Chapter 7. ACTIVATION  ANALYSIS
Introduction 

A method based on controlling the secondary radiation emitted by nuclear reaction products is called the activation (radio activation) method.  The method permits to identify chemical elements and control their quantity. 

In 1934 Julio and Irene Curie produced the first artificial radioactive isotope. In 1936 Heveshi and Levy applied the artificial radioactivity for elemental analysis. But systematical study of the method has only begun in the fifties of the last centaury, the first research reactors (neutron activation analysis) and accelerators (nuclear reactions) having become conventional. Beginnings from 1961 conferences on activation analysis have been holding every 4-5 years.

 Neutron activation analysis appeared to be effective and reliable (more than 60 chemical elements have been identified with great accuracy and high sensibility). 
1. Primary operations before irradiation are very simple. It minimizes contamination of the samples and losing the pathway quantities of the isotopes under control. Those factors lead to errors when using the other methods (for example atomic-absorption, atomic-emission spectrometry, and mass-spectrometry) when the previous salvation is needed.    
2. The activation analysis is an instrumental method (usually there is no need in separation). 
3. If needed you can add a substrate. It minimizes difficulties due separation of very small quantities of substances. Besides, there is no need in free-running experiments. 
4. Calibration procedure is rather simple: either pure or compound substances can be used as etalons. 

It should be noted that unfortunately reactor neutrons couldn’t be used for controlling lightweight and some heavyweight isotopes. Besides sometimes, long lifetime isotopes of great radioactivity are produced and chemical separation is needed.  
In 1938 Levingood and Siborg applied deuteron irradiation to find small quantities of gallium in iron samples. Albert  has published a review on applying charged particles in radio activation analysis (controlling carbon, nitrogen, and oxygen atoms). In 1965 Ricci and Han proposed a comparative method. 
1. Applying charged particles is in general more complicated than neutron irradiation, because several reaction products can be formed at the same time. For example 20 MeV protons initiate reactions: (р, n), (p, pn), (p, d), (p, 2n), (р, 2р), (р,
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), (р, t)... We remind our readers that in neutron activation method there is only (n,() process. 
2. The free path of charged particles (opposite to neutrons) is limited and depends on substance composition. It makes calculation more tiresome. 
3. The heating of samples can be rather great. 
4. Accelerators with needed energy sometimes may not be available. 

Conventionally lightweight particles (protons, deuterons, tritons, and helium ions) with energy up to 40 MeV are applied. Sometimes heavyweight ions are used. 
The experimental errors of the method have been thoroughly analyzed. 
1. The reliability of experimental data is greater if the surface layer (containing radio active isotopes) is removed. 
2. Accurate standardization methods have been developed.  

The charged particles activation method may be considered as supplementary to neutron activation method. 

1. It can be used for controlling the small concentration of light isotopes in semiconductors and metals.
2. It can be applied to find traces of middleweight and heavyweight isotopes when concentration is too small to be identified by other methods, besides the free running being unnecessary. Instrumental analysis is possible for samples when neutron activation method leads to great induced radioactivity. 

3. The particle activation analysis is valuable when producing etalons for other ‘absolute’ methods (for example X-ray fluorescence spectrometry).   
4. The particle activation analysis is often used as ‘absolute’ method while arbitrating and controlling. 
The method is available almost for any matrixes, but it is mostly used for metals and semiconductors. The procedure is very simple: after irradiating the surface layer containing impurities is removed (for example by etching). The method is conventional while studying environments and geological and biological materials.  
Te nuclear reaction can be very simple as (р, n), and rather complicated as (р, 3Не2n).  It depends on energy and the type of targets (See Table 7.1). 
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The nuclear reaction method have already been discussed (See chapters 1, 2, and 3). When applying nuclear reactions for activation analysis, the particles of higher energy are needed, thus excitation function being changed. 
7.1. Excitation function

To liberate neutrons from nuclei the energy equal to the bonding energy Sn is needed, to liberate protons the energy Sp + В is needed (See Fig 7.1). The quantity B is the potential barrier height. 
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According to Bohr (1936) the nuclear reaction has two stages: formation a compound nucleus and then its decay. The alternative conception is direct interaction. 

Fig.7.1. Potential barrier:(а) - neutrons, (б) – protons

The excitation energy of compound nuclei is:
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 (7.1)
 The quantity Еa is the kinetic energy in laboratory reference frame, Sa – bonding energy in a compound nucleus. 
The excitation energy is randomly distributed between nucleons. Compound nuclei are in quasi-stationary state: a lifetime (10-19 – 10-14 s) is greater than the time needed for a particle to cross a nucleus (10-23 –10-20 с). Sometimes due to statistic distribution, a nucleon  acquires the energy sufficient to leave the nucleus. After having emitted a particle, the nucleus remains (usually) in excited state and can emit following particles if the excitation energy is great.  

The energy levels of compound nuclei are called virtual (opposite to bound levels from which only gamma quanta can be emitted). Half width and life time of a level are related by: 
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(7.2)
The total half width is the sum of partial ones:  

    Г = Г( + Гp + Г( + Гn +…





            (7.3)
The reaction cross-section is great if the energy of bombardment particles corresponds to excitation energy of compound nuclei (resonance). If energy is lower than 10 MeV, (р,
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), and (р, n) processes are probable. The high electrostatic barrier prohibits reactions between heavyweight particles at low energy.  
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Fig.7.2. Excitation function of ((, n), ((, 2n), and ((, Зn) reaction on 115In; ( is in arbitrary units

The widths of levels increase with energy, the levels interpose and sharp resonance peaks vanish. 

Fig.7.2 shows cross-section of reactions induced by alpha particles. At low energy only ((, n)- reaction is possible (Q = -7.2 MeV, ЕТ – 7.5 MeV). In the energy range 11 - 18 MeV the cross-section rapidly increases  (ЕС = 16.0 MeV).

At energy 16 MeV two neutrons can be emitted (Q = -14.6 MeV, ЕT = 15.1 MeV). At energy 26 MeV compound nuclei can emit three neutrons (Q = -24.3 MeV, ET – 25.2 MeV).

We remind our readers that emission probability of a particle depends on the quality UC - Sb. 

When middleweight isotopes are irradiated by 5 – 15 MeV protons,  (р, n) and  (р, () reactions are mostly induced. At energy 15 - 25 MeV (р, 2n), (р, рn), (р, 2р), and (р, (n) reactions prevail. Reactions (р, 3Не), (р, t), and (р, d) are also possible (cross-section is rather small) due to “pickup” mechanism. At higher energy (р, Зn), (р, р2n), (р, (2n) и (р, (рn) reactions prevail. 

Fig.7.3 shows the excitation function while irradiating copper by protons.  
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Fig.7.3. Excitation function of copper while irradiated by protons

In stripping reactions, 3Не and 3Н (t) ions can be emitted (Fig.7.4).   
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For heavyweight targets, the Coulomb barrier handicaps charge particles emission. For example on bismuth nuclei at energy 50 MeV only (р, хп) reaction is possible (with parameter х 4 or 5), the cross-section being 1 –10 mille barn. While direct interaction, the bombardment particle collides with a nucleon just after penetrating in a target nucleus and that nucleon immediately leaves the target (not forming a compound nucleus). Thus the kinetic energy of emitted particle can be greater than that of the bombardment one. 

Deuteron stripping (d, p) and (d, n), or (3Не, d) and ((, d) reaction   is a typical process of that kind.  

We remind our reader that the capture (pickup) reaction is considered to be an opposite process.
Fig.7.4. Excitation function of  63Сu when irradiated by He3 ions
7.2. Standardization 
7.2.1. Principles 
Usually while element analyzing, the ‘thick’ targets are used (the thickness is greater than the free path). 
The flux intensity at the depth l: 

i = i0exp[-(NA(l/M]
,                                                                                                         (7.4)
For 10 MeV protons passing through aluminum sample (( = 2.702 g/cm3; М = 26.98 g/mol, ( =10-24 cm2, the free path is 0.170 g/cm2), the flux is 99.6% from i0. 

The increment of radioactive nuclei follows equation: 
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Here: nа – target nuclei density; ( - decay parameter. 
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The quantity t1/2 – decay period. 
   The first term in (7.5) represents the number of produced nuclei, the second term being the number of decayed nuclei.  

Integration of (7.5) gives the activity (decay per second): 
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(7.7)
The quantity 
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is called the accumulation factor. 
If the exposition time is 1, 2, 3 … decay periods, the accumulation factor is 1/2, 3/4 and 7/8… 
For thick target:  
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R(EI) is a free path. .
Concentration of an isotope in question is given by equation (7.10), having in mind that: 
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Concentration (7.10) is expressed in mkg/g; ( - relative quantity of an analyzed isotope. M – its molecular mass. 
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(7.10)
Here S(E) is the bremsstrahlung power. 

As a rule, the analyzed (X) and standard (S) samples are irradiated (separately) by the same particles. Having in mind that relative concentration is identical we can write: 
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(7.11)

The ratio AХ/AS can be substituted by counting rate ax/as.  The counting rate (just after irradiation): 
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(7.12)

Here, С – number of counts during registering time tm; tw – the time between the end of irradiation and beginning of measurement. Equation (7.12) follows from: 
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(7.13)
The ratio of two integrals in the right part of (7.11) depends of the energy of particles: 
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(7.14)

When the energy is lower than the reaction threshold, the cross-section 
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(7.15)

To evaluate the quantity F(EI), the stopping power of analyzed SХ(E) and standard sample SS(E)  should be found. The function (7.15) is evaluated usually by numerical integration.  
We remind our readers (chapter 1) that stopping power accuracy is about 1% for high energy and 3% at lower energy. At energy lower than 1 MeV, the nuclear reaction cross-section is appreciably smaller than maximum of excitation function. Besides, the stopping power increases at lower energy. 

For example at energy 1 MeV the stopping power of aluminum and lead is 3.07 and 2.32 times greater than while at energy 5 MeV. Thus, the smaller accuracy of evaluating the stopping power at energy lower 1 MeV is not of any importance. It should be noted that for compound samples, the additivity rule could not be true. 
7.2.2. Excitation function and accuracy 
In order to find the excitation function, a pile of controlling foils is being irradiated. The foil width is to be sufficient to stop the particles, the activity produced being measured. Fig.7.5 shows the excitation functions.  
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Fig.7.5. Excitation function of 12C(d, n)13N reaction. For curve 4, cross-sections are expressed in arbitrary units.  
While finding excitation function, the systematical errors (in flux intensity, detector efficiency, additional nuclear reactions, initial energy, foil thickness, and its composition) can be produced.   
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Often those functions found experimentally by different authors do not coincide. To evaluate action of excitation function on experimental results, parameter F(EI) should be found (using different functions). We are going to discuss the nuclear reactions applied only for controlling lightweight isotopes in metals. At that, the matrix of lightweight element (boron, carbon) with atomic number lower than that of analyzed isotope is usually used.  When analyzing heavy isotopes, matrix of heavier isotopes is conventional.   
Fig.7.6. Excitation function of  14N (p, ()11C: 2 and  3 – experiment 
Reaction 12С(d, n)13N. Fig.7.5 shows the excitation function of 12C(d, n)13N reaction according experimental data of different authors. The curve 2 falls out of the conventional scheme. May be it is due to superposition of errors of evaluating the initial energy, thickness, and free path. 

The functions F(EI) for 3 MeV deuterons (analyzed isotopes are Al, Ti, Zr и Рb; standard sample is C) are listed in the following table. The discrepancy is not greater than 1%. Only for the curve 2 (Fig.7.5) the discrepancy is greater (up to 7%).  

Reaction 14N(p,()11C. Fig.7.6, 7.7, and 7.8 show the experimental excitation function of 14N(p,()11C reaction in accordance with data of different authors. There is almost overall agreement with the one exception (curve 3 in Fig.7.6.). The quantities F(EI) for 13 MeV protons (analyzed samples are Al, Ti, Zr, and  Pb; the etalon is nylon). The discrepancy increases with atomic number but is not greater than 0.2%. 
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Fig.7.7. Excitation function of 14N(p,()11C reaction, (1 and 4 are experimental data)
Reaction 16О(3Не,p)18F. Fig.7.9 shows an excitation function of 160(3Не, p)18F reaction.  The quantity F(EI) at energy 9 and 15 MeV are listed in Table 7.4 (analyzed samples are Al, T1, Zr, and Рb; etalon is quartz). Deviation is less than 1%. 

Table 7.2. Function  F(EI) for  12C(d,n)13N reaction at EI  3 MeV 
	Excitation function  

(Fig.2.7) 

	
	F(EI)

	
	А1

	Ti

	Zr

	Pb


	1
2 

3

4

	0,757

0,769 (+ 1,5)

0,758 (+ 0,1) 0,757 (-0,0)

	0,620

0,634 (+ 2,1)    0,622 (+0,3)

0,621 (+ 0,1)

	0,463

0,482 (+4,0)

0,465 (+0,4)

0,464 (+ 0,3)

	0,278

0,293 ( + 5,7) 0,279 (+ 0,6) 0,279 (+ 0,3)



Table 7.3. Function F(EI) for  14N(p,()11C reaction at EI  13 MeV  
	Excitation function (Fig.76, 7.7, and 7.8)  (рис. 7.6 - 7.8)

	
	F(EI)
	
	

	
	А1

	Ti

	Zr

	Pb


	1
2

3

4

5
	0.726 (+0,0)

0,726

0,727 (+0,1)

0,726 (-0,0)

0,727 (+ 0,0)
	    0,638 (+0,0)

    0,638

    0,638 (+0,1)

0,638 (-0,0)

0,638 (+ 0,1)
	0,527 ( + 0,1)

    0,526

0,527 ( + 0,1)

0,526 (-0,0)

0,527 ( + 0,1)
	0,376 (+ 0,1)

    0,376

0,378 (+ 0,2)

0,375 (-0,1)

0,376 (+ 0,1)


Reaction 16O(
[image: image21.wmf]a

,pn)18F. Fig.7.10 shows excitation function of 16O(
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,pn)18F reaction found  by different authors. The data coincide rather well.
Function F(EI) at energy Ev 30 MeV (analyzed samples: AI, Ti, Zr, and Pb; etalon: quartz). Deviation is less than 0.1%. 
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Рис. 7.8. Функция возбуждения реакции 14N(p, 
[image: image23.wmf]a

)11C для кривой 5, опреде​ленная экспериментально  
7.3. Methods of evaluation of F(EI)
7.3.1. Approximation methods  

The conventional approximation methods are listed in Table 7.6. Fig.7.11 shows function К(Е) in accordance with (7.19) (aluminum, vanadium, zirconium, and lead). 
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(7.19)
   
Table 7.4. Parameter F(EI) for 16O(3He,p)18F reaction at Ер  9 and 15 MeV  
	EI,

MeV

	Excitation function (Fig.7.9)

	
	F(

	Е,)

	

	
	
	А1

	Ti

	Zr

	Pb


	9

15

	1

2

3

1

3

	      0,898

0,899 (+ 0,1)

0,900 (+ О,2)

        0,901

   0,901 (+ 0,04)

	          0,760

0,760 (0,0)

   0,761 (+ 0,2)

          0,768

   0,767 (-0,1)

	     0,589
0,585 (-0,8)

0,585 (-0,6)

       0,605
0,601 (-0,7)

	       0,379

0,377 (-0,6)

0,379 (-0,2)

        0,378

0,375 (-0,9)



In Fig.7.11, а – protons, б ( deuterons, в( He 3  ions, and г – He 4  ions. While calculating К(Е) the Andersen and Ziegler data (stopping power) have been applied. It is assumed that at maximum energy (15, 25, and 34 MeV) function К(Е) is an unit. For samples of low atomic number (for example aluminum), the curve is practically horizontal. With growing atomic number, function К(Е) more and more depends on energy (quartz or graphite etalon). Especially strongly the function varies at energy less than 7 MeV. If   ЕT < Е < ЕI, К(Е) = Constant. Equation (2.58) appeared to be a good approximation. 
Таблица 7.5. Значения F(E,) реакции 16O(a,pn)18F при Ev равной 30 МэВ 
	EI,

МэВ

	Функция возбуждения
(рис. 2.12)

	
	FO

	Б,)

	

	
	
	А1

	Ti

	Zr

	Pb


	30

	1 
2 
3

	      0,910
0,910 (+ 0,0) 
0,910 (+ 0,0)

	      0,792
0,792 (+ 0,0)
0,793 (+ 0,1)

	0.648
0,648 ( + 0,0)
0,649 ( + 0,2)

	  0,454
0,454 ( + 0,1)
0,455 ( + 0,4)
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Fig.7.9. Excitation function  (experiment) of  16О(3Не,p)18F reaction (curve 1 in arbitrary units) 
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Fig.7.10. Excitation function (experiment) of 16O(
[image: image25.wmf]a

, pn)18F reaction (curves 1 and 3 in arbitrary units) 
Table 7.6.  Approximation standardization 
	Method

	

	Ricci, Han: 
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	Ricci, Han: 
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	Shodry: 
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Fig. 7.11. The dependence of the function К(Е) on the particle energy for Al, V, Zr, and Pb samples: a – protons, the standard sample – graphite. For Е = 215 МэВ, К(Е) = 1; б – deuterons, the standard sample – graphite. For Е = 15 МэВ, К(Е) =1; в – helium-3 ions, the standard sample – quartz; г – helium-4 ions, the standard sample – quartz. For Е = 34 МэВ, К(Е) = 1
It follows from equations (7.16), (7.17), and (7.18) that:
F(EI) = К




(7.21)
According the Shodry method (Table 7.6), the function K(E) at the median energy ЕM = (ЕI +ЕT)/2 is chosen as the parameter K. At this assumption, it is very easy to find the upper limit of the systematic errors. Indeed, for ЕT < Е < ЕI :
К(ЕТ) < К(Е) < K(EI,)




(7.22),
As it follows from the Figure 7.11, а - г. having in mind equation (7.15) we get:
К(ЕТ) < F(E) < K(EI)




(7.23)
The approximation of F(EI) by  К(ЕМ)  leads to the relative error not greater than 
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             (7.24), 

as it follows from Figure 7.1,а - г. 

The maximal systematic errors for the typical reactions and analyzed sample – comparable sample combinations are tabulated. In the exoenergic reactions, the magnitude of К(ЕT) is defined by the Coulomb threshold energy ЕC. The reaction systematic error grows with the matrix atomic number. It could be expected because the equation (7.20) is the better approximation for the low atomic number samples than for the samples with great atomic numbers. It appeared that the maximal error for the great threshold energy reactions is less than for the low threshold energy reactions. We could expect this circumstance taking into account the К(Е) functions (Fig. 7.11, а – г).
The Ricci and Han method (7.16) can be justified by equation (7.20), under assumption that:

[image: image33.wmf]ò

-

=

D

I

T

E

T

I

)

(

d

)

(

)

(

E

E

S

E

E

R

E

R

R









(7.25)

Then, having in mind that 

       К(Е) = К,









(7.26)

We get:
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(7.27)
It follows from equation (7.21) and (7.25) that:
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(7.28) Having assumed that the quantity К(Е) is constant when 0 < ЕI, we arrive in an analogous way to the formula: 
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(7.29) Ricci and Han have proposed this equation (7.17). A glance on the Figure (7.11, а – г) shows that the assumption about the constancy of К(Е) in the region 0 < Е < ЕI is not reliable as in the region ET < Е < ЕI, we can say that equation (7.28) is less accurate than equation (7.26). 
Table 7.7.  Maximal systematic errors in accordance with Shodry
	   Reaction
	ET, Mev

	EI, Mev
	Etalon
	The maximal error,  %


	
	
	
	
	А1
	V
	Zr
	Pb

	12C(d,n)13N

	0,3

	  3

	Graphite
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Fig.7.12. The difference 
[image: image40.wmf]D

(%) between the magnitudes obtained by the numerical integration, the Ricci-Han (7.17) (•), the Shodry approximation (7.18) (о). Condition: the 12C(d, n)13N reaction; etalon – graphite; the magnitudes of ЕI  are indicated.
7.3.2. Comparison of the numerical integration and approximation methods
In order to compare the standardization methods with the numerical integration methods, we employed the reactions listed in the Table 7.8. The reaction threshold energies of etalons are listed too. Figure 7.12 – 7.15 demonstrates the results. The differences in %% between the magnitudes of F(EI), obtained by the integration and assumption methods are given as a function of the atomic number.

Table 7.8. Nuclear reactions

	Reaction

	ЕT, MeV

	Etalon


	12C(d,n)13N

14N(p,
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)11C 16O(3He,p)18F 16O(
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,pn)18F

	0,3

3,1

Q>0;EC=4,9

20,4

	Graphite

Nylon
 Quartz
Quartz



The Ricci – Han method (7,16) leads to the same results as the Shodry method. We have no intentions to discuss it any more. 
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Fig.  7.13.The quantity 
[image: image43.wmf]D

(%) as a function of the atomic number Z; Conditions: the    14N(p, 
[image: image44.wmf]a

)11C reaction , nylon is used as a standard sample. 
The Figures 7.12 – 7.14 lead us to the following conclusion: 

1) The method of Shodry (7.18) and that of Ricci and Han (7,16) are more accurate than the lately published methods (7.17) especially for the high threshold reactions, as it follows from the 2.3.4 section. 

2) The systematical error of the Shodry method (7.18) is less than the errors given in the Table 7.7. 
3) The discrepancy is growing with the sample atomic number.   
4) The magnitudes of F(EI) obtained by the assumption methods  are usually less then those ones obtained by the numerical integration. 
7.3.3.The average loss calculation

 The average loss is given by:
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(7.28)

“The average energy ” Еm is given by:

<S> = S(Em)                                                                                                                       (7.29)

Hence:
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(7.30)

Using the non-relativistic Bethe equation and not taking into account the Еm shell configuration, we can write: 
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(7.31)
So, the quantity Еm appears to be a good approximation, which does not depend on the matrix composition and depends only on the reaction type and the energy ЕI.
The quantity F(EI) is given by:
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(7.32)
Usually, for a given nuclear reaction and the initial energy EI, equation (7.31) is applied to calculate the quantity Em, the quantity F(EI) being calculated in accordance with equation (7.32). This method has some advantages because having established the Ет, you can find easily the function F(EI) (7.32) for a given etalon – sample pair.  At the same time, this method (as the numerical integration method) requires the knowledge of an excitation function. However, employing the average stopping power method is a very helpful instrument. 
Ishyi and other authors described the calculation of the quantity Ет from the activation curve, i.e. yields from the thick target as a function of the particle initial energy. 
If the excitation function is known, the numerical integration method or the average stopping power method is preferable for calculation of the quantity F(EI). The Ricci – Han (7.16) or the Shodry (7.18) methods are available. For the high threshold energy reactions and the low atomic number samples, these methods lead to a negligible systematic error if the low atomic number etalons are used. 

7.4. The Secondary nuclear reactions
In order to control an element A in the matrix X, the reaction A(a,B)C with a threshold energy ЕT  is used. However, the reaction В(а, b')С with a threshold energy Е'T is possible at the same time, the radionuclid C being produced in both reactions. This process is called the nuclear interference. 
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Fig.7.14. The dependence of the quantity 
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(%) on the atomic number Z [53, 54] for the 16О(
[image: image51.wmf]a

,pn)18F reaction, quartz is used as en etalon. The designations are like those shown in Fig.7.12. 
Sometimes, an appropriate choosing the initial energy in the region ЕT <E <Е’T can eliminate the secondary reactions.  If ET > Е'T , this procedure can not be realized. However, when the secondary  (B) element concentration is known, some corrections can be introduced. 

While irradiating the matrix X, the C isotope radioactivity at the end of the exposition time is defined by equation  (7.33), which follows from equations (7.8) and (7.9).
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(7.33)

Here, а is the counting rate at the end of the exposition time, i is the flux intensity, 
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is the C isotope decay constant, tb is the exposition time, k is a coefficient, c is the concentration, and: 
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(7.34)
The indices А and В designate the isotopes or nuclear reactions А(а, b)С and В(a, b')C, the indices  X symbolize the matrix. Equation (7.33) can be written in the following form: 
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Or 
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Where 
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IF is the B isotope interference coefficient (factor) while finding the isotope A in a X matrix. The quantity 
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 is a virtual concentration of the element A, i.e. when neglecting the element B. The method of finding the quantity IF is following: en etalon  SA, containing only А, and etalon SB , containing only B are irradiated by the particles with the energy ЕТ , the radioactivity of both samples being registered at the identical condition. The counting rate after irradiation is: 
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(7.40)
At that, the coefficient IF is defined as:
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(7.41)

In order to find the coefficient IF, the approximation method described in the section 7.3.1 can be applied:   
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