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13.1 INTRODUCTION  

Earlier, in Unit 12, you have studied fundamentals of radioactivity, decay laws, 

measurement methods and methods of production of radioisotopes and radiotracers 

including its availability within India. In this unit you will study about applications of 

radioactivity which has found wide applications in basic researches in physics, 

chemistry, biology and medicine including agriculture, industry, nutrition research, 

environment related research, forensic science etc. However, in this unit we will limit 

ourselves mostly with analytical applications of radioisotopes. In general, nuclear 

analytical methods based on the measurement of radioactivity may be classified into 

two broad groups: first based on the direct measurement of radioactivity in the system 

and second by making it radioactive by the bombardment of the sample in a nuclear 

reactor or accelerator facility or by adding radioactivity in the system. A broad 

classification of various nuclear analytical methods is presented in Fig. 13.1. Ever 

since the discovery of radioactivity, several techniques such as neutron activation 

analysis (NAA), isotope dilution analysis (IDA), radiometric titration (RT), 

radiochromatography (RC), radioimmunoassay (RIA), etc have been developed during 

last few decades.  Out of all these methods, NAA is the most common. It is primarily 

based on the principle of irradiation of the sample with a neutron beam in a nuclear 

reactor and thus making it radioactive. However, in case of radiotracer techniques such 
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as IDA, RT, RC and RIA sample is made radioactive by the addition of radiotracers of 

suitable radiation type and half life. A comparative account of advantages and 

limitations of each of the techniques will be presented. 

Objectives 

After studying this unit, you should be able to: 

• state a choice whether it is essential to adopt a radioanalytical method, 

• describe uniqueness of radioanalytical methods, 

• identify the suitable radioisotope or radiotracer for the analysis,  

• list  the suitable radioanalytical method for the analysis, 

• predict the  concentration in an analyte by isotope dilution analysis, 

• explain principle, methodology and applications of IDA, 

• describe the basic principle of neutron activation analysis, 

• demonstrate NAA technique for the determination of concentration, 

• describe sensitivity and detection limits of NAA, 

• list typical applications of NAA, 

• distinguish between the of radiometric titrations and other titrimetric methods, 

• identify metal ions/organic constituents by radiochromatography, 

• explain methodology of radioimmunoassay and list its advantages, and 

• compare detection limits and sensitivity of NAA and IDA with other trace 

analysis methods. 

 

 Fig.13. 1:  Classification of nuclear analytical methods based on the measurement of 

radioactivity 
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Application of radioactivity is best illustrated by the use of radiotracers in various 

disciplines such as chemistry, physics, biology, agriculture, medicine, industry, etc. 

Looking to the tremendous scope of radiotracers, it is important to understand basic 

principle involved in radiotracer methodology. George de von Hevesy, a Hungarian 

chemist and co discoverer of neutron activation analysis, is credited with being first to 

use radiotracers for determining solubility product of lead substances in water. Hevesy 

was awarded 1943 Nobel Prize in chemistry for his pioneering work. He was also the 

first person to use radiotracers to follow biological processes, tracing the movement of 

radionuclides from soil into plants and movement of food through animal systems. 

Production of radionuclides in nuclear reactors gave a great impetus to tracer concept. 

This concept has made further crossroads with the development of multitracers in 

1990s. 

 

A radiotracer is defined as a chemical specie having one or more radionuclides as 

cation, anion or one of its components so that it may be used as a marker to follow the 

course of a chemical reaction or physical process or to show the location of a 

substance in an area. The activity of radionuclide is monitored to follow the process 

under investigation. Basic principle, on the basis of which a radiotracer works, is that 

it mixes well with its own element or compound and behaves chemically in a similar 

manner except for its radiation emitting property. Radiotracers can be used 

qualitatively for identification only, as simple markers or to quantitatively determine 

the amount of a component in a mixture.  

13.2.1 Choice of Radiotracers  

It is not possible to use all the radionuclides especially with too long (>10 y) or too 

short (< few min) half lives as radiotracers. Similarly, type of emitted radiation is also 

an important criterion. In order to make use of a radionuclide as tracer certain 

assumptions and criteria have to be made. 

 

The most important assumption is that the radiotracer should mix perfectly well with 

the system under investigation. It implies that the radiotracer should preferably be in 

the same chemical form (ionic or covalent) as the analyte with which it is being mixed. 

It means that the tracer will behave as an indistinguishable from the nonradioactive 

material except for the emitted radiation. Further, it should not adversely affect any 

component by way of radiation damage which means that the energy of radiation 

should not be too large to cause bond damage. Of course tracer is present in small 

amounts so that its radioactivity does not significantly affect the system in physical 

appearance or otherwise. Different isotopes of a radiotracer differ in mass between the 

active and non active species. Though isotopes of different masses show different 

reaction rates kinetically because of isotope effect and suitable corrections should be 

made but these are not really significant for heavy elements. NOTE: It may be noted 

that by substituting ‘H with 
2
D, isotopic mass effect is quite significant whereas for 

other elements of higher mass, it will be insignificant. Thus, main criteria for the 

choice of a radiotracer are type of radiation emitted, and half-life of radioisotope 

including its availability. 

13.2.2 Factors Affecting Choice of Radiotracers  

Several factors as depicted in Fig. 13.2 should be considered while choosing a suitable 

radiotracer. Most important of these is the half-life of the radioisotope. It should not be 

too short or too long. However, it could be in the range of a few minutes to a 

maximum of couple of years so that there is sufficient activity present throughout the 

experiment for measurement of activity and good counting statistics. A general 

  
 

George de von Hevesy 



 

 

46 

Radioanalytical 

Methods  
criterion could be that the half-life should be at least as long as the duration of the 

experiment. 

 

Fig. 13.2:  Illustration of factors affecting the choice of radiotracer 

Too long half-life means low specific activity and it may result in problems with 

disposal, storage, long term environmental contamination and excessive radiation 

dosage to the worker. It may be noted that the half-life of a tracer is also decided by 

the usage. For example, if an iodine isotope is needed for imaging thyroid gland then 
128

I
 
(t½ = 25 min) may be used whereas for any chemical studies long lived isotopes 

such as 
131

I
 
(t½ = 8 d) or 

125
I

 
(t½ = 59.7 d) should be recommended depending on their 

ease of availability. Similarly, using sodium isotope as biological marker in human 

studies, 24Na (t½ = 15 h) should be used whereas for chemical studies long lived 22Na 

(t½ = 2.6 y) may be used. 

 

Another important consideration is the type of radiation emitted by the radionuclide 

especially with respect to penetrating power, ease of measurement and potential 

radiation damage. Generally an � emitting isotope is least preferred because of low 

penetration power associated with high ionization and radiation damaging effects. For 

thick and dense samples, � emitting radiotracer should be a necessary choice because 

of its high penetrating power and ease of detection. In principle � emitters may be used 

as tracer for thin samples such as thin films and surfaces but these are not preferred.  

In general, � or � emitters are considered as best choice for chemical studies because 

of ease of detection by using Geiger-Muller or scintillation counters. 

 

Potential chemical and physical interactions of the tracer with the system under study 

should also be a matter of consideration. Attention must also be paid to the possible 

interactions of the other components of the tracer solution with the system because not 

all the isotopes can be obtained in radiochemically pure form with high specific 

activity. Generally radiotracers are available as chloride or nitrate salt solution though 
sometimes sulphate or phosphate salt solutions are also available. Chemical form of 

radiotracer depends on the separation procedure adopted. 

 

Some other practical considerations are easy availability within the country and the 

cost of the desired tracer, the accessibility of the appropriate detector system, and the 

availability of laboratory certification and counting equipments. GM counter is the 
most easily available in a laboratory though NaI (Tl) based scintillation counter is also 

available quite easily. Similarly, fume hood requirements may also restrict the use of 

an isotope as tracer. As already mentioned in section 12.4.3 of Unit 12 of this course, 

radiotracers in India are available from the Board of Radiation and Isotope 

Technology (BRIT), Mumbai though these are prepared in the Isotope Division of the 

Bhabha Atomic Research Centre (BARC), Trombay, Mumbai. 
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Besides analytical applications, radiotracers have been used for a variety of 

investigations such as leak detection, location of blockages in industrial systems, wear 

studies of machine tools and engine components, oil well tracer logging, ground water 

studies, silt movement in the sea bed, thickness gauge in steel rolling mills etc. Thus 

now days radiotracers are finding increasing applications in medical diagnosis and 

agriculture. 

SAQ 1 

Which one of the radioisotopes of manganese (
54

Mn, t½ = 312 d; 
56

Mn, t½ = 2.56 h) 
should be used as radiotracer for the determination of manganese in a steel sample in a 

chemical laboratory? Explain the reason. 

…………………………………………………………………………………………... 

…………………………………………………………………………………………... 

…………………………………………………………………………………………... 

…………………………………………………………………………………………... 

SAQ 2 

Which one of the following radioisotopes should be used as radiotracer for the type of 

studies mentioned below? 

128 
I (t½ = 25 min), 

131
I (t½ = 8 d), and 

125
I (t½ = 59.7 d) 

a) For the determination of solubility product of PbI2 using radiotracer method.  

…………………………………………………………………………………… 

…………………………………………………………………………………… 

…………………………………………………………………………………… 

…………………………………………………………………………………… 

b) For the treatment of thyroid cancer using a radiopharmaceutical.  

…………………………………………………………………………………… 

…………………………………………………………………………………… 

…………………………………………………………………………………… 

…………………………………………………………………………………… 

c) For assaying of thyroid hormones by RIA. 

…………………………………………………………………………………… 

…………………………………………………………………………………… 

…………………………………………………………………………………… 

SAQ 3 

a) Which one of the following is the most important characteristic property of a 

radiotracer technique? 

i) Multielement analysis          

ii) Trace analysis 

iii) Sensitivity               

iv) Nondestructive character 

…………………………………………………………………………………… 
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b) Which of the following is TRUE or FALSE for a radioanalytical method? 

i) Radiation hazards 

ii) Less specific 

iii) Limited applicability 

iv) Serious chemical interferences 

…………………………………………………………………………………… 

…………………………………………………………………………………… 

…………………………………………………………………………………… 

…………………………………………………………………………………… 

13.3 ISOTOPE DILUTION ANALYSIS (IDA)   

It is a widely used quantitative analytical technique of considerable value in complex 

mixtures of compounds in organic syntheses, biochemical systems and for the 

determination of inorganic elements in geological and biological samples. It was first 

developed by George de von Hevesy and R. Hobbie in 1932 though many innovative 

developments were made by J. Tolgyessy, J. Ruzicka and J. Stary. It has the advantage 

of not requiring the separation of a component to be determined quantitatively from an 

analyte mixture. The method of IDA has two alternatives, direct isotope dilution 

analysis (DIDA) and inverse/reverse isotope dilution analysis (I/RIDA). 

13.3.1 Principle and Equation  

It is primarily based on the principle that the specific activity of a mixture of stable 

and radioisotope remains unchanged during chemical processing. Accurately known 

amount of specific activity of a radiotracer is added to an aliquot of analyte mixture 

containing the sought component. After addition, the resultant specific activity 

decreases. Chemical separation procedure is carried out where the component need not 

be recovered quantitatively but it must be in chemically pure form with well defined 

composition and in sufficient amount so that it can be weighed. Separation may be 
carried out by any of the following separation procedures: 

• Solvent extraction of chelate complexes formed with specific reagent 

• Precipitation using specific reagent 

• Ion-exchange separation 

• Electrodeposition or sorption process           

After equilibration the desired constituent is separated, weighed and its activity is 

measured. 

 

Sp. activity of tracer (SA) + Analyte Mixture = Sp. Activity of isolated part 

 

Here, specific activity is defined as SA = Activity / Mass in mg 

 = A counts per min (R) / m. 

 
In general, the separation is performed by chemical separation methods as mentioned 

already. Of all, solvent extraction is the most widely used separation method because 

of its simplicity and ease in handling.  

 

Let us consider a complex sample of m g containing m1 g of the component of interest. 

A radiotracer with total activity of A counts per min having a mass of m* is added to 

the analyte so that its specific activity becomes SA1 = A/ m*. After chemical 

separation, if m1 g component containing both the active and inactive components is 

isolated and its activity is measured as A1 counts per min. Its specific activity will be 
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SA2 = A1 /m1 and will remain constant regardless of how much of the pure component 

is isolated. Following balance sheet can be formulated. 

                      

                                  Before mixing                           After mixing (before purification) 

 

 Amounts            m1 (inactive) + m* (active)                    m1  +   m2 (mixture) 

 

Sp. Activity                       SA1                                                                     SA2 

After purification, only a fraction (not quantitative) is isolated. Since specific activity 

of the component of interest will remain same before and after purification, it follows 

that  

m*  SA1        =     (m1  + m* ) SA2     … (13.1) 

On solving this equation for the analyte of interest m1, we get  

m1      =        m* (SA1/ SA2 – 1)     … (13.2) 

Thus, percentage amount of the component of interest in m g sample may be 

calculated.  

Percentage of unknown   =   ��
�

�
��
�

�
-

·
1

SA

SA*100

2

1

m

m
 … (13.3) 

Since all the quantities on RHS can be determined experimentally, the amount of 

unknown in a given sample can be determined in appropriate units of % or ppm in 

case of trace abundance. This is the equation to be followed for DIDA.  Following 

conditions must be fulfilled to carry out IDA procedure; 

i) The radioactive tracer must be radiochemically pure. It means that the tracer 

must not be contaminated with any other radioisotope. 

ii) The radiotracer must be chemically identical. It means that it must be in ionic or 

covalent form as the analyte. 

iii) The radiotracer must be uniformly distributed in the sample. It means that the 

mixture must be stirred thoroughly. 

iv) Suitable separation procedure must be developed before hand to isolate the 

component in pure form. 

v) Half-life of the radiotracer must be sufficiently long so that it should be feasible 

for chemical separation. 

A schematic illustration of various steps in IDA determination is shown in Fig. 13.3. 

This procedure is also called direct isotope dilution analysis (DIDA). In an alternate 

method called inverse isotope dilution analysis (IIDA) amount of radioactive 

substance (m*)  in the sample solution with activity A1 can be determined by adding 

inactive component (m1) and some fraction of the pure component having activity A2 is 

isolated. In this case mass of radioactive substance (m*) is determined using the 

equation: 

 m*     =      (A1/A2)m – m1      … (13.4) 

where, m  and A2 are the weight of recovered sample and its activity respectively. Thus 

quantity of the radioactive substance initially present in the sample or its specific 

activity is calculated. It has the advantage that quantity of specific radioactive 

component of a sample without comparing it with a known radioactive standard can be 

determined. This procedure is especially useful for determining the amount of 

radionuclide present in a complex mixture of radionuclides, say spent nuclear fuel or 
reactor irradiated sample. 
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Fig. 13.3:  Schematic illustration of sequence of steps for the determination of an element 

or a compound in a complex mixture by IDA 

Solved Example 1: A 0.6 cm
3
 solution containing 7.5 �Ci /cm

3
 of 

59
Fe was injected 

into the blood stream of a horse. After equilibration, 1.0 cm
3
 of blood was taken out 

and it gave 13239 counts in 3 min. Calculate the blood volume in the body of horse.   

 

Solution 7.5 �Ci /cm
3
  = 7.5×10

-6
×3.7×10

10
 counts/s = 27.75×10

4
 cps 

                    Total activity added to the blood =  0.6×27.75×10
4
 = 166.5×10

4
 dps 

 Activity of blood taken out =  13239/3×60 =  73.55 cps 

 Let the volume of blood in the body of horse be X cm
3
 

 

As the amount of solution added to the horse body is insignificant compared to the 

large blood volume, it is not necessary to use the Eq. (11.2). Instead, we can assume 

the constancy of total activity because of long half life of radiotracer i.e. 44.5d 

 

                  73.55 X  =  166.5×10
4
     or X  =  2.26×10

4 
cm

3
 = 22.6 dm

3 

 Ans.  Horse body contains 22.6 dm3 of blood 

 
Solved Example 2: Isotope dilution analysis was employed for the determination of 

glycine in 5.83 g protein hydrolysate mixture by using 
14

C labelled compound. 5.3 mg 

labeled compound with an activity of 39856 cpm was added to the mixture. The 

counter had background counts of 11790 counts in 90 min. After thorough mixing, the 
solution was passed through an ion-exchange column when 3.7 mg pure glycine was 
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separated which showed an activity of 10900 counts in 50 min using the same counter. 

Calculate the % amount of glycine in the mixture. 

 

Solution The counter had a background of 11790 counts in 90 min 

 or Background count rate  =  131 cpm 

 Amount of radiolabeled tracer added, m*          =    5.3 mg 

 Specific Activity of the radiotracer added, SA1  =  
( )

7.25

13139856 -
 

                                 =  39725/25.7 

       =   1545.7 cpm/mg 

         Amount of pure fraction of glycine  =  23.7 mg 

Net Activity of glycine = 10900 counts in 50 min  = 218 cpm – 131 cpm(background) 

                                                                                                 =  87 cpm 

 Specific Activity of separated fraction of glycine = 87 / 3.7 = 23.5 cpm/mg 

 Amount of glycine in mixture  =  5.3 (1545.7/23.5 – 1) = 343.1 mg 

            Percent amount of glycine in the mixture = (0.343/5.83) ×100 

                                           = 5.89%  

13.3.2 Instrumentation   

An advantage of IDA method is that it does not require any specific or costly 

instrumentation except simple radioactivity measurement equipments such as G.M. 

counter or scintillation gamma ray spectrometer which are good for gross activity 

measurements. Of course one requires a good electronic balance for accurate 

determination of the mass of the recovered sample. For chemical separation procedure 

a radiochemistry laboratory with glove box and fume hood facilities are also required. 

Also the laboratory must have license to acquire radioisotopes from BRIT, Mumbai. 

When stable isotopes are used, the diluted natural isotopic ratio is related to the 

concentration of the amount and isotopic composition of the separated isotope that 
was added. In that case measuring instrument is mass spectrometer and the technique 

is called isotope dilution mass spectrometry (IDMS). This technique of IDMS is, 

however, less common and requires a more sophisticated laboratory. 

13.3.3 Applications  

IDA is one the most widely used analytical technique for trace element analysis in a 

wide variety of complex matrices of geological, biological, environmental, 

archaeological, and others. IDA procedure has been used for the determination of 

compounds that are of interest in organic and biochemistry and inorganic industrial 

samples. Methods have been developed for the determination of diverse substances 

such as vitamins, insulin, sucrose, penicillin, amino acids, thyroxin, etc. Also the IDA 

has been widely used for the determination of inorganic elements in biological 

systems such as for the study of interaction of inorganic elements in organisms, role of 

elements in disease and regulation of elements by the body. It has been employed for 

several quantitative analytical problems that are otherwise difficult to handle by other 

analytical methods. Because of its advantage that quantitative recovery is not required, 

IDA is especially useful. Some typical situations are considered below; 

a) A quantitative isolation of the element or compound is difficult – This could be 

exemplified by the determination of iodide in a mixture of halides as its 

quantitative separation is almost impossible. 
128

I (t½ = 25 min) or 
131

I (t½ = 8 d) 

may be used as a radiotracer which is formed by radioactive neutron capture of 
127

I. Radiotracer with known specific activity could be added to the halides 

mixture or any other sample containing halides. All the halides may be 

precipitated by the excess addition of AgNO3 solution. To the precipitate 
sulfuric acid and MnO2 may be added which would oxidize I– to I2 which may be 

sublimed by heating and condensing vapours on a cold surface. The mass and 
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activity of the condensed sample may be determined and thus the amount of I

–
 

or iodine may be determined. 

b) More rapid analysis is required – Rapid determination of Co in steels can be 

carried out by IDA using carrier free 
60

Co of known activity. A small sample of 

steel is extracted from the furnace melt, dissolved in acid and to this tracer 

solution is added. From the resultant solution arbitrary amount of cobalt metal is 

electro deposited, and its mass and activity are determined. Thus, amount of 

cobalt in original steel sample is routinely determined.    

c) It is impossible to obtain the entire sample for analysis – Total blood volume in 

human body may be determined by IDA using 
51

Cr (t½ = 27.7 d), 
59

Fe (t½ = 44.5 

d) or even 
32

P (t½ = 14 d). The procedure involves removal of a few cm
3
 of blood 

from the body, addition of tracer of known activity and re injection into the 

body. Tracer binds itself with the hemoglobin in the blood cells. After 

equilibration for a few hours (approximately 2.5 h), a small aliquot of blood is 

removed for the counting of activity. From these measurements, total blood 

volume is determined. Similarly, total amount of water in a pond or lake and of 

oil in a huge container may be determined.  

13.3.4 Advantages and Limitations  

As already mentioned radiotracers have special advantages compared to routine 

chemical or instrumental methods of analysis. Some special advantages of IDA are; 

a) Isotope dilution analysis is more sensitive than many other analytical methods 

depending on the availability of radiotracer of desired specific activity. For 

certain elements such as Zn, Ag, Hg, IDA has better detection limits than even 

neutron activation analysis. Of course sensitivity of IDA technique depends on 

the availability of carrier free or high specific activity radiotracer. 

b) Where other instrumental methods fail to achieve these limits for complex 

matrices, IDA using appropriate radiation detectors can measure much smaller 

amounts. 

c) Radiotracers also have potential specificity due to their unique decay properties 

and hence chemical interferences are of little consequence. 

d) Quantitative separation is not necessary. In many wet chemical analyses 

involving trace amounts, it is almost impossible to achieve quantitative yield. 

However, yield should be more than 50% without too many losses. 

e) Nuclear detection equipments used for IDA are less expensive than many 

modern instruments. Instrumentation is quite simple because only gross activity 

measurement is required. 

f)  IDA can be used for speciation studies in environmental and biological 

samples.  

g) Decay process of radiotracers is not affected by ambient conditions of 

temperature, concentration of reagents, pH, etc and these could be used for 

determining dyes in natural water systems.  

Besides advantages, IDA has following limitations; 

i) IDA is essentially a destructive method. Since the sample is not preserved, it has 

a limited applicability. 

ii) The method can be used for the determination of a single element at a time 

whereas for several samples multielemental methods are preferred.  

iii) IDA has limited applicability for the elements for which suitable radiotracers are 

available. 
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iv) Blank levels may vary considerably from �g (10

–6 
g) to pg (10

–12 
g).  

13.3.5 Substoichiometric Isotope Dilution Analysis (SIDA) 

A variation in isotope dilution analysis method was suggested by J. Ruzicka and J. 

Stary in 1963. The necessity to determine specific activity makes IDA a difficult 

technique for trace determination because it is necessary to isolate sufficient 

weighable amount of substance. This difficulty is overcome in substoichiometric IDA 

where a standard with known amount of analyte and the unknown solution are 

subjected to an identical separation process. In this process same amount of reagent is 
added which is a little less than that required soichiometrically (substoichiometric) in 

both standard and the unknown solutions so that same amount of analyte is extracted 

in both cases. Ideally the amount of radiotracer added to the unknown should be 

approximately of the same order. An illustration of the principle of SIDA is shown in 

Fig. 13. 4 

 

Fig. 13.4:  Illustration of principle of substoichiometric isotope dilution analysis 

Since masses of portions counted are identical, the specific activities SA1 and SA2 in 
Eq. (13.3) can be replaced with the measured activities A1 and A2 of the two portions. 

This eliminates the quantitative determination step for the samples. Having known the 

amount of reagent exactly (as in the composition of reaction product) the amount of 

substance (mcal) isolated by performing the isolation step can be determined. Unknown 

amount of component (m) in the analyte may be calculated by using the eqn. 

m  =   mcal × (A1/A2)  - mo          … (13.5) 

where, mo is the amount of activity added. An essential aspect of the method is the 

availability of a suitable reagent which is added in equal amounts in the standard and 

sample solution. 

 

An important advantage of substoichiometric method is the enhanced selectivity of the 

procedure caused by competing ability of the unreacted substance towards the 

impurities which are kept away from reacting with the reagent and passing into the 

same phase as the substance of interest. The technique has been widely used for the 

accurate and specific determination of a large number of elements in a variety of 

complex matrices. Several other variations of IDA have been developed e.g. sub and 

super equivalence IDA. These methods have lost popularity because of complex 

chemical procedures. 
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SAQ 4 

Why long lived radioisotopes are preferred for isotope dilution experiment? If at all 
you have short lived isotope only in your laboratory, what precautions should be 

followed? 

…………………………………………………………………………………………... 

…………………………………………………………………………………………... 

…………………………………………………………………………………………... 

…………………………………………………………………………………………... 

13.4 ACTIVATION ANALYSIS (AA) 

Techniques of activation analysis include the use of nuclear reactions (section 12.4.1 

of Unit 12) induced by neutrons, photons or charged particles such as protons, 

deuterons, alpha particles and other heavy ions in a nuclear reactor or accelerator 

facility to produce radionuclides. When a target element is bombarded with a neutron 

beam, a compound nucleus with higher mass number in excited state is formed. It may 

undergo instantaneous decay to form a product nucleus finally emitting delayed � or � 
rays. This technique is called neutron activation analysis (NAA). However, if the 

bombarding particle is photon, it is called photon activation analysis (PAA) or if the 

sample is bombarded with charged particles such as protons, deuterons or alpha 

particles then it is called charged particle activation analysis (CPAA). If bombarding 

particle induces x-ray emission via interaction with the electron shells of the target 

element, the analytical method is known as particle induced x-ray emission (PIXE). Of 

all the activation analysis methods, NAA using reactor neutrons remains the most 

widely used analytical method. The technique of NAA was discovered by George de 

Van Hevesy and Hilde Levy in 1936 and used for the determination of Dy in a rare 

earth mineral by using 
222

Rn.Be neutron source. Later charged particle activation 

analysis (EPAA) was discovered by G T Seabory and Livingood in 1938 for the 
determination of Ga impurity in iron by deuteron induced reaction. Here we shall 

describe principle, methodology including instrumentation and applications of NAA in 

detail. 

13.4.1 Principle of NAA  

The technique of NAA involves two steps; irradiation of a sample with neutrons and 

subsequent measurement of the induced radioactivity. The radionuclides are 

characterized by their characteristic g-ray energy and half-life as illustrated in Fig. 

13.5.  

 

Fig. 13.5:  Basic principle of Neutron Activation Analysis 

In this process, the rate of formation of the product atoms (Np) is represented as; 

1p
d

pd
N���NN��N

t

N
-=-s=  … (13.6) 
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�

	


�

�

M

Niw A ,  

i is the isotopic abundance; w is the concentration of element; M is the 

mass of the target   atom; NA is the Avogadro number;  

� is the thermal neutron absorption cross section in barns (b = 10
-24

 cm
2
);  

�  is the  neutron flux (n cm
-2

 s
-1

), and   

 l is the decay constant (s
-1

) = ��
�

�
��
�

�

2/1

693.0

t
and t1/2 = half life of the product 

nucleus.  

On integration, Eq. (13.6) yields  

( )ie11
�t

��NAN�
--==  …  (13.7) 

where ti is the irradiation time. Since the sample is delayed for time td before counting 

using a counter with efficiency e, and gamma-ray abundance g, the complete equation  
can be written as; 

( ) ��CDS��
M

wiN
��ee1��

M

wiN
A di �t�t �

�

�
�
�

�
=-�

�

�
�
�

�
=

-- AA    

 … (13.8) 

where ( )iteS
l--= 1  is saturation factor, ( )de

�t
D

-
=  is delay factor, and 

( ) �C
�

/e1 ct--=  is the correction factor for decay during counting time tc.  

Activity (A) is measured in terms of peak area after subtracting background. g-activity 
of radioisotopes is measured using an HPGe detector though it could also be measured 

by using a scintillation detector. Thus, concentration of an element may be determined 

by rearranging the left part of Eq. (13.8) as; 

( ) �i�Ni

AM
w

�t�t di eeA
---s

=  … (13.9) 

This way of calculating the concentration of an element is called the Absolute 

Method, where s, � , ti, td and e are the experimentally determined parameters. After 

calculating w, the concentration of an element in the sample, its mass may be 

determined. However, the absolute method has uncertainties in the values of � and s. 

It is well known that these may vary under experimental conditions depending on the 

location of the sample in the reactor or irradiation can. In order to eliminate these 

uncertainties, a Comparator Method has been suggested where a standard (primary 

and/or secondary) with known concentration of element is simultaneously irradiated 
along with the sample under similar experimental conditions. Both are counted using 

the same detection system in the same geometry. Thus, an equation similar to Eq.13.8 

can be written for the activity of standard ( A¢ ) as; 

( ) ��CD'S��
M

iNw'
��ee1��

M

iNw'
A' Ad�t-�tA i �

�

�
�
�

�
=-�

�

�
�
�

�
=

¢-
 

 … (13.10) 

Dividing LHS of Eq. 13.8 by Eq. 13.10, we get 

d

d

e

e

¢-

-

·=
�t

t�

w'

w

A'

A
 …  (13.11) 

This is applicable only if t1/2 of the radionuclide is comparable with delay time (td) and 
counting time (tc). However, if t1/2 of the radionuclide is long enough compared to 
delay and counting times then, it can be further simplified to 
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dardtansinActivity

sampleinActivity
)S(dardtansinelementof.Conc)S(sampleinelementof.Conc ta ·=

         …. (13.12)  
 

When many elements are to be determined in each sample, preparation of individual 
standards for each element becomes tedious and impractical. Some workers use 

synthetic multielemental standard which are difficult to prepare and have its own 

limitations. Thus, either multielemental standards or the use of a single comparator for 
all the elements becomes necessary. In Eq. 13.12, activity is replaced by specific 
activity to have the uniformity while considering masses of the sample and the 

comparator standard. The standard/certified reference materials (SRM/CRM) are 

available from various agencies such as the National Institute of Standards and 
Technology (NIST, USA), International Atomic Energy Agency (IAEA, Vienna), 

National Institute of Environmental Studies (NIES, Japan), Institute of Nuclear 

Chemistry and Technology (INCT, Poland), wherefrom RMs of a variety of matrices 
such as plant leaves, tissue or dust particulate soils and rock powder are available. 

However, these are quite expensive. Therefore, many laboratories prepare their own 

standards by spiking with mg amounts of standard aq. solutions prepared from 
AR/GR/HP grade salts on to SiO2/cellulose or Whatman filter paper strip.  

 
In order to achieve better accuracy and to eliminate errors due to secondary standard, a 

Monostandard (ko) Method has been proposed. In this method a single element such 

as Au, Mn, Co with 100% isotopic abundance is used as a comparator for 
multielement NAA. Several schemes have been devised to accomplish this and the 

most important of these is ko method. following equation is used to calculate the 

concentration (w) using this method.  

( )
( )( )
( )( )��Qf

��Qf

kA

A
�w

o 0

*
0

*
sp

sp *1
g/g

+

+
=  …  (13.13) 

where  Asp is the specific activity, f is the thermal to epithermal flux ratio 

 Q0 is the ratio of the resonance integral to the thermal neutron cross section;  

e is the detector efficiency;  a is the deviation of the epithermal flux from 
ideality 

 k0 = the k0 factor 
�
�

�

�

�
�

�

�

***

*

th

th

iM

iM

sg

sg
; *corresponds to the comparator element 

The ko factor is an experimentally determined value that contains the values for the 

nuclear constants needed in the activation analysis. In Eq. 13.13 a new term Kanal is 
introduced so that it may now be written as 

( )
( )

( ) *�

�
.

*Qf

Qf
kK 

K

1
.

A

pA
�	

o

o
oanal

anal
*
sp

'
p

where g/g
+

+
==   … (13.14) 

where A¢p is the peak area of the i
th

 element corrected for saturation, cooling and decay 

during counting and normalized for 1 g sample. The ko factors for many nuclides have 

been determined and published using gold as a comparator element. 

13.4.2 Neutron Sources 

A wide range of devices is used to produce neutrons needed for activation analysis. 

Some are sophisticated and extremely expensive, while others are rather simple and 

modest in cost. In Table 13.1 are listed some commonly used neutron sources. These 

may be classified into three groups: isotopic and machine type sources and nuclear 

reactors. As evident from Table 13.1, isotopic neutron sources are characterized by 

low flux, mobile and have low cost. These are good for 
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Table 13.1:  Common Sources of Neutrons for NAA 

Reaction Half Life Average 
Neutron 

Energy 

(MeV) 

Neutron 

Yield 

(ns-1 Ci-1, unless 

otherwise stated) 

I. Isotopic Sources 

(i) Photo neutron (g, n)   

      88Y with 9Be 

      
124

Sb with 
9
Be 

(ii) Alpha emitter (a,n)  
         239

Pu with 
9
Be 

      
226

Ra with 
9
Be 

      241Am with 9Be   

(iii) Spontaneous fission  

      
252

Cf 

 

 

 

106.6 d 

60.2d 

 

2.4x10
4 
y 

1600 y 

433 y 

 

2.64 y 

 

 

 

0.16 

0.02 

 

3.5 

3.6 

3.5 

 

2.3 

 

 

 

1x105 

1.9x105 

 

» 10
7
 

1.1x10
7
 

2.2x106 

 

2.3x10
12

 ns
-1

 g
-1 

II. Machine Type Source 

(i) Cockroft-Walton  

         n-generator 

     3H(d, n) 4He 

(ii) Cyclotron  

      10 mA of 30 MeV    

     deuterons  on Be 

       [239Pu(a,n) 242Cm] 

 

 

 

- 

 

- 

 

 

 

14.7 

 

Broad 

distribution 

 

 

 

108 – 1011 n/s 

 

2x10
11

 ns
-1

 

III. Nuclear Reactors 

APSARA (1956) 

CIRUS (1960)        BARC,    

Dhruva (1985)             

Mumbai 

                    

 

Kamini (1999) – IGCAR,        

Kalpakkam 

 

- 

 

 

 

Broad 

distribution 

 

 

~10
11 

~10
12

         

~1013             n cm-2 

s-
1 

                 
 

 

~10
10 

 

demonstration experiments and for the determination of major constituent elements 

such as Al, Mn and Cu in bauxite, pyrolusite and pyrite respectively. However, these 

have limited life and are not good for trace element analysis. On the other hand 

machine type sources have the advantage of being put off when not in use. On the 

other hand reactor neutrons are most widely used for NAA work. These have wide 

energy spectrum as illustrated in Fig. 13.6. Neutrons may be classified on the basis of 

energy viz. thermal (0.025 eV), epithermal (1 eV-1 keV) and fast (>1MeV). Various 

activation methodologies have been developed depending on the energy of neutrons. 

A brief description of these methodologies is described here. 
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Fig. 13.6:  Neutron energy spectrum in a nuclear reactor 

Energy of neutrons plays an important role as different types of reactions viz. (n,g), (n, 

p), (n, a), (n, n¢), (n, 2n) are possible depending on the energy of neutrons as already 

mentioned earlier in section 12.4.1 of the preceding Unit 12. Schematic layout of the 

production of 14 MeV fast neutrons as produced in Cockroft-Walton neutron 

generator using the reaction d(t, n)
4
He is shown in Fig. 13.7.  

 

Fig. 13.7:  Schematic diagram of a 14 MeV neutron generator developed by Cockroft and 

Walton 

SAQ 5 

Explain if 
241

Am-Be neutron sources can be used for following studies. Mention how? 

a) For the determination of major constituents in an ore such as Mn in pyrolusite or 

Al in bauxite 

……………………………………………………………………………………

………………………………………………………………………………......... 

…………………………………………………………………………………… 

b) For the demonstration of half life determination experiment of 56Mn (t½ = 2.56 h) 

or 
128

I (t½ = 25 min) 

…………………………………………………………………………………… 

…………………………………………………………………………………… 

…………………………………………………………………………………… 


