CHAPTER 2. SPECTROMETRY OF NUCLEAR REACTIONS

Introduction 

The Rutherford back scattering proves ineffective to detect the small quantities of light nuclei in matrixes of the middle and heavy atomic weight. It is due to the energy distribution of ions scattered by impurity atoms being superposed by the background produced by scattering from the matrix nuclei.

 Fig.1.1 shows the peak produced by implanted atoms М2 < М3 on the background energy spectrum of target atoms М3. Selecting spectrum of light chemical elements on the background of heavier ones becomes rather difficult task. For this reasons the nuclear reactions and resonance scattering are applied to detect the light nuclei. At that, the signal from the light atoms is like that one from the atoms with mass М4 and М5 (See Fig.1.1). An absorber can cut off the signal from heavier atoms.

Unlike the conventional analysis based on the electron interaction, the nuclear spectroscopy methods have been developed quite recently. If the radioactivity registered is induced by irradiation, the method is called the activation method. If the radiation emitted in the time of irradiation is registered, the method is called the instantaneous (radiation) analysis.  

For example, if a substance containing carbon is irradiated by deuterons, the transformation of 12С into radioactive 13N and emission of neutron are possible. Abundance of carbon can be found both by analyzing radiation of 13N (activation analysis) and by measuring the neutron yield (instantaneous analysis). The lifetime of nuclei used in analysis varies from milliseconds up to thousands of years. For example, the decay period 13N is 9.96 minutes but the emission time of reaction is less than 10-12 second. 

In comparison with activation analysis, the instantaneous methods have some advantages.

1. Sensitivity of instantaneous method is higher because the analysis time does not depend on the decay period of end products.  

2. Selectivity is great because of the energy dependence (reaction threshold, path, particle type, and so on). 

3. The errors of instantaneous data are smaller as the analysis is made in one step. 

In this chapter we are going to discuss only the instantaneous (prompt) method. We will discuss the activation analysis in chapter 7. It should be noted that the method of resonance scattering and nuclear reactions detects not the chemical element (as a whole) but one of its isotopes. At that, the energy of bombardment particles is chosen to get an isolated intense resonance of the excitation function. It leads to high impurity depth resolution.  

Several types of nuclear interactions can be used.
1. Elastic nuclear scattering. 

2. The excitation of a nucleus. The excited nucleus can emit gamma quantum. 
3. A new nucleus may be produced as a result of nuclear reaction: 

а  +  b  (  с  +   d
Initial particles    Reaction products

The following condition holds: 

Za + Zb = Zc + Zd,

Aa + Ab = Ac + Ad.

There are no theoretical restrictions of nuclei type а, b, с, and d. Usually a light nucleus is present in both parts of that equation. That nucleus is called as rule the particle. Terms ‘particle’ and ‘nucleus’ are rather arbitrary. Thus, the equation of a nuclear reaction can be written as follows:

а + Х ( b + Y.

It may be also written as: 

Х(а, b)Y.

A nucleus with four neutrons and three protons is designated as: 
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Or in a more general way as: 
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Z is a number of protons; A is the total number of nucleons (the mass number).

The nuclear reaction used to find the depth position of boron atoms:
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The bombardment and the end light particles are put in brackets.  

The conventional terms are listed below. 

Nuclides are the nuclei with the given Z and N (the number of neutrons).

Isotopes are the nuclei with the same Z, but different N. 

Isobars are the nuclei of identical mass number А. А = Z + N.

Isotones are the nuclei with identical N but different Z. 

Isomers are the nuclei in excited state (the lifetime can be controlled). 

Deuteron is (d) or 
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, (one proton and one neutron).

Triton is (t) or 
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, (one proton and two neutrons).  

Alfa particle is (() or He24 (two protons and two neutrons).

2.1. Definitions 

2.1.1. Mechanisms of nuclear reactions
There are two types of reactions, namely: direct reactions and the reactions with formation of compound nuclei. Fig.2.1 shows the process of irradiation of 12С by protons. Some protons are elastic scattered due to the Coulomb interaction with nuclei (See chapter 1). The particles cannot initiate the nuclear reaction till their energy is comparable with the height of potential barrier (equation 1.3 and 1.4). It restricts the low energy limit of protons.  

If the energy of protons is sufficient to penetrate the Coulomb barrier they can be absorbed by a nucleus and build the compound nucleus, which is strongly excited. It is assumed that excitation energy is accidentally distributed among nucleons of compound structure. Thus, none of them has sufficient energy to leave the nucleus, the lifetime being 10-14 - 10-18 second. That quantity is larger than the time needed for a nucleon to traverse the nucleus (10-21 - 10-22 second). 

There are many ways for a compound nucleus to leave the excited state: the emission of gamma radiation, protons, neutrons, deuterons, alpha particles, and etceteras. Sometimes bombardment protons may transfer their energy to separate nucleons or groups of nucleons (deuterons or alpha particles) the last once being emitted from the nucleus. Examples of these direct interaction are reactions (р, n), (р,(), ((, р), and ((, n). At low energy the formation of compound nucleus is more probable than the direct [image: image1.wmf]7
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reaction. At great energy the direct process prevails. 

Fig.2.1. Formation and decay of compound nucleus 13N while interacting between protons and 12С
Direct nuclear reactions perform by an immediate interaction of bombardment particle with one or several nucleons of a nucleus. The reaction products are emitted mainly onward. The direct reactions may be initiated by particles of small binding energy (for example by deuterons) even when the particle energy is lower than the Coulomb barrier height. There is no distinct border between both reaction mechanisms. In many cases, the direct reaction and forming compound nucleus are observed at the same time. The reactions, which can be induced in the process of irradiation, are listed below:

( (p, p) elastic (the Rutherford) scattering,

( (р, p) elastic compound scattering,

( (р, р') inelastic scattering,

( (р, () prompt emission of (-radiation,

( (р, n) prompt emission of neutrons,

( (р, () prompt emission of alpha- particles.

2.1.2. Nuclear reaction cross-section 

The reaction intensity is characterized by an effective cross-section, which is proportional to the reaction probability. If a beam of N0 particles falls on an X-isotope target containing n atoms per 1cm2, the cross-section of reaction Х(а, b)Y can be represented as follows: 

( = N/nN0,








            (2.1)

The quantity п = 
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 N is the number of reaction particles; ( is the target density; d is the target thickness; А is the atomic mass of a target. The cross-section unit is 1 barn (10(24 cm2).

The reaction probability can be approximated by the geometric cross-section of the target nucleus. Radius of nuclei is described by the empiric formula:  

R = R0A1/3,

А is a mass number, R0 =1,4(10-13 cm. For intermediate nuclei (for example 66Zn): 

(geom = 
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While studying nuclear reactions, differential cross-sections are being usually measured. This quantity characterizes the probability of emission of produced particles at angle ( inside the spatial angle d(:
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The quantities ( and ((() are related by:
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The dimension of cross-section is barn per steric radian. 

The angles in laboratory and center of mass frame are not identical, thus the differential cross-sections are different too. Cross-sections are related by: 
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Here ((() is a differential cross-section in laboratory frame; 
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 the differential cross-section in center of mass frame; 
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angle in center o mass frame.  

Generally speaking cross-sections cannot be expressed as simple analytical functions.  As it follows from Fig.2.2 the cross-section of reaction 18O(р, ()15N is monotonous at small energy but at the energy of 0.629 MeV there is a resonance. The cross-sections are tabulated. 

The resonance cross-sections are dealt with using the Breit-Vigner method. The probability of reaction Х(а, b)Y can be expressed in terms of cross-section 
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. In accordance with two-step mechanism of nuclear reaction (compound nucleus): 
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The quantity 
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is the cross-section of forming compound nucleus. The parameter b equals Гb/Г. Гb is a transition rate to emit b (the level partial width); Г is the level entire width, 
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, ( is the state average lifetime. Thus: 
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Fig.2.2. Dependence of cross-section on bombardment proton energy at the angle ( = 165° in reaction  18O(р, ()15N

Generally, cross-sections and level widths depend on falling particle energy as well as on the charge and mass of target atoms. In simple case (zero angular momentum of the particle) the Breit-Vigner formula gives the cross-section near a solitary resonance of compound nucleus (Formula 1.6). The maximum is reached when Е = Е0. The limit cross-section is an area defined as follows: 
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Rя and rи  are the target nuclei and ions radii. 

2.1.3. Kinematics of nuclear reactions 

In a nuclear reaction a bombardment particle collides with the target nucleus. As a result of collision, a new particle is born and the target nucleus transforms in a product one. The energy of reaction products depends on that of the bombardment particle, mass of colliding and end particles, and outlet angles. 

The following conservation laws hold: 

1. The baryon number (А),

2. The electric charge (Z),

3. The energy (Е),

4. The momentum (P).

The total masses of initial and end reaction products are as a rule different. That is due to the well-known equation: 

Е = тс2 







                        (2.6)

Е is the energy, m is the mass, с is the  light speed. In nuclear physics the quantity equal 1/12 of 12С mass is chosen as the mass unit (AMU), which corresponds to 931.5 MeV. 

The energy can be absorbed or liberated. Thus, the nuclear reaction can be written as:  

Х + а ( Y + b ± Q,

Q is the energy balance (MeV). If the energy liberates that quantity is positive. If the balance is negative there is a certain energy threshold for initiating the reaction (endothermic reaction). 

Radiation emitted by an excited nucleus characterizes this nucleus (analogues to atomic physics). Thus, having measured the radiation energy spectrum we can identify the nuclei, which produce that spectrum.  

An arbitrary nuclear reaction can be written as follows: 

M1 + М2 ( М3 + М4 + Q,

M1 — bombardment nucleus, M2 — target, M3 — emitted radiation (particle or gamma-quantum, M4 — residual nucleus, Q — liberated (absorbed) energy. Obviously: 

Q = (M1 + М2)с2 – (М3 + М4)с2.




                        (2.7)

For example, the energy balance of reaction 
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Can be expressed as:

(М = M(35Cl) + М(п) - M(32P) – M(4He) =

=  34.96885 + 1.00867 – 31.97391 – 4.00260 = +0.00101 (AMU).

Q = 0,00101(931.4 MeV = +0,94 MeV.

The energy absorbed in reaction 14N(p,n)14O is 5,931 MeV.

If Q is positive, the reaction is called exothermic, if negative – endothermic.

If the residual nucleus М4 stays in an excited state the reaction heat Q will be less than if it remains in the ground state. The energy decrement coincides with the excitation energy.  If even the particle М3 is not observed the gamma ray radiation emitted by excited nucleus М4 is characteristic.  

In activation analysis the lifetime, types of radiation, and characteristic gamma radiation of daughter nuclei can be used to identify the radioactive nucleus М4.  In prompt radiation analysis if М3 is a gamma radiation, the reaction is called the direct absorption. If М1 = М3 and Q = 0 the reaction is elastic scattering. When М1 = М3 and Q ( 0 we have inelastic scattering. If М1 ( М3, the situation is called the collision with regrouping.

The characteristics of isotopes of the same chemical element strongly differ. This circumstance is used in methods of controlling the stabile and radioactive isotopes. The nuclear reactions (besides a few ones) are not affected by atomic electrons and therefore do not give the information about chemical bonds and states. 

In reaction induced by a bombardment particle М1 of energy Е1 (Fig.2.3), the energy Е3 of М3 particle emitted at angle ( is defined by:
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M1 + М2 = М3 + М4.

[image: image84.png]


Fig.2.3. Conventional notations: М1  and Е1  are the mass and energy of a bombardment particle,  М3 is an emitted particle at the angle ( 

Fig.2.4 The energy Е3 of particles emitted at the angle 135° as a function of the bombardment particle with energy Е1 for reactions induced by protons (a) and deuterons (b). The quantity Q is shown in brackets. Dashed curves Е3 = Е1 correspond to the maximal energy of particles scattered from heavy nuclei 

It follows from (2.8) and (2.9) that energy Е3 is a characteristic for reaction at given Е1 and (. Indeed, the residual nucleus can remain either in a ground state or in an excited one. The different Q corresponds to the different Е3. The energy spectrum of emitted particles represents a row of characteristic peaks, which are available for identification of the given nucleus М2. The peak intensity gives the number of М2 particles. 

Fig.2.4 shows the kinematics of reactions induced by deuterons. The relation between the energy Е3 of emitted particle and that one of bombardment particle follows approximately the equation (2.10) with various parameters ( and ( for every reaction. The dashed line Е3 = Е1 defines the maximum energy of elastic scattered particles and can be considered as the upper energy limit of elastic scattering. Detection of light impurities in the substrate of heavy atoms can be usually made without hindrance by the elastic scattered (from substrate) particles.   

The threshold of endothermic reactions is given by: 
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If E1 > Eпор the second addend in brackets of the expression (2.8) is negative i.e. М4Q + (М4 – М1)(E1 < 0 or E1 < ((М4Q)/(М4 ( М1) = Emax.  Thus, the exit angles are acute. Two magnitudes of E3 are possible. Maximum exit angle is defined by: 
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(макс ( 90°. If Q > 0, М1 > М4  if Q < 0, М1 < М4, Еthr < E1 < < Emax. Two values of E3 and Е4 correspond to a given angle. Magnitudes of Q for reactions induced by light nuclei are listed in table A.15.

2.2. Types of nuclear reactions 

2.2.1. Inelastic scattering
If while scattering the end nucleus remains in an excited state the process is called the inelastic scattering. 
а + Х ( Х* + а + Q (Q < 0).

 The energy Q depends on the energy level of excited target nuclei. While inelastic colliding part of the bombardment particle energy is transferred to excite the target nuclei. If the bombardment particle is a complex nucleus, the last one can also become excited. When an excited nucleus returns in a ground state it emits a gamma quantum. 

2.2.2. Radioactive capture 

When a bombardment particle is captured by a target nucleus the high-excited compound nucleus is formed. This nucleus emits a gamma quantum and transits into the ground state.  

a + Х ( Y* ( Y + (.

The radioactive capture is dominant while interacting with light nuclei. The energy transferred is: 
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MY is the nucleus mass, ( is the recoil nucleus speed, Е( is the gamma quantum energy. The gamma quantum energy appears to be a little lower than that one of transition. 

Accordingly to the Doppler effect, the frequency of quantum emitted at the angle ( changes. Taking into account the energy and momentum conservation laws we find the gamma quantum energy: 
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A is the target nucleus mass number, Ma, Ea is the mass and energy of a bombardment particle, ( is the exit angle of gamma quantum. 

In accordance with (2.14), the quanta of maximum energy are registered in onward direction. In backward direction its energy is minimum. At any angle in the energy distribution of gamma quanta, the energy peaks are observed. The peak width depends on spatial angle, detector resolution, Doppler effect, and spectral line natural width.

2.2.3. Resonance reactions 

The capture of protons by light nuclei can be realized as a direct process as well as by forming of compound nuclei. The direct capture of low energy protons is observed while interacting with light nuclei with small cross-section, which slightly depends on the energy. The excitation energy of residual nucleus: 
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Ер and Mp is the energy and mass of a proton, MX is the mass of a target nucleus. The cross-section of a resonance capture through the compound nucleus formation is great, the resonances being well isolated in the light nuclei.  

The Breit-Vigner formula gives the cross-section of a resonance capture (1.6). The differential cross-section of gamma quanta emitting at an angle( in laboratory frame:
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Here ( is the resonance cross-section; Е is the proton energy; Еres is the energy of resonance; Г is the resonance half width (Еres >> Г).

To turn into the center mass frame the following expressions are used: 
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The resonance lifetime ( depends on its natural width
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The other resonance reactions with a great cross-section on the light nuclei (Z < 20) are also widely used: (р, p((), (p, ((), (p, п(), (d, р(), (d, п(), (3He, p(), (3He, n(), ((, n(). 

2.2.4. Regrouping particles reactions
When the initial and product particles are not identical the collision is called the regrouping reaction:  а + Х ( Y + b + Q. A nucleus Y can stay as in a ground as well as in an excited state. The quantity Q may be positive or negative depending on initial  and end masses. The compound nucleus cross-section increases with energy up to Е ( ВC (ВC – the Coulomb barrier height) and then decreases due to concurrence decay processes. 
If the energy of a particle is less than the Coulomb barrier height (Е < ВК) the particle penetrates the nucleus due to the channel effect with probability: 
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The upper limit rE = Z2Z1e2/ E; Z2, Z1 is an atomic number of the nucleus and particle; Е is the kinetic energy; R is the nucleus radius; ВC (r) is the Coulomb potential (See 1.3 and 1.4); ( = МаМХ/( Ма + МХ) ( equivalent mass. The typical regrouping reaction is  (р, (). The quantity Q is usually positive. The high barrier of heavy nuclei prohibits reaction (р, (), that reaction is more probable on the light nuclei.  

Fig.2.5. The angular distribution of protons in reaction 61Ni (d, p) 62Ni
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Fig.2.6. Energy diagram of a nuclear reaction 

Reaction ((, р) The excitation energy of a compound nucleus does not practically depend on atomic number and is about 20 MeV. The cross-sections of ((, р) and ((, n) reaction are almost identical. It should be noted that the resonance character of a cross section – energy dependence has been first observed in ((, р) reaction. 

Breakup reaction (d, p) is widely used in the element analysis. Its cross-section can reach 100 mb. The angular distribution of the reaction products oscillates in onward directions (Fig.2.5).  
Fig.2.6 shows an energy diagram of the nuclear reaction possible channels. A nucleus A captures the particle а and an excited nucleus C is formed. It transits in the lower energy states emitting cascade gamma quanta (radioactive capture). The energy of the process is:   

Q = (Мa + МА – МC)c2.

Thus, the excitation energy of the nucleus C:  
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The nucleus С* can decoy emitting the particle b and forming a nucleus B in excited or ground state:  А (a, b() В. Those gamma quanta can be registered. The reaction can be direct. The time of direct process is much less than when the compound nucleus is formed.

                       The cross section of direct reactions is a slow function of energy, the narrow resonance being not observed (opposite to a compound nucleus reaction). As it follows from Fig.2.6 the both reaction mechanisms can lead to formation of the same products, and being observed at the same moment. 

2.3. Energy analysis

In prompt radioactive analysis the chemical elements are detected by instantaneous radiation emitted by excited nuclei produced. The limits of registration are rather good, but not as those, which could be reached under ideal conditions.  

The advantage of prompt radioactive analysis and back scattering method (discussed in chapter 1) appears in controlling the element depth or the surface layer distribution. Dependence of emitted radiation on the depth is due to the energy loss of particles while entering and leaving the sample.  

Any background while detecting the light nuclei does not practically accompany the nuclear reaction analysis. Thus, the extremely impurity depth concentrations in surface layers can be controlled. We are going to discuss that problem in detail.  

In a prompt depth analysis, the energy analyzing and resonance methods are used. When the nuclear reaction cross-section is a slow function of energy, the energy analyzing method is applied. While analyzing, the energy of bombardment particles is constant and the energy spectrum of emitted reaction particles is registered. It gives the impurity depth distribution.

 When there is a sharp maximum in the cross-section – energy curve, the resonance method is applied. The depth distribution is controlled by the yield of nuclear reaction as a function of bombardment particles energy. We are going to discuss the resonance method in chapter 3.

The nuclear reactions induced by 0.1-5.0 MeV protons, deuterons, and helium ions (3Не and 4Не) are mainly used in element analysis.  The nuclear reaction method is applied mainly to detect the light nuclei because of the great reaction energy and cross-section. Choosing of reaction depends on experiment task, charged particles, and neutrons or gamma quanta being registered. 
2.3.1. Reactions induced by thermal neutrons 

To find the depth distribution of the smallest amount of a chemical element, the thermal neutron beam interacts with nuclei in question and produces the monoergic charged particles. While passing through the medium the particles lose their energy, the energy loss being dependent on medium thickness. Thus, the energy of an emitted particle depends on the depth of its birth. The energy spectrum of charged particles produced represents the distribution profile. In thin surface layers the energy loss of a particle born at the depth x:

(Е = х (dE/dx),                                                                                                      (2.19)

It should be noted that in the Rutherford back scattering the energy losses on inward as well on back path define the measured depth. 

As it follows from Table 2.1 the reaction cross-sections can be much greater than geometric ones ((1 barn). When the total dose of thermal neutrons is 108 neutron/cm2 the sensibility to find impurities is 1014 atom/cm2.

Table 2.1. Cross-section of reactions induced by thermal neutrons 

	Element
	Reaction
	Emitted particle energy, keV
	Cross-section, barn

	Li
	6Li(n,()T
	2056
	940

	B
	10B(n,()7Li
	1472
	3836

	Be
	7Be(n,p)7Li
	1439
	48000

	Na
	22Na(n,p)22Ne
	2248
	29000


Fig.2.7 shows the spectrum of 10B(n,()7Li reaction (the thin boron film  (100 () deposited on nickel). When the reaction occurs on the surface, the energy of all four charged particles is maximal being shifted to the left for the depth reactions. 

The maximal distance passed (the free path) in solids usually is about 1-10 mkm. Fig. 2.7 shows the shift of initial spectrum produced by the energy losses in a copper sample covered by a 500 ( boron film. Besides the spectral shift there is an illustration of boron atoms diffusion into a nickel substrate: the lower energy side of the peak is wider that testifies the boron atoms transmission.  
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Fig.2.7. a – Energy spectrum of charged particles emitted by 10В atoms when irradiating (by neutrons) a nickel sample covered by 100 Å boron film. The part of spectrum caused by 1471 keV alpha particles is magnified (б). The dashed line corresponds to samples covered by 500 Å copper film; the solid line corresponds to the same samples without covering

2.3.2. Reactions induced by charged particles 

The 0.5-2.0 MeV charged particles (protons or deuterons) fall on a target and produce (under certain condition) nuclear reactions with light nuclei. While interacting with heavy and middle nuclei, ions of hydrogen (Н+ and d+) undergo the elastic scattering. The nuclear reaction products and its energy spectrum are registered.  As a rule there are several peaks in spectra due to a number of chemical elements in the sample: for example carbon, and nitrogen (Fig.2.8). The form of peaks depends on the interaction cross-section, reaction energy natural width, and the bombardment particles energy. 
Analogously to the Rutherford back scattering, the reaction yield depends on a differential cross-section but there is no a simple analytical expression. You can find the cross-section – energy dependence in special literature on nuclear physics. 

The nuclei of middle and great atomic number do not interact with several MeV energy particles because the Coulomb repulsion is appreciate.  Besides the energy of emitted particles is greater than that one of bombardment particles (the quantity Q is great for the most reactions). It provides the non- background registration of the light nuclei from heavier substrates. 

 To exclude the back-scattered particles from detection, absorbers are used. The absorbers are installed in front of semiconductor detectors (the sputtered lavsan films). In that way it is possible to eliminate overloading detectors and electron systems. 
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Fig.2.8. Energy spectrum with step 8.23 keV per channel while deuteron bombarding a 1700 Å aluminum nitride film on a nickel substrate (The deuteron energy is 1700 keV, observation angle is 160(. To blockade the scattered neurons from detector (1) the mailar film (2) is used)

To control the entire number of nuclei, the integral yields of separate peaks are measured. At that, the absolute cross-sections 
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 are supposed to be known, and the number of incident particles is controlled. The reaction yield is given by:
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is  the analyzed nuclei depth concentration (nuclei per cm3), х is the thickness of the layer where the chemical element in question is located. The energy at the depth х is: 
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 (2.21)
The reaction cross-sections are listed in the Table 2.2. 
Accordingly to (2.10) the initial energy of bombardment particles Е0 and the energy  Е3 of the particles produced at the surface are related as Е3 ( (Е0 + (. Thus, the energy decrement (Е of particles produced at the surface and in depth layer depends both on the specific energy loss of bombardment particles when penetrating the sample and on the energy loss of produced particles when leaving the sample: 

(Е = х[
[image: image43.wmf]dE

dx

a

(inward + 
[image: image44.wmf]dE

dx

(outward]





           (2.22)

We have assumed that the specific energy loss is constant in a surface region. The factor ( depends on the reaction type and the energy loss on inward path in an analogues way as the kinematical factor of back scattering (equation 1.40a).

Formula (2.21) gives correlation between the depth and energy scales. Knowing the cross-section, the concentration profile can be found from experimental spectra.

Table 2.2. Conventional reactions used to find the light nuclei 

	Nucleus
	Reaction
	Energy of particles, MeV
	Energy1) of emitted particles, MeV
	(lab(Е0), mbarn/sr
	Yield2), 
counts/mkcoul

	2Н
	2Н(d, p)3Н
	1,0
	2,3
	5,2
	 30

	2Н
	2Н(3Нe, p)4Нe
	0,7
	13,0
	61
	380

	3Не
	3Нe(d, p)4Нe
	0.45
	13,6
	64
	400

	6Li
	6Li (d, ()4Нe
	0,7
	9,7
	6
	35

	7Li
	7Li(p, ()4Нe
	1,5
	7,7
	1,5
	   9

	9Be
	9Be(d, ()7Li
	0,6
	4,1
	~1
	   6

	11B
	11B(p, ()8Be
	0,65
	5,57((0)
	0,12((0)
	      0,7

	
	
	0,65
	3,70((1)
	90((1)
	550

	12C
	12C(d, p)13C
	1,20
	3,1
	35
	210

	13C
	13C (d, p) 14C
	0,64
	5,8
	0,4
	   2

	14N
	14N(d, ()12C
	1,5
	9,9((0)
	0,6((0)
	      3,6

	
	
	1,2
	6,7((1)
	1,3((1)
	      7,0

	15N
	15N(p, ()12C
	0,8
	3,9
	~15
	90

	16O
	16O(d, p)17O
	0,90
	2,4(p0)
	0,74(p0)
	  5

	
	
	0,90
	1,6(p1)
	4,5(p1)
	28

	18O
	18O(p, ()14N
	0,730
	3,4
	15
	90

	19F
	19F(p, ()16O
	1,25
	6,9
	0,5
	  3

	23Na
	23Na (p, ()20Ne
	0,592
	2,238
	4
	25

	31P
	31P(p, ()28Si
	1,514
	2,734
	16
	100


The energies are usually chosen when the differential cross-section depends weakly on its magnitude. For example, in reaction 16O(d, p)17O the recommended energy of deuterons is 900 KeV (Fig.2.9). Thus, the expression (2.20) can be transformed into (when analyzing the thickness about several hundreds nanometers): 
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           (2.23)

The quantity k is a constant. At that, the layer surface concentration (nuclei per cm2)
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 is found from (2.23) if the yield Y(E0) and factor k are known. 

Рис. 2.9. Cross-section of 16O(d, p)17O reaction (for p1 ) as a function of deuteron energy,  
[image: image47.wmf]q

= 150°
To find the absolute content of controlled chemical elements (including oxygen), the etalons containing the known quantities of elements under investigation are utilized. When analyzing oxygen, the Ta2O5 films of fixed thickness are usually used. 
Fig.2.10 shows an energy spectrum of nuclear reaction 16O(d, p)17O. The spectrum was registered from the surface of a nickel electrode implanted by 50 keV Ag+ ion flux Ф = 2,9(1015 cm-2. The electrode was applied as an anode while electrolyzing the alkaline solution.

The spectrum gives the information about the oxygen content. The peak (1) gives the yield of 1.6 MeV protons (p1) (
[image: image48.wmf]s

 = 4,5 mb/sr). The peak (2) corresponds to 2.4 MeV protons (р0).  The peak (3) gives the yield of 3.1 MeV protons produced in 12C(d, p)13C reaction on carbon nuclei, which are located on the surface of the target. 
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The (3) peak intensity is greater than that one of (1) and (2) peak. It is due to the reaction cross-section (see Fig.7.1 and Fig.7.3) being about one order greater than that of the 16O(d, p)17O reaction. 

Fig.2.10. The proton energy spectrum at an angle 150° while bombarding a nickel target by 900 keV t deuterons: 1 — l6O(d, р1)|7О; 2 — 16O(d, p0)17O; 3 — 12C(d,p)13С
The results of the peak integration (three series) are listed in the Table 2.3. The electric charges of every series were identical (40 mkcoul); the exposition time was slightly different.  The electric charge is measured by the Faraday cylinder, which is periodically inserted into deuteron beam for a short time in the course of experiment.  Data of an analysis of Ta2O5  etalon film (content of 16O is 9.8(1017 atoms per 1 cm-2) are also listed. .

The oxygen content (3.13(1017 atoms per 1 cm-2) found by a nuclear analysis is in a good agreement with that one found by the Rutherford back scattering of 2 MeV helium ions (3.15(1017).

Table 2.3 Analysis of a nickel electrode 
	Target


	Time
	Reaction yield, counts

	Contents of nuclei Количество  в

	
	
	
	 Nuclei/cm2   


	
	sec
	
	

	
	
	
	
	
	
	
	

	
	
	16O(d,p1)17О Щ)"0

	16O(d, p0)17O

	16O(d, p0+1)17O

	I2C(d, p)13С

	16О

	12С


	
	204

	2089

	265

	
	5425
	
	

	Electrode

	209

	2437
	330

	2436
	5393
	3,13(1017

	7,4(1018


	
	205

	1936
	251

	
	4730
	
	

	
	274

	6884
	781

	
	2246
	
	

	(Та205)Та

	243

	6845
	727

	7630
	1066
	9,8(1017

	2,4(1018

	
	234

	6857
	795

	
	1796
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Fig.2.11. Cross-section of 12С(d,р)13С reaction as a function of deuteron energy ,  ( =150(
The 16O(d,()14N reaction can be applied with success to control the depth distribution of oxygen. When the deuteron energy is not great the emitted alpha particles remain in the ground state.  

For alpha particles corresponding to the first excited level of a 14N nucleus, the reaction is endothermic (Q = - 0.829 MeV). The energy of 933 KeV is needed to initiate the reaction. While bombarding by low energy deuterons, the alpha particle energy at great exit angles is small. Thus, the specific energy loss is rather great. This leads to a good depth resolution. 

The Fig.2.12 shows the energy spectrum of 600 nm SiO2   while normal incidence of a beam (( = 0°) and reading at 145°. In order to eliminate the superposition by 16O(d, p)17O reaction, the detector pauperization depth was chosen not more than 26 mkm. While alpha particles stop at this depth giving all their energy to a detector, the protons lose only part of their energy; thus, the energy spectrum is shifted towards the low energy side.   

The advantage of particles with great stopping power is easily seen when comparing Fig.2.10 and Fig. 2.12. While the 16O(d, p)17O reaction proton energy spectrum  is rather narrow and cannot be used in the depth distribution measurements, the ground state alpha particles can be available with success (Fig.2.12).  

2.3.3. Reactions with ( - quanta registration 

The gamma radiation can be observed both in a radioactive capture and in the reactions with emission of charged particles. The second situation is more preferable because the detector aperture angle can be made large. 
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Assume that the beam falls normal on the target surface and the absorption of gamma rays is negligible. 
Fig.2.12. Part of an energy spectrum with a step 6.75 keV per channel. The registration angle is 145°. The thickness of SiO2 film irradiated by 900keV deuterons is 600 nm. The energy interval (Е0 (from oxygen) correlates with the oxide layer thickness

The number of registered (N3) and emitted (Nemit) gamma quanta are related by: 

 N3 = Nemit((,                                                    



          (2.24) 

The quantity ( is the detector efficiency (taking into account the angular dependence), ( is the detector spatial angle.

The excitation resonance function of gamma radiation emission is widely used to find the light chemical elements. For narrow resonances the cross-section is not a zero inside a small energy interval near resonance energy of bombardment particle, the stopping power being practically constant. 

For thin samples, when the energy loss is distinctly smaller than the resonance width, the number of registered gamma quanta is given by:   

(N3(E) = ((E) N0((NAkCх / MA                                        

          (2.25) 

The quantity ((E) = ( / [1 + (E – Eрез)2 / ((/2)2]; ( is a maximal resonance cross-section, Еres is the resonance energy, (/2 is the resonance half width, х is the sample thickness, С is the concentration of the chemical element in question. 

While analyzing a thick sample, it is convenient to subdivide it into thin layers and integrate the expression (2.24) through energy. Then for a layer with the thickness (x, the number of registered gamma quanta is:  
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E0 is the energy of incident ions, Е is the energy of particles in the layer (x (changes from  Е0 up tо Е0 – (Е, where (E is the energy loss in the layer (х).
Fig.2.13. The yield of 1H (19F, (() 16O reaction used to control the hydrogen contents.  

With growing energy of bombardment particles (hence the depth of the layer under investigation) the number of registered particles tends to:
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          (2.27)

This quantity can be evaluated by two measurements on a thick sample at E0 ( Eрез – 5Г and E0 ( Eрез + 5Г having got the difference between the counts corresponding to these two energies.  The narrow resonances of an excitation function (Fig.2.13) are used to control the impurity depth distribution. At that, the energy of the incident particles is changed from E0 =Eres– 5Г up to E0 = Eres+
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 with a step (E, which determines the changing of resonance energy with (P=(E/S (Eres), the quantity 
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being assumed to be equal S(E0+Eres /2). The depth resolution depends on the incident beam energy dispersion, the resonance width, and straggling.  

The simplest way to find the impurity depth concentration is to compare the spectra of the etalon and the sample under investigation. 

Let us examine the procedure of controlling the spatial distribution of aluminum in thin implanted layers of a “heavy” matrix (for example in gallium arsenide) using the resonance reaction 27А1(р,
[image: image53.wmf]g

)28Si. The narrow 991.9 keV resonance (~100 eV) detects the aluminum content in thin (2-3 nm) layers.  In comparison with 27Al(d, р)28А1) reaction at Еd = 1,9 MeV, the cross-section is great (
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). To use all the advantages of this reaction, the proton energy stability should be about 100 eV. The Pellertron accelerator with a chain transporter of conductor charge provides such a stability. It should be noted that the energy stability of Van-de-Graaf accelerators is only ±0.5 keV. 
The NaJ(Tl) crystal scintillation detectors are conventional for registering nuclear reaction products (for example, gamma quanta). The cosmic background must be taken into account and detectors should be installed in lead (or something else) protectors. 
The content of aluminum is controlled by comparing the yield from 
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 and that one from 
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 (gamma radiation) at the same proton energy. So, the normalization curve (dependence of reaction yield on energy) is needed.
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 Fig.2.14 shows the yield of gamma quanta as a function of Ер (in the region of three peaks). The dash lines represent the background. The yield curves can be applied to calibrate the accelerated ions energy. While getting the Fig.2.14 curves, the exposition time was 300 seconds; the charge controlled by the Faraday cylinder (periodically inserted in the beam) was 20 mkcoul. 
Fig.2.14. The dependence of the gamma quanta yield of  27А1(р, 
[image: image57.wmf]g

)28Si reaction  on the  proton energy  about 992 keV resonance: 1, 2 and 3 are the yield in peaks (1.05-5.10 MeV).  The distance between the 2.5x12.5 cm2 NaI (T1) detector and the target is 1 cm, 
[image: image58.wmf]q

= 0°
The GaAs (100) crystal implanted by 50 KeV А1+ ions (Ф = 8(1016 cm-2 at Т = 373 К) was irradiated by protons. Fig.2.15 shows the dependence of the yield per second on the proton energy. The yield curves beginning from the resonance energy (Fif.2.15a) can be considered as an approximate distribution profile of implanted aluminum in GaAs provided the abscissa axis is the depth scale calculated for the energy loss of 992 keV protons. The etalon target provides getting exact profile of the aluminum implanted in GaAs crystal.  

Taking into account that 
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 is the energy width of the layer in question, 
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 is the stopping power of aluminum atoms and 
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, we arrive to the following equation: 
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          (2.28)
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While analyzing the content of aluminum in GaAs, the yield 
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 is derived from the Table (See Appendix), and the quantity  
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 is known.         
Fig.2.15. The gamma quanta yield of  27А1(р, v)28Si reaction on GaAs crystal implanted by 50 keV aluminum ions (Ф = 8(1016 cn-2 at Т = 373 К) as a function of proton energy (the background is eliminated) (a); and  gamma radiation background while proton bombarding non-implanted GaAs (b): 1, 2, and 3 are the energy region of 1.05-5.10 MeV
Sometimes the relative concentration of aluminum is important (for example GaAs while forming the solution AlxGa1-xAs). It can be found taking into account that 
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 in  (2.28) we get:  
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The relative content of aluminum in a GaAs matrix: 
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         (2.29a)
Fig.2.16 shows the profile. There are three regions in the spatial distribution of aluminum.In the surface layer with thickness R + 
[image: image78.wmf]D

RP the compound AlxGa1-xAs is formed (х=0.30-0.32). At that, at the surface the relative concentration of aluminum increases up to 0.46. At the depth of 100-140 nm the content of aluminum is 0.10-0.12 and decreases up to 0.03 in the following layer. 

At the borders between zones with different concentration of aluminum, the regions of heightened content of prolonged defects (for example dislocations) are produced.
While transiting from the energy scale (Fig.2.15) to the depth scale (Fig.2.16), we take into account decreasing the stopping power of implanted matrix caused by lighter aluminum atoms. The stopping power of implanted crystal layer (depending on depth)
was evaluated using the additive principle for the stopping powers of the ingredients.   
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Fig.2.16. The profile of the aluminum implanted in (100) GaAs (Е = 50 keV, Ф = 8(1016 cm-2, and Т = 373), which is got by 27Al(p,
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)28Si reaction
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          (2.30)

The depth resolution appeared to depend on the aluminum content (the depth was varied from 16 up 19 nana-meters). The integration of the aluminum depth distribution curve gives the information about its layer content. Thus, there is an additional possibility to study the powdering processes by comparing the theoretical integral implanted ion flux and the real contain of material inside the irradiated layer. For example, integrating the signal (Fig. 2.16) leads to NAlt = 8.01(1016 cm-2, which coincides with theoretical quantity. Such a coincidence can be interpreted in such a way that there is no pulverization of aluminum atoms during its implantation inside the GaAs sample when the flux is about 8.0(1016 cm-2.
2.4. METHOD of RESONANCE BACK SCATTERING of FAST IONS

The Coulomb scattering decreases with the energy of analyzing particles and other factors become of importance in expression (1.2). In the resonance methods, the elastic nuclear scattering is used. Its excitation function (dependence of cross-section on the energy) has a resonance structure with narrow and wide peaks (See Fig.2.2). 
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The resonance cross-section is 2-3 times (sometimes 2-3 order) greater than the Rutherford scattering cross-section. It allows finding the integral content and concentration profile of atoms with mass smaller than that of a matrix, and is used to control carbon, nitrogen, and oxygen in samples with middle and heavy nuclei. In previous section we have discussed the back scattering method accompanied by the registration of gamma radiation. In that section we are going to discuss the resonance scattering of fast ions (in particular, alpha particles with energy about 20 MeV and alpha particles in the Rutherford region). The main feature of these reactions is that the maximum scattering is reached at angles close to 180(. Thus, the back scattering geometry is applied.  

The method efficiency depends on the characteristics of excitation function. The width of resonance dominates the resolution (the depth step). The sensibility of the method depends on the ratio of areas of resonance and non-resonance region. The analysis depth depends on the distance between neighbor resonances. 

The concentration profile is got by the step-by-step measurement at the energy of bombardment particles identical or greater then the resonance one. That circumstance appears to be some disadvantage of the method. 

While using the wide resonance, the energy of analyzing particles is chosen on a slightly sloping part of the excitation function and is constant during analysis. 

To illustrate the availability of resonance nuclear scattering we can mention the analysis of oxygen implanted into surface layers of solids and the analysis of oxygen as a basic component (high temperature super conducting ceramics YBa2Cu3O7 or iron yttrium gametes Y3Fe5O12 and other multi component materials containing oxygen). 

Fig.2.17. Experimental (exp and theoretical (R differential elastic scattering cross-section of 21.37 MeV alpha particles from 16О, 28Si, and 73Ge and 21.9 MeV alpha particles from 64Zn

2.4.1. Method of the resonance back scattering of high-energy alpha particles (method ResBC)

The experiments have shown that while scattering alpha particles by light nuclei at the energy greater than the Coulomb barrier height, the angular distribution at great scattering angles manifests the oscillatory structure with sharp increasing the differential cross-section at angles close to 180(. The effect is clearly seen for 15-30 MeV alpha particles scattered by carbon and oxygen (at some energy values the cross-section reaches hundreds of millibarn).

 Fig.2.17 shows the angular distribution of alpha particles scattered by 16О nuclei. The cross-section is about 1000 mb/radn at an angle 178(. The scattering cross-section depends strongly on (-particles energy.

 Fig.2.18 represents the excitation functions for alpha particles scattered by 12С, 14N and 16О nuclei at an angle 175(. The curves show that the optimal energy for carbon analysis is 18.5 Mev, for oxygen analysis – 21.4 MeV. The cross-section of middle and heavyweight atoms is appreciately lower at these energies.

Fig.2.17 illustrates this statement. The figure represents the experimental differential cross-sections for alpha particles scattered by 16О (Е0 = 21.37 MeV) and Zn (Е0 = 21.9 MeV). The Rutherford scattering cross-sections (1.5) of 16О, 28Si, 65Zn, and 73Ge are also given. The ratio of experimental oxygen cross-section (at 175() to the Coulomb cross-section of the same matrix is 240, 64, and 54 for silicon, zinc, and germanium.  
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Fig.2.18. The excitation function of alpha particles scattering by nuclei of 12С(1), 14N(2), and 16О(3) at an angle (  = 1750
The ratio should be greater in practice because the alpha particle scattering cross-section from the middleweight nuclei at energies higher than the Coulomb barrier becomes smaller than the Rutherford cross-section (1.5). For example, the found cross-section of 65Zn at an angle 168( is 16.6 mb/radn that is two order lower than Coulomb cross-section and about 6(104 smaller when scattering from 16О (See Fig.2.17). It means that the method sensibility is appreciately greater than that one of the Rutherford back scattering. The method can be successively used for controlling the lightweight chemical elements in the surface layers. The method of resonance back scattering of high-energy helium ions is widely used for controlling the oxygen content and its concentration profile in the niobium super conductors.   
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The minimal step while analyzing the depth distribution of oxygen is limited by the spectrometer energy resolution (1.53). When the spectrometer resolution is 15 or 60 keV, the minimal step for germanium samples is 50 and 50 and 200 nm. The maximum analyzed thickness depends on the alpha particles energy, substrate atomic number, and superposition of spectra of particles elastically scattered by neibouhr lightweight nuclei.   

The thickness varieties from 5 to 10 mkm for targets with atomic number 40 ( Мi ( 140. The limits of synchronous controlling carbon, nitrogen, and oxygen impurities in thin ‘free’ films are 4(1012, 1.3(1013, and 4(1012 atoms(cm-2 (statistic error is 10(, ((  = 8(10-3, the average electric charge is 1.8 mkcoul). 

Fig.2.19. The control limit of oxygen surface contents as a function of a sample atomic mass: Е0 = 21.4 MeV, ((  = 8(10-3 radn, I  = 0.5 mkA, t = 3600 s

At the surface of ‘thick samples’, the quantity Cmin depends on the signal-background ratio because the response from atoms of oxygen, nitrogen, and carbon in the energy spectrum of scattered particles is superposed by the signal from matrix atoms. The evaluation of Cmin is provided by equation (1.36). 

 While evaluating the minimum concentration, the number of chanelles below the peak is conventionally chosen to be a detector double energy resolution. The theoretical and experimental minimum concentrations for oxygen surface controlling as function of matrix mass number are shown in Fig.2.19. 

Exceeding of the experimental quantities proves the input (in background part of the spectrum of non-elastic scattered alpha-particles and protons of ((, р) reaction). At that, the surface control limit of the lightweight nuclei is about 5(1014 atoms(cm-2 for a great number of materials in the range of 40 ( Мi ( 150 and is practically the same for heavyweight nuclei in a light matrix when low energy alpha-particles are used. 

To decrease the matrix background the monocrystals samples are used (Fig.2.20 and 2.21). While controlling the oxygen content, the thin samples of Si (10-15 mkm) and Ge (20-30 mkm) have been chosen. Fig.2.20 shows the energy spectra of 21.4 MeV (- particles at ( = 1750 while falling of a non-oriented beam on Si and Ge crystals implanted by 150 keV oxygen ions at temperature of 593-653 K with doses of 1017 cm-2 and 1016 cm-2. 

There is a sharp peak corresponding to elastic resonance scattering of alpha particles from nuclei 16О, and its identification on the non-elastic background presents no problems. It should be noted that while alloying by small doses, the identification and treatment of the oxygen peak is much simpler for germanium samples due to the small background and more uniform distribution of the peak intensity.    
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The arrows indicate the number of channels, in which the peaks corresponding to alpha particles scattered from carbon and nitrogen nuclei are to be observed. It is clear that controlling carbon and nitrogen content at small implantation doses is rather problematic as the corresponding peaks would be located on the intensive background of (-particles inelastic scattered from silicon nuclei.  The situation is easier for germanium. Fig.2.12 shows the energy spectrum of 21.4 MeV alpha particles scattered by <111> 30 mkm silicon crystal covered by a lavsan (C10H8O4) film of thickness 0.324 mg/cm2. It follows from the picture that the alpha particles scattered from carbon and oxygen nuclei are being surely separated. It follows also that it is always possible to observe the peaks corresponding scattering from carbon nuclei if its concentration is greater than that of oxygen nuclei. It should be noted that the channelization effect reduces background under the needed peaks and at that increases the control limit of the method.  
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Fig.2.20. Energy spectra of (-particles (Е0 = 21.4 MeV) scattered by silicon (a) and germanium (b) crystals at ( = 1750. The samples are implanted by 150 keV oxygen ions at Т = 623 К (1017 cm-2 (Si) and  1016 cm-2 (Ge)). The beam is non-oriented when falling on crystals. 

Fig.2.21. Energy spectra of (-particles (Е0 = 21.4 MeV) scattered at ( = 175( by <111> Si crystal (thickness 30 mkm) covered by a lavsan film (
[image: image81.wmf]l

 = 0,324 mg/cm2)

We remind our readers that the accelerators are needed to realize the high-energy ion methods. The data discussed above were obtained by the cyclotron У-120 (Р-7М). That circumstance restricts the wide utilization of resonance back scattering of high-energy alpha particles.  

2.4.2. Method of the alpha particle resonance back scattering

in the Rutherford energy region (RBRes)

The resonance back scattering of high-energy ions is used conventionally only to control the oxygen impurities and does not give any information about the content of other chemical elements in the samples. In some works to find the oxygen concentration profile, the solitary resonance of elastic scattering 16О((,()16О at 3.045 MeV has been used. This energy region appeared to be profitable to get the information about the sample composition because the elastic scattering cross-section of heavier nuclei (beginning from aluminum) is described sufficiently well by the Rutherford formula (1.5). 

Thus, every back scattering spectrum contains both the resonance spectrum of oxygen and the Rutherford back spectrum of other nuclei. It stimulates investigating the elastic scattering of helium ions by 16О nuclei at the energy greater than 3 MeV and angles 165-1700 to find the other resonances and (in connection with the Rutherford back scattering from the middle and heavyweight nuclei) to control the relative atomic contents of multi-component oxygen structures.  

Maximum energy of 4Не ions when the Coulomb scattering is the main type of interaction for middle and heavyweight nuclei can be evaluated by equation (1.3) and (1.4). The impact parameter should be greater than the sum of radii of colliding nuclei. Parameter r0 can be approximately derived from: 

[1 + (M1/Mi)2 + 2(M1/Mi)cos (c]Z1Zi/E0 > r0(A1/3 + Ai1/3),

          (2.31)
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The quantity r0 is usually (1.0-1.8)(10-13 cm; (c is the scattering angle in the center of mass frame; the other data are taken from the experiments. 

Fig.2.22. Energy region of the resonance back scattering method 

The experiments on scattering alpha particles from lead 208Pb((,()208Pb show that up to E0 = 17 MeV (r0 ( 1.7 Fm) the scattering is of the Coulomb type. Similarly for 16О((,()16О  E0 = 2.2 – 2.3 MeV (r0 ( 1.4Fm); for  Mg isotopes E0 = 3.3 MeV (r0 ( 1. Fm). It leads to conclusion that the region of combined applying of both methods is 2.3-17 MeV for the atomic numbers from 8 to 82. 

At E0 > 2.3 MeV (the region of resonance method) the cross-section of alpha particles scattered from 16О nuclei differs from the Rutherford one. The excitation function is very complicated and non-monotonic (with isolated resonances). At ( ( 1800 in angular distributions there are anomaly height maximums (Fig.2.22). The most important is 3.045 (according to some authors 3.0382) MeV resonance with width Г = 8.1 keV (the center of mass frame). .
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Fig.2.23. Energy spectra of 4Не ions scattered by Y3Fe5O12 crystal at angle ( = 170( as the functions of the beam energy Е0: 1 – 2.0; 2 – 3.12; 3 – 4.5; 4 – 4.95; 5 – 5.2 MeV

The other resonances available for analysis are located at 4.9-5.2 MeV. There is no systematic data on the cross-sections and angular distribution of nuclear reactions in this energy region. We can only evaluate approximately its position and width and predict the excitation states. A 5.152 MeV resonance (Г = 23.75 keV) can be used to increase the accuracy of controlling the oxygen content in compounds, which components are heavier than Titanium (See Fig.2.22). 

The following energy region, which can be applied for chemical element analysis, is located at ( 6.57 MeV resonance (the width Г = 121.25 keV). The Rutherford scattering from the heavy nuclei restricts the availability of the resonance back scattering method. Fig.2.23 shows the back energy spectra of (2.00, 3.12. 4.50, 4.95, and 5.20 MeV) helium ions (chaotic falling) scattered by Y3Fe5O12 crystal.  

The ratio of spectrum amplitudes for oxygen and С=Н(16О)/Нf matrix depends on energy: for E0  = 2.00 MeV  С ( 0.70; for E0 = 3.12 MeV С ( 0.63; for E0 = 4.50 MeV С ( 0.12; for E0 = 4.95 MeV С ( 0.58; for E0 = 5.20 MeV С ( 1.25. 

The 2.00 MeV spectrum gives only the information about the ratio of heavyweight nuclei contents. The application of the elastic scattering of helium ions near the (3.045, 4.95, and 5.20 MeV) resonance increases the accuracy of oxygen nuclei controlling.. When in a target there are atoms heavier than Ti, we recommend the energy close to Е0 = 5.15 MeV because the mass resolution of the method increases with the energy. In addition, in an excitation function at 5.15 MeV there is a slightly sloping part, which makes the procedure easier. It should be noted that comparison of Н(16О)/Нf  ratio corresponding to different beam energies proved this ratio to be maximum at the energy close to 5.20 MeV. 

Thus the 3.045 MeV resonance of 16О((,()16О elastic scattering can be used with success for analyzing structures containing Mg, Al, and S. The 5.15 MeV resonance is preferable for analyzing the oxygen containing structures with atoms heavier than titanium. To realize the resonance back scattering methods, 5 MeV electrostatic generators or cyclotrons У-120 (Р-7), or simultaneously 2.5 MeV electrostatic generators and cyclotrons are used. 

2.4.3. Recommendations for applying the nuclear reaction spectrometry

The cross-sections of nuclear reactions induced by the charged particles are as a rule smaller than that ones of the Rutherford and resonance scattering. But the type of produced particles differs from the initial ones. This circumstance allows eliminating the scattered particles background and concomitant reaction products. The counter telescopes are widely used to controlling the type and energy of particles. The thin semiconductor detectors, which allow making effective registration of the short free path particles on the long free path particles background, are also widely conventional.    

The absorbers installed in front of the detectors cut off the short-path particles from registering long-path reaction products. For example, while studying the diffusion of phosphorus implanted in silicon by (р,() reaction, a telescope combined from a thin (about 10 mkm) and thick (about 300 mkm) semiconductor detector has been applied. The detectors were switched in an anti-coincidence circuit. That has lead to elimination of the elastic scattered proton background. The content of boron implanted in silicon is studied by 11В (р, () 8Be* reaction, the proton energy being 660 keV.  

To cut off protons scattered from silicon, the mylar absorber of the thickness 1.1 mg/cm2 has been used.  The reaction sensibility is 3(10(8, the controlling limit is 1012 atoms/cm2. Sometimes the product particles and the end nuclei are being synchronous registered, the dispersion angle being fixed. 

While controlling the lithium isotope content with reaction 6Li (p, () 3Не and 7Li (p, () 4Не, the summation of particles energies decreases appreciately the energy straggling caused by the detector angular aperture. When analyzing   the content of fluorine in semiconductors by 19F (p, p(() 19F reaction (the energy of quanta 110 and 197 keV), a 1.4 cm3 Ge(Li) detector with low efficiency for gamma radiation of great energy was applied. It allows increasing the signal/background ratio about four times. 

Sometimes, two and more reactions to identify a chemical element can be available. For example to clarify the influence of oxygen on formation of the platinum silicide 16O (d, () 14N can be used. To establish the external oxygen sources while controlling the implanted oxygen, 18O (p, () 15N reaction (more sensitive than previous one) is usually applied. 

There are a lot of systems (having rather short analyzing time) for analyzing the impurity depth distribution by resonance nuclear reactions. These systems control the energy of a particle beam automatically. The needed statistics and reading energy step can be easily modified. The sample analyzing time is about 30 minutes. 
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