates.
This mixture can be analysed in two differ-
ent ways:
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i) The resulting radioactive sample is
chemically decomposed, and the ele-
ments are chemically separated: De-
structive or Radiochemical Neutron Ac-
tivation Analysis. This form of NAA will
not be discussed here.

ii) The resulting radioactive sample is
kept intact, and the radionuclides are
determined, taking advantage of the
differences in decay rates via measure-
ments at different decay intervals: Non-
destructive or Instrumental Neutron
Activation Analysis (INAA).

The metrological basis for NAA was
firmly established by the mid-to-late
1990s,2! although the fundamental re-
search was largely completed earlier.

In 1996, the CCQM (Consultative
Committee for Amount of Substance —
Metrology in Chemistry) identified that
“...Strictly, traceability to the SI in mea-
surements of amount of substance — or
of any other quantity — requires that the
measurements be made using a primary
method of measurement, which is correctly
applied and stated with an evaluated un-
certainty...”, and in 1998 the CCQM de-
fined the concept of a primary method.[3-0]
A major advantage of primary methods is
therefore their demonstrated straightfor-
ward traceability of the value of a measur-
and to the SI, requiring a complete evalu-
ation and quantification of the uncertainty
of measurement. Although not explicitly
stated in the definition, it is implied by the
“highest metrological properties” portion
of the definition that the application of
the method results in a small value of the

measurement uncertainty that overlaps the

conventional true value of the measurand

(with the probability expected from the

coverage factor applied in calculating the

expanded uncertainty).

The authors demonstrated in the In-
organic Analysis Working Group of the
CCQM already in 2000 that NAA based
on the comparator method has the poten-
tial to fulfill the requirements of a primary
ratio method with evidence of the methods’
metrological fundamentals including the
measurement equation, the evaluation and
quantification of all sources of uncertainty
and the aspects of traceability. Moreover,
the performance of several laboratories
worldwide in applying NAA in CCQM pi-
lot studies and key comparisons (of minor
and trace elements in complex matrices)
between 2000 and 2007 was shown to be
equivalent to those of laboratories apply-
ing ID-MS, one of the hitherto proclaimed
primary methods.l”81 The CCQM, in its
meeting of April 19, 2007, decided subse-
quently “...that NAA had claims to a simi-
lar status to that of the five methods listed
originally by the CCOM and that NAA will
be added to that list....” ) The CCQM has
decided to revisit the whole issue of pri-
mary methods in the future.

The analytical characteristics of INAA
are:

e Non-destructive analysis. The test-
portion does not have to be converted
into a solution, thus dissolution losses
do not exist.

e The method is based upon processes in
the atomic nucleus. The chemical form
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and physical state of the elements do
not influence the activation and decay
process.

* The method can be applied in a self-
validating manner. A unique combina-
tion exists of the gamma-ray energies,
their intensity ratios and the half-lives
of the radionuclides, which provides
opportunities for consistency checking.

* Many adjustable experimental param-
eters, sometimes over several orders
of magnitude, allow the experimental
design to be optimised and potential
problems identified.

¢ Elements such as C, H, N, O and Si,
often found as major components of
many matrices commonly analyzed by
NAA, do not activate well and contrib-
ute little or no gamma-ray activity.

* The method is suitable for determina-
tion of masses in the order of 10°°-10° g
and less, depending on the element to
be determined.

2. Metrology

The induced radioactivity results in
emission of gamma-radiation that is mea-
sured with a gamma-ray detector. This re-
sults in peak areas, C, in the gamma-ray
spectrum, from which the decay corrected
gamma-ray emission rate, A, of the acti-
vation product is determined at the end of
irradiation (Eqn. (1)):

A_.C.el."d
A, = d L.
0. (l_e*lf"w),(1_e—A,~1m) fp fhc
= Nj<o>¢-Te M

= decay corrected gamma-ray emission
rate of radionuclide i; A, = decay constant
=(In2)/t,, with ¢, , the half life of the ra-
dlonuchde C = net counts in y-ray peak
at energy of interest (E): f pulse pileup
correction; f; = live time extension correc-
tion; £, = 1rrad1at10n time; z, = decay time
to start of count; t = live time of count; N,
= number of atoms of target nuclide i; ¢
= neutron fluence rate during irradiation;
<G> = neutron spectrum averaged cross
section; I' = fraction of decays producing
y-ray of E ; € = the full energy photo peak
efficiency of the detector, i.e. the probability
that an emitted photon of energy E_will be
detected and contribute to the corresponding
photo peak in the spectrum.

As the mass of an element m(E) fol-
lows from (Eqn. (2))

N, - M(E)
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@

with N, = Avogadro’s number; M (E) =
molar mass of the element E

M(E) = Ex(’E)-M(’E)

whereby M(’E) is the molar mass of isotope
i in element E; x('E) = isotopic abundance
of the (stable) target isotope i of Element

n('E)

E n(’E)

J
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with j as all stable isotopes of an element
E, the measurement equation in NAA can
be derived straightforwardly from these
equations, resulting in a linear relationship
between the mass of the irradiated element
m(E) and the net counts in the photo peak
(Eqn. (3)):

m(E)=C- 4,

derived from the net photo peak area of un-
known sample or standard (see Eqn. (1));
R = ratio of isotopic abundances for un-
known and standard

R, = (B)

xi,d(’E)
R, = = ratio of neutron fluences (including
ﬂuence drop off, self shielding, and scat-
tering); R_ = ratio of effective cross sec-
tions if neutron spectrum shape differs
from unknown to standard; R, = ratio of

counting efficiencies (differences due to
geometry and y-ray self shielding).

M(E)

(=) - (1=e ") ¢

Eqgn. (3) includes physical constants that
are either tabulated (e.g. the decay con-
stant, the fraction of decays resulting in a
gamma-ray, the atomic mass); experimen-
tal parameters (e.g. the neutron fluence
rate, the detector’s efficiency and the pulse
pile up and live time extension correction)
and measured quantities (e.g. net counts in
the peak and duration of irradiation, decay
and counting).

Several of these constants and param-
eters are difficult to determine with small
uncertainties. The comparator method is
therefore preferred for assays at the high-
est metrological level where a sample and
a standard of the element of interest are
irradiated simultaneously, or under very
similar conditions, and their radioactivi-
ties are determined consecutively on the
same counting system. The ratio of the
gamma-ray emission rates is a direct
measure of the ratio of target nuclei in
sample and standard, and thus of the ratio
of the masses.

The ratios are corrected for differences
between unknown and standard in isotope
abundances (R ), neutron fluence expo-
sures (R ), effective cross sections (R_) and
dlfferences in counting efficiencies (R ). In
most cases these ratios are extremely close
to unity. The mass of the element of inter-
est follows then from Eqn. (4):

unk (E) msld (E) 0 et
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with m  (E) = mass of an element E in the
unknown sample; m_ (E) = mass of an ele-
ment E in the comparator standard; A, =

decay corrected gamma-ray emission rate,

S S 3)

o>T "¢ x('E)- N,

The uncertainties in all parameters in the
simplified measurement equation (Eqn. (4))
can be evaluated and quantified.[10-121 NAA
determination of elemental mass can be
made traceable to the SI because all param-
eters in the measurement equation are SI (or
SI-derived) units such as kg, s, m, mole and
Becquerel, or dimensionless ratios.

3. Scope of Use of NAA

Obviously, the element of interest
and sample matrix should have specific
chemical properties, physical forms and
physical characteristics for analysis by
NAA. The activation rate and half-lives
and energies of the gamma-ray emission
of the radionuclides are decisive factors
for selecting NAA. The very low Z ele-
ments (like H, He, B, Be, C, N, O) are
not suitable for determination by (ther-
mal neutron) NAA, as are a few other ele-
ments like T1, Pb and Bi.

Sample matrices of high density that
contain significant fractions of high atomic
number elements (both affecting gamma-
ray self attenuation) are not good candi-
dates for NAA measurements. Similarly,
matrices that have extremely high neutron
absorbing properties are difficult to meas-
ure accurately due to neutron self attenua-
tion. Significant mass fractions of B, Li and
U are also undesirable since their neutron
capture results in the emission of charged-
particle radiation, which may cause exces-
sive thermal heating during the irradiation.

Examples of measurements where the
analytical characteristics of neutron activa-
tion analysis are employed at full advan-
tage include:

* Solid materials that are difficult to dis-
solve completely, such as soils, rocks,
minerals, air particulate matter, new
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composite materials, and materials
with C, H, N, O as major elements like
biological material and plastics.

* Solid materials that are easily con-
taminated during preparation of the
test portion if digestion is needed for
a different analytical technique. Exam-
ples are ultrapure materials, ultra-small
amounts and biological tissues and flu-
ids.

e Solid materials that are unique and
should keep their integrity, such as
materials from forensic studies and ar-
chaeological, cultural and art objects.

* Solid materials of which the bulk com-
position must be determined and for
which surface or near-surface tech-
niques such as XRF (X-ray fluores-
cence spectrometry) and some solid-
state spectrometric techniques are in-
adequate.

4. Final Remarks

Primary methods of measurement, in-
cluding neutron activation analysis, are
based on physical-chemical principles
with the highest metrological properties,
can be completely described (in a mea-
surement equation) and understood, and
can have a complete uncertainty statement
can be written down in terms of SI units.

A laboratory should only claim that
it has the potential to operate a primary
method of measurement when the entire
measurement procedure is properly ap-
plied, and evidence thereof is available
e.g. by successful participation in CCQM
key-comparisons or pilot studies includ-
ing the provision of complete uncertainty
budgets. In addition, an analytical method
can only be ‘as good as the analyst’; this
certainly applies to the primary methods of
measurement as well.
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