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ABSTRACT 

Rutherford backscattering spectrometry (iRBS) is a very versatile and popular 

technique in materials characterization, ^e" ion beams in the keV or MeV range have 

been widely used to obtain quantitative information regarding the composition and depth 

distnbution of elemental constituents and impurities in thin films. However, in many 

cases, RBS is ineffective for light element analysis due to overlapping signals caused by 

heavy elements in the film or backing material. This project proposes using the (^e,p) 

and (oc,p) reactions to develop nuclear reaction techniques for light element analysis in 

cases where regular RBS cannot accurately determine elemental content. 

The (^e,p) nuclear reaction for boron, nitrogen, carbon and o?Qrgen in thin films was 

investigated using incident beams between 2 and 4 MeV. Absolute cross sections were 

measured at reaction angles of 90° and 135°. These reactions were observed to have 

regions of constant cross section suitable for elemental content determination. The 

B(^He,p)C and '̂ (^He,p)^®0 reactions were applied to thin films containing boron and 

nitrogen, and were proven to be an accurate means of determining elemental areal density 

in thin films in cases where regular RBS was ineffective due to signal interference fi'om 

heavier elements in the film or backing substrate. Advantages and limitations of the 

application of the (^e,p) reaction to B, N, C and O will be discussed for each of these 

elements. 
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The ^(ot,p)^e nuclear reaction was investigated over the energy range 2200-2500 

keV. Cross sections for the ''F(o^po) reaction were measured at a reaction angle of 135°. 

A strong, isolated resonance near 2315 keV was observed which is suitable for fluorine 

depth profiling. A computer program was also used to generate simulated yield curves. 

Resonance parameters were empirically fit to the yield curve obtained using a target with 

known areal density (atoms/cm^). The program, with these parameters, was applied to 

accurately simulate yield curves obtained fi-om other targets. The advantages, limitations 

and applications of this reaction will be discussed. 
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CHAPTER 1 

INTRODUCnON 

1.1 Overview of Ion Beam Analysis 

The broad field of ion beam analysis (EBA) encompasses many analytical methods 

which employ keV and MeV ion beams to detect and quantify elemental composition and 

obtain depth profiles in thin films. Most of these methods (elastic recoil detection (ERD), 

proton induced gamma-ray emission (PIGE), nuclear reaction analysis (NRA) and 

Rutherford backscattering spectrometry (RBS), to name a few) employ nuclear scattering 

and nuclear reactions, while others (such as proton induced x-ray emission (PDCE)) make 

use of techniques that exploit atomic transitions. 

IB A methods emerged as a widely employed analytical tool in the 1960's, and have 

enjoyed rapid growth in their recognition over the last three decades. A number of recent 

research results and new applications have drawn scientists fi'om many disciplines to 

investigate how IBA methods can be applied to specific problems from their fields. 

Conferences now include a wide range of disciplines, with presentations fi'om metallurgy, 

biology, toxicology, and medical and environmental applications [Cul 96]. The prospects 

for continued interdisciplinary research and collaboration, and the application of IBA 

techniques to solve new problems across academic disciplines, look bright. 

Chapter 1 of this dissertation will introduce key elements of Rutherford backscattering 

spectrometry and nuclear reaction analysis. Section 1.2 examines the fiindamental 



theoretical concepts of one of the most popular IBA methods, RBS, and discusses why it 

is not an efifective technique under certain circumstances. In section 1.3, an alternative 

method m such cases, nuclear reaction analysis, will be introduced. Additional theoretical 

ideas are developed, and measurement methods used in the application of nuclear 

reactions to the detection and quantification of several light elements in thin films, which 

often RBS can not accurately determine, are discussed. Use of the (^e,p) and (a,p) 

nuclear reactions to quantify elemental content of low mass elements forms the backbone 

of the work conducted during the author's graduate studies. Chapter 2 presents 

background information (sections 2.1-2.3) and experimental results (sections 2.4-2.7) of 

the (^e,p) reaction. Results of cross section measurements will be given for this reaction 

on targets containing boron (section 2.4), nitrogen (section 2.5), carbon (section 2.6) and 

oxygen (section 2.7). Specific application of the ('He,p) reaction to obtain the unknown 

content of targets containing boron and nitrogen will also be provided. Chapter 3 

discusses the use of another reaction, (cc,p), in quantifying and depth profiling fluorine 

content in thin films. Results of this reaction on a number of thin films containing fluorine 

will be examined. Chapter 4 provides concluding remarks for this work, and a logical 

progression for future work. 

1.2 Rutherford Backscattenng Spectrometry 

The current model of an atom as a dense central positively charged core surrounded by 

a cloud of negatively charged electrons was established by the large angle scattering of 

^He particles by heavy target nuclei [Gei 13], This phenomenon also forms the foundation 



of RBS as an viable analytic technique. The method's popularity can be attributed to its 

relative simplicity, and the many advantages it ofiers which follow from the theoretical 

framewoiic of classical scattering in a central force field. It is also one of the more 

straightforward experimental techniques from which to gather accurate results, and is 

extremely versatile in materials characterization. Ion beams with energies in the keV or 

MeV range have been utilized widely to obtain quantitative information regarding the 

composition and depth distribution of elemental constituents and impurities in thin films 

through measurement of the number and energy distribution of ions backscattered from 

target atoms in the near surface region of solid materials. 

At a basic level, the experimental instrumentation RBS requires is relatively 

straightforward. An accelerator and downstream beamline provide a coUimated beam of 

particles, usually ^IT or '*He'̂  ions, which strike a target and undergo large-angle 

scattering. A semiconductor nuclear particle detector placed at a chosen angle collects the 

backscattered beam particles, and produces an output voltage pulse proportional to their 

energy. A multi-channel analyzer (MCA) processes these pulses, converting each pulse 

amplitude to a digital value, and sorts these values into their corresponding channels in the 

data memory. In this way the energy of the detected particle is converted to a count at a 

specific channel number. The MCA then outputs this information to a desktop computer 

where it can be further analyzed. The vacuum requirements are fairly modest (on the 

order of 10"^ torr), leading to a &st turn around time between ains, and a typical sampling 

takes about ten minutes. One significant advantage over many other methods is that RBS 

is largely non-destructive, unlike Auger electron spectroscopy or secondary ion mass 



spectroscopy (SIMS), and the same sample can be tested at a later date by other means. 

Measuring the frequen(^ distribution with energy of the backscattered ions allows the 

atomic masses, stoichiometry and depth distribution of the target elements to be 

determined. It is this reliance on data gathered from analsrzing the beam particles scattered 

through large angles that gives Rutherford backscattering spectrometry its name. 

No technique is without fault, and RBS has several weaknesses which limit its 

effectiveness. While it has high sensitivity for heavy elements (owing to the cross section 

dependence on the target atomic number, Z, which will be shown shortly), this is at the 

same time a severe detriment for the detection of low Z elements, particularly when they 

are in the presence of high Z elements in the film or backing. For example, figure 1.1 

shows a typical RBS spectrum, in which a ''He* beam was incident on a YBazCusO? film 

on a Si backing. While the Y, Ba and Cu signals are well resolved and easily quantified, 

the Si substrate signal overlaps the thin film O signal, and o^^gen content is much less 

accurately determined. In such a case nuclear reactions can often provide an alternate 

method for the quantification of the light element. This is the primary factor which 

provided the impetus for the work presented in this dissertation. 

Another difficulty is that backscattered beam particles differ only in their energy. This 

uniformity can make it troublesome, and in some cases impossible, to distinguish between 

heavy elements whose atomic numbers are closely spaced. In such cases another 

technique, such as PDCE or Auger electron spectroscopy, must be employed for unique 

identification [Chu 78a]. There are also fairly strict demands on the lateral uniformity of 

the sample to be tested, as defects such as scratches and cavities can drastically alter the 
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spectnim. A second method, such as scanning electron microscopy (SEM), can be used in 

conjunction with RBS to establish the lateral uniformity of the target [Chu 78a]. A final 

limitation is that the kinematics of backscattering measurements are insensitive to 

electronic configuration or chemical bonding within the target. Other techniques again 

must be utilized to complement RBS, such as X-ray difiB-action to determine 

crystaUographic parameters, or photoelectron spectroscopy to establish electronic 

configuration [Chu 78a]. 

2S00 

3776 keV 

2000 

2 1500 
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500 

0 2G0 400 600 800 1000 

Channel Number 

Figure 1.1 RBS spectrum generated by a 3776 keV ^e"^ beam at a laboratory angle of 
170°. 
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In the 1960's, backscattering experiments were conducted using protons as the 

incident ion beam. However, the majority of such experiments now use ^e* beams in the 

low MeV range for several reasons. In general, ^He"* ion beams provide a good 

compromise in many of the desirable analytical capabilities. The scattering cross sections 

largely conform to Rutherford theory in the low MeV energy region, making data analysis 

relatively simple, whereas non-Rutherfbrd scattering can occur for protons at lower 

energies than for ^He"^. Energy loss considerations favor ''He'̂  over protons since the 

larger specific energy loss of the helium ions provides greater depth resolution (see section 

1.2.3). Also, many of the small electrostatic accelerators, ideal for producing light ion 

beams in the MeV range, which were originally reserved for low energy nuclear physics 

studies, became available for backscattering analysis. The advent of powerfiil and 

affordable desktop computers have made the once intractable data reduction for 

complicated targets possible, and have made the use of heavy ion beams and higher energy 

regions in both Rutherford and non-Rutherford methods, which were once avoided due to 

computational difficulties, more readily accessible. 

The essence of RBS, the Coulomb scattering of a fast light ion by a more massive 

stationary atom, is largely described by a few quantities, each of which relates to a 

particular aspect of the energy exchange between the elastically colliding particles, and 

leads to a particular capability or limitation of the method. The kinematic factor, K, 

which relates the incident and scattered projectile energies, is derived from the 

conservation principles of energy and momentum, and enables a target atom's mass to be 
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distinguished. The scattering cross section, a, of each element in the target determines the 

scattering frequency, and leads to the determination of elemental areal densities and 

atomic composition. The energy loss, (d£/dx), of the ion beam as it travels through the 

target allows elemental depth profiling. Statistical fluctuations in the energy loss of the 

incident beam atoms lead to the phenomena of energy straggling, and impose limits on 

both the mass and depth resolution. The phenomena of ion beam channeling, which can 

lead to the incorrect interpretation of a spectrum, will be briefly discussed. 

1.2.1 The Kinematic Factor, K, and Mass Resolution 

One of the primary theoretical concepts in RBS is the kinematic factor, K, which 

addresses the energy exchange due to the collision between the ion beam and target 

atoms, which is here assumed to be elastic in nature. The kinematic factor is defined as 

the ratio of the energy of the projectile atom after the collision, Ei, to its incident value 

before the collision, Eo; 

It can be derived in terms of collision parameters using the principles of momentum and 

energy conservation. Incident beam atoms of mass Mi and energy, Eo, collide with 

stationary target atoms of mass M2. For backscattering to occur, the target mass M2 must 

be larger than the projectile mass Mi. After the collision, the energy Ei of the scattered 

projectile atom is determined by the scattering angle and the projeaile to target mass 
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ratio, M1/M2. The notation and geometry of the scattering collision are shown in figure 

1.2. The kinematic factor K, is then given by 

K = 
[I-(A/, /M^Y sin^^]"^ +(A/, /M^)cos0 

i+(A/,/A/2) 
(1.2) 

For a chosen projectile mass Mi (usually or ''He'' in backscattering), values of K are 

easily tabulated for chosen scattering angles, 6, and target masses, M2. 

Figure 1.2 Experimental scattering geometry for Rutherford backscattering with incident 
particle Mi, target nucleus M2, recoil angle ()> and scattering angle 6. 

Equation 1.2 illustrates how backscattering spectrometry identifies the mass of an 

unknown target atom. The projectile mass Mi, and incident beam energy Eo are 

experimentally set, and therefore known. If the energy of the elastically scattered atoms 
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El is measured by a detector at a known scattering angle 0, then M2 is the only unknown 

left, and can be obtained. Since the beam ions have ener^ Ei = KEo after scattering, the 

mass resolution at a sample sur&ce originates from the energy resolution of the detector. 

The energy resolution imposes a limit on the ability to resolve sample elements by their 

masses. In order to resolve two elements whose masses differ by an amount AM2, the 

experimental energy measurement system must be able to resolve the resulting small 

differences in the energies of backscattered particles. If the energy difference 

produced falls below the resolution of the system 5E, the two masses cannot be resolved. 

It is therefore important to select an experimental geometry that permits the mass 

difference AM2 to produce a AEi as large as possible. A plot of K as a function of 

scattering angle and mass ratio (Mj/Mi) is shown in figure 1.3 [Chu 78b]. This shows that 

for a given projectile mass. Mi, a change in M2 will give the greatest change in K, and 

hence the largest difference in energies for the backscattered particles AEi = AKEo, when 

the detector is placed at a scattering angle of 180° for all but the smallest target masses. 

At this angle the kinematic factor given by equation 1.2 reduces to 

Thus 0 =180° is the preferred location for the detector. However, in practice this location 

is not possible as the detector would block the incident beam, so it is usually placed at 

some large backward angle, like 170°, because of the finite detector size. Annular 

detectors with a center hole to allow the beam passage can also be used. 

(1.3) 
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Figure Plot of the kinematic factor K (equation 1.2) as a function of the scattering 
angle 6 and mass ratio (M2/M1) [Chu 78b]. 

Other factors besides the scattering angle can also be adjusted to maximize the mass 

resolution. For a given scattering angle 6, the energy separation AEi for beam particles 

scattered by target particles with a mass difference AM2 can be derived from equation 1.1; 

The mass resolution AM2 depends on the experimental energy resolution, §E, which 

contains contributions from &ctors such as the detector energy resolution, energy 

straggling due to the ion beam traveling through a dense medium, beam energy spread and 

various geometric effects. Near the surface the mass resolution is primarily determined by 

the detector resolution, while straggling becomes the dominant factor as the ion beam 

moves deeper into the sample. Equation 1.4 can be expanded in terms of the deviation of 

(1-4) 
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the scattering angle from 180°, 5 = 180° - 0. When the condition Mz » Mi is added, 

which is often true for backscattering with 'iT and ^He"^ beams, the following relation is 

obtained [Chu 78b]; 

mA Af, = 
MlJ 

AA/j. (1.5) 

Ideally, the coeflBcient of AM2 should be maximized since the ener^ difference AEi must 

be greater than the minimum experimentally resolvable energy separation 5£ for the two 

masses to be distinguished. To obtain better mass resolution there are several parameters 

that can be altered to maximize this term, each of which has an inherent limit in its 

eflBcacy. The incident beam energy Eo can be increased, but this is constrained by the 

onset of non-Rutherford effects. The detector should be placed as close to 180° as 

possible to minimize 5, however the finite detector size limits the degree to which this can 

be done. A projectile of larger mass Mt can be used, but Mi must remain less than M2 in 

order to obtain a backscattering signal. It should also be noted that the dependence 

of AEi means that the mass resolution is inherently better for light target atoms than for 

heavier ones, but again if the target has components for which M2 < Mi there will not be a 

backscattering signal from these atoms. 

1.2.2 Scattering Cross Section and Probability of Backscattering 

For a given experimental set-up in which the incident energy Eo, projectile mass Mi, 

and scattering angle 0 are known, the kinematic factor K, allows the target atom M2 to be 
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identified by measuring the scattered energy of the beam, Ei, after an elastic coUision. The 

probability of a collision occurring, and then resulting in a scattering event at an angle 6, is 

described by the differential scattering cross section, dafdSt, which is interpreted 

geometrically as the cross sectional target area a beam particle must hit for a scattering 

event to result in a signal at the detector. 

Consider a narrow beam of particles normally incident on a target (figure 1.4) [Fel 

86a]. A fraction of these will be elastically scattered through an angle 9 relative to the 

incident beam into a detector which subtends a differential acceptance solid angle, dH. 

The ratio of the number of particles recorded by the detector dQ to the total number of 

incident particles Q is given by 

where N is the bulk density of atoms (atoms/cm^) in the target and t is the target thickness. 

As the ion beam penetrates the target it loses energy, complicating the situation. For now 

it is assumed that the thickness t is very small so that the energy loss need not be 

considered, and the energy of the particles is constant in the target. The product Nt is the 

number of target atoms per unit area (atoms/cm^), or "areal density", a quantity of great 

importance in RBS. The goal of quantitative analysis is to determine the areal density, 

which is the parameter that characterizes the elemental composition of a thin film. 

idstint, (1-6) 



28 

TARGET: Nt ATOMS/cm^ 

SCATTER 

INCIDENT 
PARTICLES 

SCATTERED 
PARTICLES 

DETECTOR 

Figure 1.4 Diagram illustrating the concept of a differential scattering cross section. 
Only particles scattered within the solid angle dQ of the detector are measured [Fel 86a]. 

In backscattering spectrometry the detector generally subtends a small solid angle Q 

(10 msr or less), making the scattering angle 6 well defined. An avenge differential 

scattering cross section can then be written as 

For small detector solid angles CI, a da/dCl. The average differential scattering cross 

section a is the quantity largely used in RBS, and in the literature is conventionally 

referred to as simply the scattering cross section [Chu 78b]. The total number of detected 

particles A, can now be obtained from equations 1.6 and 1.7 as 

(1.7) 

A = aClQNt. (1.8) 
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This equation is the basis of quantitative analysis in RBS since it gives the areal density Nt 

as a function of the experimentally measurable Q (known through the integrated beam 

charge). A, and Q, and the empirically known a. 

1.2.2.1 Rutherford Cross Sections 

Consider an elastic collision between an incident projectile of mass Mi, charge Zie, 

and energy E, and a target nucleus of mass M2, charge Zae, which is initially at rest. A 

Coulomb repulsion (central force) potential of the form V = ZiZieVr is assumed for the 

force that acts during the collision. This force describes the interaction well, providing the 

distance of closest approach is large compared with nuclear dimensions. Applying 

classical mechanics, the differential scattering cross section is given by 

in center of mass coordinates |Tel 86a], or assuming a fixed center of force. It should be 

noted that the same result is obtained through a quantum mechanical analysis. In reality 

the target atom is not fixed and recoils fi-om its position as a result of the collision. To 

account for this recoil effect, equation 1.9 is transformed to the lab fi-ame of reference 

(par 14] normally used in backscattering analysis, and becomes 

2 

(1.9) 
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For large backscattering angles (near 180°), and (M1/M2) « 1, an accurate approximation 

is given by a power series expansion [Mar 68], 

4e 
sm 4V2r4tr.... mj 

(1.11) 

where the first term omitted is of the order (M1/M2)'*. The magnitude of the scattering 

cross section is predominantly given by the first term, which is similar in form to the cross 

section of equation 1.9. The second term represents the correction, which is fairly small 

(< 5%) for light projectiles incident on heavy atoms, but can be appreciable for light target 

atoms. 

Several significant functional dependencies of equation (1.11) should be noted. The 

differential scattering cross section is proportional to Zl^ so a heavier ion beam provides a 

much larger backscattering yield, however if Mi > M2 there will not be a backscattering 

signal. It is also proportional to Z2^ meaning heavy atoms scatter more effectively than 

light atoms. This is the origin of the characteristic insensitivity of backscattering 

spectrometry to light elements relative to heavy ones. do/dO is proportional to E*^ hence 

the yield of scattered particles diminishes quickly with increasing bombarding energy. 

This results in the elemental spectrum of a thick uniform target not being flat-topped, but 

instead angling upwards on the low energy side. It also means that while heavy elements 
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of similar mass are more likely to be resolved with increased beam energy, their yield will 

at the same time decrease. The angular dependence of the cross section is only with the 

angle 6, and thus is axially symmetric with respect to the direction of the incident beam. 

Lastly, da/dO is inversely proportional to the fourth power of sin(9/2), producing 

increased yields for lower scattering angles. 

Numerical values of laboratory Rutherford cross sections for specific ion beams and 

incident energies are tabulated for various backscattering angles [Chu 78d]. For ''He'̂  in 

the low MeV range, cross sections values are typically in the range of O.OI-IO bams (1 

bam = 10*^* cm^) per steradian. 

1.2.2.2 Deviations From Rutherford Cross Sections 

Experimental cross section measurements clearly show departures fi'om the 

Rutherford predictions at both low and high energies for all projectile and target 

combinations. Low energy deviations fi'om Rutherford can occur for light projectiles with 

low energy, and for heavy projectiles. These departures are largely caused by the 

projectile passing at a distance greater than the innermost electron shell of the target atom, 

resulting in electron screening of the nuclear potential. The electrons cause a smaller 

repulsive force than that of the bare nucleus, violating the Rutherford assumption. Due to 

this electronic screening effect, the Rutherford cross section relation no longer accurately 

predicts scattering cross sections, particularly for light particles in the low MeV energy 

region incident on heavy targets. Several semi-empirical formulations for the screening 



correction o/or of the Rutherford cross section have been pubh'shed using existing data 

[Lec 79, Wen 52]. For large backscattering angles (6 > 150°), the most commonly cited 

correction &ctor (Lec 79] is 

where E is given in keV. For 'iT and *He^ ions of low energy (< 100 keV) incident on 

heavy targets, this correction exceeds 10%, however for such beams incident on low to 

mid-range Z targets at energies above 1000 keV the factor is less than 1% and need not be 

considered. 

High energy deviations from Rutherford behavior are the result of short range nuclear 

forces. As the energy of the incident beam increases, it become more likely that the 

projectile will approach close to the nuclear radius of the target. Incident ions then begin 

to penetrate the Coulomb barrier of the target nucleus due to quantum mechanical 

tunneling, and are subject to additional scattering processes originating from the nuclear 

potential and nuclear structure. The observed scattering probabilities of such ions can 

drastically depart from Rutherford predictions. These effects depend on the projectile 

energy, the scattering angle, and the projectile and target atoms. Scattering contributions 

from the nuclear potential gradually change the cross section relative to the Rutherford 

value, while unpredictable and dramatic changes occur at energies coinciding with the 

excited states of the compound nucleus formed in the collision. The total scattering is 

therefore the result of a combination of normal Rutherford scattering, nuclear potential 

scattering and nuclear resonance scattering. These factors are manifested in the cross 

<T 
=  1 - (1.12) e 



section curve in the 1/E^ energy dependence at low energies where the behavior is 

Rutherford (equation l.ll), in gradual changes at increasing energies as nuclear potential 

scattering arises, and in the appearance of sharp changes in the cross section at energies 

corresponding with nuclear resonances of excited states in the compound nucleus. Figure 

1.5 illustrates these mechanisms manifesting themselves in the case of ^e^ incident at 

energies between 2 and S MeV on Ar, Ai and O targets [Lea 86], For Ar (top) the cross 

section is largely Rutherford over the entire energy range. In the case of Al (middle), the 

cross section undergoes a transition from Rutherford to a region where resonant behavior 

begins to dominate at around 4.5 MeV. For O (bottom), the cross section behavior is 

governed by nuclear potential and nuclear resonance scattering processes at energies as 

low as 2.5 MeV. 

Experimentally derived relations can be used to predict when a cross section will 

exhibit non-Rutherford behavior for a given beam-target combination at a chosen incident 

energy. Cross sections for backscattering from elements as light as carbon can become 

non-Rutherford at energies as low as 0.3 MeV for and 2 MeV for Several 

references are available which detail the cross section behavior for various target nuclei 

when the incident ion beam is composed of protons [Rau 89, McG 69, McG 70, McG 71, 

McG 72, McG 73, McG 75, McG 76] or ^He"^ [Lea 90]. While the onset of such behavior 

can be theoretically approximated, the cross sections themselves exhibit complex and 

unpredictable behavior, and must be experimentally obtained. 
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Figure 1.5 Ratio of ^e^ ion scattering cross sections of O, Ai and Ar to the Rutherford 
cross sections at laboratory scattering angle of 6 = 170° between 1.8 and S MeV. Nuclear 
potential and nuclear resonance scattering contributions are evident for Al and particularly 
O [Lea 86]. 

1.2.3 Energy Loss of Ions in Solids and Depth Resolution 

As the projectile moves in the sample it loses energy due to interactions with target 

atoms. This phenomena gives rise to another important concept in RBS, that of energy 

loss in a dense medium, dE/dx, which is also called stopping power. 

The ion beam loses energy predominantly through inelastic collisions with target 

electrons and the numerous small angle collisions with target nuclei. The total energy loss 
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can be viewed as a combination of these electronic and nuclear tosses. The nuclear 

contribution decreases with increasing incident ion beam ener^ and with decreasing ion 

mass, and is almost always negligible for RBS using or ''He^ beams in the low MeV 

range. 

Although the stopping power is a Action of ion energy, for thin targets the necessary 

quantities are evaluated either at the incident energy Eo, the so-called "surface 

approximation", or at the mean energy of the beam E,v within the sample, the "mean 

energy approximation". In these cases the energy losses on the paths in and out are given 

where (x/cos0in) and (x/cosOout) are inwards and outwards path lengths (figure 1.6). If the 

surface energy approximation is used (dE/dx) is evaluated at Eo, and KEo, for equations 

1.13, and 1.14, respectively. For the mean energy approximation, it is evaluated at the 

average beam energy on the inward, and outward, paths for equations 1.13, and 1.14, 

respectively. For thicker targets, computer programs are usually utilized to calculate the 

ion energy at depths below the sample surface by dividing the target into thin slices and 

calculating the stopping power by evaluating the beam energy for each target slab. The 

calculation of ion energy loss assumes a knowledge of the sample composition, which is 

by 

(1.13) 

and 

(1.14) 
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often the purpose of the analysis and therefore initially unknown. An iterative process is 

required in such cases, assuming an initial composition to calculate a first approximation 

of the energy loss, which is in turn used to calculate improved values of the composition, 

and so on. 

Taiget 

'out 

Figure 1.6 The energy loss for a particle scattering at a depth x. Energy losses AEin and 
AEout are due to electronic stopping on the inward and outward paths, respectively, and 
AEk is due to energy lost in the elastic collision. 

Another related quantity often used is the stopping cross section s, defined as 

The stopping cross section is commonly given in units of 10'̂ ^ eV/(atoms/cm^) and 

represents an energy loss per atom per target cross sectional area. The utility of the 

stopping cross section can be illustrated by comparing two ways to represent the energy 

loss. The first. 
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(1.16) 

requires that the thickness Ax be known. In RBS analysis, the areal density, may be 

readily found, but evaluating Ax requires knowing the density N. Using equation 1.15 

however, AE may be recast in the following form. 

for which only the product of N and Ax needs to be known. It also should be noted that 

IBA literature is often inconsistent in these definitions, and other related formulations do 

exist. 

The primary difBcuIty in the theoretical treatment of the electronic stopping arises in 

the prediction of the effective charge of the ion penetrating the medium [Chu 78b]. At the 

high velocity limit, where charged particle velocities exceed the velocity of the atomic 

electrons the ion may be treated as a bare nucleus stripped of all its electrons. In the low 

energy region the ion is neutralized through electron capture. The most troublesome area 

is the intermediate energy region, where no solid theoretical basis exists [Rau 96]. 

Unfortunately this is also the energy range over which ion backscattering spectrometry 

experiments are commonly conducted. Attempts to solve this difficulty have given rise to 

a variety of theoretical and empirical approaches. Theoretical formulations generally focus 

on the efifective charge of the ions, and are mostly based on empirically fitting 

experimental data. Values of ion stopping cross sections for '*He'̂  particles with energies 

between 0.4 and 4.0 MeV moving through all elements are available from a study based 

on semi-empirical fitting of experimental data [Zie 85]. 

A£: = fi(JVAx:), (1.17) 
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Thus ^ the discussion of energy loss has concerned only elemental targets. An 

approximation, the Bragg rule, is commonly used to calculate stopping cross sections of 

ions in compounds or targets with a mixture of different elements. In obtaining ion ener^ 

losses it was assumed that the beam atoms closely interacted with the target elements, so 

each target atom can be considered to act independently in the energy loss process. The 

energy loss in compounds may then be described with fairly good accuracy as a linear sum 

of the stopping powers of the components, weighted by their relative abundance. For a 

compound A,nBn this rule can be expressed as 

eAii.Bn= msA + neB, (1-18) 

where 8a. and 8b are the stopping cross sections of the individual constituents, yielding the 

compound stopping cross section, eAmBo- This is known as Bragg's additivity rule [Fel 

86b]. The rule is approximate, and ignores many secondary effects such as chemical 

bonding in the material, and so on. The corresponding stopping power for the compound 

is given by 

(jx ~ ̂ ' (119) 

where NaaBd is the molecular density (molecules/cm^) of the compound. 
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1.2.4 Statistical Fluctuations in Energy Loss and Ener^ Straggling 

When a beam of energetic particles moves through matter it loses energy through 

many individual collisions, resulting in a spreading of the beam energy. The number of 

such encounters each atom experiences is a quantized process, and thus the energy loss of 

the particles is subject to statistical fluctuations. This phenomena is called energy 

straggling and causes the measured peaks and resonances to broaden, degrading depth and 

mass resolution, and setting a finite limit on the precision with which elemental depths can 

be resolved by backscattering spectrometry. This is not a problem at the sample surface, 

but becomes more pronounced deeper in the target resulting in an increased width of the 

ion beam energy distribution. At a given depth, before a collision occurs the energy Eo' of 

beam particles (Eo' < Eo, the incident energy, due to energy lost in reaching this depth) are 

slightly different, so Ei = KEo' is different after collisions with identical target atoms at the 

same depth, and the identification of M2 is compromised. For this reason it is necessary to 

have quantitative information on the magnitude of straggling for any given combination of 

beam energy, target thickness and projectile and target atoms [Chu 78b]. Computer 

programs such as TRIM-91 [Zie 85] are again very useful in quantifying this process. 

As discussed in the last section, light particles such as and in the low MeV 

range lose energy primarily by encounters with the atomic electrons of the target. Bohr 

used a classical model to derive the Bohr value of energy straggling [Pel 86b], which 

for a layer of thickness t has a variance 

(1.20) 



This predicts that energy straggling does not depend on the energy of the projectile, and 

that the standard deviation of the energy £2b increases as the square root of the electron 

density per unit area (ZiNt)''̂  of the target. For He atoms, the quantity AIb ̂ /Nt gives Z2 

to within 4% when repressed in units of 10*'̂  (eV cm)^ [Fel 86b]. This relation can be 

used for quick estimates of the energy straggling. Bohr's theory not only gives the 

standard deviation Qe of a beam which has traversed a dense medium, but also predicts a 

Gaussian form for the energy distribution. 

1.2.5 Channeling 

The arrangements of atoms in a material fundamentally influences the characteristics of 

the backscattering spectrum. For amorphous samples, the observed yields will not depend 

on the particular target orientation. However, if the atoms are ordered in a crystal lattice 

the resulting yields will be very strongly dependent upon the specific ion beam-target 

alignment. For this case, when the lattice symmetry direction coincides with that of the 

incident beam, the penetrating ions will be steered into the "chatmels" between the atomic 

rows and planes, drastically reducing the backscattered yield - a phenomena known as 

"channeling" [Fel 86c, Chu 78c, Swa 96, Wil 89]. 

Although many different types of interactions can take place between the beam and 

target atom, here the interaction is taken to be simple Rutherford scattering. If the crystal 

target is rotated, changing the incident angle of the penetrating beam, the yield can be 

considerably reduced due to partial shielding of the target atoms within the sample by the 



outermost atoms. When the target is oriented so that its major symmetry direction is 

aligned in the direction of the incident beam the backscattered yield will be a minimum, 

perhaps hundreds of times less than that of the randomly oriented crystal [Fel 86c]. 

Channeling is caused by the incident beam atoms suffering small angle scattering from 

the surface atoms of the crystal, inducing a perturbation in the flux. This establishes a 

"shadow cone", similar to the bow wave of a boat creating a wake (figure 1.7) [Fel 86c]. 

Atoms below the surface layer lie in this shadow due to the beam-crystal alignment, and 

are effectively shielded from the incoming flux of particles. The small angle deflection of 

the incident beam at the surface is likely to be repeated for deeper layers of atoms. In this 

way the incident beam is guided, or channeled, between the atomic rows and planes of the 

crystal. The beam atoms are unable to approach target nuclei to within a sufficiently small 

impact parameter required for large angle Rutherford scattering, leading to a severely 

reduced backscattering yield. The signal from a well aligned crystal can be decreased to 

less than 1% relative to the case where it is randomly aligned. 

Channeling is commonly used as a powerful tool in detecting defects in a crystal, or 

investigating damage such as disordering created by implantation, since measuring the 

ratio of the minimum yield to that of the randomly aligned yield provides information on 

the purity of the lattice structure of the target. One must also be vigilant for unwanted 

channeling. If the target is unintentionally aligned so that its lattice symmetry axis lines up 

with the beam, chaimeling will occur leading to faulty analysis if unrecognized. 
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Figure 1.7 Trajectories of particles undergoing scattering at the surface, and channeling 
within the crystd. The depth scale has been compressed below the surface to emphasize 
the trajeaories [Fel 86c]. 

1.2.6 Interpreting a Sample Spectrum 

One advantage of backscattering spectrometry is that data can be interpreted fairly 

easily. The purpose of this section is to illustrate how the elemental composition of a 

sample can be obtained from the acquired backscattering spectrum. Consider the 

spectrum shown in figure 1.8, which was obtained using an incident *He^ beam at 2500 

keV on a thin film YBasCusO? on a silicon substrate. The detector was placed at an angle 

of 170° relative to the incident beam direaion. 

In a backscattering spectrum, the energy axis (channel number) is quantitatively related 

to the kinematic &ctor, K. For a given geometry, each atomic mass has a specific 
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assodated kmematic &ctor (equation 1.2), which dictates the location of the high energy 

end of its signal, given by KEg. Thus peaks corresponding to heavier masses (larger 

appear at higher energies, while those due to lighter masses (smaller K) are at lower 

energies. 

The scattering cross section determines the scaling of the yield axis for different 

elements. Because of the Zz dependence of the cross section (equation 1.11), larger 

atomic numbers produce higher yields, and lower atomic numbers give lower yields. The 

relative concentration of the elements can be estimated by dividing their relative yields by 

the cross section ratio of the elements (or, equivalently, by the square of their Z ratio). 

Since a depth variation in the concentration of an element will cause the height of the 

corresponding signal to vary accordingly, the spectrum provides a visual representation of 

the distribution with depth of the various elements in thicker films. In the case of thick 

samples, the yields will not be flat topped due to the dependence of the scattering cross 

section. The sample profiled in figure 1.8 is far too thin to show this efifea. 

The widths of the signals of the three elements present in the film are about the same 

since they are all present over the same depth. Each incident beam atom is assumed to 

attain its backscattered energy by interacting with an atom of a given element present in 

the film, so the profile of each element is generated independently of the others. The 

composite spectrum is a linear superposition of all signals thus formed. As the sample 

gets thicker, the peaks become wider and may overlap. One method to separate such 

overlapping peaks in to increase the incident beam energy, but this is limited by the 

complication of non-Rutherford elastic scattering. 
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Figure 1.8 RBS spectrum generated by a 2500 keV ''He'" beam at a laboratory angle of 
170". 

In order to make the analysis simpler, the amplifier gain was set such that channel 

1000 corresponded to the incident beam energy, and therefore a kinematic factor of one. 

In this case, the kinematic factor of the peaks in figure 1.8 are given by 

K = Ei/Eo = channel number of high energy peak edge/1000. (1-21) 

In theory the peaks should have sharp low and high energy edges, however the finite 

detector resolution at the high energy end, and detector resolution and energy straggling 

at the low energy en4 cause the peak's characteristic rounding. Conventionally the 

channel representing scattering fi'om the target surface is therefore taken halfway up the 



high energy slope. The three peaks due to elements in the thin film are then located at 

channels 890, 835 and 780, yielding K values of 0.890, 0.835 and 0.780, respectively. 

Tabulated values of K can be referenced for a *He* beam at 170° [Chu 78d]. The highest 

energy peak is nearest Ba, which has Kb* = 0.8907. It should be noted that for heavy 

atoms the K values are not as differentiated as they are for lighter atoms, i.e. dK/dMj is 

small for large M2 (see figure 1.3). Thus the elements immediately adjacent to Ba, Z^S6, 

have very close K values; Ka = 0.8873 for Cs (Z2 = 55) and Ku = 0.8919 for La (Z2 = 

57). Some knowledge of which elements are possible constituents is helpful, particularly 

for these heavier target elements. When a film contains heavy elements with closely 

spaced masses, the resulting peaks will often not be resolvable by RBS. Insight into which 

impurities commonly accompany certain constituent elements is beneficial as well. 

The two remaining peaks, with K values of0.835 and 0.780, can be similarly identified 

as Y (KY = 0.8362) and Cu (BCcu = 0.7785). The substrate appears at channel 540, or K = 

0.540, however the substrate is Si, for which Kst = 0.5657. What has happened? We have 

not yet considered the energy loss of the beam as it traveled through the thin film, which 

causes the substrate signal to be suppressed. The peak width (at half-height) for each of 

the three film elements is about 25 channels, the amount by which the Si signal has been 

suppressed. The adjusted channel, 540 + 25 = 565, gives K = 0.565, which matches that 

of Si (BCsi = 0.5657). The bump around channel 360 is due to oxygen in the film (Ko = 

0.3625). It is difficult to accurately obtain the o>Q^gen areal density fi'om this spectrum 

due to heavy interference by the Si substrate signal. This is a situation in which nuclear 

reactions could be utilized to provide the oxygen content. 
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The yield. A, of the three well-separated Y, Ba and Cu peaks can be obtained by 

integrating the corresponding peaks in figure 1.8. Using tabulated cross section values a 

(or calculating them), and experimentally known values for the solid angle O, the angle 

between the incident beam and target normal <p, and the number of incident particles Q, 

the areal density of each element can be calculated using a general version of equation 1.8 

in which the incident beam is not restricted to strike the target at normal incidence; 

Once the areal densities of all film constituents have been determined, relative 

stoichiometries may be calculated. 

In cases of more complex films the analysis is not as straightforward. However the 

principles enumerated here still form the foundation of the analysis. For samples in which 

peaks overlap, rough approximations can be made of elemental content and used as a 

starting point for an analytical program like RUMP [Doo 90]. Further iterations allow one 

to attain better estimates of the content of such complicated films. For multiple layer 

samples, beam energy losses in the surface layers must be accounted for to accurately 

analyze the content of deeper layers. Computer programs can again make the researcher's 

task much simpler. 



47 

1.3 Nuclear Reaction Analysis 

1.3.1 Introduction 

Ion induced nuclear reactions are frequently classified by the type of radiation emitted. 

Major reaction classes include ion-ion, ion-gamma, and ion-neutron, each with its own 

specific method by which product radiation is detected and analyzed. Reactions can be 

further categorized by the identity of the incident particles; for example (d,p), (d,t) and 

(d,a) represent deuteron induced reactions. A given projectile-target nuclide pair can 

participate in a number of nuclear reactions, each of which has a characteristic cross 

section profile. When utilizing a particular reaction, one must be particularly aware of 

possible interfering reaction products originating fi-om other reactions, or from other 

isotopes present in the sample. This discussion will focus on ion-ion reactions, the 

mechanism used to obtain data presented in this dissertation. 

Above a certain incident beam energy, which depends on the specific projectile-target 

combination, interactions will result not only from the Coulomb force, but also from the 

nuclear force. Reactions and scattering caused by the nuclear force are inhibited by the 

Coulomb barrier, which increases with the atomic number of both ion and target nuclides. 

This limit can be approximated by the energy required for beam particles to overcome the 

Coulomb barrier, given by 

ZZ,e' 
(1-23) 

where Zie and are the charges of the projectile and target nuclei, respectively, and R is 

the sum of the radii of the projectile and target nuclei. Nuclear reactions on targets with Z 
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less than 5 are observed at energies at low as 0.3 MeV for projectiles, and 2 MeV for 

^He beams; bombarding particles and target atoms of higher atomic numbers do not 

participate in nuclear reactions until correspondingly higher energies. 

Once this threshold is reached, the beam atoms can interact with the target nucleus in 

several ways. Th^r may be captured by the target atoms, forming a compound nucleus 

where the projectile energy is redistributed more or less evenly among the projectile and 

target nucleons. The resulting compound nucleus, which has a lifetime on the order of 

10'̂ ^-10"** seconds, may then de-excite through a number of possible nuclear reactions. 

At higher energies it becomes increasing more probable that a direct interaction, also 

called a prompt reaction, will result. In this case the energy transfer to nucleons is more 

specific, and the interaction takes place in roughly the time it takes a nucleon to traverse 

the target nucleus, about 10'̂ *-10*^ seconds. At certain energies which correspond to 

excited states of the compound nucleus, resonances in the system can occur which result 

in strong variations in the cross section with energy. 

1.3.2 Kinematics 

In the nuclear reactions studied in this dissertation, a light element, a, is incident on a 

heavier target element, x. The interaction of these particles via the nuclear force results in 

an ejected (lighter) element, b, which is the particle subsequently detected, and an 

(heavier) element y. A general notation that applies broadly to nuclear reactions can be 

used to write such an interaction as 
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a  +  X-^b  +  Y.  (1 .24)  

A shorthand notation is commonly used to represent such a reaction, 

X(a,b)Y. (1.25) 

where a and X again represent the beam and target atoms respectively. 

There are a number of conservation laws nuclear reactions follow. Mass-energy (via 

E=mc^ and momentum remain conserved. In addition, the atomic number Z and nucleon 

number A of the products b and Y must in sum remain equal to that of the reactants a and 

X. The mass of the reactants and products will often not be equal due to mass-energy 

transformation via E=mc^. This emission or absorption of energy is represented by the 

energy balance, Q, given by 

Q = [(M. + Mx) - (Mb + MY)]C^. (1.26) 

Q may also be incorporated into equation 1.24; 

a+^->6  +  r+Q.  (1 .27)  

Reactions for which Mx == My and Q = 0 are examples of elastic scattering (e.g. (n,n) 

scattering); those in which Mx = My and Q 0 are cases of inelastic scattering (e.g. (n,n') 

scattering, where n' denotes that the target nucleus is left in an excited state); and if Mx ^ 

MY the reactions are called rearrangement collisions (e.g. (^He,p)). 

Any reaction with a negative Q value will require a certain threshold energy below 

which the reaction will not occur. This minimum value of the incident energy is given by 

[Kra 88a] 
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The energy of the reaction product Eb, derived using conservation of energy and 

momentum, is given by [Kra 88a] 

^ = oxe±[mm,Ea g+(Mr +H)[A^rg+(H -K)Ea\Y^ 

H+A/, 
(1.29) 

where E, is the incident energy of the beam, and 6 is the scattering angle. 

If the reaction has a positive Q value, there is no associated threshold energy and the 

reaction will proceed as long as the energy of the incident particle is suf5cient to 

overcome the Coulomb barrier. After the reaction, the residual nucleus My can be left in 

the ground state or an excited state. If left in an excited state, the corresponding Q value 

for the reaction will be reduced relative to that of the ground state by an amount equal to 

the excitation energy E« of the state; Qex = Qo - Ec*. Thus each possible energy state of 

the residual nucleus has a unique Q value. Many of the most usefiil reactions for materials 

analysis have large positive Q values, which is favorable since high energy reaction 

products are produced that are often well isolated. When the Q value is low or negative, 

there are frequently competing reactions which can interfere with the signal of interest. 

Just as individual atomic spectral lines correspond to specific atomic energy level 

transitions, and the entire line spectrum identifies a specific element, the presence of 

nuclear energy levels produces emitted radiation which is indicative of its source. Each 

individual peak in the energy spectrum corresponds to a specific reaction, and the entire 
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spectmm is composed of particles emitted by allowed reactions and leads to the detection 

of the target nucleus. The energy of the peaks allows the identification of the target 

nucleus, and the intensity of the peak permits the amount of the species to be determined. 

In this research two materials analysis techniques using nuclear reactions were 

investigated for their utility in the analysis of light elements on thin films. The first makes 

use of regions of constant cross section to determine total elemental areal densities. The 

second makes use of isolated sharp resonances to depth profile elemental concentrations. 

Before describing the analysis process for each of these methods, several reaction 

categories mentioned in section 1.3.1 by which nuclear reactions are classified will be 

briefly discussed. These are compound-nucleus reactions, direct reactions, and resonance 

reactions. Detected particles can generally arise fi-om all three types in a given reaction, 

and the discrete categorization is more for theoretical simplicity than experimental reality. 

1.3.3 Compound Nucleus Reactions 

This type of reaction, first proposed by Bohr in 1936 [Boh 36] can occur when 

incident beam particles pass through the Coulomb barrier and interact with a nucleon in 

the target. The struck nucleon recoils, and the incident particle continues inside the 

nucleus with less energy. This process is repeated with other target nucleons, the incident 

atom losing some energy in each encounter, until its energy has been redistributed more or 

less equally among target and projectile nucleons. The compound nucleus represents the 

combined projectile and target nuclei after the absorption of the incident beam particle, but 

prior to the emission of the outgoing particle (Tel 86d]. This process is analogous to that 
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of evaporation as the average energy of the target nucleons is increased, but not enough 

for them to escape the compound nucleus. However, the energy redistribution is 

statistical in nature, so there is a small probability for some nucleon to gain enough ener^ 

to be cgected from the nucl^s [Kra 88a]. 

Equation (1.24) can be rewritten to include the intermediate compound nucleus state 

as 

a^X-^C* b^Y,  (1 .30)  

where C* is compound nucleus. Central to this model is the assumption that a given 

compound nucleus will decay into its various possible final reaction products with the 

same probability independent of how it was formed [Kra 88a]. That is, if C* may decay 

into several sets of reaction products, it will decay according to statistical rules, regardless 

of the specific beam and target nuclei which formed the compound nucleus. This 

assumption seems to be bom out by experiment [Kra 88, Gos SO], 

The compound-nucleus model works best for low incident energy (< 20 MeV) where 

the incident particle has little chance of escaping with its identity and energy intact, and for 

medium to heavy target nuclei where the nuclear interior is large enough to absorb the 

incident energy. This type of reaction is what primarily governs the (^e,p) reactions 

discussed in this dissertation. 

1.3.4 Direct Reactions 

Direct, or prompt, reactions are somewhat opposite to compound nucleus reactions -

here the incident particle reacts at the surface of the target nuclei. As the energy of the 



incident particle increases, its DeBroglie wavelength decreases, and it becomes more likely 

to interact with a nucleon-sized object For instance, a I MeV nucleon has a DeBroglie 

wavelength, XDB, of about 28 fin, too large to be able to **see" individual nucleons, and is 

thus more likely to interact through a compound-nucleus reaction. However, a 20 MeV 

nucleon has XDB = 6 fin, small enough that it may be able to take part in direct reactions. 

To get an idea of the processes occurring in reactions discussed in this dissertation, a 3 

MeV 'He atom has a XDB = 9 fin, and therefore may participate in direct processes to some 

extent, although the compound nucleus reaction is thought to be dominant. As the name 

suggests, in this type of reaction the incident particle interacts with only a couple of the 

target nucleons, and the reaction occurs rapidly, in about the time it takes a nucleon to 

traverse the nucleus. 

Of course, it is possible to have both processes contribute to a given reaction. Angular 

distributions of outgoing particles in direct reactions tend to be more sharply peaked in the 

forward direction than compound nucleus reactions which tend to be more isotropic in 

their distribution |lCra 88a]. 

1.3.5 Resonance Reactions 

Resonances in nuclear reactions originate fi-om the discrete excited levels in the 

compound nucleus which have a high probability of formation, and thus large cross 

sections. An isolated resonance can be exploited for depth profiling of a thin film layer by 

varying the beam energy, starting with an incident energy that is just above the resonance. 
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The yield at each ener^ is then a convolution of the resonance cross section and the 

concentration profile. If more than one resonance is involved, each with a difierent peak 

cross section and hence sensitivity, the total measured yield will be a sum of unequal 

contributions from target layers at which the incident ions reach the energy of each 

resonance in turn [Pel 86d]. This method of analysis will be detailed, with concrete 

examples, in section 1.3.6.2. 

1.3.6 Measurement Methods 

1.3.6.1 Determination of the Areal Density of Light Elements Using Regions of Constant 

Cross Section 

The fundamental relation used in backscattering analysis, equation 1.8, was derived in 

section 1.2.2; 

^ aclq' 

where it was assumed that the incident beam struck the target at normal incidence. In 

section 1.2.6 a more general version of this relation (equation 1.22), where the beam was 

incident at an angle (p with respect to the target normal, was used to demonstrate RBS 

analysis; 

Acosa 
Nt = . 

aSlQ 

This equation can be viewed as a definition of the cross section (equation 1.6). It is valid 

not only for elastically backscattered particles, but also for detected products of a nuclear 



reaction. If a nuclear reaction were studied for which all the quantities on the right hand 

side of equation 1.22 were well known, absolute values of the areal density would be 

easily determined. The values for the yield A, incident angle (p, and the number of incident 

particles Q are experimentally set or measurable. The solid angle Q is also experimentally 

set, but in general has a relatively large uncertainty. Unfortunately, problems are 

encountered when dealing with the cross section. The cross section of a nuclear reaction 

cannot be theoretically calculated, as it can in the Rutherford case (equation 1.11), and 

must be experimentally measured. As with RBS, the cross section depends on the energy, 

so as the incident beam penetrates the sample and loses energy, the cross section changes. 

In order to use equation 1.22 in association with nuclear reactions one must find regions 

where the cross section is constant, or nearly so, over some energy range. If the incident 

beam energy is chosen near the high energy end of this region, and the beam suffers an 

energy loss of A£ in the target, then as long as the cross section is approximately constant 

over the energy range between Eo and Eo-AE, the areal density Nt may still be found using 

equation 1.22. The wider the region of constant cross section, the thicker the film which 

can be analyzed in this manner. 

It must be reiterated that nuclear reactions are isotope specific, so there is no a priori 

reason that an energy region which has constant cross section for one isotope will be 

beneficial towards determining any other isotope or element. Again, nuclear reactions are 

fi'equently utilized when the presence of a certain element is qualitatively known by other 

means, and quantitative determination is desired. 
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A standard or reference target of known areal density is generally used to attain better 

accural by this method. Several desirable objectives are achieved by utilizing a standard. 

Providing the same experimental set-up is used for the standard and the unknown, the 

solid angle O, a parameter which has a relatively large uncertainty, cancels out of the 

analysis. If the thickness of the standard and unknown are such that the beam stays within 

the energy range for which the cross section is constant, then the cross section is the same 

for both of them, and also cancels out of the calculation. Since the errors associated with 

nuclear reaction cross sections are often 10-15%, this is very desirable. When these two 

conditions are met, the yield per of beam charge from an unknown sample is simply 

calibrated to that from the known standard, in the manner shown below. 

Let equation 1.22 be written for the calibrating standard and the unknown, and the 

two resulting relations divided. 

When the same experimental geometry is used for both targets, and the conditions for 

identical cross section are met, all terms on the right hand side of this equation cancel 

except for the yield and number of incident particles, giving 

If the same number of incident particles is used in each case, the Q terms also cancel, 

simplifying the relation even further. The standard's terms are usually bundled by 

COS^>,^ 

(1.31) 

(1-32) 
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introducing a propcrticnality constant, K, determined by the calibrating standard for a 

particular reaction group and experimental geometry, so that 

^ . (1-33) 

where 

qa 
= nt, (1.34) 

The energy spectrum of the reaction particles thus allows the areal density in a thin film to 

be determined, independent of the other elements composing the film. The accuracy of 

the unknown areal density is then limited only by the statistics of the measurement and the 

accuracy of the standard. 

Several points regarding the utility of this method can be made at this time. It can 

potentially be very efiFective for the analysis of light elements in the presence of heavier 

elements in the fihn or backing substrate, where normal RBS is inefifective due to the 

heavy element's interfering signal. If a region of nearly constant cross section can be 

found, in which there are no interfering signals fi'om other elements in the film, then this 

isotope specific method can single out light elements of interest. The greater the energy 

extent of the constant cross section region, the thicker the samples that can be profiled by 

this method. The method becomes less accurate if the beam atoms attain an energy for 

which the cross section is no longer constant. If the cross section varies with energy, an 

average over the beam energy in the sample can be used if the concentration of the 

unknown element is assumed to be uniform with depth. The critical point is that the cross 



section is constant and known, or can be accurately approximated, over the energy range 

of the beam in the film. 

This method is particularly effective for reactions which have large associated Q 

values. In this situation the emitted particles have energies well above that of the incident 

particle energy, which promotes background-free detection of these reaction products. 

The abundant elastically scattered particles are usually stopped in a thin absorber foil to 

prevent count rate saturation of the detector and electronic systems. The foil thickness 

should be equal to the range of scattered ions so th^ are absorbed, while higher energy 

reaction products pass through. One disadvantage of using absorber foils is that it can 

cause energy straggling, which results in poor energy resolution. For example, a Si 

detector which typically has an energy resolution of 10-15 keV may be degraded to 50-

100 keV [Bir 89]. This is not important if there is sufficient distance between ion groups 

from different reactions or different target nuclei, but is a major limitation if depth profiles 

are to be measured. If the absorber thickness is just enough to stop the elastically 

scattered particles, the straggling of the high energy particles is generally not significant. 

This technique of using regions of constant cross section is what spurred the measurement 

of the data presented in chapter 2. Cross section measurements were made between 2 and 

4 MeV for the (^He,p) nuclear reaction on targets containing B, C, N and O (and there are 

plans to investigate fluorine presently). For observed regions of constant cross section, 

sample targets were investigated to validate the method. 

While the absorber foil does not usually affect the determination of the areal density, it 

does adversely impact attempts to depth profile using energy analysis of the detected 
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particle. The depth resolution can be greatly improved if resonances can be found in the 

cross section. Section 1.3.6.2 discusses this technique. 

Nuclear reactions can be used for depth profiling using energy analysis of the detected 

particle. K'the cross section is constant over an appropriate energy range, the variation in 

yield of detected particles with the detected energy can be related to a variation in 

concentration, leading to a depth profile. The correspondence between observed energy 

and depth in the target depends on the energy loss of both the incident and detected 

particles. Incident beams with large stopping powers, like alphas, lose energy at a high 

rate as they travel through the sample, and thus produce wide peaks which can be used for 

depth profiling. Equation 1.14 shows that the identity of the reaction product will also 

influence the total energy loss, however for the high Q value reactions used in this work, 

the energy loss of the high energy reaction products on their outward path is much less 

than the loss of the beam on its inward path. This technique is also used for depth 

profiling in RBS work, where the incident and detected particles are the same. For this 

method, only one run needs to be taken to provide the depth information, whereas the 

resonance method, discussed in the next section, requires multiple runs to obtain depth 

profiles. 
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1.3.6.2 Depth Profiling Using Resonances 

The nuclear reaction cross section governs the yield of nuclear reaction products. 

Each reaction cross section has its own unique dependence on ener^ and observation 

angle. In the last section, regions of constant cross section were shown to be a &vorable 

feature in determining the elemental area! density of a sample constituent. Sharp isolated 

resonances in the cross section spectrum of a nuclear reaction can also be advantageous in 

the elemental analysis of an unknown film. In this case, instead of determining the average 

areal density of the element in question, the nuclear yield as a function of energy over the 

resonance is used to obtain a depth profile of the element. 

Many nuclear reactions have the property that the reaction yield exhibits one or more 

sharp peaks, or "resonances", as a fiinction of incident energy. Such a resonance is 

measured experimentally by varying the incident beam energy in small increments and 

measuring the quantity of radiation emitted per unit beam charge at each energy. The 

use of the resonance method in depth profiling of trace elements takes advantage of the 

sharp peak in the nuclear reaction cross section as a fiinction of energy. 

Consider an ideal situation where only one resonance exists in the cross section curve 

so that off resonance cross section values can be neglected. The method consists of 

measuring the reaction yield due to the interaction between the incident beam and the 

target atoms as a function of incident beam energy. Incident ions having an energy Eo 

(larger than ER, the resonance energy) lose energy until ER is reached at depth x, where 

the nuclear reaction will then occur at a rate proportional to the concentration of the 
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target atoms. The depth x at which the beam has energy ER and the incident beam energy, 

Eo, are related through the equation [Fel 86d], 

where (p is the angle between the incident beam and the surface normal. The stopping 

power (dE/dx)ia for the incident beam is often evaluated at the average energy in the film, 

(EO-ER)/2. A more elaborate analysis can be carried out by taking into account the 

detailed cross section function, energy straggling (as discussed in section 1.2.4), and other 

factors. The depth resolution at depth x in the film is then given by [Viz 96] 

where T is the width of the resonance (full width at half maximum), and is the Bohr 

straggling of the incident particle per depth, QB^/X (equation 1.20). The depth resolution 

close to the surface can be improved by tilting the sample, but energy straggling quickly 

becomes the dominant effect as the beam penetrates the film. To first order, the yield 

curve can be converted to the desired concentration profile by simply changing scales of 

yield and energy to the corresponding scales of concentration and depth. 

The resonant features of a reaction can often be simulated by computer. This is 

particularly helpful when several resonances contribute to a target spectrum. A 

f-1 f—1 (1.35) 

Ax = (1.36) 
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Lorentzian distribution is used to describe the cross section of a nuclear resonance. For a 

narrow, isolated resonance, the result is the Breit-Wigner formula. 

where a(Eo) is the cross section (mb/sr) as a fiinction of incident beam energy, and g-^is 

the maximum cross section, which occurs at Eo = ER (Bev 69, Kra 88a]. 

If more than one resonance contributes to a given spectrum, equation 1.37 can be 

applied to obtain the cross section due to each resonance. Results for the individual 

resonances may then be superposed to obtain the total simulated yield. This equation will 

be the starting point for the resonance simulations introduced and described in detail in 

chapter 3, which discusses depth profiling using the resonance method. 

1.4 Aim of this Project 

As discussed in section 1.2.6, RES with MeV ion beams is ineffective in accurately 

quantifying light elements in cases where interfering signals are present due to heavier 

elements in the film or backing substrate. In these cases the signal fi'om the heavy element 

overlaps that of the light element, leading to results for the light elements that are highly 

inaccurate. 

In many cases the use of nuclear reactions presents an alternative method for analyzing 

the light element. Once RBS has qualitatively shown the presence of a low mass element, 

a specific nuclear reaction can be chosen to quantify it. Two basic materials analysis 

techniques using nuclear reactions are investigated here. The first is the use of regions of 

(1.37) 
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constant cross section to measure total elemental area! densities in thin films (section 

1.3.6.1); the second is the use of sharp isolated resonances to depth profile elemental 

concentrations (section 1.3.6.2). 

Many nuclear reactions have been studied with such goals in mind, particularly proton, 

deuteron and alpha induced reactions, and many favorable cross section regions have been 

found for each of the applications mentioned. However, relatively little research has been 

conducted to determine the viability of ^e induced reactions as an additional tool in the 

arsenal of useful nuclear reactions. This work focused on investigating the (^e,p) 

reaction between 2 and 4 MeV on targets containing boron, carbon, nitrogen and oxygen 

to determine its utility in their quantification. Analysis of low mass elements in thin films 

is particularly important in the case of common contaminants such as carbon and oxygen. 

The (^He,a) reaction was also studied to a lesser extent. Absolute (^e,p) cross sections 

were measured and, where possible, compared to results of previous nuclear studies. 

Several tests of the methods viability were conducted by using the reaction to calculate the 

areal density of a given light element in a thin film. 

Lastly, the alpha induced "F(a,p) reaction was studied between the energies 2200-

2500 keV to gauge the usefiilness of resonances in that range, particularly the strong one 

near 23 IS keV. This work continues, and there are plans to investigate the utility of the 

(^He,p) reaction to quantify fluorine content in the near future. 
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CHAPTER2 

USING THE (̂ He,p) NUCLEAR REACTION FOR 
UGHT ELEMENT QUANTfflCATION 

2.1 Nuclear Reactions Commonly Used in Materials Analysis 

As discussed in section 1.3, nuclear reaction analysis can often be employed to 

determine elemental areal density of light elements in the presence of heavy elements or 

substrates, a situation for which RBS is frequently ineffective due to overlapping signals 

originating from the heavier elements. As an illustration of this, consider figure 2.1 which 

shows a ''He* backscattering spectrum from a TaSiN thin film on a silicon backing. The 
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Figure 2.1 Backscattering spectrum for a target which contains a TaSiN film on a Si 
substrate. The N signal is masked by the Si substrate. The scattering cross section from 
N near this energy is non-Rutherford, but approximately constant. 
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nitrogen signal, while clearly present, is masked by the backscattering signal of the silicon 

substrate, and only a crude estimate of the elemental content can be made. Using a 

specific nuclear reaction often allows the content of light elements to be determined in 

such cases. Figure 2.2 shows an energy spectrum of protons resulting from a nuclear 

reaction on nitrogen On this case ^^(ot,po)"0) on the same target. Using the yield from 

the observed proton peak allows the areal density of nitrogen to be determined via nuclear 

reactions [Lin 93]. 
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Figure 2.2 Proton spectrum from a TaSiN film on a Si substrate for Ea= 3880 keV. 
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A feature of nuclear reaction analysis techniques is that they are isotope sensitive. 

That is, dififerent isotopes of the same element may behave in completely different ways, 

yielding individual reaction product energy spectra with no systematic relations. To 
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property utilize a nuclear reaction for materials analysis one has to know, isotope by 

isotope, the reaction cross section as a function of projectile ener^, including any 

resonances, and be cognizant of possible interfering reactions. For this reason, several 

large compilations of cross sections [Xar 79, Fos 96] have been assembled, and on-line 

databases [NND, SIG] are available for research. While these features restrict the general 

applicability of NRA, at the same time they provide a powerful technique for cases in 

which it can be utilized. Ideally, the qualitative presence of an element is established, as 

that of nitrogen was via backscattering in figure 2.1, and then a specific nuclear reaction 

may be chosen to quantify it. 

There are often many possible nuclear reactions available to determine an unknown 

elemental content. Of these, those induced by accelerating deuterons have traditionally 

been one of the most common and successfiil [Ams 71]. However, in general these 

reactions also tend to have a high associated neutron flux, making many analysis labs 

which are not equipped with adequate radiation shielding hesitant to accelerate deuterons. 

Proton induced reactions, primarily (p,a), have been the subject of many studies in 

recent years ([Viz 96] has a compilation of such studies). Care must be taken to choose a 

beam energy which avoids overlap between competing reactions. Difficulties in the (p,a) 

reaction can also arise when utilizing an absorber foil to stop the elastically backscattered 

protons. Protons have a much smaller stopping cross section than a particles, and thus in 

stopping the protons one can potentially remove the alphas particles one wants to detect 

as well. For this reason, a large Q value is generally required to successfully use (p,a) 



reactions. This results in high ener^ reaction particles which can penetrate the absorber 

foil used to stop backscattered protons. The reaction is not useful in detecting several 

common nuclides, including "C, ^Si, ®Si, and '°Si, because of their large 

negative Q values. Available software, such as TRIM (Transport of Ions in Matter) [Zie 

85], can be used to help calculate, for a given foil thickness, the minimum a (or d or ^e) 

energy required for these particles to pass through the foil and be detected, while still 

stopping the elastically scattered protons. 

The (a,p) reaction has not been used extensively owing to undesirable features of the 

reaction Q values and proton yields. The Q value is negative for a large number of the 

light elements which can make it problematic to resolve the protons peaks due to 

competing reactions [Viz 96]. For many of the viable ((x,p) reactions, the negative Q 

value of common contaminants (C and O) and backing elements (C and Si) often 

encountered in thin film analysis proves to be a desirable feature, tending to remove these 

unwanted reaction peaks and favoring a spectrum fi-ee of overlapping signals for other 

elements of interest. In general, (a,p) reactions also have the disadvantage that their cross 

sections are low for energies below 2 MeV, and feature broad, unisolated resonances in 

the low MeV range. These resonances are too difiuse to be conducive to quantitative 

analysis or depth profiling, and serve only to limit favorable regions of constant cross 

section (section 1.3.6.1). 

The (p,y) and (p, ay) reactions, in which the yields of the detected y-rays provide the 

pertinent information, are mostly used for depth profiling purposes. The inverse reactions. 



using incident [Lan 76] or ^ beams (Lei 73], have been widely used for hydrogen 

profiling in particular. There are several other light nuclei whose isotopes can potentially 

be depth profiled using these reactions, including "C, '*0, ^e, ̂ a, ̂*Mg, ^®Mg, 

^Al, ^Si, and ^Si [Hir 96]. When using this reaction care must be taken to avoid 

interfering reactions fi'om carbon, nitrogen and fluorine, each of which has several strong, 

and sometimes broad, resonances. 

Specific references for nuclear reactions which have been used on the target elements 

boron, carbon, nitrogen, and o^gen will be provided in the appropriate sections below. 

Difficulties which can arise in applying each of these reaction classes provided the impetus 

for an investigation of the viability of using the (^He,p) reaction as an additional technique 

for the successfiil quantification of these light elements. 

2.2 Using the (^e,p) Nuclear Reaction in Materials Analysis 

With the exception of the d('He,p)a reaction [Bon 52, Yar 53, Kun 55], ^He induced 

reactions have not been extensively investigated to determine their utility for materials 

analysis until recently. Studies conducted decades ago focused on obtaining general 

nuclear physics knowledge, and were not specifically aimed at materials analysis 

applications. Angular distribution and cross section data were commonly published in a 

graphical format, making accurate data difficuh to extract fi'om the literature, ^e induced 

reactions are promising candidates for materials analysis due to the generally positive, and 

often large, Q values associated with (^He,p) and (^He,a) reactions, particularly when 

compared to such values fi'om other popular reactions. This feature, which promotes 



separation of the high ener^ reaction proton and alpha peaks for detection by thick 

detectors, is illustrated in table 2.1 which lists the Q values for several reactions on 

selected target nuclides. In order for these reactions to have the potential to be 

successfiilly applied, it is desirable to find either strong isolated resonances (for depth 

profiling), or regions of nearly constant cross section (for elemental concentration 

measurement), in the cross section spectra of the reaction product detected. 

Neutron fluxes, problematic with deuteron acceleration, are greatly reduced, through 

not negligible, in ^He induced reactions. Caution must still be exercised in using incident 

^He"^ beams on samples with carbon substrates due to the large number of neutrons 

produced. Silicon backed samples do not suffer this burden to the same degree. For 

samples with low carbon content the neutron hazard is largely inherent in the beam line, 

being primarily caused by carbon contamination on the beam collimating slits. 

For the experiments reported in this dissertation, the maximum neutron flux measured 

adjacent to the target chamber was 1.4 mrem/hr, observed from samples with a significant 

carbon content being bombarded by a 100 nA, 4000 keV ^He"^ beam, the highest energy 

used. The average recorded neutron flux for all runs conducted was about 0.6 mrem/hr. 

Since the sum total of experimental time for ^e induced reactions was on the order of 

300 hours, the total radiation dose was around 200 mrem, or 0.2 rem over a 2 year period, 

or about O.I rem/yr. This is significantly less than the International Commission on 

Radiation Protection (ICRP) recommended limiting dose of 5 rem/yr for those working 

with radiation (Kra 88b]. 
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Table 2.1 Q values in keV for several reactions on selected target nuclei. 

Nuclide me,p) me,a) (P,a) (a,p) 
10B 19694 12143 1146 4063 
"B 13185 9123 8590 784 
"C 4779 1857 -7551 -4966 

15243 10025 -2922 -1193 
16© 2033 4909 -5218 -8115 

11888 10148 8115 1675 
11305 8161 2377 1820 

"A1 12341 7521 1600 2372 
^Si 6355 3401 -7715 -1916 
3lp 9789 3370 1916 625 

2.3 Experimental Set-up 

The University of Arizona's 5.5 MV Van de Graaff accelerator (High Voltage 

Engineering Corp. - Model CN) with a Penning type ion source was used to generate 'He'̂  

ion beams with energies between 2 and 4 MeV. A Si surface barrier detector was used to 

detect reaction particles. The specific parameters of the chosen detector were guided by 

the energy of the reaction products being detected, and thus varied depending upon the 

particular reaction being studied. For example, if a reaction yielded 20 MeV protons, a 

thick deteaor was needed in order for the protons to undergo complete energy deposition. 

However, if the reaction produced protons with energies of only 6 MeV, they could be 

completely stopped by a much thinner detector. The particular detector utilized to study a 

reaction will be described in the appropriate section below. In each case, the detector was 

added to the lab's usual RBS set-up [Lea 87], allowing elastic scattering and nuclear 

reaction data to be acquired simultaneously if desired. The detector was positioned 
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approximately SO mm from the target, at laboratory angles of 90° and 135". The target 

nonnai was oriented at either 0** or 45** relative to the incident beam, and had an angular 

acceptance 9*, which depended upon the detector used or a coliimating aperture. The 

solid angle, Q, also was set by the detector chosen. This reaction geometry is shown in 

figure 2.3, where a, X, Y and b represent the beam nucleus, target nucleus, recoil nucleus 

and emitted particle, respectively, and 6 and <() are the reaction and recoil angles, 

respectively. Typical beam currents were 35 nA, and a typical run had an integrated 

charge of 20 |iC, taking about 10 minutes. 

Figure 2.3 Reaction geometry for incident particle a, target nucleus X, recoiled nucleus 
Y at angle ((>, and emitted particle b detected at angle 6. 

Since at low beam energies the cross section for elastic (Rutherford) scattering is 

much higher than for nuclear reactions, the large number of elastically scattered ^He 

particles will overwhelm the detector, causing pulse pile-up. An absorber foil usually 

O 

a 



covers the detector in order to stop the elastically backscattered particles, while allowing 

protons of sufficient energy to pass. As a rule, reactant protons will pass through the foil 

with little energy loss since the stopping cross section for ^e is much higher than that for 

protons, and ^He induced reactions generally have a large positive Q value generating 

reactant protons of much greater ener^ than the incident ^He beam. The foil thickness 

should be chosen to be at least thick enough to stop the highest energy backscattered 

particles (those from the heaviest target atom), but thin enough that it allows protons 

through from the lowest energy group one wishes to detect. When measuring a nuclear 

reaction, there are frequently competing reactions that can interfere with the signals of 

interest. In these circumstances, a well chosen absorber thickness can serve the additional 

purpose of filtering out the unwanted reaction products. For example, if an alpha peak 

from a (^He,a) reaction is interfering with a ('He,p) proton peak, the higher stopping 

cross section of alphas in the absorber foil can be taken advantage of by increasing the foil 

thickness, effectively removing the unwanted signal. In these studies a Mylar sheet 23 |im 

thick was sufficient to stop elastically scattered ^He ions of 4 MeV, the maximum incident 

energy used. On occasion the foil thickness was increased to filter out unwanted reaction 

products as just described; these situations will be discussed as they arise. 

2.4 Using the B('He,p)C Nuclear Reaction in Materials Analysis 

2.4.1 Introduction ; Nuclear Reactions on Boron Targets 

Several reactions have been investigated in past decades for their utility in boron 

quantification. Studies discussed here will be restricted to those including the low energy 



range (< 6 MeV) accessible by most Van de GraafiT accelerators. The results of the work 

presented in this dissertation, conducted over the energy range 2 to 4 MeV, can then be 

compared to these alternative reactions and previous findings. 

Cross sections for the '̂'B(d,a) reaction have been measured for both the Oo and ai 

groups [Pur 63]. The reaction has the advantage of a large Q value (Q = 17.818 MeV), 

and exhibits regions of nearly constant cross section; 1.0-1.8 MeV for Oo, and 1.4-1.6 

MeV for ai. Even though the cross section is nearly constant for a much greater range for 

the (d,ao) reaction, the (d, ai) reaction is preferred as the ai yield is many times larger 

than that of the Oo. The general radiation problems associated with accelerating deuterons 

previously discussed (sections 2.1 and 2.2) are present here as well. 

Proton induced reactions have also been conducted. Cross sections for the ^*^(p,a) 

reaction (Q = 1.146 MeV) were measured for the Oo and ai groups between 2 and 11 

MeV [Jen 64]; however, the combination of large unisolated resonances and a low Q 

value makes the reaction unsuitable for boron determination. The ^^B(p,ai) reaction (Q = 

8.590 MeV) has been studied at energies between 0.8 and 6.0 MeV [Sym 63]. The (p.Oo) 

reaction is not often used as its cross section is much lower than that of (p,ai). The 

(p,ai) cross section has inseparable resonances over the energy range investigated, except 

for a 1.0-1.8 MeV region of nearly constant cross section. This reaction has been recently 

applied in materials analysis by several groups [Lu 89, Sea 86, Mon 90]. 

The (a,p) reaction is useful in boron quantification since it is one of only a few light 

elements which have positive Q values, promoting a low background spectrum for 



reaction protons. The '°B(a,p)"C (Q = 4.063 MeV) has a resonance at 1.567 MeV which 

has been employed for boron detection [Arm 78]. A resonance in the '̂ B(Gt,p)'̂ C reaction 

(Q = 0.784 MeV) at 2.67 MeV has been used for boron detection [Oli 76], and a second 

around 1.55 MeV holds promise as well. Both reactions have been recently studied, and 

limited regions of nearly constant cross section were observed, suitable for use in 

quantifying boron content of samples up to 100 keV thick [McI 92b]. The B(p,y) 

reactions are generally not utilized as the cross section spectra contain very broad 

resonances which limit depth resolution to a few tens of nm [Hir 96]. 

The '°B(^He,p) and ^^B(^e,p) reactions were investigated in this work with the hope 

that they might provide viable alternatives for the successful analysis of boron for 

situations in which the reactions discussed above were lacking. 

2.4.2 Background on the B(^He,p)C Nuclear Reaction 

Incident ^e"^ ions of sufficient energy interact with a '®B (or '̂ B) target nucleus and 

form the compound nucleus (or ^*N). The excited nitrogen decays by emitting a 

proton, leaving the residual nucleus (or "C) in either the ground state or an excited 

state. The subscript on the detected reaction product denotes the final excitation state of 

the residual nucleus. For example, ^°B(^He,po)'̂ C refers to the reaction between 

bombarding ^He^ ions and a target '"B nucleus which leaves the residual nucleus in the 

ground state; '°B(^e,pi)*^C refers to the reaction which leaves the residual nucleus in 

its first excited state; and so on. The associated Q value for the reaction where the 
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residual nucleus is left in an excited state is reduced from its ground state value by the 

excitation energy of the end state. The Q values of the '®B(^He,p) and "B(^e,p) 

reactions are indicated on nuclear energy level diagrams which are categorized by the 

residual nucleus; an example for the '°B(^e,p)'̂ C reaction is shown in figure 2.4 [Hel 

61]. This shows the Q value for the ground state of this reaction is 19.694 MeV, which 

can also be calculated from equation 1.26. The Q value for the first excited state is 

reduced from the ground state value by the excitation energy of the state, 4.433 MeV, 

yielding a Q value of 15.261 MeV. The next few excited states, similarly obtained, are 

listed in table 2.2 for the (^He,p) reaction on both isotopes of boron. 

Table 2.2 Q values in MeV of the B('He,p) reaction for the first few states. 

lOfl "B 
Po 19.694 MeV 13.185 MeV 
Pi 15.261 10.095 
P2 12.038 9.505 

10.064 9.335 

When the Q value of the state, the reaction masses, the incident energy and the 

scattering angle are known, the reactant proton energy can be determined from equation 

1.29. For a 3000 keV incident 'He"^ beam, and reaction particles detected at 90°, the 

values obtained for the first several reaction proton groups are shown in table 2.3. 
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Table 2.3 Reaction proton energies in MeV for the B(^e,p) reaction at 90° for a 3 MeV 
^e^beam. 

^*B "B 
Po 20.256 MeV 14.386 MeV 
Pl 16.164 11.517 
P2 13.189 10.969 
P3 11.367 10.811 

Values for other energies and reaction angles may be obtained in a like fashion. When 

the reaction product energies are close, like the p2 and p3 groups of which are only 

158 keV apart, the peaks are more likely to be unresolved. This illustrates the importance 

of avoiding possible interfering reactions whenever possible. For instance, the pi peak of 

"B and the p3 peak offrom different isotopes, have energies which are only separated 

by ISO keV, and will appear overlapped in the spectrum. In this case, where the reaction 

particles are the same, little can be done to circumvent the problem. But if one of these 

two reaction particles happened to be different, then factors such as their different 

stopping powers in an absorber foil can be taken advantage of to separate the peaks. The 

peaks will appear in the spectrum according to the energy ordering of table 2.3. This 

exercise must be repeated for all possible reactions and reaction products, and also for 

possible reactions with other constituent elements in the target, in order to see where 

competing peaks may arise and what may be done to separate them. 

^e induced reactions on boron were studied decades ago [Sch 56, Hoi 59], although 

for general nuclear physics purposes, and not with a specific interest towards materials 

analysis applications. The reactions have not been recently studied to my knowledge. The 



current study made cross section measurements for several proton groups at laboratory 

angles of 90° and 135** for the (^He,p) reaction on natural boron targets using incident 

energies between 2 and 4 MeV. For effective boron detection, it is necessary to find 

either regions of constant cross section suitable for measuring total boron elemental areal 

densities, or sharp isolated resonances which can be used in boron depth profiling. In this 

case, the observed cross sections were found to gently vary with incident energy, with no 

evident resonant structure [McI 96], While not constant, there are regions where the 

changes in cross section are sufiSciently gradual to allow boron areal densities to be 

determined in thin samples. 

2.4.3 Experimental 

The general experimental features described in section 2.3 apply here. Except where 

otherwise noted, the experimental parameters reported there are the same as those used 

here, and the geometry is again that depicted in figure 2.3. The Van de Graafif was used 

to generate ^He"^ ion beams with energies between 2 and 4 MeV, and a 1500 nm (nominal) 

thick Ortec Si surface barrier detector (Model BA-023-300-I500) with area 300 mm^ 

(nominal) was used to detect reaction particles. The detector was covered Avith a 23 |im 

thick Mylar layer to stop the elastically scattered ^He particles, and slow or stop ^He 

reaction products. For an incident ^He energy of 4 MeV at a lab angle of 90®, reaction 

protons have an energy of about 21 MeV, and reaction alphas about 5.7 MeV. These 

protons will lose less than 100 keV in a 23 ^m Mylar layer, while reaction alphas of up to 



4.3 MeV and elasdcally scattered ^He particles of up to 4 MeV will be stopped. While the 

higher energy alphas are not completely stopped, their ener^ is reduced enough that they 

appear at the low energy end of the obtained spectrimi and do not overlap any of the 

proton peaks of interest. The alphas could be completely stopped by increasing the foil 

thickness to 35 (im, but this would increase straggling in the proton peaks and is not 

necessary as the 23 |im foil prevents the alphas from competing with the proton peaks. 

It should be noted that the manufacturer's values for both the detector thickness (ISOO 

|im) and active area (300 mm^) were suspect. The area was tested by covering the 

detector with a thick A1 plate in which a small hole was drilled, and whose size was 

gradually increased. The proton yield increased linearly with area until about 200 mm^ at 

which point it became approximately constant, indicating a smaller active area than the 

value cited. Linear behavior of pulse height with proton energy was observed for reaction 

protons with energies up to 20 MeV, implying a thickness of at least 2000 (im when the 

detector was biased at the recommended 300 V. This thickness is about 30% larger than 

the cited value. To account for the uncertainty in active area, a 160 mm^ circular 

collimator was placed over the detector. The solid angle of the detector, as determined by 

the collimator, was measured to be 69 ± 4 msr. Typical beam currents were 35 nA, and a 

typical run had an integrated charge of 20 |xC, taking about 10 minutes. 
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2.4.4 Boron Cross Sections 

A partial energy spectnim of reaction products from incident 3000 keV ^He"^ ions on a 

natural boron target at a lab angle of 90° is shown in figure 2.S; the spectra at 13S° is 

similar. The target was determined (by the (a,p) reaction) to have a natural boron areal 
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Figure 2.5 Partial ener^ spectrum of reaction products at a laboratory angle of 90° from 
3000 keV incident ^e"^ ions on a natural boron target on a Cu backing. 

density of about 2550 x 10^^ atoms/cm^ on a Cu backing, with an accuracy of 10%. Since 

natural boron occurs in the isotopic ratio 19.9% and 80.1% the areal densities 

were about 510 x lO'̂  atoms/cm^ and about 2040 x 10 '̂ "B atoms/cm^. Many other 

reaction products were also observed, including protons, deuterons and alpha particles. 

However, only the three highest energy peaks labeled in figure 2.5, denoting the po and pi 



proton groups from '"B and the po proton group from are sufBciently large and 

resolvable to be of use in materials analysis under these experimental conditions. The 

remaining peaks were useful only for verifying the energy-channel conversion. The 

reaction cross section at this ener^ can be calculated from equation 1.22. This 

calculation can be performed for each resolvable proton group in a given spectnmi, and 

repeated at different beam energies to obtain cross sections for observed proton groups 

over the energy range studied. If one or more of the corresponding reaction cross 

sections are constant over a certain energy range of the ^He"^ projectiles, then yields from 

the protons peaks of an unknown can be measured within this range, and calibrated to a 

reference target to determine the unknown boron content as described in section 1.3.6.1. 

The energy width of the peaks is about 300 keV, and is due to kinematic broadening 

caused by the 16° angular acceptance of the detector. 

While a thick (e.g. 1500 surface barrier detector will result in superior proton 

peak resolution for cleanly separating the useful groups, it is possible to combine a thin 

(e.g. 300 |im) detector and thicker absorber foil with this technique. A 300 |im thick 

detector will stop reactant protons of up to 6 MeV. This necessitates an absorber 

thickness that will reduce 21 MeV reactant protons to 6 MeV so that they can be stopped 

by the thinner detector. A foil of this thickness will lead to significant energy straggling; 

for example, it was found that a 1.6 nun A1 absorber, while slowing protons sufficiently to 

allow the detector to completely stop them, caused a peak width of about 1 MeV for the 

Po proton group of [McI 96]. While significantly broadened under these 

circumstances, the peaks are still resolvable. This reaction cannot be used in depth 



profiling in the energy range studied due to the absence of any resonant structure in the 

boron cross section. Thus, the issue of ener^ resolution is only of concern in cleanly 

resolving the proton peaks for total areal density determination. 

It should be mentioned that a thin detector can be used in conjunction with a thin 

absorber foil (but thick enough to stop elastically scattered ^e) to detect alpha particles 

fi"om the high Q value (Q = 12.143 MeV and 9.123 MeV for '"B and respectively) 

B(^He,a) reactions to quantify boron [Abe 90], In this case the protons undergo only 

partial energy deposition in the detector. Caution must be exercised to insure that this 

partial proton energy loss does not correspond to the complete energy loss suffered by the 

alphas, otherwise the alpha peaks could be overlapped by the proton peaks. 

The reaction spectra for the po and pi proton groups fi'om ^°B, and the po proton 

group fi'om ^^B were measured in 50 or 100 keV steps between 2 and 4 MeV at lab angles 

of 90° and 135". From these individual spectra, yields were measured and absolute cross 

sections (in mb/sr) calculated fi'om equation 1.22. The resulting lab differential cross 

sections at 90® for the po and pi proton groups fi'om '®B, and the po proton group fi'om '̂ B 

are displayed in figure 2.6, while those at 135° are plotted in figure 2.7. The numerical 

data represented in figures 2.6 and 2.7 are tabulated in appendices A.1 and A.2. The 

target areal density was assumed to be present in the natural isotopic abundance of 19.9% 

'"B and 80.1% '̂ B, as mentioned above, for the cross section calculations. The boron on 

Cu target was found to be about 45 keV thick at 3 MeV. The energies plotted reflect the 

beam energy at the center of the target, assuming a linear energy loss. This corresponds 

to a reduction of the incident beam energy by about 27 keV at 2 MeV, and about 16 keV 
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Figure 2.6 Measured laboratory differential cross sections for the indicated proton 
groups from the (^e,p) reaction on the isotopes of boron at a laboratory angle of 90°. 
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Figure 2.7 Measured laboratory differential cross sections for the indicated proton 
groups from the (^e,p) reaction on the isotopes of boron at a laboratory angle of 135°. 
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at 4 MeV. The uncertainty in the absolute cross sections is estimated to be 10-15%, and 

is primarily due to uncertainties in the reference area! density of the self-supporting boron 

foil and the detector solid angle. Counting statistics, applied to the yield of the proton 

peaks, give relative uncertainties of 2-5%. 

No resonant behavior was evident in the cross sections at either angle over the 2 to 4 

MeV range investigated for either boron isotope; the cross sections for all three proton 

groups mentioned were observed to vary gradually. There were a few regions where the 

cross section is nearly constant over an energy region, and thus suitable for determination 

of total boron content in films. The most promising of these regions was for the po 

and pi groups at either 90° or 135° for incident energies between 3200 and 3800 keV. 

The pi yield is about three times the "B po yield, and about 10 times that of the third 

group, '"B PO, which cannot be used as it did not display constancy over any significant 

energy region. The extent of the energy range of nearly constant cross section for both 

the ^^B Po and ^°B pi groups allows the B(^He,p) reaction to be successfully used on films 

as thick as 600 keV, although the latter reaction is preferred due to its much greater cross 

section. Application of the method to thicker samples may be possible, but would 

necessitate some kind of cross section averaging over the energy range of the beam in the 

sample, and therefore be less accurate. 

These results were compared with data acquired in two studies conducted several 

decades ago for general nuclear physics research. This was a bit tricl^, as tabular data 

was not available. Instead, plots from the published papers were photographically 

enlarged, and gridlines superimposed. In this way, approximate data sets were 
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reconstructed, and numerical results compared. Data for the '"B po and pi groups at 90° 

are consistent within error to those previously published [Sch 56], although the values 

obtained here are in general 10«IS% higher (figure 2.8, 2.9). Cross sections measured 

here for the "B po group at 90° do not agree to within error with those previously 

reported between 3 and 4 MeV (Hoi 59], being about 25>30% larger, although the general 

shape of the curves agrees quite well. Obtaining matching curves, but consistently higher 

values, suggests some sort of systematic discrepancy between the two labs. Due to the 

date of the previous studies, and the contrasting goals of the studies, it is difBcult at best 

to resolve this difference further. 
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Figure 2.8 Comparison of '"BCpo) cross sections at a laboratory angle of 90" to that of 
Schiffer, et. al. [Sch 56]. 
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Figure 2.9 Comparison of ''̂ (pi) cross sections at a laboratory angle of 90° to that of 
Schiffer, et. al. [Sch 56], 

2.4.S Applications 

A standard with known boron content is useful as a reference to quantitatively 

determine boron content in thin films using the B(^He,p) reaction. The proton yield of the 

standard can be measured at a selected energy Avithin the region of constant cross section 

for the pi and "B po proton groups. As shown in section 1.3.6.1, a proportionality 

constant can be thereby found, and a ratio established which leads to the determination of 

unknown boron content in a thin film. 

An incident ^e^ energy of 3.6 MeV, at the high energy end of the region of constant 

cross section for the pi and "B po proton groups, was used to determine the proton 

yield of both these groups at 135° for the standard described in figure 2.4 with a known 



boron areal density determined by the ((x,p) reaction. This calibration allows the total 

boron areal density in films up to 600 keV thick to be quantified, irrespective of the 

presence of heavy elements or backings, to an accuracy of 7-10%. For samples thicker 

than 600 keV the energy of the beam particles would drop below 3200 keV, to a region 

where the cross section is no longer nearly constant. In such a case some compensation 

for the changing cross section must be made, and the accuracy of the measurement will 

suffer. 

Since the areal density of the standard is known, measurement of the integrated charge 

and the yields of the two proton peaks allows the proportionality constant K discussed in 

sections 1.3.6.1 to be determined for this particular situation. K is again the areal density 

per proton yield per |xC beam charge, (Ntrt)/(A«/Qrt), determined by the standard sample 

(equation 1.34). If the Nt« of a particular isotope in the standard is used in this 

calculation, equation 1.33 will give the unknown Ntunic of that isotope, whereas if the total 

areal density of the standard is used, equation 1.33 will give the total unknown Nt of 

boron assuming natural isotopic abundance. As mentioned above, this procedure assumes 

the same experimental geometry for both standard and unknown, and that the cross 

section over the energy range of the projectile in the unknown is the same as that of the 

reference target. However, it is often the case that the standard and sample will have a 

different thickness. In this case, any changes in the cross section due to a difference in the 

thickness must be accounted for. This is generally accomplished by finding an average 

cross section for the thicker unknown, and scaling its yield accordingly. This is, in effect. 



identical to inserting a cross section ratio term in equation 1.33, however it should be 

noted that the accuracy of the results obtained in this scenario will suffer. 

In cases like this one, where there are multiple resolvable proton peaks which have 

constant cross sections over a similar energy region, there is the added benefit that 

multiple values for the unknown boron areal density can be calculated and compared with 

virtually no additional effort. 

This procedure was tested on two targets of "unknown" boron content using self-

supporting boron standards as a primary reference. The standards were made by floating a 

natural boron film onto a circular fi'ame, thereby avoiding background signals fi'om a 

substrate in the acquired RBS spectrum and possible interfering reactions in the nuclear 

spectra. The areal density of the films were found by RBS to be 1000 x lO'' atoms/cm^ 

(20 ng/cm^), with an uncertainty of 5%. The ^He* scattering fi'om both isotopes at 1300 

keV was assumed to be Rutherford at 90° and 135° lab angles. Prior studies which found 

boron cross sections to conform to Rutherford predictions to within 2% over the energy 

range 1.0-1.3 MeV [Day 76, McI 92a], validate this assumption. A two layer sample, 

boron on silver on a silicon backing, was used as a secondary reference. Its areal density 

was determined to be 2810 x lO'̂  atoms/cm^ using the (a,p) reaction, and the primary 

standard described above, by the method described in [McI 92b], with an estimated 

uncertainty of 10%. This secondary reference sample was used to calculate the areal 

density of two test targets. 

One of the "unknowns" was a two layer sample similar in structure to the secondary 

reference, boron on silver on a silicon backing, and the second was similar to the natural 



boron on Cu sample used to obtain the reported cross sections between 2 and 4 MeV 

shown in figures 2.6'and 2.7. The thickness of the targets for a 3600 keV incident ^e^ 

beam was 43 keV for the reference, 40 keV for the B on Cu target, and 1 keV for the B 

on Ag on Si target. The areal density of both these targets had been previously obtained 

using the B(a,p) reaction as described in (McI 92b], so this exercise was a valuable trial of 

the viability of the B(^He,p) reaction for boron quantification. The areal density of the 

natural boron on Cu sample was 2550 x lO'̂  atoms/cm^ and that of the boron on silver on 

Si was 57 x 10*^ atoms/cm^. The uncertainty in both cases was estimated to be about 

10%. 

The proton yield of the standard for the ^°B pt and '̂ B po groups was measured using 

the (^He,p) reaction at 3600 keV. The K value for each of these proton groups was then 

calculated for the standard. The proton yields of the same two proton groups was then 

measured for each of the tested samples along with the integrated charge, again using the 

(^e,p) reaction at 3600 keV. Areal density values for the two unknowns were then 

found using equation 1.31 due to differences in the incident beam angle, integrated charge 

and solid angle between the two runs. The results, in units of lO'̂  atoms/cm^ are shown 

in table 2.4. 

Table 2.4 Comparison of boron areal density, in units of 10^^ atoms/cm^ obtained using 
the B(^He,p) reactions (po and pi groups) and the B(a,po) reaction on two samples. 

'"B('He,pO "B(^He,po) B(a,po) 
B onCu 2580 ± 260 2620 ±260 2550 ± 260 

B on Ag on Si 51±5 57 ±6 57 ±6 



This illustrates a fortunate advantage of this particular reaction - since background free 

reaction peaks can be obtained for both the '**8 pi and "B po groups, and they both have 

nearly constant cross section over the same energy range, two corroborating values of the 

areal density can be obtained. These values are in good agreement both with each other, 

and with those previously determined using the B(a,p) reaction. These results show that 

the B(^He,p) reaction can be successfully applied as an analysis technique for the 

quantification of unknown boron content in films. 

2.4.6 Advantages and Limitations 

Boron areal density determination using the (^He,p) reaction offers advantages over 

other methods in certain aspects. From a radiation safety standpoint, the neutron fluxes 

measured (see section 2.2) are significantly less than those associated Avith deuteron 

reactions for quantifying boron. Prior studies concerning the potential use of the (a,p) 

nuclear reaction found the cross sections exhibited resonance behavior, however the peaks 

are too broad to be useful for depth profiling, and simply limit the energy regions of 

constant or slowly varying cross sections, making it difScult to use the (a,p) reaction for 

quantitative boron determination (McI 92b]. 

The (^He,p) reaction offers the advantage of large Q values for both boron isotopes, 

+19.7 MeV for '°B, and +13.2 MeV for "B. While there are large yields of low energy 

protons whose peaks generally overlap, several of the higher energy reaction protons 

groups, ^°B(po), '°B(pi), and "B(po), are effectively separable. The Q value of the (^He,a) 



reaction is also large, but high enei^ reaction a's can be efifectively filtered out by an 

absorber foil of appropriate thickness. A disadvantage of the method is that a thick (ISOO 

mm), and therefore expensive, detector must be obtained to completely stop the high 

energy reaction protons for optimal results. A thinner detector would only slow down the 

reaction protons, causing their peaks to overlap those from products which had complete 

ener^ deposition in the detector. A second potential disadvantage is that there are 

somewhat limited energy regions of constant cross sections over which the method can be 

successfully employed. However, the 3200-3800 keV range for the '''B(^e,pi) and 

"BC'HejPo) proton groups can be used to quantify boron in samples up to 600 keV thick, 

as was successfully demonstrated in the previous section. In summary, the B(^He,p) 

reaction using the '"B pi and "B po proton groups can be added to the list of nuclear 

reaction analysis techniques which can be effectively used to determine unknown boron 

content in thin films. 

2.5 Using the ^^(^He,p)'®0 Nuclear Reaction in Materials Analysis 

2.5.1 Introduction : Nuclear Reactions on Nitrogen Targets 

A number of reactions have been studied for their utility in determining unknown 

nitrogen content in thin films. The results of previous investigations discussed here will be 

limited to the 0-6 MeV range within which the current study was conducted. In this way 

the findings of this work can be compared with alternative methods over similar energies. 

The '̂ (d,p) reaction (Q = 8.610 MeV) has been studied in some detail [Ams 69, Koe 77, 

Sim 84], As a general rule the proton group cross sections, which have been measured up 



to the pio group, vary smoothly. There are many useful plateaus where the cross section is 

nearly constant. Interference in the proton peaks can arise from the '̂ C(d,p) and '̂ 0(d,p) 

reactions, as well as from ^^(d,a). Alpha interference may be mitigated with a well 

chosen absorber foil thickness. The '̂ (d,a) reaction (Q = 13.574 MeV) has also been 

investigated in some detail [Ams 69, Koe 77, Ish 62]. In general the cross sections are not 

as smoothly changing as in the '̂ (d,p) case, however there are useable regions of nearly 

constant cross section available. For both these deuteron induced reactions the high Q 

value necessitates a thick detector to stop high energy reaction protons. Also, the usual 

radiation hazards associated with such reactions are present. 

Cross sections for proton groups of the '''NCajp) reaction have also been measured 

[Her 58, Kas 58, Lin 93], This reaction has been successfiiUy used for nitrogen 

quantification, however if Si is present care must be taken to account for interfering peaks 

from the ^Si(ot,p) reaaion. Overlapping peaks are also possible from elastically scattered 

a's due to the negative Q value (Q = -1.193 MeV) of the reaction. 

There are several prominent resonances which can be used to profile both and 

using the (p.y) and (p.ay) reactions, respectively. The most common of these are the 429 

keV and 898 keV '̂ (p,AY)*^C resonances, and the 1059 keV '*N(P,Y)"F resonance [Hir 

96]. The 429 keV ^^(p,ay) resonance is one of the most commonly used due to its high 

count rate, long profiling range and good depth resolution (Mau 83], Its main interfering 

reactions generally come from carbon, fluorine and Very good depth resolution can 

also be obtained from the 1531 keV resonance of '̂ (a,y)'*F [Gos 85]. Nitrogen 
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resonances have frequmtly been utilized to profile nitrogen in nitride coatings [Pen 88, Hir 

89, Pie 88] 

2.5.2 Background on the ^^(^e,p)'̂ 0 Nuclear Reaction 

Incident ^e" ions with sufiScient energy to overcome the Coulomb barrier interact 

with a target nucleus, producing the compound nucleus The excited fluorine 

decays by emitting a proton, leaving the residual nucleus in either the ground state or 

an excited state. The subscript on the deteaed reaction product denotes the final 

excitation state of the residual nucleus, as established in section 1.3.2. The Q values, 

obtained fi'om equation 1.26 and nuclear tables, for the first several states of the 

**N(^He,p) reaction are listed in table 2.5. 

Table 2.5 Q values in MeV for the ''*N(^He,p) reaction for the first few states. 

Po 15.243 MeV 
Pi 9.192 

P2 9.112 
P3 8.322 
P4 8.122 

When the Q value of the state, the reaction masses, the incident energy and the 

scattering angle are known, the reactant proton energy can be determined fi-om equation 

1.29. For a 3000 keV incident ^He"^ beam, and reaction particles detected at 90°, the 

resulting values for the first several reaction proton groups are given in table 2.6. 
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Table 2.6 Reaction proton energies in MeV for the ^^(^e,p) reaction at 90" for a 3 
MeV'He'beam. 

Po 16.640 MeV 
Pi 10.945 
P2 10.870 
P3 10.127 

9.938 

Results for other groups and reaction angles may be similarly obtained. 

Since the isotopic ratio of nitrogen is 99.63% ''*N and 0.37% this study was 

limited to directly detecting the lighter of the two isotopes. ^He induced reactions on 

nitrogen were investigated decades ago, but were geared towards general nuclear physics, 

and thus report only qualitative results [Gua 71, Gor 63]. A more recent study [Ter 94] 

was aimed at studying the reaction for use in materials applications, but used only incident 

beam energies below 2.8 MeV and could not measure the po group due to limitations in 

the detector thickness. This lack of previous qualitative studies, along with limited recent 

data, led to the investigation of the ^^(^He,p) reaction as a possible alternative for the 

analysis of nitrogen. This work measured the cross section for proton groups at 

laboratory angles of 90® and 135® for the ('He,p) reaction on nitrogen targets using 

incident energies between 2 and 4 MeV. To employ this reaction in nitrogen 

quantification, it is necessary, as with boron, to find either regions of constant cross 

section suitable for measuring total elemental areal densities, or sharp isolated resonances 



which can be used in depth profiling. In this case, no resonant structure was observed, 

and the cross sections, while smoothly varying, in general did not have large regions where 

the cross section could be considered approximately constant (McI 96]. Instead, they 

continuously rose for all proton groups over virtually the entire energy regime tested, with 

the exception of two regions where the cross section is stable enough that nitrogen 

quantification is possible. 

2.5.3 Experimental 

The general experimental features described in section 2.3 apply here. The thick (ISOO 

|im) Ortec Si sur&ce barrier detector used for detection of reactant particles in the case of 

boron (section 2.4.3) was also utilized here to detect particles for nitrogen reactions. 

Except where otherwise specifically noted, the experimental parameters reported in 

sections 2.3 and 2.4.3 are the same as those used here, and the geometry is again that 

depicted in figure 2.3. The Van de Graaflf was used to generate ^He"^ ion beams with 

energies between 2 and 4 MeV. The detector was again covered with a 23 ^m thick 

Mylar layer to stop the elastically scattered ^He particles and slow or stop ^He reaction 

products. For an incident ^He energy of 4 MeV at a lab angle of 90°, reaction protons 

have a maximum energy of about 17.4 MeV, and reaction alphas about 10.6 MeV. These 

protons will lose around 100 keV in a 23 p.m Mylar layer, while the 10.6 MeV reaction 

alphas will lose about 1.6 MeV, and reaction alphas of up to 4.3 MeV and elastically 

scattered ^He particles of up to 4 MeV will be stopped. The circular collimator was again 
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placed over the detector, giving a solid angle of 69 ± 4 msr. As in the boron experiments, 

typical beam currents were around 35 nA, and a typical run had an integrated charge of 20 

^C, taking about 10 minutes. 

2.5.4 Nitrogen Cross Sections 

A partial energy spectrum of reaction products from incident 3000 keV ^He^ ions on a 

TaSiN on Si target at a lab angle of 90° is shown in figure 2.10; the spectra at 135° is 

similar. The target was determined (by the (a,p) reaction) to have a nitrogen areal density 

of about 5.5 x lO" atoms/cm^. Other reaction products were observed, including protons, 

deuterons and alpha particles. Only the three highest energy peaks labeled in figure 2.10, 

the po, combined pi.2, and combined p3-» proton groups of "N are suflBciently large or 

resolvable to be of use under these experimental conditions. For a 3 MeV ^e"^ beam, the 

energy levels in the residual nucleus responsible for these doublets differ by only 80 

keV for pi and p2 groups and 200 keV for the pa and p4 groups, resulting in reaction 

proton separations of 75 keV and 189 keV, respectively (tables 2.5 and 2.6). These 

difference were too small to allow the individual peaks to be resolved, thus their yield is 

measured as a "combined" peak and the median Q value is used in any calculations. While 

it is difficult to see evidence of two distinct peaks in the pi-z peak in figure 2.10, the ps^ 

peak is clearly the result of two unresolved peaks. The remaining unlabeled peaks present 

in the spectra were useful only for verifying the energy-channel conversion. The reaction 

cross sections were again calculated firom equation 1.22 for each of the three proton 



groups (po, pi.2, and ps^), and this procedure was repeated at different energies to obtain 

cross sections for observed proton groups over the enerj^ range investigated. If one or 

more of the corresponding reaction cross sections are constant over a certain energy range 

of the ^e^ projectfles in the sample, then yields from these protons peaks can be 

measured and calibrated to a reference target to determine the unknown nitrogen content 

in samples, as described in section 1.3.6.1. The 16^ angular acceptance of the detector 

again causes kinematic broadening of the detected protons, and an associated energy 

width of about 200 keV in the peaks. 

As with boron, it is possible to combine a thinner detector and thicker absorber foils 

with this technique. In this case 0.36 mm A1 absorber will reduce the 17.4 MeV reaction 

protons down to 6 MeV, which a 300 thick detector will stop. The increased energy 

straggling due to the greater foil thickness is sufiBciently low to allow all three peaks of 

interest to stay resolved. Again, the absence of any resonant structure in the nitrogen 

cross section measurements makes this reaction unsuitable for depth profiling purpose, 

and energy resolution is only a concern in cleanly resolving the proton peaks for total areal 

density determination. 

It should be mentioned that a thin detector could be used in conjunction with a thin 

absorber foil (but thick enough to stop elastically scattered ^He) to detect alpha particles 

from the high Q value ^^(^e,a) reaction (Q = 10.025 MeV) to possibly quantify N. 

Since the protons only undergo partial energy deposition in this scenario, care must be 

taken that this does not cause the proton peaks to overlap that alpha peaks of interest. 
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Figure 2.10 Partial energy spectrum of reaction products at a laboratory angle of 90° 
from 3000 keV incident 'He^ ions on TaSiN target on a Si backing. 

The reaction spectra for the po. pi.2, and ps-i proton groups from '""N were measured in 

50 or 100 keV steps between 2 and 4 MeV at lab angles of 90° and 135°. From these 

individual spectra, yields were measured and cross sections (in mb/sr) calculated using 

equation 1.22 by the same process described in section 2.4.4. The resulting lab differential 

cross sections for these three proton groups are displayed in figures 2.11 and 2.12 for 90° 

and 135°, respectively. The data represented in figures 2.11 and 2.12 are tabulated in 

appendices A.3 and A.4. The TaSiN target was about 40 keV thick for 3 MeV beam ions, 

and the energies plotted were again adjusted to reflect the median beam energy in the 

target, assuming a linear energy loss. This corresponds to a reduction of the incident 
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beam energy by about 24 keV at 2 MeV, and 17 keV at 4 MeV. The uncertainty in the 

absolute cross sections, primarily due to the uncertainties in the reference areal density and 

the solid angle, is again estimated to be 10-15%. Relative uncertainties varied between 2 

and 5%, and were determined by counting statistics. The magnitude of the pi.2 and p3^ 

cross sections are about the same, and are about 4 times larger that those of the po group. 
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Figure 2.11 Measured differential laboratory cross sections for the indicated proton 
groups from the (^He,p) reaction on nitrogen at a laboratory angle of 90°. 
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Figure 2.12 Measured differential laboratory cross sections for the indicated proton 
groups from the (^He,p) reaction on nitrogen at a laboratory angle of 135°. 

There is no evidence of resonant behavior in the nitrogen cross sections at 90® or 135° 

over the 2 to 4 MeV range investigated. The cross sections of all three proton groups 

steadily rose, and for the most part can not be considered as nearly constant. One 

exception was the po group at 90° and 135° which was approximately constant over a 300 

keV range between 3100-3400 keV. Unfortunately the yield is significantly lower than 

that from the other two proton groups over the same energy, making this a difi5cult region 

to use in practice. The p3^ group has a small region of constant cross section at 135°, 

from 3100-3200 keV, however the 100 keV range puts stricter limitations on the target 

thickness. Since the cross sections vary in a steady fashion, thicker samples could 

conceivably be tested, but would yield only rough estimates of the nitrogen content. 
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Nitrogen cross sections for the pi.2 and proton groups were compared with those 

of a study decades ago [Gor 63], and a more recent study by Terwagne, et. al. [Ter 94], 

The Terwagne study was conducted for beam energies below 2.8 MeV at 90° and 135°, 

and measured the pi.2, pa and p4 proton groups, among others. The po group was not 

measured due to the absence of a sufficiently thick detector. Values for the individual ps 

and p4 cross sections found by the Terwagne study were sununed here, so that they could 

be compared to the combined P3.4 peak observed in this work. Results obtained are 

compared at 90° for the puz (figure 2.13) and p3-» (figure 2.14) groups; and at 135° for the 

same two groups (figures 2.15 and 2.16, respectively). Cross section uncertainties were 

estimated to be 10-15%. The values presented in this document are in general agreement 

with the exception of the three highest energy runs (2577, 2676, and 2775 keV) of that 

study for the pi.2 proton group cross sections at 90°, which report substantially lower 

values (figure 2.13). The po group was not measured by the prior study due to their lack 

of a sufficiently thick detector; our values could therefore not be compared. Cross 

sections presented here appear to be about half those found by studies done decades ago 

even though the general trends were confirmed [Gua 71, Gor 63], but values could not be 

rigorously compared since only qualitative results were published. 
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Figure 2.13 Comparison of '̂ (pi-2) cross sections at a laboratory angle of 90° to those 
of Terwagne, et. al. [Ter 94], 
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Figure 2.14 Comparison of cross sections at a laboratory angle of 90° to those 
of Terwagne, et. al. [Ter 94], 



103 

^^N^He,pi.2)^*0 Companson 

e = 135" 

Mdntyre, et al. 0.150 -

« 0.100 

0.050 -
Terwagne. et al. 

0.000 
1800 2000 2200 2600 2800 2400 

'He Beam Energy (keV) 

Figure 2.15 Comparison of''*N(pi.2) cross sections at a laboratory angle of 135° to those 
of Terwagne, et. al. [Ter 94]. 
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Figure 2.16 Comparison of '''N(p3^) cross sections at a laboratory angle of 135** to those 
of Terwagne, et. al. [Ter 94]. 
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2.5.S Applications 

An absolute scale was set by reference to a SiN on carbon target whose nitrogen areal 

densi^ was measured by RBS to be about 438 x 10 '̂ atoms/cm^ (10 ^g/cm^, with an 

uncertainty of 5%. The proton yields of the SiN standard was then determined for the p3^ 

proton group using an incident ^e"^ energy of3200 keV at 135°. This represents the high 

energy end of the region of constant cross section for the p3^ proton group, which was 

chosen over the larger region of the po group due to its much larger cross section. This 

target was 28 keV thick at 3200 keV. Equation 1.34 was then used to establish the 

reference proportionality K for this experimental scenario. This allows the total nitrogen 

areal density in films up to 100 keV thick to be quantified using equation 1.33, irrespective 

of the presence of heavy elements or backings, to an accuracy of 7-10%. For samples 

thicker than 100 keV the energy of the beam particles would drop below 3100 keV, to a 

region where the cross section can no longer be taken as a constant. Smce the P3.4 cross 

section has a definite drop off below 3100 keV, attempts to use an average cross section 

will be suspect, and nitrogen contents thereby derived will not be very accurate. 

This procedure was tested on a series of targets using the SiN on carbon reference 

mentioned above. The tested targets were six TaSiN thin fibns on Si backings. The 

nitrogen signal was effectively masked by the Si substrate signal in RBS runs (see figure 

2.1, for example). The areal density of these targets was also obtained using the '̂*N(a,p) 

reaction [McI 92b], so this exercise was a valuable trial of the viability of the '̂*N(^He,p) 

reaction for nitrogen quantification. The areal density of the TaSiN thin films in units of 

10'̂  atoms/cm^ with estimated uncertainties of 10-15%, are provided in table 2.7. 
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Table 2.7 Comparison of nitrogen areal density, in units of atoms/cm^ obtained 
using the '̂ (^e,p3^) and ^^(a,PO) reactions on a series of SK samples. 

Sample 
(TaSiN) 

(Nt)N 
C'He.Ps^) 

(NtV 
fa,po) 

-05 740 ±80 785 ±80 
-06 230 ±25 220 ±25 
-07 680 ±70 750 ±80 
-08 100 ±10 120 ± 12 
-09 480 ±50 460 ± 50 
-13 560 ±60 630 ± 70 

The (^e,p) results tended to be larger than the (a,p) values, but in every case the 

results agreed to within the experimental error. The accuracy is no better than that 

obtained with the (oc,p) reaction, but this method may be better for thicker targets. 

2.5.6 Advantages and Limitations 

Nitrogen areal density determination using the (^He,p) reaction offers advantages over 

other methods in certain aspects. Deuteron induced reactions have been successfully used 

for quantifying nitrogen, but competing reactions must be avoided, and there are definite 

radiation hazards. The (a,p) nuclear reaction for nitrogen determination has been 

successfiilly used, but the method is limited to samples less than 100 keV thick, and care 

must be taken to avoid the competing '̂Si(a,p) reaction [Lin 93]. 

The ^^(^He,p) reaction offers the advantage of a large Q value, +15.2 MeV, which 

effectively separates several of the higher energy reaction protons groups, including the po, 

the combined pi.2 and the combined psa groups from other competing reactions. The Q 
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value of the '̂ (^e,a) reaction is also large, but reactions alpha's can be filtered out by 

an absorber foil without introducing significant ener^ straggling. One disadvantage is 

that a thick detector must be available to completely stop the high energy reaction protons 

for optimal results. A thinner detector would only slow down the reaction protons, 

causing their peaks to overlap those fi'om protons, which undergo complete energy 

deposition in the detector. The method is also limited to samples less than 100 keV thick 

if the high yield ps^ peak is used at 135°, but can be applied to samples as thick as 300 

keV if the lower yield po peak is used. In conclusion, the '̂*N(^He,p) reaction has been 

shown to be successful in determining unknown nitrogen content in thin films. 

2.6 Using the ^^C(^He,p)'̂  Nuclear Reaaion in Materials Analysis 

2.6.1 Introduction : Nuclear Reactions on Carbon Targets 

A number of reactions have been studied for their utility in determining unknown 

carbon content in thin films, particularly due to its firequent presence as a contaminant. 

Results fi'om experiments conducted within the 1-6 MeV range will be mentioned so that 

they might be compared with the C(^He,p) reaction studied here between 2 and 4 MeV. 

The '̂ C(d,p) and '̂ C(d,p) reactions (Q = 2.722 MeV and 5.951 MeV, respectively) 

have been used to measure overall surface carbon content. Cross sections for the *^C(d,p) 

reaction have been measured for the po and pi proton groups over the energy range 

between 0.7 and 3.5 MeV [McE 56, Kas 60]. A plateau in the po cross section around I.O 

MeV has been used to measure carbon surface content. Absolute carbon contents have 

been obtained by using thin o)Qrgen standards to measure the cross section ratio of the 
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'®0(d,p) and '̂ CCd.p) reactions [Ams 83]. The '̂ CCdjp) reaction has been studied 

between 0.6 and 3.0 MeV [Mar 56] and found to have a plateau around l.l MeV suitable 

for measuring carbon sur&ce content. Interference between the peaks of the and 

reactions is not a problem because of the difference in Q values. The usual radiation 

hazards associated with deuteron reactions are present. 

The '̂ C(a,p) reaction has not been used much in materials analysis due to its negative 

Q value (Q = -4.966 MeV), which favors many low energy reaction products peaks that 

frequently overlap. 

Carbon only has one strong and narrow (p,y) resonance, which occurs at 1748 keV for 

the '̂ C(p,y)^^ reaction [Hir 96]. While this reaction has been used for carbon profiling 

[Hir 90], many broad resonances from lighter elements can cause a high background at 

low gamma-ray energies owing to the large incident beam energy. 

2.6.2 Background on the '̂ C(^He,p)''*N Nuclear Reaction 

Incident ^He"^ ions with sufficient energy interact with a target nucleus producing 

the compound nucleus The excited oxygen decays by emitting a proton, leaving the 

residual nucleus in either the ground state or an excited state. The subscript on the 

detected reaction product denotes the final excitation state of the residual nucleus (section 

1.3.2). The Q values for the first several states of the '̂ C(^He,p) reaction are listed in 

table 2.8. 
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Table 2.8 Q values in MeV for the '̂ C(^e,p) reaction for the first few states. 

"c 
Po 4.779 MeV 
Pi 2.467 
P2 0.834 
P3 -0.131 

-0.321 

Equation 1.29 can be used to determine reaction proton energies given the Q value of 

the state, the reaction masses, the incident energy and the scattering angle. For a 3000 

keV incident ^He"^ beam, and reaaion particles detected at 90°, the resulting values for the 

first several proton groups are given in table 2.9. 

Table 2.9 Reaction proton energies in MeV for the '̂ C(^He,p) reaction at 90° for a 3 
MeV ^He* beam. 

"C 

Po 6.660 MeV 

Pi 4.503 

P2 2.978 

P3 2.078 
P4 1.900 

Reaction energies for other groups and reaction angles are likewise obtained. The energy 

levels for the ps and p4 groups, whose Q values differ by only 180 keV, are separated by 

178 keV, and are too close to be resolved under these experimental circumstances. 
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Previous studies of induced reactions on carbon tended to be geared more 

towards general nuclear physics work (for example, measuring angular distributions) than 

materials analysis (Kua 64, Joh 58, Bro 57], A recent study to investigate the reaction's 

utility in carbon determination used only incident beam energies between 2.1 and 2.4 MeV 

at 90° to measure the po and p2 group cross sections. [Ton 90]. The lack of previous 

quantitative studies over a greater ener^ range prompted the investigation of the 

^^C(^e,p) reaction as a possible alternative to existing methods for the analysis of carbon. 

This work measured the cross section for proton groups at laboratory angles of 90° 

and 135° for the (^e,p) reaction on carbon targets using incident energies between 2 and 

4 MeV. This reaction, along with the '®0(^He,p) reaction, is of particular importance 

since carbon and oxygen are conmionly present, either by design or accident, in thin fihns. 

Possible interference firom the proton groups of these reactions is a concern in the 

application of the (^e,p) reaction in quantifying other light elements. To successfully 

utilize this reaction in carbon quantification, either regions of constant cross section 

suitable for measuring total elemental areal densities, or sharp isolated resonances which 

can be used in depth profiling, must be found. Several unisolated resonances, which were 

too broad to be suitable for depth profiling and only limited regions of constant cross 

section, were observed. There are, however, several isolated regions which could possibly 

be used to quantify carbon content in thin films. 
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2.6.3 Experimental 

The experimental circumstances described in section 2.3 apply here. The thick 1500 

|im Ortec Si surface barrier detector (section 2.4.3) was used to detect reaction products, 

although in this case the detector was thicker than necessary. Except where otherwise 

noted, the experimental parameters reported in sections 2.3 and 2.4.3 are the same as 

those used here, and the geometry is again that depicted in figure 2.3. The Van de Graaff 

was used to generate ^e" ion beams with energies between 2 and 4 MeV. The detector 

was covered with a 23 ^m thick Mylar layer to stop the elastically scattered ^He particles 

and *He reaction products. For an incident ^e energy of 4 MeV at a lab angle of 90®, 

reaction protons have a maximum tnexgy of about 7.4 MeV, and reaction alphas about 4.7 

MeV. These protons will lose around 2.1 MeV in a 23 jim Mylar layer, while the 4.7 

MeV reaction alphas will lose about 4.1 MeV; reaction alphas of up to 4.3 MeV and 

elastically scattered ^e particles of up to 4 MeV will be stopped. Although reaction 

alphas for the highest energy ^e"^ beams will penetrate the absorber foil, they emerge with 

only about 0.6 MeV, and will thus not overlap the protons, which exit the foil with about 

S.3 MeV for a 4 MeV incident beam energy. The circular collimator was again placed 

over the detector, giving a solid angle of 69 ± 4 msr. Typical beam currents were 35 nA, 

and a typical run had an integrated charge of 10 |iC, taking about 5 minutes. 
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2.6.4 Carbon Cross Sections 

A partial energy spectrum of reaction products from incident 3000 keV ^e"^ ions on a 

carbon target on a Ta backing at a lab angle of 90° is shown in figure 2.17; the spectra at 

135° is similar. The target was determined to have a carbon areal density of about S6S x 

lO'̂  atoms/cm^ by RBS using a piece of the self-supporting foil which was later attached 

to the Ta backing. Other reaction products, including protons and alpha particles, were 

observed. The partial energy spectrum contains proton groups from the (^He,p) reaction 

on both carbon and ojQrgen, leading to some overlapping peaks. The illustrates the 

importance of the aforementioned concern of possible interfering peaks from carbon and 

oxygen contamination with those of other light elements. The four highest energy peaks 

labeled in the figures, represent the carbon po, pi (which is combined with the oxygen po 

group), and p2, and the combined oxygen p^ group. For an incident ^He"^ beam energy of 

3 MeV, the '̂ C(pi) group has a reaction energy of 4.503 MeV (table 2.9), while the 

'''0(po) group has a reaction energy of 4.283 MeV (table 2.11). The difference of only 

220 keV is not resolvable, leaving only the *^C po and p2 groups sufBciently large or 

resolvable to be of use under these experimental conditions. The carbon pt peak cannot 

be used due to interference from the oxygen po peak. Any remaining unlabeled peaks 

present in the spectrum were useful only for verifying the energy-channel conversion. If 

one or more of the corresponding reaction cross sections are constant over the energy 

range of the ^He^ projectiles in the sample, then yields from these protons peaks can be 

measured and calibrated to a reference target to determine the unknown carbon content in 
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samples. The 16** angular acceptance of the detector again causes kinematic broadening 

of the detected protons, and an associated energy width of about 200 keV in the peaks. 

For this reaction it would not be possible to use a thinner detector in conjunction with 

a thin absorber foil to detect alpha particles and quantify carbon due to the low Q value (Q 

= 1.857 MeV) of the ^C(^e,a) reaction. Even for a 4 MeV ^He^ beam, the energy of the 

reaction alphas is low enough, less than 4 MeV, that th^ would be stopped by an 

absorber foil used to prevent elastically scattered ^He particles from reaching the detector. 
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Figure 2.17 Partial energy spectrum of reaction products at a laboratory angle of 90° 
from 3000 keV incident ^He"* ions on a carbon target on a Ta backing. The '̂ C(pi) peak 
overlaps the '̂ 0(po) peak and could not be resolved. 
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The reaction spectra for the po and p2 proton groups from were measured in 50 

keV steps between 2 and 4 MeV at lab angles of 90° and 135°. From these individual 

spectra, yields were measured and cross sections (in mb/sr) calculated using equation 1.22 

by the same process described in section 2.4.4. The resulting lab differential cross sections 

for these two proton groups are displayed in figures 2.18 and 2.19. The data represented 

in figures 2.18 and 2.19 are tabulated in appendices A.5 and A.6. The carbon on Ta target 

was about 12 keV thick at 3 MeV, and the energies plotted were adjusted to reflect the 

value at the center of the target. This corresponds to a reduction of the incident beam 
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Figure 2.18 Measured differential laboratory cross sections for the indicated proton 
groups from the (^e,p) nuclear reaction on carbon at a laboratory angle of 90°. The 
'̂ C(pi) peak was overlapped by the '®0(po) peak and could not be resolved. 
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Figure 2.19 Measured differential laboratory cross sections for the indicated proton 
groups from the (^e,p) nuclear reaction on carbon at a laboratory angle of 135°. The 
'̂ C(pi) peak was overlapped by the '®0(po) peak and could not be resolved. 

energy by about 7 keV at 2 MeV, and 4 keV at 4 MeV. The uncertainty in the absolute 

cross sections, primarily due to the uncertainties in the reference areal density and the solid 

angle, is again estimated to be 10-15%. Relative uncertainties varied between 2 and 5% 

and were determined by counting statistics. The magnitude of the po and p^ cross 

sections were roughly the same. 

There is some evidence of resonant behavior in all carbon proton group cross sections 

at both 90° and 135° over the 2 to 4 MeV range investigated, however the resonances are 

neither sufficiently narrow nor isolated to allow them to be applicable in depth profiling. 

They instead simply serve to limit the regions of nearly constant cross section. There are 

only a few isolated regions where the cross section is approximately flat over any range. 
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The most &vorable of such regions is the 200 keV range between 3050-3250 keV for the 

po and p2 groups at 135*^. Since the cross sections are plagued with broad resonances, it is 

not possible to accurately apply this technique to thicker samples. 

Carbon cross sections for the po and pz proton groups were compared with published 

results of several studies. Figure 2.20 shows a comparison with two studies for incident 

^e^ beam energies between 2 and 3 MeV at 90°, one done decades ago (Bro 57], and one 

of a more recent nature [Ter 94]. Results of the more dated study are about 30% less 

than those reported here over the entire energy range. This pattern mimics that of boron 

data compared to studies conducted decades ago (see section 2.4.4). It is difBcult to 

address this discrepancy from older investigations done to obtain fundamental nuclear 

physics data. Results compare much more favorably with the recent study, being within 

experimental error for all except the largest two energy values (2950 and 3000 keV) of 

this study. Results were qualitatively compared with those of another study over the 2 to 

4 MeV range, which pubUshed only graphical data [Kua 64]. Even though data could not 

be rigorously checked, the general features of the cross section were in agreement. 

A comparison with results of another recent study [Ton 90], conducted using beam 

energies between 2.1 and 2.4 MeV at 90°, is shown in figures 2.21 and 2.22 for the po and 

P2 groups, respectively. These results agree extremely well, and cross section values are 

within error in all cases for both proton groups. 
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Figure 2.20 Comparison of '̂ C(po) cross sections at a laboratory angle of 90° to those of 
Terwagne, et. al. [Ter 94] and Bromley, et. al. [Bro 57], 
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Figure 2.21 Comparison of '̂ C(po) cross sections at a laboratory angle of 90° to those of 
Tong, et. al. [Ton 90]. 
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Figure 2.22 Comparison of'̂ C(p2) cross sections at a laboratory angle of 90° to those of 
Tong, et. al. [Ton 90]. 

2.6.5 Applications 

The proton group cross sections have several regions of nearly constant cross section 

favorable for determining the unknown carbon content in thin fikns. The most promising 

of these is the 200 keV region between 3050 and 3250 keV for the po and pi groups at 

135°. A standard with known carbon content is useflil as a reference to qualitatively 

determine carbon content in thin fihns using this method (sections 2.4.5 and 2.5.5). 

This procedure has not yet been tested as in the boron and nitrogen cases, however 

there are plans to verify the method's utility in the near future. It is believed that the 

technique will provide an important analytical tool for carbon determination on thin films 

in the presence of heavy elements or substrates. 



118 

2.6.6 Advantages and Limitations 

If successful, carbon areal density determination using the (^e,p) will be a valuable 

technique. As mentioned in section 2.6.1, existing techniques are limited in their scope, 

and while this proposed method is limited to samples less than 200 keV thick, it does offer 

another technique for measuring carbon content. As mentioned, this would be useful due 

to the presence of carbon (and oxygen) as a common impurity or contaminant. One 

disadvantage of the method is that the ^^0(po) peak overlaps the ^^C(pi) peak over the 

energy range studied, rendering it unresolvable with a large acceptance angle detector. 

2.7 Using the ^®0(^He,p)'*F Nuclear Reaction in Materials Analysis 

2.7.1 Introduction : Nuclear Reactions on Oxygen Targets 

Oxygen is the one of the most common impurities, or constituents, present in thin 

films. Therefore, there have been a large number of studies regarding its detection and 

quantification, and several reactions have been utilized to determine oxygen content. 

The '®0(d,p)"0 and '®0(d,a)'̂  reactions have been used extensively for oxygen 

detection and high resolution depth profiling, respectively. Cross sections for the 

'̂'0(d,p)"0 reaction (Q = 1.918 MeV) over various energy ranges between 0.2 and 3.0 

MeV have be measured by a number of groups [Sei 63, Ams 64, Ams 67, Jar 79]. The 

plateau in the '®0(d,a)'̂  (Q = 3.111 MeV) cross section between 800 and 900 keV is 

the most favorable for determining oxygen content for both the Oo and ai groups [Pur 63]. 
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Cross sections measurement for the '̂ 0(d,a)^^ reaction over various energy ranges 

between 0.7 to 2.2 MeV have been studied by several groups [Sei 63, Ams 64, Tur 73], 

A thin absorber foil used to stop elasticaily scattered deuterons may also stop the reaction 

products of interest. For this reason, this reaction should not be used on targets with high 

Z elements, whose elasticaily scattered deuterons will have an ener^ nearly that of the 

incident beam. 

The '̂0(p,a)'̂  reaction (Q = 3.980 MeV) has also been studied in detail, and it is the 

most commonly used (p,a) reaction. Cross section measurements over various energy 

ranges between 0.5 and 2.0 MeV have be measured by a number of groups [Ams 64, Ams 

67, Alk 88]. Surface '*0 contents can be measured using the steady cross section region 

around 1.7 MeV, and an isolated and very narrow resonance, useful for depth profiling, 

lies at 629 keV. 

The '̂ 0(cx,p) reaction is not useful in materials analysis because of the large negative 

Q value (Q = -8.115 MeV). A negative Q value of this magnitude prohibits the use of this 

reaction with the 2 to 4 MeV range incident beams used in this work. 

Resonances of the '̂0(p,y) reaction can be used for oxygen depth profiling, although 

all the resonances have very complicated decay schemes which lead to many high intensity 

gamma peaks (Hir 96], 

As with carbon, little recent work had been done using the '''0(^He,p) reaction. Prior 

investigations used incident beam energies between 2 and 3 MeV to measure the po and 

combined PM group cross sections, but each at different lab angles than the current study. 
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This reaction was investigated here with the hope that it might serve as an additional 

method for the successful analysis of oxygen in situations which complement the reactions 

discussed above. 

2.7.2 Background on the '®0(^e,p)''F Nuclear Reaction 

Incident ^He" ions of sufBcient energy interact with a target nucleus forming the 

compound nucleus '̂ e. The excited neon decays by emitting a proton, leaving the 

residual nucleus in either the ground state or an excited state. The subscript on the 

detected reaction product denotes the final excitation state of the residual nucleus (section 

1.3.2). The Q values for the first several states of the '®0(^He,p) reaction are listed in 

table 2.10. 

Table 2.10 Q values in MeV for the ^®0(^He,p) reaction for the first few states. 

l6o 

Po 2.033 MeV 

Pi 1.093 
P2 0.988 

P3 0.951 

P4 0.908 

P5 0.333 

P6 -0.091 

Equation 1.29 can be used to determine reaction proton energies given the Q value of 

the state, the reaction masses, the incident energy and the scattering angle. For a 3000 
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keV incident ^e" beam, and reaction particles detected at 90°, the resulting values for the 

first several proton groups are given in table 2.11. 

Table 2.11 Reaction proton energies in MeV for the '̂ 0(^He,p) reaction at 90° for a 3 
MeV Wbeam. 

"o 
Po 4.283 MeV 
Pl 3.393 
P2 3.293 
P3 3.258 

P4 3.217 
P5 2.673 
P6 2.294 

Reaction energies for other groups and reaction angles are likewise obtained. The 

difference between the pi and p4 energy levels is only 176 keV, too close to be resolved 

under these experimental circumstances, and these four peaks will appear as one combined 

peak in the spectrum. 

The '®0(^He,p)"F reaction has been the subject of several studies. Cross sections 

have been measured for the po-p7 proton groups over the energy range 2.0 to 3.1 MeV 

[Bro 59, Kai 79, Len 89]. This range was extended to 4 MeV by the current study, which 

has more focus on the materials analysis potential of this reaction. The (^He,p) reaction 

on oxygen is of particular interest owing to common presence of oxygen in thin fihns. 

Possible interference from this reaction on oxygen, and carbon, is also of concern in its 

application to other light elements. 
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As with other elements discussed in this dissertation, successful application of the 

'̂ 0(^e,p) reaction requires either regions of constant cross section, or sharp, isolated 

resonances. In this case, as with carbon, broad unisolated resonances were observed 

which could not be used for depth profiling. While there were no extended regions of 

constant cross section, there are isolated regions which could possibly be used to 

determine oxygen content in thin films. 

2.7.3 Experimental 

The general experimental features described in section 2.3 apply here. The thick 1500 

^m Si surface barrier detector (section 2.4.3) was again used to detect reaction products 

although in this case the detector was thicker than necessary. The experimental 

parameters reported there are the same as those used here, except where otherwise noted, 

and the geometry is again that depicted in figure 2.3. The Van de Graaff was used to 

generate ^He"^ ion beams with energies between 2 and 4 MeV. The detector was initially 

covered with a 23 |im thick Mylar layer to stop the elastically scattered ^He particles, and 

reduce the energy of the a reaction products, shifting their peaks to a lower energy. 

However, for beam energies above 3.0 MeV, a particles were observed to overlap a 

proton peak of interest, so an additional 6 ^m Mylar layer was added (for a total of 29 

^m) to remove this unwanted interference. For an incident ^He energy of 4 MeV at a lab 

angle of 90°, reaction protons have a maximum energy of about S. 1 MeV, and reaction 

alphas about 6.4 MeV. These protons will lose less about 380 keV in a 29 ^In Mylar 
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layer, while the 6.4 MeV reaction alphas will lose about 3.5 MeV; reaction alphas of up to 

5.2 MeV and elastically scattered ^e^ particles of up to 4 MeV will be stopped. For a 3 

MeV beam, the extra 6 Mylar layer reduces the reaction alpha ener^ by about 1 

MeV, which is sufBcient to eliminate the described interference. The detector solid angle 

was again 69 ± 4 msr with the collimator in place. Typical beam currents were 35 nA, and 

an average run had an integrated charge of 20 taking about 10 minutes. 

2.7.4 Oxygen Cross Sections 

A partial ener^ spectrum of reaction products from incident 3000 keV 'He" ions on a 

Ta20s target on a Ta backing at lab angle of 90" is shown in figure 2.23; the spectrum at 

135° is similar. The target was determined to have an oxygen areal density of about 555 x 

10 '̂ atoms/cm^ by comparing '®0('He, pi-t) proton yield to that from a target with known 

oj^gen areal density. Other reaction products, including protons, and alpha particles, 

were observed. However, only the two highest energy '®0 peaks labeled in the figure, 

denoting the po and PM proton groups are sufficiently large or resolvable to be of use in 

materials analysis under these experimental conditions. For an incident 'He" beam energy 

of 3 MeV, the '®0(po) group has a reaction energy of 4.28 MeV (table 2.11), while the 

'̂ C(pi) group has a reaction energy of 4.50 MeV (table 2.9). As discussed in section 

2.6.4, this 220 keV difference is not completely resolvable in this situation. However, 

carbon is an impurity in this sample, and the '̂ C(pi) peak was small enough to allow the 

^^0(po) peak to be measured. As discussed in section 2.7.2, the energy difference between 
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the Pi and p4 groups is only 176 keV, and all four of these peaks blend together to form 

one combined PM peak. The remaining peaks were useful only for verifying the ener^-

channel conversion. The energy width of the peaks, about 200 keV, is due to kinematic 

broadening caused by the 16° angular acceptance of the detector. 
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Figure 2.23 Partial energy spectrum of reaction products at a laboratory angle of 90° 
from 3000 keV incident ^e" ions on a TazOs target on a Ta backing. The '̂ C(pi) 
contribution to the ^^0(po) peak was negligible. 

For this reaction it would be difficult, but possible, to use a thinner detector in 

conjunction with a thin absorber foil to detect alpha particles and quantify oxygen, due to 

the Q value (Q = 4.909 MeV) of the '®0(^He,a) reaction. Even though a 4 MeV ^e" 

beam produces 6.4 MeV reaction alphas, they would be reduced to 3.7 MeV by a 23 ^m 

absorber foil used to prevent elastically scattered ^He particles from reaching the detector. 

Care must be taken to prevent proton peaks, which suffer only partial energy loss in the 

detector, from interfering with these alphas [Abe 90]. 
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The reaction spectra for the po and combined pi^ proton groups from '̂ O were 

measured in SO keV steps between 2 and 4 MeV at lab angles of 90° and 135°. From 

these individual spectra, yields were measured and cross sections (in mb/sr) calculated 

using equation 1.22 by the same process described in section 2.4.4. The resulting lab 

differential cross sections for these two proton groups are displayed in figures 2.24 and 

2.25. The data represented in figures 2.24 and 2.25 are tabulated in appendices A.7 and 

A.8. The Ta20s target on a Ta backing was about 32 keV thick at 3 MeV, and the 

energies plotted were adjusted to reflect the value at the center of the target. This 

corresponds to a reduction of the incident beam energy by about 19 keV at 2 MeV, and 13 

keV at 4 MeV. The uncertainty in the absolute cross sections, primarily due to the 

uncertainties in the reference areal density and the solid angle, is again estimated to be 10-

15%. Relative uncertainties varied between 2 and 5% and were determined by counting 

statistics. The magnitude of the po and pi^ cross sections were roughly the same. 

There is some evidence of resonant behavior in the proton group cross sections at both 

90° and 135° over the 2 to 4 MeV range investigated, however the resonances are not 

pronounced enough to be considered for use in depth profiling, and just limit the regions 

of nearly constant cross section. There are very few isolated regions where the cross 

section is approximately flat over any appreciable range. The most favorable of such 

regions is the 100 keV range between 3150-3250 keV for the PM group at 135°. Since 

the cross sections are plagued with broad resonances, it is not possible to accurately apply 

this technique to thicker samples. 
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Figure 2.24 Measured difTerential laboratory cross sections for the indicated proton 
groups from the (^e,p) nuclear reaction on oxygen at a laboratory angle of 90°. 
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Figure 2.25 Measured differential laboratory cross sections for the indicated proton 
groups from the (^He,p) nuclear reaction on o?Q^gen at a laboratory angle of 135°. 
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O^^gen cross sections for the po and PM proton groups were compared with pubUshed 

results of several studies. Figures 2.26 and 2.27 show a comparison with two studies for 

incident ^e"* beam energies between 2 and 3 MeV, one which provides data at a reaction 

angle of 1S0° over the entire range [Kai 79], and one which cites just a single data point 

(at 2392 keV) at a reaction angle of 133.9° (Len 89]. The single point reported at 133.9° 

is in excellent agreement with the data presented in this study, taken at 135°, for both 

proton groups. The data reported at 150° cannot be rigorously compared to the data 

presented in this dissertation due to the 15° difference between the detector angles, 

although the general similarity in the po peaks is encouraging. 

Figure 2.26 Comparison of "'0(^e,po)"F data at incident 'He"^ energies between 2000 
and 3000 keV. Data from Kaim, et. al. [Kai 79] was obtained at a laboratory angle of 
135°; the single data point at 2392 keV from Lennard, et. al. [Len 89] was taken at 133.9°; 
while the present data (Mclntyre, et. al.) was recorded at an angle of 135 °. 
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Figure 2.27 Comparison of '®0(^He,pi.4)'*F data at incident energies between 2000 
and 3000 keV. Data from Kaim, et. ai. [Kai 79] was obtained at a laboratory angle of 
135°; the single data point at 2392 keV from Lennard, et. al. [Len 89] was taken at 133.9°; 
while the present data (Mcintyre, et. al.) was recorded at an angle of 135 °. 

2.7.5 Applications 

The oxygen proton group cross sections have few regions of nearly constant cross 

section favorable for determining the unknown oxygen content in thin films. The most 

promising of these is the 100 keV region between 3150 and 3250 keV for the pi_4 group at 

135°. Even in this small region, the cross section is not as flat as preferred regions 

reported for other elements investigated in this dissertation (sections 2.4.4, 2.5.4, and 

2.6.4). A standard with known oxygen content is useful as a reference to quantitatively 

determine oxygen content in thin films using this method (sections 2.4.5 and 2.5.5). 
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This procedure has not yet been tested on samples with unknown o^^gen content, 

however there are plans to test the utility of the method in the near future, fo the case of 

the (^e,p) reaction on oxygen, I am hesitant to assert that the technique will provide an 

important analytical tool for oxygen determination on thin films in the presence of heavy 

elements or substrates, as it has for boron and nitrogen, and is expected to for carbon. 

2.7.6 Advantages and Limitations 

If successful, oxygen areal density determination using the (^He,p) reaction for targets 

less than 100 keV thick would be a valuable technique, although there are reservations as 

to the verity of this proposition. The existing techniques mentioned in section 2.6.1 may 

prove to be better suited for measuring oxygen content. 
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CHAPTER3 

DETECTION AND DEPTH PROFILING OF FLUORINE USING 
THE ̂ (̂a,po)̂ e NUCLEAR REACHON 

3.1 Introduction 

Two methods by which nuclear reactions may be favorably utilized is through the use 

of either regions of constant cross section, or through the use of narrow, isolated 

resonances. Chapter 2 dealt with the first of these two methods, in conjunction with the 

(^e,p) reaction on boron, nitrogen, carbon, and oxygen. This chapter addresses the 

second technique, investigating the '̂ (Qc,p) reaction for incident beam energies between 

2200 and 2500 keV. Specifically, the resonance near 2315 keV was studied with the aim 

of detecting and depth profiling in solid targets in the presence of heavy elements 

where conventional Rutherford backscattering is ineffective. Nuclear resonances in 

nuclear reactions have in general proven to be a valuable technique in detecting light 

elements under these circumstances. 

3.2 Nuclear Reactions on Fluorine Targets 

A number of reactions have been investigated for their utility in fluorine quantification. 

Studies discussed here will be limited to those conducted over the 0 to 6 MeV energy 

range accessible by most Van de Graaff accelerators. In the next section ((x,p) reactions 

on fluorine over this energy range will be reviewed. 
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Cross sections for the ''FQ>,a) reaction have been measured between 0.5 and 2.0 

MeV, and a nearly constant region found between 1100 and 1260 keV [Die 80]. Due to 

the high Q value (Q = 8.115 MeV), this reaction is background free, with no interfering 

reactions over that constant range. The '̂ (p.ay) reaction, with detection of the y-rays, 

has been frequently used to depth profile fluorine. Conunonly used resonances occur at 

proton energies of 340, 484 and 872 keV. The background is quite low for the first of 

these, and it has been used for fluorine profiles of up to 1.5 [Dec 83]. 

Deuteron induced reactions have also been used for fluorine studies. The (d,p) 

reaction (Q = 4.374 MeV) is of concern in that it often interferes with '®0(d,p) 

measurements, and is not often employed for fluorine determination [Viz 96]. The (d,a) 

reaction (Q = 10.031 MeV) has been studied between 0.8 and 2.0 MeV, and a plateau in 

the ai cross section found between 1.3 and 1.6 MeV that is useful for quantifying fluorine 

[Mau 81], Although these two reactions do not interfere with each other because of the 

large difference in their Q values, (d,a) reactions on other light elements, like Li and Be, 

can interfere with those on ''F. 

Little work has been done investigating the '̂F('He,p) reaction (Q = 11.888 MeV). 

The author plans to carry out measurements on this reaction between 2 and 4 MeV in the 

near future, adding to the study of this reaction on other light elements presented in 

chapter 2. 
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The ''FCa.p) reaction was investigated with the aim of providing another method for 

the analysis of fluorine for situations in which the techniques discussed above are not 

always ^ective. 

3.3 Background on the ''F(a,p)^e Nuclear Reaction 

Incident ^e"* ions of sufiScient energy interact with a ^ target nucleus and form the 

compound nucleus ^a. The excited sodium decays by emitting a proton, leaving the 

residual nucleus ^^e in either the ground state or an exited state. If the incident energy 

corresponds to an excited state of the compound nucleus, resonance reactions will 

occur. The Q values for the first two states of this reaction are listed in table 3.1. 

Table 3.1 Q values in MeV of the ''FCa.p) reaction for the first two states. 

I'F 

Po 1.675 MeV 

,-El 1.280 

When the Q value of the state, the reaction masses, the incident energy and the 

scattering angle are known, the reactant proton energy can be determined fi'om equation 

1.29. For a 2S00 keV incident ''He" beam, and reactant particles detected at 135°, the 

values obtained for the first two reaction proton groups are shown in table 3.2. 
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Table 3.2 Reaction proton energies in MeV for the reaction for a 2500 keV ^e"^ 
beam. 

Po 3.210 MeV 
Pi 2.853 

Details of the related nuclear energy levels have been published [End 78], Previous 

work on the use of this reaction for near surface analysis of ^ has employed a resonance 

at 2443 keV incident ^e* energy [Smu 86, Kup 86], and a study of the depth profiling 

capabilities of this reaction using more than one resonance has been conducted (McI 90]. 

The current study made cross section measurements for the po group at a laboratory angle 

of 135° for the (a,p) reaction on fluorine targets using incident beam energies between 

2200 and 2500 keV. This reaction has been studied in this energy range by several 

investigators [Kup 65, Sch 76, Cse 84]. For effective fluorine determination, it is 

necessary to find either regions of constant cross section suitable for measuring total 

fluorine elemental areal densities, or sharp isolated resonances which can be used in 

fluorine depth profiling. In this case, resonant structure was evident, with a series of 

peaks observed over the energy range studied. The resonance near 2315 keV is 

sufficiently strong and isolated for effective use in depth profiling fluorine in thin films. 

3.4 Experimental 

The general experimental features described in section 2.3 apply here. Except where 

otherwise noted, the experimental parameters reported there are the same as those used 



134 

here, and the geometiy is again that depicted in figure 2.3. The Van de Graaff was used 

to generate ^e^ ion beams with incident energies between 2.2 and 2.5 MeV. A 450 mm^ 

300 lom thick Si large-area sur&ce barrier detector, manufactured by Paul Downey and 

Company ^odel P450-26-300M), was used to detect reaction protons at an angle of 

135°. The detector was covered with a 23 iim thick Mylar layer to stop the elastically 

scattered alpha particles. For an incident ^e"^ energy of2500 keV at a lab angle of 135°, 

reaction protons have a maximum energy of about 3.2 MeV. These protons will lose less 

than 350 keV in a 23 ^m Mylar layer, while elastically scattered alphas of up to 4.3 MeV, 

far above the maximum 2.5 MeV used in this study, will be stopped. The solid angle of 

the detector was about 210 ±12 msr. Typical beam currents were 35 nA, and a typical run 

had an integrated charge of 20 |iC, taking about 10 minutes. 

3.5 "F(a,p) Relative Yield Measurements 

A partial energy spectrum of reaction protons from incident 2315 keV "'He'̂  ions on a 

CaF2 target on a carbon backing at a lab angle of 135° is shown in figure 3.1. The target 

was determined (by RBS) to have a fluorine areal density of 120 x lO'' atoms/cm^ or 8 

|ig/cm^ of fluorine (approximately 27 nm thick). Only the po and pi proton groups of this 

reaction are observed under these experimental conditions. A clear advantage of this 

method is readily apparent; the resulting proton spectrum is virtually background fi'ee with 

no other reactions evident. The average reaction cross section over the energy range of 

the incident beam in the target film (8 keV) can be found fi'om equation 1.22. This 
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calculation can be performed for the proton group of interest at different beam energies to 

obtain cross sections for observed proton groups over the energy range studied. The 

ener^ width of the peaks is about 180 keV, and is due to kinematic broadening caused by 

the 30° angular acceptance of the detector. 
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Figure 3.1 Partial energy spectrum of reaction products at a laboratory angle of 135° 
from 2315 keV incident ^e"^ ions on a CaFi target on a C backing. 

The reaction spectra for the po and pi proton groups from were measured in 5 keV 

steps between 2200 and 2430 keV at a lab angle of 135°. From these individual spectra, 

yields were measured, and are plotted in figures 3.2 and 3.3. 
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Figure 3.2 Yield of '̂F((x,po)^Ne protons as a function of incident a energy from a CaFa 
target on a C backing. 
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Figure 3.3 Yield of ''F(a,pi)^Ne protons as a function of incident a energy from a CaFz 
target on a C backing. 
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The pi group has a strong resonance around 2350 keV, however it is closely 

surrounded by several others, particularly on the high energy end. The po group has a 

strong resonance near 23 IS keV, and is surrounded by several much weaker resonances, 

the nearest on the high energy side being over 15 keV away. These factors &vor the po 

group over the pi group, and in subsequent figures only po group data will be reported. 

The width of the peaks in figures 3.2 and 3.3 are determined by the thickness of the CaFa 

layer (8 keV), which is greater than the reported width of the resonance in every case 

except for the weak po resonance near 2250 keV [Kup 65]. 

These results were compared with data acquired by other studies over the same ener^ 

range, but at different laboratory angles [Kup 65, Sch 76, Cse 84], and found to be in 

general agreement. 

Yield curves were measured for several targets containing fluorine. A computer 

program, described in the next section, was used to simulate the proton yield fi'om the 

^^(a,po)^e reaction for such films. This is particularly usefiil if the film is thick enough 

to contain contributions fi'om several of the po resonances featured in figure 3.2. 

3.6 Computer Simulation of the Yield Curve 

As the incident beam penetrates the sample it loses energy (section 1.2.3). For thick 

samples there may be several resonances contributing to the composite yield at a given 

incident energy. In such situations a computer simulation can be very helpfiil. This 

program used known stopping cross sections [Zie 85] and energy independent Bohr 
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straggling [Chu 78b], and assumed Bragg linear additivity for both the energy loss and 

straggling, to provide absolute yield calculations using an assumed target composition. 

Four smaller resonances, at about 2239, 2281, 2350, and 2396 keV, and the principal 

resonance near 23 IS keV, were included in the computer simulation of yield curves. The 

full width at half maximum (FWHM) F, resonance ener^ ER and maximum cross section 

OoMx of each resonance were adjusted to fit the yield curve from a thin (1.8 nm) YF3 target. 

This target was thin enough (O.S keV) that all five resonances were completely resolved. 

These parameters were then used to calculate the yield curves of other targets. 

The program divides the film into a chosen number of thin layers, each of thickness Ax 

and fluorine atomic density N;. For fixed incident energy Eo, the energy distribution of the 

beam in each layer can be found using the Bohr straggling Gaussian distribution (see 

equation 1.20) standard deviation. Using the Breit-Wigner resonance equation. 

and the fitted parameters (T, ER and GNUX) for each of the five resonances, a weighted 

average of the cross section was calculated. Multiplying this average cross section ai by 

the relative concentration of fluorine in that layer, N;, gives a number proportional to the 

yield of the reaction from that layer. This quantity can then be summed over all layers to 

provide a number proportional to the total yield at that incident ^He"^ energy, as can be 

seen from equation 1.8, 

(3.1) 
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A = 'Z,A,=QfUaZ<',N,. (3.2) 
i f 

This procedure is repeated for each incident beam energy. 

Yield curves from targets with unknown fluorine content were simulated in this way 

using an assumed target composition. The assumed target composition used as input for 

the program was then modified until the simulation and experimental data matched, 

providing the absolute concentration of fluorine in the target. Further details regarding this 

program are available [McI 88, McI 90]. 

3.7 Absolute Yield Measurements 

A thin (1.8 nm) YF3 target on a carbon backing was used to establish the parameters 

(T, ER and YBO*) discussed in the last section for each resonance. The target had a fluorine 

areal density, as determined by RBS, of 2.9 x 10^^ atoms/cm^ and was 0.5 keV thick for 

2400 keV incident alphas. This thickness was less than the widths of all five resonances 

considered in the 2200-2500 keV range. The proton yield for the ''F(a,po) reaction on 

this target was obtained over this energy range, and is shown in figure 3.4. For each 

resonance, the three parameters were adjusted using the simulation program, until the 

computer generated data matched the experimentally obtained data. The resonance 

parameters thereby obtained are listed in table 3.3. It is stressed that these are not 

purported to represent a measurement of these nuclear properties; th^ simply denote the 

parameters which best fit the YF3 yield curve under these experimental conditions. 
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Figure 3.4 Plot of the observed yield from the "F((x,po) reaction on a YF3 target (0.5 
keV thick at E® = 2400 keV) and the computer generated fit. The program parameters F, 
AMAX and ER have been adjusted for each resonance involved to give close agreement 
between the simulated data and experimentally obtained data. 

Table 3.3 Resonance parameters used in computer simulation of yield curves. 

ER(keV) cinuxCmb/sr) r(keV) 
2239 0.13 15 
2281 0.066 8 
2313 1.6 3.5 
2350 0.11 2.5 
2396 0.15 2 
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It should be noted that diflSculties were encountered in these runs due to carbon build

up on the target surface. A series of runs conducted on the same target spot caused 

enough carbon to appear that the resonance near 23 IS keV was noticeably shifted. For 

instance, an accumulated charge of SOO (over 20 runs) caused a resonance shift of 

almost 2 keV. One solution was to account for this shift by assuming a linear deposition 

of carbon, and adjust the energy of the beam at the YF3 layer accordingly. However, 

subsequent tests were unable to verify this assumption; in fact it seems more likely that the 

carbon build-up reaches a certain thickness and then either ceases or is substantially 

slowed. Since the fluorine targets were provided to us were large (75 mm by 25 mm, 

compared to a beam area of 2 mm by 2 mm), a simpler and more accurate solution, 

assuming the targets are uniform, is to simply move to a new target spot every few runs. 

This was the method chosen, and it seemed to solve this difficulty. 

3.8 Applications 

Absolute yield measurements were made on a series of targets containing fluorine 

whose fluorine area! density was known by RBS. These known areal densities were then 

used as the input concentrations for the simulation program, along with the established 

parameters (table 3.3), to verify if the computer simulated and experimentally obtained 

yield curves agree. If the known areal densities result in a good fit to the measured yield 

curve, we can apply this technique to thin films with unknown fluorine content. 

A MgF2 target, covered with a TaO layer and a surface C layer, on a C backing was 

found by RBS to have a fluorine areal density of 423 x 10*^ atoms/cm^. The remaining 
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areal densities for the cover layers and the MgF2 layer were also found by RBS. Yield 

measurements were obtained from the '̂ (a,po) reaction at 135°, using incident ^e"^ 

energies between 2270 and 2400 keV. The target was found to be about 30 keV thick for 

2400 keV alphas. The computer simulation generated a yield curve, assuming the areal 

densities found by RBS for target constituents. The fluorine content primarily determines 

the magnitude of the yield, while other constituents contribute to the energy loss and 

straggling information. The experimental and simulated data for this target are shown in 

figure 3.5. The agreement between the two is quite good. Notice that the 2315 keV 

resonance has moved to 2340 keV. This 25 keV shift represents the energy loss of the 

beam in the C and TaO cover layers. 
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Figure 3.5 Comparison of observed yield from the '̂ (a,po) reaction on a MgFz target 
(30 keV thick at Ea= 2400 keV) and the computer simulation using RBS areal densities. 
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The '̂ ((x,po) reaction, at incident beam energies between 2280 and 2400 keV, was 

used to obtain yield measurements for a thick YF3 target, determined by RBS to have a 

fluorine areal density of 1000 x 10  ̂atoms/cm^ This sample was about 64 keV thick at a 

beam energy of 2400 keV. The computer simulation was used to generate a yield curve 

assuming the areal densities found by RBS for target constituents. The experimental and 

simulated data are shown in figure 3.6, and are again in good agreement. 
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Figure 3.6 Comparison of observed yield fi'om the '̂ (a,po) reaction on a YF3 target (64 
keV thick for £„ = 2400 keV) and the computer simulation using RBS areal densities. 
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A series of targets containing CaFz was also investigated. A thin CaFi target on a C 

backing was found by RBS to have a fluorine areal density of 119 x lO'̂  atoms/cm  ̂ The 

^(a,po) reaction at incident beam energies between 2200 and 2450 keV was used to 

obtain yield measurements for the target (same as shown in figure 3.2), which was about 8 

keV thick at a beam ener^ of 2400 keV. Computer generated data was compared with 

experimentally obtained data, assuming the areal densities found by RBS, and was found 

to be in fairly good agreement (figure 3.7). 
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Figure 3.7 Comparison of observed yield fi'om the ^^(Qc,po) reaction on a CaF2 target (8 
keV thick for Ea = 2400 keV) and the computer simulation using RBS areal densities. 
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A thick CaFz target on a C backing was found by RBS to have a fluorine areal density 

of 640 X 10^^ atoms/cm .̂ The ^(a,po) reaction at incident beam energies between 2280 

and 2400 keV was used to obtain yield measurements for the target, which was about 42 

keV thick at a beam ener  ̂of 2400 keV. Computer generated data was compared with 

experimentally obtained data, assuming the areal densities found by RBS. In this case 

serious discrepancies were observed (figure 3.8). The «q)erimental values feature a lower 

and broader profile than the simulation predicts. 
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Figure 3.8 Comparison of observed yield fi-om the '̂ (a,po) reaction on a CaFz target (42 
keV thick for Ea = 2400 keV) and the computer simulation using RBS areal densities. 
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The initial thought was that this variation was due to surface or incorporated carbon 

(see section 3.7), The data suggests that perhaps there is something mixed in with the 

fluorine layer, "diluting" it, and leading to a lower yield and greater energy loss than 

expected. Further simulations using RUMP [Doo 90] showed the observed discrepancy 

would required a substantial presence of another element. For example, if carbon were the 

culprit 800 x 10^ C atoms/cm^ in the film would be required to account for the noted 

difference [McI 97]. The presence of this amount of an element would be clearly visible in 

the RBS spectrum, however no such signal was observed. 

A thick CaF2 sample with similar areal density was fabricated, with the fihn being 

deposited on a hot C substrate. This new sample had a fluorine areal density of445 x lO" 

atoms/cm^ as determined by RBS, and was 61 keV thick for a 2400 keV incident beam. 

The results of the ''F(a,p) reaction over the 2280-2400 keV energy range on this sample 

is shown in figure 3.9, along with the computer simulation. There is some improvement in 

the agreement, however the data is still not accurately predicted by the simulation. 

Notice that it is not simply the thickness of the film which causes the discrepancy, as 

data acquired with the tMck M^2 and YF3 films was in good agreement with the 

simulation (figures 3.5 and 3.6), but apparently the presence of Ca in the fihns. It is 

possible that some sort of topological or morphological irregularity in the target surface is 

responsible for this mystery. To this end, SEM is presently being performed on these 

samples, and will hopefiilly shed light on the issue. 
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Figure 3.9 Comparison of observed yield from the ''F(<x,po) reaction on a CaFa target (61 
keV thick for Ea = 2400 keV) deposited on a heated C backing, and the computer 
simulation using RBS areal densities. 

3.9 Advantages and Limitations 

The ''F(a,po)^^e reaction has been shown to be usefiil in quantitative fluorine 

detection in thin film analysis. The lack of background in the proton spectra results in 

good sensitivity for "F detection. 

Multi-layered fluorine samples are currently being fabricated to investigate the depth 

profiling capabilities of this reaction. The depth resolution of this technique at the sur&ce 

of the film is proportional to the width of the resonance F and inversely proportional to 

the stopping power of the film material dE/dx (equation 1.36), assuming negligible beam 

energy spread. This suggests that the ^^(a,p) reaction would be preferred over the 

'̂ (p,aY) reaction in fluorine depth resolution because of the larger stopping power for 
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as compared to protons. In practice the proton induced reactions are generally done 

at lower energy and with resonances of smaller width to mediate these effects [Md 90]. 
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CHAPTER4 

CONCLUSION 

As demonstrated in the previous chapters, nuclear reactions can be used for 

quantifying elemental content, especially for light elements such as boron, nitrogen, 

carbon, oTQrgen and fluorine, in cases where regular RBS is ineffective due to signal 

interference from heavier elements in the film or backing material. To be used as an 

efiective analysis technique, a nuclear reaction must exhibit either regions of constant 

cross section to allow elemental content to be determined, or feature strong isolated 

resonances for elemental depth profiling. 

A large number of reactions have been investigated in the past to ascertain their 

usefiilness in materials analysis, however relatively little work had been done regarding the 

(^He,p) nuclear reaction. This reaction was investigated using incident beam energies 

between 2 and 4 MeV at reaction angles of 90° and 135° on targets containing boron, 

nitrogen, carbon and oxygen. In no case was resonant structure evident which would 

qualify the reaction as a viable candidate for depth profiling. However, regions of 

constant cross section suitable for elemental content determination were observed. The 

^^B(^He,po) and ^°B(^e,pi) proton groups were found to have nearly constant cross 

section between 3200 and 3800 keV at both reaction angles. Both of these reactions were 

employed within this ener  ̂ range on two targets containing boron, and found to 

reproduce the known areal densities to within experimental error, verifying the utility of 
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this technique in materials analysis. The '̂ (^e,po) group was measured to have neariy 

constant cross section between 3100 and 3400 keV at both reaction angles, as was the 

group between 3100 and 3200 keV at 135°. The '̂ (^e,p3^) reaction, preferred due to 

its much greater cross section, was used with an incident beam energy of 3500 keV at 

135° on a series of targets with known nitrogen content. In each case the areal density 

determined by this reaction corroborated values obtained by other means (the '̂ (GC,P) 

reaction) to within experimental error, verifying the effectiveness of the method in 

obtaining nitrogen content in thin films. The ^^C('He,po) and '̂ C(^He,p2) groups were 

measured to have nearly constant cross section between 3050 and 3250 keV at a reaction 

angle of 135°, as was the '®0(^He,pi-») group for energies between 3150 and 3250 keV at 

a reaction angle of 135°. The (^He,p) reaction on carbon and oxygen has not yet been 

tested for its utility in quantifying their elemental content, however the theoretical 

principles underlying the technique of using regions of constant cross section are the same 

as for boron and nitrogen determination, and there is no a priori reason to believe these 

reactions will not prove to be equally successful. Carbon and oxygen fi'equently appear as 

elemental constituents or contaminants in thin films, and when observing reaction products 

fi'om the (^He,p) reaction on other elements one must be cognizant of possible interference 

firom (^He,p) peaks due to oxygen and carbon. In the present work, interference between 

the carbon and oxygen proton peaks, particularly the '̂ C(^He,pi) and '̂ 0(^He,po) peaks, 

was observed. 

The ^(a,p) reaction was investigated between incident energies of 2200 and 2500 

keV at a reaction angle of 135°. The region featured a series of resonances, however only 
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the resonance near 2315 keV was found to be sufficiently strong and isolated to be usefiil 

for elemental fluorine depth profiling. For a thick sample, several surrounding resonances 

may contribute to the composite yield. In this case a computer simulation was employed 

to obtain quantitative fluorine information about the sample. Once numerical parameters 

of the program were fit to reproduce the yield obtained fi'om known targets, quantitative 

information regarding fluorine elemental content in unknown samples could be 

determined. 

Future plans include using the (^e,p) reaction on carbon and oxygen to study their 

utility in determining the areal density of these two common contaminants in thin films. 

The (^e,p) reaction will also be applied to fluorine to determine its usefiilness in materials 

analysis applications. SEM results on the CaF2 targets used in the '̂ (oc,p) reaction are 

being reviewed in an attempt to resolve the discrepancy between the measured spectrum 

with that obtained by computer simulation. The depth profiling capabilities of the '̂ (a,p) 

reaction will also be fiirther investigated. Samples with alternating fluorine layers are 

currently being fabricated to study resonance broadening as the beam energy straggling 

increases with depth. 
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APPENDIX A 

CROSS SECTION DATA 

A. 1 Cross section data for the B(^e,p)C reaction for incident beam energies 
between 2 and 4 MeV at an reaction angle of 90". 

^e beam energy dependence of absolute cross sections (mb/sr) for the B(^e,p)C 
reaction measured at 6 = 90°. The listed beam ener^ is the value at the center of the 
target, which was 45 keV thick for a beam energy of3000 keV (section 2.4.4). 

^eBeam "B 10B 

Ener^ O(po) o(po) <y(Pi) 
(keV) (mb/sr) (mb/sr) (mb/sr) 
1973 0.083 0.048 0.535 
2074 0.100 0.060 0.637 
2174 0.118 0.075 0.726 
2275 0.140 0.081 0.745 
2375 0.172 0.086 0.782 
2476 0.199 0.088 0.845 
2576 0.222 0.099 0.829 
2677 0.256 0.109 0.870 
2777 0.277 0.105 0.908 
2878 0.290 0.112 0.925 
2978 0.298 0.128 0.929 
3079 0.312 0.128 0.941 
3179 0.336 0.135 0.957 
3280 0.347 0.144 0.935 
3380 0.359 0.140 0.948 
3481 0.365 0.141 0.962 
3581 0.366 0.132 0.974 
3682 0.370 0.143 0.955 
3782 0.373 0.130 0.951 
3883 0.373 0.111 0.968 
3984 0.375 0.096 0.942 
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A.2 Cross section data for the B(^e,p)C reaction for incident ̂ e beam energies 
between 2 and 4 MeV at an reaction angle of 135°. 

^e beam energy dependence of absolute cross sections (mb/sr) for the B(^e,p)C 
reaction measured at 6 = 135°. The Usted beam energy is the value at the center of the 
target, which was 45 keV thick for a beam energy of3000 keV (section 2.4.4). 

^eBeam "B lOfi ^eBeam "B 10B 

Energy <y(po) O(po) o(Pi) Energy o(po) o(po) o(Pi) 
(keV) (mb/sr) (mb/sr) (mb/sr) (keV) (mb/sr) (mb/sr) (mb/sr) 
1973 0.054 0.404 0.033 3230 0.245 0.084 0.888 
2074 0.060 0.502 0.043 3280 0.238 0.088 0.875 
2174 0.072 0.550 0.046 3330 0.241 0.092 0.907 
2275 0.081 0.608 0.049 3380 0.245 0.092 . 0.882 
2375 0.092 0.648 0.050 3431 0.235 0.099 0.892 
2476 0.113 0.681 0.054 3481 0.237 0.094 0.877 
2576 0.132 0.723 0.054 3531 0.236 0.101 0.906 
2677 0.157 0.756 0.061 3581 0.233 0.105 0.890 
2777 0.175 0.782 0.057 3632 0.238 0.102 0.869 
2878 0.199 0.787 0.058 3682 0.233 0.117 0.861 
2928 0.208 0.844 0.062 3732 0.237 0.113 0.870 
2978 0.210 0.824 0.065 3782 0.243 0.115 0.848 
2978 0.212 0.842 0.060 3833 0.240 0.101 0.860 
3029 0.224 0.850 0.062 3883 0.243 0.108 0.855 
3079 0.222 0.846 0.070 3933 0.245 0.106 0.830 
3129 0.233 0.864 0.081 3984 0.254 0.108 0.825 
3179 0.233 0.880 0.074 - - - -
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A.3 Cross section data for the ^^('He.p)^®© reaction for inddent 'He beam energies 
between 2 and 4 MeV at an reaction angle of 90°. 

^e beam energy dependence of absolute cross sections (mb/sr) for the '̂ ('He.p)'®© 
reaction measured at 0 = 90°. The listed beam energy is the value at the center of the 
target, which was 40 keV thick for a beam energy of3000 keV (section 2.5.4). 

^eBeam 
Energy o(po) oipi-z) 0(P3^) 
(keV) (mb/sr) (mb/sr) (mb/sr) 
1976 0.007 0.048 0.059 
2077 0.009 0.052 0.086 
2177 0.013 0.069 0.105 
2277 0.020 0.088 0.125 
2378 0.027 0.103 0.154 
2478 0.033 0.113 0.185 
2579 0.049 0.151 0.211 
2679 0.050 0.179 0.263 
2779 0.061 0.215 0.317 
2880 0.072 0.241 0.369 
2980 0.072 0.259 0.437 
3030 0.073 0.270 0.459 
3080 0.076 0.287 0.515 
3131 0.082 0.306 0.526 
3181 0.082 0.334 0.595 
3231 0.085 0.350 0.591 
3281 0.089 0.358 0.634 
3330 0.090 0.396 0.670 
3382 0.089 0.425 0.692 
3432 0.083 0.433 0.703 
3482 0.094 0.462 0.737 
3532 0.095 0.484 0.752 
3582 0.101 0.511 0.773 
3632 0.119 0.517 0.790 
3683 0.129 0.527 0.803 
3733 0.154 0.542 0.815 
3783 0.175 0.562 0.808 
3833 0.184 0.573 0.830 
3883 0.200 0.587 0.831 
3933 0.214 0.572 0.821 
3983 0.215 0.588 0.851 
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A.4 Cross section data for the '̂ (^e,p)'̂ 0 reaction for incident ̂ e beam energies 
between 2 and 4 MeV at an reaction angle of 135°. 

^e beam energy dependence of absolute cross sections (mb/sr) for the 'V(^e,p)**0 
reaction measured at 9 ~ 135". The listed beam energy is the value at the center of the 
target, which was 40 keV thick for a beam energy of3000 keV (section 2.5.4). 

^eBeam ^eBeam 
Energy o(po) 0(pu2) 0(P3-») Energy O(po) 0(pl-2) 0(P3 )̂ 
(keV) (mb/sr) (mb/sr) (mb/sr) (keV) (mb/sr) (mb/sr) (mb/sr) 
1976 0.005 0.042 0.054 3289 0.060 0.309 0.475 
2077 0.008 0.050 0.065 3339 0.064 0.332 0.493 
2177 0.012 0.052 0.081 3390 0.060 0.354 0.529 
2277 0.019 0.065 0.097 3440 0.058 0.387 0.551 
2334 0.017 0.076 0.105 3490 0.061 0.402 0.570 
2378 0.023 0.081 0.108 3541 0.066 0.461 0.610 
2434 0.024 0.089 0.119 3541 0.071 0.448 0.602 
2478 0.028 0.096 0.130 3591 0.081 0.482 0.639 
2535 0.034 0.104 0.151 3591 0.070 0.508 0.644 
2635 0.037 0.129 0.166 3641 0.079 0.546 0.674 
2736 0.048 0.146 0.219 3641 0.083 0.544 0.684 
2837 0.050 0.178 0.267 3692 0.087 0.628 0.699 
2937 0.049 0.194 0.340 3742 0.104 0.668 0.734 
2987 0.049 0.199 0.330 3792 0.120 0.709 0.763 
3038 0.052 0.224 0.415 3843 0.133 0.729 0.777 
3088 0.056 0.230 0.432 3893 0.146 0.700 0.802 
3138 0.062 0.246 0.439 3943 0.152 0.693 0.776 
3189 0.064 0.259 0.440 3993 0.171 0.682 0.780 
3239 0.064 0.279 0.473 - - -
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A.5 Cross section data for the "CC'He.p)'̂  reaction for inddent ̂ e beam energies 
between 2 and 4 MeV at an reaction angle of 90°. 

beam energy dependence of absolute cross sections (mb/sr) for the ^C(^e,p)^^ 
reaction measured at 6 = 90°. The listed beam energy is the value at the center of the 
target, which was 12 keV thick for a beam energy of3000 keV (section 2.6.4). 

^eBeam 
Energy 
(keV) 

CT(po) 
(mb/sr) 

C 
0(P2) 

(mb/sr) 

^eBeam 
Energy 
(keV) 

' ll 

If
 

1993 0.450 0.283 3044 3.287 1.624 
2043 0.569 0.332 3094 2.681 1.386 
2093 0.817 0.410 3144 2.821 1.458 
2143 0.693 0.446 3195 3.040 1.562 
2193 0.753 0.553 3245 3.256 1.876 
2243 0.863 0.755 3295 3.550 1.976 
2293 1.113 0.966 3345 3.740 2.221 
2343 1.464 1.229 3395 4.022 2.537 
2394 1.940 1.296 3445 4.200 2.770 
2444 2.204 1.389 3495 4.478 2.838 
2494 2.342 1.262 3545 4.486 2.964 
2544 2.326 1.249 3595 4.299 3.116 
2594 2.242 1.162 3645 3.810 3.198 
2644 2.202 1.192 3695 3.082 3.352 
2694 2.241 1.217 3745 2.418 3.383 
2744 2.787 1.262 3795 1.980 3.490 
2794 3.722 1.361 3845 1.703 3.552 
2844 4.696 1.623 3895 1.527 3.544 
2894 5.290 1.771 3945 1.396 3.533 
2944 5.547 1.931 3996 1.317 3.532 
2994 4.833 1.880 - - -



157 

A.6 Cross section data for the '̂ C(^He,p)^  ̂reaction for incident ̂ e beam energies 
between 2 and 4 MeV at an reaction angle of 135°. 

^e beam energy dependence of absolute cross sections (mb/sr) for the '̂ C(^e,p)^^ 
reaction measured at 8 - 135°. The listed beam energy is the value at the center of the 
target, which was 12 keV thick for a beam energy of3000 keV (section 2.6.4). 

^eBeam 
Ener^ 
(keV) 

12 

O(po) 
(mb/sr) 

C 
0(P2) 

(mb/sr) 

^eBeam 
Ener^ 
(keV) 

o(po) 
(mb/sr) 

C 
0(P2) 

(mb/sr) 
1993 0.222 0.489 3044 3.005 2.578 
2043 0.291 0.661 3094 2.319 2.383 
2093 0.454 0.832 3144 2.186 2.293 
2143 0.431 1.086 3195 2.228 2.173 
2193 0.442 1.279 3245 2.317 2.304 
2243 0.533 1.736 3295 2.360 2.262 
2293 0.669 2.166 3345 2.528 2.420 
2343 0.927 2.725 3395 2.847 2.482 
2394 1.351 2.788 3445 3.308 2.539 
2444 1.766 2.614 3495 3.585 2.540 
2494 2.055 2.062 3545 3.847 2.430 
2544 2.456 1.877 3595 4.022 2.322 
2594 2.743 1.477 3645 3.941 2.392 
2644 3.264 1.358 3695 3.354 2.443 
2694 3.591 1.166 3745 2.712 2.842 
2744 4.102 1.212 3795 2.212 3.056 
2794 4.192 1.340 3845 1.995 3.494 
2844 4.643 1.621 3895 1.606 3.917 
2894 4.772 1.765 3945 1.407 4.485 
2944 5.492 1.980 3996 1.255 5.017 
2994 5.552 2.302 - - -
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A.7 Cross section data for the ̂ ®0(^e,p)"F reaction for incident 'He beam energies 
between 2 and 4 MeV at an reaction angle of 90°. 

^e beam energy dependence of absolute cross sections (mb/sr) for the '®0(^e,p)^*F 
reaction measured at 0 = 90°. The listed beam energy is the value at the center of the 
target, which was 32 keV thick for a beam energy of3000 keV (section 2.7.4). 

^eBeam 
Ener^ 
(keV) 

1^ 

a(po) 
(mb/sr) 

0 
O(PM) 
(mb/sr) 

^eBeam 
Energy 
(keV) 

o(po) 
(mb/sr) 

0 
O(pm) 
(mb/sr) 

1981 0.140 0.090 3084 0.479 2.609 
2032 0.164 0.131 3135 0.470 2.950 
2082 0.218 0.179 3185 0.560 3.074 
2132 0.311 0.265 3235 0.758 3.228 

2182 0.414 0.416 3285 1.177 3.307 
2232 0.644 0.553 3335 1.429 2.643 
2282 0.915 0.799 3385 1.330 2.025 
2332 1.289 1.002 3435 1.266 2.005 
2383 1.382 1.055 3486 1.305 2.461 
2433 1.175 0.591 3486 1.305 2-461 
2483 0.918 0.424 3536 1.540 3.298 
2533 0.714 0.346 3586 2-324 5.153 
2583 0.576 0.364 3636 2.209 4.840 
2633 0.450 0.440 3686 2.234 4.051 
2683 0.431 0.548 3736 2-458 3.946 
2733 0.555 0.919 3786 3.142 3-636 
2784 0.751 1.285 3837 3-546 4.087 
2834 0.773 1.581 3887 3.112 3-294 
2934 0.849 2.176 3937 2-285 2-667 
2984 0.964 2.414 3987 1-881 2-518 
3034 0.759 2.540 - - -
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A.8 Cross section data for the '®0(^e,p)'*F reaction for incident ̂ e beam energies 
between 2 and 4 MeV at an reaction angle of 135°. 

^e beam energy dependence of absolute cross sections (mb/sr) for the 
reaction measured at 6 = 135°. The listed beam ener^ is the value at the center of the 
target, which was 32 keV thick for a beam energy of3000 keV (section 2.7.4). 

^eBeam 
Energy 
(keV) 

16 

CJ(po) 
(mb/sr) 

0 
o(pi-«) 
(mb/sr) 

^eBeam 
Energy 
(keV) 

u 

O(po) 
(mb/sr) 

0 
O(pm) 
(mb/sr) 

1981 0.134 0.100 3034 1.360 2.657 
2032 0.188 0.146 3084 1.125 2.954 
2082 0.309 0.243 3135 1.186 2.967 
2132 0.373 0.332 3185 1.417 3.037 
2182 0.606 0.527 3235 1.638 3.336 
2232 0.777 0.653 3285 1.885 3.919 
2282 1.073 0.884 3335 1.519 2.895 
2332 1.199 0.904 3385 1.394 1.712 
2383 1.667 1.184 3435 1.504 1.642 
2433 1.266 0.683 3486 1.831 2.450 
2483 0.998 0.501 3536 2.613 3.644 
2533 0.830 0.564 3586 3.538 5.184 
2583 0.937 0.763 3636 3.858 4.242 
2633 1.007 0.947 3686 4.194 3.399 
2683 1.304 1.312 3736 4.347 3.530 
2733 1.461 1.620 3786 4.455 3.164 
2784 1.194 2.518 3837 4.824 3.354 
2834 0.847 2.420 3887 4.857 2.654 
2884 1.308 3.303 3937 4.742 2.278 
2934 1.364 3.619 3987 4.609 2.119 
2984 1.618 3.206 - - -
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A.9 Cross section data for the ''F(a,p)^e reaction for incident ̂ e beam energies 
between 2.2 and 2.5 MeV at an reaction angle of 135°. 

^e beam energy dependence of absolute cross sections (mb/sr) for the ^(ot,p)^e 
reaction measured at 6 = 135°. The listed beam energy is the value at the center of the 
target, which was 8 keV thick for a beam energy of2400 keV (section 3.5). 

^eBeam ^eBeam 
Energy o(po) Ener  ̂ CT(po) o(pi) 
(keV) (mb/sr) (mb/sr) (keV) (mb/sr) (mb/sr) 
2196 0.157 0.286 2311 0.465 0.058 
2201 0.095 0.113 2316 0.651 0.055 
2206 0.047 0.096 2321 0.286 0.024 
2211 0.036 0.128 2326 0.052 0.026 
2216 0.034 0.157 2331 0.019 0.017 
2221 0.034 0.115 2336 0.009 0.023 
2226 0.048 0.052 2341 0.010 0.031 
2231 0.069 0.072 2346 0.010 0.068 
2236 0.082 0.057 2351 0.038 0.216 
2241 0.089 0.025 2356 0.047 0.573 
2246 0.090 0.016 2361 0.025 0.498 
2251 0.071 0.010 2366 0.015 0.228 
2256 0.045 0.006 2371 0.023 0.125 
2261 0.034 0.008 2376 0.008 0.070 
2266 0.013 0.010 2381 0.006 0.039 
2271 0.009 0.020 2386 0.007 0.023 
2276 0.026 0.113 2391 0.009 0.017 
2281 0.037 0.164 2396 0.028 0.107 
2286 0.026 0.053 2401 0.037 0.146 
2291 0.020 0.016 2406 0.017 0.101 
2296 0.020 0.016 2411 0.008 0.104 
2301 0.025 0.025 2416 0.008 0.185 
2306 0.063 0.053 2421 0.007 0.150 
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