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ABSTRACT 

A Rutherford backscattering spectr0ITi2try facility has been 

designed anc1 built at the University of j\rizona. Initial calibration 

and testing has been carried out in order to accurately characterize 

the system and make it ready to perform reliable analyses. Also, an 

explanation of basic PBS principles has been presented to Emable 

persons unacquainted with the technique to detennine its applicaLility 

for various types of analytical problems. 

A method for deterrnining the concentration profile of Ag in 

an Si02 matrix is carefully expla.ined. Calculations derived from 

basic principles are demonstrated for this analysis and can be applied 

in a number of similar circumstances. Several other exarrples of 

analyses, particularly nondestructive ones, are also demonstrated. 

1ne advantages of utilizing various operatL~g parameters are explained 

and illustrated. Some examples of unusual samples are sho,..'l1 to be 

feas ible for analysis by this technique. 

RES is shown to be a very useful analytical tool for a ",;ide 

variety of samples. It has the capability of perfonning cruantitative 

depth profiles without standards. The vast potential for its use by 

analytical chemists is demonstrated, and future improvements for ti1is 

particular facility are discussed. 

xi 



CHAPTER 1 

INTRODUCTION 

The use of ion beams in analysis techniques has experienced rapid 

growth in the past several years (1,2,3). The ability to generate On 

demand high energy particles (lKeV to several MeV) with \-Jell-defined 

energies has existed for nany years, but due to the relatively long 

times required for data acquisition, the use of the particle accelerators 

was li~mited essentially to scientists in the area of atomic physics. 

I>luch of the recent growth has been due to the developrrent of solid-state 

energy dispersive detectors. Therefore, although it has been known for 

many years that high energy ion beams can be used in many different ways 

to aid in the characterization of an unknown sample, analysts were 

generally unwilling to spend the high cost in both time and money that 

was necessary to perform analyses by these rrethcds. As one of the re

suI ts of the explosion of knowledge that has occurred in the semiconduc

tor industry, single crystal silicon was found to have properties which 

cause it to be an excellent base n~terial in the fabrication of detectors 

for both high energy photons as ~ll as charged particles. The ability 

of the silicon surface barrier detector tc detect light particles (such 

as helium nuclei) and resolve their energies to within 15 kiloelectron

volts has made Rutherford backscattering spectrometry (RBSj a practical 

tool. This situation for RES is exactly analogous to what the lithiurn 

drifted silicon detector has done for the greatly expanded capability of 

x-ray fluorescence analysis. 

1 



2 

Basic Principles of Rutllerford Backscattering Spectrometry 

In the Rutherford backscattering experin-ent a high energy particle, 

such as an He + ion at 2MeV, is impinged upon a sample. AE one of the 

incident He + ions approaches a target nucleus, it can rebowld backvJard 

from this target and be scattered toward a detector. Figure 1.1 ShOV1S 

a general concept of the experbnent. Having undergone an essentially 

elastic collision, the scattered particle will have yielded some of its 

initial energy to the scattering nuclei resulting in a net energy loss 

for the incident particle. This energy loss is described by classical 

physics wherein any moving object will impart a certain amount of its 

energy to another object with which it collides, the amount depending 

on the velocity, direction and masses of the b~o colliding particles (4). 

Hith this knowledge it is possible to qualitatively identify the target 

nuclei in a sample. Quantitative information can also be obtained with 

the RBS technique. Stoichiorretric ratios as well as total arrounts of 

material can often be detennined fran the signal intensities obtained 

during an analysis. Once a system has been initially characterized, 

the necessity for the use of calibration standards is minimal since the 

information gained is of a fundarrental nature. The major strength of 

analysis by RBS spectraretry lies in its ability to obtain depth pro

files. Since higil energy particles of low atomic ~ight may penetrate 

a micron or more into a sample, the signal obtained at the detector can 

be caused by atoms from any point in the sample up to the escape depth 

of the scattered particles. '1'he ability to rletennine from what depth 

a particle is scattered stems from the fact that energy is given up as 

the incident particle passes through the sample, both going in and 
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Figure 1.1. Basic Rutherford uackscattering experimental set-up. 
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caning out. A diagram illustrating the idea of depth profiling is shovm 

in Figure 1.2. Thus, J.f it is known \·,hat element causes the scattering, 

its depth can be detennined by noting tlle energy difference of a particle 

scattered at a particular depth as opposed to a particle scattered from 

the outer surface. 

As a general analytical tool, HBS is still in a rapidly growing 

stage as new experirrental deve lopnents are made and the nurrber of 

applications is expanded. The major strengths of RBS that enhance its 

outlook for the future are the capability to depth profile, often with 

negligible damage to tlle sample, and the inherent quantitative nature 

of the infonnation obta:med. Other advantages include the enhanced 

sensitivity for heavier elenents, which is useful if heavy impurities 

in a light matrix are of interest, and the fact that generally a minimal 
-6 

vacuum (-10 torr) is needed. Some of tlle major limitations which cause 

RBS to function best as a complementary technique are: a) ge.nerally 

poor sensitivity; b) necessity of lateral uniformity; c) poor resolu-

tion for elements of high mass; and d) inability to obtain chemical 

infonnatior.. Although RBS can be sensitive to less than a monolayer of 

a heavy element, th.is sensitivity is rapidly lost if a small amount of 

material is evenly spread throughout a wide depth range. Lateral 

unifonnity is important since the typical HBS beam is of the order of a 

square millirreter. Since the widt..~ of the beam is much greater than 

the depth that is analyzed, the sample composition must be laterally 

unifonn throughout its depth if the results are to be rreaningfu1. As 

higher mass elements are illlalyzed, the difference bl tlle scattered 
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Figure 1. 2 • Concept of depth prof i ling with RES 
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particle energy becanes less. Even at high incident beam energies it 

is virtually impossible to distinguish between adjacent elements heavier 

than the fj.rst row trallsition metals. Finally, since nuclear scattering 

is the major interaction involved i!1 RBS, no infoHldtion abo;'lt bonding 

or oxidation state is provided. 

Throughout this dissertation, the tem Rutherford backscattering 

spectrometry, or RES, will be used as opposed to other tenns found in 

the literature. Many of these, such as backscattering spectrane try , 

nuclear scatterll1g, or ion scattering are more general in nature and 

describe a variety of closely related but slightly different ideas. 

Other tenns, such as ion channeling and nuclear resonance, describe 

techniques which can be used in conjunction with one another, but yield 

different types of information. The experirrental work in this disser

tation deals almost exclusively with backscattering spectrometry that 

is strictly Rutherfordian (or assuned to be so) in its nature, and for 

this reason the somewhat specialized tem of Rutherford backscattering 

spectrometry will be used except when specifically identifying other 

techniques. 

This dissertation is organized into six chapters. The tirst 

chapter covers the beginnings of RES and how it eVOlved into its present 

status as an analytical tool. The general theory and basic exper.im2ntal 

set-up are described in chapter two, as well as rrethods for interpreta

tion of the data obtained in sane typical instances. Chapter three 

deals specifically with the PBS analysis system that is currently in 

use at the University of Arizona. The production of the incident beam, 

sample charn.b.~r, and signal processing equiprrent will be described. Also 



the inltial set-up, testing, and calibration will be presented. 

Chapter four deals with one of the major analysis problems that has 

7 

been carried out, the analysis of a silicon dioxide matrix that has been 

embedded with particles of elemental silver. Chapter five COvers a 

variety of analysis topics that have been attempted with varying degrees 

of success. In this chapter, SOIIB of the potential for use of the RES 

facility is described. Chapter six is a summary which reviews certain 

aspects of the recently assenillied RES system at the University of 

Arizona and discusses possible future directions. 

Historical Development of Rutherford Backscatterin9 Spectromet!Y 

The first observations of the phenanenon knOtJll as Hutherford 

backscattering were reported by R. Rutherford (5,6) and his associates 

H. Geiger and E. Marsden (7). Rutherford had devised an elegant ex

perirrent with WhlCh to determine the fundamental nature of the atcrn by 

banbarding a thin gold foil with alpha particles fran a radium source. 

Geiger and Marsden exper:i.rrented with an apparatus described by 

them (8), and shOtJIl in Figure 1.3, to test Rutherford's ideas. When 

Geiger told Rutherford that not only were some of the alph particles 

undergoing deflections much greater than the expected 10 or 20 , but 

that some '>'Jere actually being scattered backwards (> 900
), Rutherford 

stated that "It was quite the most incredible event that has ever 

happened to rre in my life. It was almost as incredible as if you fired 

a IS-inch shell at a piece of paper and it came back and hit you." (9) 

After much more careful experimentation, Rutherford was able to present 

much of the basic theory that describes not only the nuclear model for 



p 

/i«{,,«<{,A 

" ,L . 

Figure 1.3. Drawing of the apparatus used by Geiger and Marsden in 1911-1913. "The 
apparatus •.• consisted of a strong cylindrical metal box B, which 
contained the source of alpha partlcles R, the scattering foil F, 
and a !l1icroscope M to which the zinc-sulphide screen S was rigidly 
attached. The box was fastened down to a graduated circular platform A, 
which could be rotated by means of a conical airtight joint C. By 
rotating the platform the box and microscope moved with it, whilst the 
scattering foil and radiation source remained in position, being 
attached to the tube T, which was fastened to the stand L. The box 13 
was closed by the ground-glass plate P, and could be exhausted through 
the tube T." From Ref. 8. 

OJ 
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atomic structure of the elenents, but also the formulas needed to make 

practical application of RES in analytical chemistry (10, ll). In order 

to have a practical neans for using RES in analyses, Rutherford himse If 

noted that it would be necessary to sOflehow produce a much higher flux 

of bombarding particles than could be obtained from naturally occurring 

radilllo, which was all he had availablp.. 

The developnent of particle accelerators, beginning in ~1e late 

1920's and early 1930's, brought about the means of creating, whenever 

needed, a stable high energy, hj.gh flux beam of particles. In particu

lar, the electrostatic accelerator developed by R.J. Van de Graaff (12) 

has found widespread application by researchers involved with Rutherford 

backscattering spectrometry. The final development that aided in the 

growth of RES as an analytical tool was that of an energy dispersive 

particle detector with relatively good resolution. The silicon surface 

barrier detector has now been in use for several years and al~10ugh its 

resolution is not as good as an electrostatic analyzer, the time required 

for an anlysis is much less with adequate resolving abilities. 

The earliest RES analyses reported in the literature in which 

a particle accelerator rather than a radioactive source was used 

depended on a magnetic spectrograph (13) to resolve and detect the 

scattered particles. Analyses by this method were tedious, and it was 

not until more than a decade later that a review of RES with respect to 

chemical analysis was published (14). Interestingly, it was a non-typical 

arplication of RBS that became the first widely known example of a 

practical analysis. In 1%6 an instruJTent for analysis of ~ surface 
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of the moon was described in which a radioactive source, On, was 

used to produce alpha particles for RBS (15,16j. This was one of the 

first practical applications III which an energy dispersive semiconduc-

tor detector WqS used in conjunction with a multichannel analyzer. 

From these beginnings, RES analysis has grcwn rapidly in the past 

several years, particularly with a large impetus from the semiconduc-

tor industry. 

The basic RES analysis system has evolved along with the 

previously mentioned technological developments and a typical set-up is 

shown in Figure 1.4. As researchers have used RBS, other related rrethods 

of analysis have developed. RES is still a developing field and more 

applications are continually being reported. Although research grade 

RES instrurrents are still not widely available for commercial use (with 

a few exceptions), the technique is becaning more popular as researchers 

becare familiar with its strengths as an analytical tool. It is 

expected that in the future there will be continued grONth and further 

refmement of this rrethcxi for analysis. 
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CHAP'l'ER 2 

THEDRY 

Much of the theory for RES analysis was developed by E. 

Rutherford himself ill the early 1900's. Since then, a variety of 

corrections for son€ of his original equations have been proposed in 

order to account for anomalies that have been observed (17,18,19). 

Al though these corrections have proven to be useful for scree cases, much 

of the RES work currently being done still assurres essentially the same 

conditions that were assurred by Rutherford. 'fhe follcwing discussion 

will be based on the most basic theory for PBS and the reader is re

ferred to the above references as well as Ziegler and Eaglin (20) for 

further refine.ments. 

Assumptions 

Rutherford backscattering spectrometry at its simplest level 

is based on the prinCiples of a two-body collision as described by 

Newtonian mechanics. Certain, assumptions are made which simplify the 

application of RES and these are listed belcwi exceptions are pointed out 

in later sections of this paper wherever they are pertinent. 

1. When a projectile or incident atom collides with a target 

atom, energy and morrentum are conserved. The collision is treated as 

purely elastic and classical mechill1ics is assumed to describe the event 

accurately. 

2. The target atoms are independent of one another and when an 

incident ion interacts with a target atom, no other atans are affected. 

12 
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'3. As an incident atom passes t.h.l:-ough a sample, it loses energy 

in a gradual and well rehaved marmer. Abrupt changes in energy or 

direction occur only during a collision event. 

The three fundarrental types of information that san be gained 

from an RBS experim2nt are qualitative information, stoichiaretry or 

concentration (quantitative information), and information concerning 

the depth profiles of various constituents in the sample. Theoretical 

considerations will be detailed in accordance with the type of infor

mation that can be gained. 

Quali tative Inforrnation 

Whenever there is a collision between a moving particle and a 

larger, stationary one, some energy will be transferred to the stationary 

particle. Figure 2.1 illustrates this process and defines the various 

quantities involved. The target atom usually dissipates this energy 

as recoil energy and there is often no discernible difference in the 

target sample structure before and after a scattering event occurs. 

Exceptions can occur when the recoil energy is large enough to overcorre 

the energy that h)ltis the target atom at a certain structural location, 

thus causing displacerrent or even sputtering of the atan fran the 

sarrple. The energy that is lost by the scattered particle is directly 

related to the mass of the target nucleus, and thus it is possible to 

distinguish between target atans in the sample that have different 

masses by measuring the energy of the scattered particles. This effect 

is shOwn in Figure ~.2 (21), where the relative lengths of the arrows 

are a measure of the amount of kinetic energy distributed between the 
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Figure 2.1. Representation of an elastic collision. The projectile atom of mass Ml 
has an initial velocity Vo and energy Eo. The tarqet atom of mass M2 
is originally at rest. After colliding, [.11 has velocity VI and energy 
E1 while £-12 has velocity V2 and energy E2. The anqles B and e are 
positive values and represent the recoil and scatterinq angles 
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Figure 2.2. Diagram ill11strating the correlation between final 
backscattered ion energy and the mass of the target 
nucleus it hit. In the upper drawing the incident 
ion retains most of its original energy after 
striking a heavy nucleus. In the lower drawing 
the target nucleus absorbs much of the incident 
energy, thus causing the scattered ion to strike 
the detector with a much lONer energy. 
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"bvo colliding nuclei. The fraction of energy retained by the incident 

particle is given by the ration El/EO, which quantity is denoted by the 

term K, and is called the kinematic factor. Fran the laws for conser-

vation of energy and mcnentlrrn, the follCMing equation can be derived 

which relates the kinematic factor to the masses of the colliding 

particles as well as the scattering angle: 

( 2.1) 

The kinematic factor used in data interpretation is for the target atan 

and this is denoted by the subscript m2. Values of K have been tabulated 

for some incident particles at various scattering angles (22,23). In 

an PJ3S analysis, EO and El and also MI , are knCMn. Also, it is 

important to have an accurate knowledge of e, so that M2 can be deter-

rrined from the results of the experiment. Thus, RES can yield qualita-

tive infor~mation abOut ti1e mass ot a target atom, not necessarily its 

identity, although in actual practice a certain mass is often associated 

with a particular element. The resolution with which target masses can 

be detennined depends on the incident energy (EO)' the incident mass 

(HI)' the scattering angle (8), and the overall system energy resolution, 

usually limited to about 15 KeV when using a silicon surface barrier 

detector. Since the overall system resolution is usually fixed, the 

operating parameters which can be adjusted to enhance mass resolution 

are: 

1. Incident particle energy - increasing ti1is energy increases 

the mass resolution in a linear fashion. 
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2. Scattering angle - The mass resoJ .. utian increases rapidly 

as ~le scattering angle approaches 1800 . 

3. Incident particle mass - Al~10Ugh using higher mass 

projectiles can cause problems such as, ITtore rapid detector degradation, 

non-Rutherfordian scattering, and inability ~:o detect light elenents, 

increased mass resolution for higher mass ta~~gets can be obtained. The 

following graphs (see Figures 2.3,2.4 and 2.~) ar,e presented to 

indicate how each of the adjustable paramete~~s influences mass resolu-

tion, remembering that the larger the differ~nce lin K values between 

two masses (or elements), llie better llie resqlution becomes. 

Quantitative Infonna~:ion I 

When a He+ ion inpinges on a solid m9terial, the chance of it 

encoutering a target nucleus and being scat~redis very s!.nall (-1 in 104). 

The chance that upon being scattered it will do :;:;0 in a direction so as 

to strike the detector is also small, thus c~:rnpotmding the problem. RES 

analysis does not generally afford a great d~~al of sensitivity, but it 

does have the ability to give quantitative d~ta. , The key factor in 

this ability is a quantity known as the Ruth~rfoud scattering cross-

section, denoted by the term o. In order to evaluate and use this 

quantity, it is necessary to detine the expe.rimerllt. The diagram in 

Figure 2.6 is used to show wnat happens. An incident particle is 

scattered fran a target atom and strikes a d~:'!tector whOse area A and 

·A 
distance r trom the target define a solid an<Ffle )12, where n = ~ Since 

the number of parti~-:les that strike the detel;::tor I depends on the soUd 

th d . ff 1 te' ti do. th t 1 angle, e l erentla scat rlng cross sec· on;, elIl lS e ac ua 
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Figure 2.4. Variation of kinematic factor with scattering angle. 
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Figure 2.5. Variation of kinematic factor with mass of target atom 
for several incident particles. 
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quantity that relates directly to a quantitation of the target atoms. 

'When sca-ttering is Rutherfordian, the di fferential scattering cross 

section is given by (24): 

(2.2) 

Zl' Hl = atanic number and mass of incident particle 

Z2, Z2 = atanic number and mass of target atom 

E = energy ot the incident particle immediately prior to scattering 

e = scattering angle 

Values of these cross sections have been tabulated (22,23) • 'When 

using these values it must be noted that certain limitations apply due 

to the assumed Rutherfordian nature of the scattering. If the incident 

particle energy is low, deviations can occur due to the possible scYeen-

ing effects from the electron shells surrounding the nuclei (17,19), 

and other electron-incident ion interactions which are generally 

assumed to be negligible. For incident particles of very high energies, 

nuclear reactions can be induced which can cause very large deviations 

from the expected scattering cross sections. The operating parameters 

which affect the sensitivity of a given analysis can be noted fran 

equation 2.2. Of particular note is the fact that the sensitivity at 

any operating conditions goes up approximately as the square of the 

atanic number for the analyte atom (see graph in Figure 2.7). Thus, 

heavier elements will always be much more sensitive to RBS analysis than 

will light ones, tmless nuclear reactions are utilized. Also, if the 
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incident particle has a higher atomic number, there is a corresponding 

increase in the sensitivity with which target atans are detected, 

although the same cautions mentloned in the previous section must be 

observed for these heavier projectile atoms. The two parameters most 

often adjusted to enhance sensitivity are the incident beam energy and 

the scattering angle to the detector. The scattering cross section, as 

seen in equation 2.2, is inverse ly re lated to the square of the incident 

particle energy. This causes a dramatic increase in sensitivity as the 

incident ion beam energy is lo..;ered, particularly belo..; about 2 MeV. The 

graph in Flgure 2.8 shows this relation for a few representative 

elements. The scattering cross section also increases as the angle of 

scattering decreases. 'l'he effect becanes very large as the scattering 

angle goes belo..; about 1200
• Figure 2.9 is a graphic view of the eftect 

described above for sane elements. As can be seen, it appears to be 

. quite advantageous to run an experinent at 10..; energies and 10.." scat

tering angles. Also, it can be seen from the graphs that the largest 

gains in the scattering cross sections are made belo..; 2 !>1eV and 1200
, 

which is in the region of relatively poor mass resolution as described 

earlier. As is often the case, conditions for optimizing resolution illld 

sensitivity are in opposition to one another. Thus, it is important to 

kno..; enough about a given sample to be able to choose which is more 

important, better mass resolution or higher sensitivity. 

Depth Profile Information 

Depth profiling is possible in RBS analysis due to the fact that 

as a projectile passes tilrough a san~le, it gradually loses energy 
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through interaction with the electron shells of target nuclei as well 

as through small-angle collisions with the nuclei themselves. As long 

as we can assurre that these energy losses are gradual and constant over 

short ranges, the concept of a stopping cross section can be used to 

pemit energy loss per distance traveled within the sample to be cal

culated. With this intonnation, depth within the sample tor a particu

lar target atan can be detennined. The stopping cross section is 

defined as the amount of energy lost, by the incident particle, 6E, per 

distance traveled \vithin the sample, X. The quantity dE/dx is a 

function of the energy of the particle, the general relation for Itlhich 

is shown in Figure 2.10 (22). If we take into account the atonic den

sity of the target material, a proportionality factor € can be defined 

by the relation € :: (liN) (dE/dx), the unit for € being electron 

volts· ce11tiroeters squared/atan or eV . cm2 (22,25). The accuracy 

with which tl1e stopping power or stopping cross section (€) is kl1olt.7n 

is crucial for carrying out precise depth measurements. 'l'he stopping of 

ions in a sample is a sanewhat complex matter, being dependent on the 

structure and density of the target, as well as contributions fran 

Electronic stopping and both large and small angle collisions with nuclei. 

A number of different types of theoretical and semiempirical calc~lations 

have been reported in order to obtain accurate values for stopping cross 

sections (26-29). Figure 2.11 shavs a representative example of how 

the stopping cross sections for two elenents vary with energy. Tabulated 

values (26,27) are generally considered to be accurate within about 39", 

thus making possible reasonably gocx1 calculations, assuming that the 
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actual experimental data are accurate. In order to detennine depth X 

for a given target atom, the equation /::.E = [€: 1 Nx is used, where t:J', is 

an energy difference Ili2asured from experimental data, [El is a stopping 

cross section factor and N is the atomic density. If the target atom 

is deep enough in the sample so that the incident particle has lost a 

significant amow1t of energy before it is scattered, then successive 

calculations have to be perfomed to correct the stopping cross section 

as the projectile gets deeper and deeper into the sawple. These cor

rections would also have to be carried out for the scattered particle 

on its way out of the sample. 

Another factor should also be taken into account when doing depth 

profiles. A·result of the random interactions that contribute to tile 

stopping cross section is a phenCXl'€110n known as energy straggling. This 

process occurs due to the fact that when particle interactions are random, 

there is a statistical spread ill the final energies of the particles that 

are scattered from SCXle depth within the sample. Thus, even though there 

is a perfectly monoenergetic beam of incident particles, there will be 

an approximately gaussian distribution in the energies of particles 

scattered from exactly the same depth. 'l'he effect of energy straggling 

in a depth analysis is illustrated in Figure 2.12. As scattering depth 

becomes greater the energy distribution increases, making it more dif

ficult to obtain accurate profiles from deep within a sample. 

Calculations have been done in order to obtain an estinlate of the 

magnitude of energy spread tl1at is caused by energy straggling (20,22). 

A few experimental values have been published (30) which are generally 
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in agreerrent with the theoretical postulates. Results indicate that in 

general the standard deviation of the energy straggling, divided by the 

energy lost by the incident beam as it passes through the sample 

material, is of the order of about 4%. 

Analysis of Data 

In order to better understand how to use the data obtained b1 

an RES eXp2rirnent, the following examples of data interpretation are 

presented. Lllnits of error, non-idealities, and exr:;erirnental consider

ations which could aid in simplifying the interpretation will also be 

discussed at appropriate places. Because it would require a very 

lengthy volume to discuss every possible situation, some idealized 

spectra will be discussed first, and then only the tYres of samples 

that p2rtain to later examples in this dissertation will be discussed 

in detail, although generalizations applicable to many other samples 

will be pointed out. 

General Overview 

When analyzing an eXp2rirnentally obtained Sp2ctrum it is neces

sary to know what information can be gained and the amount of error 

that is involved. To illustrate some of these types of information, a 

silnplified diagram of a sp2ctrum is shown in Figure 2.13. In a straight

fonvard case such as this, where all components of the sample are ~ll 

resolved and have good definition, total characterization can normally 

be accomplished. The first thing that is necessary to determine is the 

qualitative or elemental analysis. This.is done by n:easuring the energy 
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at the half-height of L~e leading edge of a wide signal that indicates 

the presence of a thlck layer of SOMe substance such as B in the example. 

In the case where the layer of material is very thin, thus yielding a 

correspondingly narrow signal, the energy is measured at the position ot 

the peak maxiJnum. (For a canplete discussion on the true position of 

energy edges, see Appendix C in Chu, et.al. (22)). The measured energy 

can then be divided by Eo' the initial beam energy, arld the resultant 

factor is then compared with a table of known kinematic factors in 

order to determine what elements are present. Known kinematic factors 

are published in various books such as those mentioned in the "Qualita

tive Information" section of this chapter. When a region of the sample 

is covered by another layer of material, care must be taken to ensure 

that any energy lost in passing through the outer layer is taken into 

account before cOllparing kinematic factors for L1-)e known elements. The 

thickness of a layer of material can be found by two different methc:x'is. 

If a layer is~ thic~the energy difference between the front and back 

edges of the signal can be used to determine the actual sample thickness. 

The second method for thickness determination can be used for thick or 

tl1in layers and utilizes the area of the signal that is obtained from a 

spectrum. This second method is often preferable since the measurerrent 

of area usually has less relative error tl1an two rreasurerrents of slgnal 

edges. AlSO, the other factors that are required to calculate thick

nesses such as experimental parameters ~ and scattering, as opposed to 

stopping cross sections are often more accurate for the area method of 

tlUckness detennination. Specific examples ot each will be demonstrated 

later. Thus far the use of signal edge positions and areas has been 



35 

qualitatively described. The other major type of inforwBtion obtained 

from an experinental spectrum corres from the measurement ot the he1ght 

of a signal. Al though this rreasurement often has the least rnaount of 

precision and accuracy, it can still be very useful. The diagram in 

Figure 2.14 is used to show how signal heights can be used. When the 

signals from two or more elements overlap, it becomes difficult or 

impossible to determine the amount of that element by measurement ot the 

area. A knOtJledge of the relative stoichiometry can be obtained, 

however, by comparing the heights of the leading edges. As is derron

strated in the sample spectrum, the overlapping signals are additive, 

thus making the determination of the indiv:'dual heights quite simple as 

long as those edges are W211 resolved from one another. Canparison of 

height does not necessarily have tc be done at the leading edge, since 

height 1S proportional to the concentration of a given element at 

any point, on a signal except where the signal is limited by the 

resolution of the system. Thus, concentrations are determinable wherever 

a signal height can be measured with the desired accuracy and the 

stopping pa..;er effect is taken into account for rreasuring the concentra

tion of an elerrent at sane depth within the sample. 

Since FBS does have the capability to yield quantitative 

information with minimal use of standards, it is important to have an 

accurate knowledge of serre of the experinental pararreters. First, it 

is very important to knOtJ with a high degree of accuracy the energy of 

the incident beam particles. The total number of particles striking 

the sample, or total charge, is another essential piece of information. 
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Finally, it is important to knON the scattering angle to the detector, the 

solid angle of the detector, and the angle at which the incident beam 

strikes the sample. Each of these parameters, as well as the energy 

per charmel calibration of the multichannel analyzer, will be discussed 

in the following chapter on experimental considerations. 

Analysis of a Thin Fibn 

One of the simplest measurements that can be done using the RBS 

technique is the analysis of a thin film of a single element which has 

been deposited on a substrate material. For our example, a thin titan-

ium fibn is assumed to be unifonnly distributed on a substrate of pure 

silicon. In order to make this example more g2nerally applicable, two 

different film thicknesses will be discussed. Figure 2.15 illustrates 

the sample and operating parameters tor this analysis example and 

Fi.gure 2.16 is a diagram of hON a spectrum should theoretically apr,:ear. 

Since the Ti signal is well separated frorr. the substrate, it lS 

o 0 

easy to obtain -total integrated counts for both the SOA and 2000A films. 

The general formula to use in order to obtain film thicknesses fram 

total nwnber of counts is: 

A = :.:Sl_Q~N:..:.-_ 
Cos 61 

t 
f 
o 

a dx 
E 

A = total number of counts 

E = energy immediately before scattering 

(2.3) 

dx = thickness of target naterial that causes an energy loss that 
is equal to the energy width of one channel in the multicharmel 
analyzer. 

t = thickness of target naterial 
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In sumning up the counts for scattering at all depths within the thin 

film, it is the change in the scattering cross section that needs to be 
o 

accounted for. If the target is vel)' thin, as in the case of a 50A 

layer of Ti, the total energy lost by a particle as it travels through 

this entire layer is quite small. This implies that the scattering 

cross section will not be significantly changed and an equation which 

asswres a constant scattering cross section can be used: 

hlhere Eo is the incident particle energy. Jl'O is used to denote the 

approxir.Etions used. This equation is useful whenever a layer of s~nple 
o 

material is at the surface and is relatively thin (-1000 A or less, 

depending on the element). vfuen using this equation, it should be noted 

that A is experimentally determined while aEa' il, Q, and e, are known 

experirl'ental parameters. 'fhe quantity Nt is the n detennined directly 

from the RBS experiment and the actual thickness t can be found only 

if the atomic density N is known or can be evaluated. For the example 

o 
of the 50A Ti layer, the calculation is as follows: 

. -24 2 . 1 
aBo = 2.515 x 10 em ISr ( 2.00~) 

1 
The adjustment factor of 2.002 appears because the stopping cross 

section values are usually only tabulated for an energy of 1 MeV, but 

as can be seen from the equation for a, (eqn. 2.2), this value is 

directly proportional to ~, so that the adjustment factor is easily 
E 

taken into account. As was specified in Figure 2.15, n = 1.00 x 103 , 

EO = 2.00 r.1eV, and Q = 1O.00pC. The value for Q has to be converter} fran 
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total charge (which is usually the quantity obtained directly from an 

experiment) to total number of incident particles. This is easily done 

since it is assumed tilat all incident particles are slllg1y charged. 

Thus tile total number of incident particles is 10.00 x 10-6 

coulombs/l.602 x 10-19 coulombs/particle which is equal to 6.24 x 1013He+ 

particles. The value for COSel, is always t~ken to be positive since 

~t nR1St be a positive value so that COSel, where el equals 1800 , turns 

out to be One. Thus, the equation with values inserted is: 

__ .;;:.1;;;..1l;;;.;2~c:..;0:..::lm;=;1:..;ts;.:;:....x;;.:..-1~ ______ -",-__ = 2.83 x 1016 a tan/ em2 
Nt = 24 2 3 2.S1S x 10- em /Sr x (l.UO x 10- Sr) 

22 

Assuming that a very thin layer of Ti has the same density as that of 
16 2 

bulk Ti metal, the thickness is given by 2.83 x 1022atom/em3 -H 
= 50 x 10 cm, 

o 
which is equivalent to SUA. 

o 

S.66 x 10 atom/em 

For the case where there is 2000A of Ti, it is not necessarily 

safe to assurre that the change in 0" is negligible. As was previously 

noted, the scattering cross section goes up as energy goes down, 

resulting in more total counts than would be expected trom the surface 

energy approximation. Fran equation 2.3 a correction for 60"B can be 

1 done by taking into account the dependence on -- and assuming ti1at 
E2 

the stopping cross section (€) is constant for the average inc~ing 

parti.cle energy (Ein). The integral portion from equation 2.3 can be 

evaluated with the entire equation taking the following form: 

A = O"Po Q Q Nt/Cose l 

i'lt (cpo ) lEo 
·~J.n 

(2.5) 
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It can be seen that the mnnerator of this equation is equivalent to the 

thin surface layer approximation for A, and an expression which relates 

(Nt) 0' or the surface approximated thiclmess, to the actual Nt can be 

written as folla~s (ref. 22). 

(2.6) 

Since it is useful to first deternune (Nt) 0 so that Ein, and finally 

~E' can be evaluated, this relatio~ helps to calculate a quick correc-
'ill 

tion factor for obtaining Nt froTIt (Nt) o. Subsequent iterations of 

Ein and Nt can be done, but the tirst correction is abnost always 
a 

sufficient. Inserting values for the 20UOA Ti layer, the foll~ing set 

of calculations can be accomplished. 

46,280 counts 
(Nt) 0 = ----------~-4~~~~~~~~-------------1~3~-------

2.515 x 10-L cm2/Sr(1.00 x 10-3Sr) 6.242 x 10 particles 

22 

18 2 
= 1.179 x 10 atom/cm 

22 Assuming the Tj density to be equivalent to the bulk density of 5.66 x 10 

3 1.79 x 10 18 a 
atcnl/cm the thickness is = 2083A 

5.66 x 102~ 

Using this value of 1.179 x 10
18 

to obtain an approximate Ein' the 

following calculation is done. Ein = 2.00 r.1eV - ~;i t.Bin 

and ~f)Ell1 = ~ETi, 2 MeV Nt = 41. 4KeV 

h 73 31 x 10-15 eV • cm2 
were E:Ti, 2MeV = .-

Although this value used for E:Ti is initially chosen to be constant and 

is evaluated at 2.00 .Mev, this approximation should not be too critical 

since it is only applied to a correction factor and does not change as 
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rapidly as a does with a change in the incident particle energy. Having 

a value for Ein of 1.959MeV, a value of 74.01 x lO-l~ev • em2 can be 

found, from the tabulated values, for Ein and the final equation with 

all values inserted is: 

18 2 
Nt = ______________ ~1~.1~7~9~x~1~0_=a~t~om~/~cm~,~~~--_r-

1018 t I 2 (74.07 x 10I5eV ·em2 
a om em 2.00 x lObeV(l) 1 + 1.179 x 

= 1.13 x 1018atom/cm2 

o 

= 1.179 x 1018 

1.044 

1bis is equivalent to a tl1ickness of 2000A of Ti. Comparing this 
o 

corrected value to the orginal approximate value of 2083A, the error 

is less than 5%. In doing this correction, a knowledge of when it may 

be necessary to go beyond the original approximation can be determined 

since the overall amount of error inherent in this type of thickness 

measurement is about 2 to 5%, which arises mostly from errors in the 

scattering cross section and in finding the true total area. Sane gocxi 

examples of more thin film detenninations can be found in a paper by 

Turos and \rJilhelmi (31). 

The other rrethod which can be used for determining the thickness 

of a sample entails measuring the energy difference from the leading 

edge to the trailing edge of a signal.. This method is essentially 

independent of the use of total counts, and can be used to corroborate 

answers obtained by that rretl1od. There is a drawback in that when a 

signal is so narrow that its width becomes dependent on the resolution 

of the detector and associated electronics, the energy width method 

cannot be used. It does have the advantage, however, of being applicable 

in instances where overlapping signals cause difficulties in obtaining 
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accurate signal areas. In the current example, it is not p:::>ssible to 
o 

use this method for the SOA Ti film, and the foll~vD1g calculations are, 
o 

there tore , for only a 2000A thick film. 

The experimental spectrum yields a signal width, as measured 

from the front half-height to the rear half-height, of 160KeV. The 

general equation that can te used to obtain the film thickness using 

this information is: 

6E = [E:) IR (2.7) 

6£ = Energy width of signal 

N = Atanlc density 

t = Thickness 

The term [e:] is called the stopping cross section factor (22), and takes 

into account energy loss of the scattered particle both as it enters 

and leaves the sample accordD1g to the followD1g equation: 

K 
[e:l = cose l 

(2.8) 

cOSel -- Incident angle 

Cos6 z = Scattering angle 

some difficulty arises from the fact that £ changes with the energy of 

the particle, both caning in and going out, and approximations are 

usually used to simplify the calculation. The first of these approx-

imations is known as the surface energy approxin~tion and assumes 

£.;", and 8 t to be constant. The relation is: 
-"-",OU 

1< 1 
[80 1 = COSel £Eo + COSe2 EKE 

o 
(2.9) 



45 

The subscript 0 denotes using the incident energy (Eo) to evaluate the 

stopping cross sections at Eo for sm' and at K times Eo for E: t ou • 

Values for stopping cross sections as well as for [sol values can be 

found in Chu et.al. (22). With the overall energy width being 160KeV, 

the value obtained for Nt is found simply from equations 2.7 and 2.9: 

At a density of 5.66 x 1 o 22atorn/ cm3 , t is then 2038~. This is actually 
o 

very close to the known thickness of 2000A, but a further correction car. 

be done to see what the difference would be. In this next equation, 

known as the mean energy approxinJation, the values for E: are again 

assl.l1T'&2d constant, but are evaluated at an average energy both for caning 

in and going out of the sample so that the relation is now: 

+ __ 1_ € 

Cos8 2 
Eout 

(2.10) 

This relation is identical to the surface energy approxinEtion except 

that having calculated an approximate thlckness already, average energies 

are calculated and used to obtain Ein and Bout as follows: 

Bin = !;i(E + Eo) 

Bout = ~(El + KE) 

Eo = incident energy 

(2.11) 

l2.12) 

El = energy of scattered particle (taken fran rear edge of spectrum 
signal) 

E is the energy of an incident particle just before it is scattered fran 

tne back of the titanium layer and is obtained from the information 
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gained :in the surface energy approxllUation as fOllows: 

:E = 2.UO x 6 
10 eV - [ETi, 2 MeV Nt)= 2.00 x 

W (1.15 x 10 ) = 1916KeV 

With values of 2.00MeV for Eo' 1275KeV for El , and .717 for K, Eir is 

1958KeV and Bout is 1324 KeV. A value for [€"] CClJ1 then be found fran: 

[ -] 717 -15:2 1 -15 2 
E =-j:--(74.07 x 10 eV· crn) + .985 W7.16 x 10 eV· ern) = 

141.6 x 10-15ev • ern2 

Using equation 2.4, a corrected value for Nt as well as t can be found: 
3 0 

Nt = 160 x 10 e~15 2 = 1.13 x 1018atan/c::m2 t = 2000A 
141.6 x 10 eV· cm 

o 
In this case for 200UA of Ti, the error :introduced by us:ing the surface 

energy approximation is only 2%. For thicker films and/or higher atanic 

number elements, the mean energy approximation may have to be iterated. 

An alternative is to divide a thick film :into several thin slices and 

successively evaluate E at several depths. 'The error that is inherent 

in determining thicknesses by this method stems from difficulties :in 

measur:ing energies at the front and rear half-heights of a signal 

(usually from about 1 to 5% and the uncertainty in the stopp:ing cross 

sections often 3% or more). Thus, it is desirable to use the peak area 

rrethod when possible 

Elemental Ratio Determination 

As was the case :in detenn:ining film thicknesses, there are two 

different methods for evaluating the stoichionetry of the elerrents in 

a sample that is analyzed by RES. 'I'hese are not totally independent 

however, since both methods utilize the scatter:ing cross section, but 
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they do use different rreasurerrents from a given spectrum. These rrethcx:is 

will be described using an example of a homogeneous alloy containing 

two elements, Sn and Pb. 
o 

For the first example, the alloy is in a thin (roughly ~OOA) 

layer on a light elerrent substrate. The experimental pararreters can 

be seen in Figure 2.17. The fact that there is only a thin layer makes 

it possible to completely separate the Sn signal fram the Pb signal, 

thus making it simple to find accurate total areas for each of the 

elements. The experimentally measured areas are displayed in Figure 

2.18, and are shown to be 8320 counts for tin, and 9600 counts for 

lead. In order to obtain the elenental ratio for these two components, 

the following relations are used: 

"A_ - a Q Q Nalloy t/Cos8 1 '-::.n - Sn Sn (2.14 ) 

and: 

(2.15) 

These equations are exactly analogous to those used in the previous 

section for a single element film. The tenn N~~lOY represents the 

nurrber of atcrns/cm3 of tin in the Sn-Pb mixture, with N~~IOY being the 

sarre for lead. Since this sample is for a thin film, the surface 

approximation is assumed valid, although a correction could be performed 

in the sarre manner as in the example for a thin elerrental film. The 

only difference is that an overall stopping cross section is detennined 

by assuming the validity of the linear addition of stopping cross 

sections. For a mixture of the type shown in this example, \<A2 can 

wri te the fonnula as SnnPbn which in tum causes the overall stopping 
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cross section for onE: "representative" mOlecule to be simple: 

8n Pb 8I1mPbn mE
E 

+ nEE = E , where III and n do not necessarily have to be 

integers. Equations for stopping cross section factors can be found 

in a similar manner, and the actual thickness in atans/cm2 could 

readily be calculated. Getting back to the determination of elemental 

ratios, it is noted that because the signals for 8n and Pb are obtained 

during the sane analysis, the values for II and Q as well as Eo will 

be identical. The ratio of the two equations can then ignore these 

factors and the following relation is obtained: 

if:llOYt A_ 
8n = _--::;.;;;.:.;n~o.::.p:.::b_ 

Nalloy t ~b °Sn 
Pb 

Substituting in the acbJal values ~ find that: 

7 
= 3" = 2.33 

(2. 16) 

This method for determining elemental ratios usually has as its largest 

error the approximately 3% error found in the values for scattering cross 

sections. The total area counts normally has about 1% or less error 

and this is overall the best method to use when possible. 

There are nBny cases when the signals due to different compo-

nents are not resolvable, for example, whenever the sample is a thick 

film such as in the case shown in Figures ~ .17 and 2.18. v..'hen it 

becanes impossible to obtain areas, signal heights must be used, and 

in a case such as this example where the bulk sample is a horrogeneous 

mixture, the heights of the leading edges are used. As is seen in 

Figure 2.18, when a sample is thick so that the signals overlap one 
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another, heights can still be obtained because lower energy edges are 

slinply added on top of any heavier ones. The wajor drawback to ob-

taining signal heights in this manner is due to the fact that any 

uncertainty is also additive. This becomes especially problematic 

when a small signal from a light element is superimposed on top of 

another element. Lighter elements have smaller cross sections and 

thus almost always have low total counts, thus making their deterrnina-

tion less accurate. In the case cf the present example, the error in 

measuring leading edge heights could be expected to be roughly 10%, 

whereas for a lighter elenent such as oxygen the error can easily be 

209
0 or more. 

Once the heights are extracted from the experimental data, a 

ratio is set up in the following manner fran the equations that define 

those heights. 

(2.17) 

(2.18) 

Since heights are measured at the leading edge, the surface approxirna-

tion assumptions are assumed valid SO that: 

alloy 
Hsn, d = _(J_s:.:..n;.L,_Eo;>o:..._m-:~=-E:.;o,=J:-::P~b-;-::-:-: 
H (J n rE:oJ alloy Pb,o Sn,Eo L Sn 

(2.19) 

Where the subscript (0) denotes values fro!';; the surface approxirration. 

Since the stoichiometry or elemental ratio of Sn/Pb is not know, values 

alloy alloy . 
for [E:oJpb and [E:oJ Sn cannot be calculated dJ.rectly. To a first 



approximation then, the ratio of these two stopping cross section 

factors is assluued to be 1, and rrjn is evaluated as follONs: 

m 
n 

H a Sn,o Pb,Eo 
H a Pb,o Sn,Eo 

2.37 

It is often the case that the ratio of the stopping cross section 
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factors is not very far from o;le, and subsequently does not introduce 

more than a few percent error into the calculation. If the two elenents 

in question are very different in atanic weight, however, it is wise to 

carry out at least one more iteration for this detennination by using 

, ,alloy 
the first approximation of min in order to obtaln values for [€oJPb 

and r; ,alloy 
L€o..JSn • This is done as follows for the alloy with a composi-

tion of Sn = 2.37 
Pb 1 

[~ JallOY ~b (2 37 Sn ",Pb) 1 (2 37 Sn Pb) t..o Pb = -C e . €E + '-E + C-e . cK + cK os 1 0 '0 os 1 Pb-Eo Pb.Eo 

K alloy _ ...§.!:!.... Sn Pb _1_ , . 
rc Js - c e (2.37cE + cE ) + C ,:, (2.37EV +€K ) 
Lon os 1 0 '0 oS u l "Pb.E Sn-E 

o 0 

Substituting nunerical value,S into the equations gives the follOWing 

answers: 

[ roJpablloy = .92
1
60(236.1 x 10-15 + 125 10-1~)+ 1 (243 2 10-15 

c. • • 985 • - x 

-15 
~oJ~~lOY = .Si47 (236.1 x 10-15 + 125 x 10-15)+.9~5(248.5 x 10 

-15 -13 2 
+ 129.6 x 10 ) = 7.00 x 10 eV· ern 
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A corrected elemental ratio can now be obtained from a rearrangement of 

equation (2.19). 

m - = 
n 

alloy [ JallOY 
[E Js EO Sn 
:o...Q.....!l.- = 2.3 7 -=-...;=~- = 2. 33 

[ E Jalloy [ J3110Y 
o Pb EO Pb 

This answer is consistent with that fOood by using the area method 

which indicates that one correction iteration was sufficient. Even 

without this iteration the error was only 296, which is well within 

the error limits of the experimental leading edge heights and thus the 

first approximation would actually have been adequate in this particu-

lar case. 

Although the elemental ratio determined by using signal heights 

often has 10% error or more (as opposed to 5% or less for the peak area 

method), it can still be extremely useful. When there is a need to 

rapidly determine the bulk stoichiometry of a thick sample, PBS can 

provide a fairly accurate answer in a relatively short ti....e without the 

need for preparing standards similar to the unknown sample. Al though 

it is true that heavier elerrents with masses that are close together 

Caru10t be easily resolved, for many samples RES has proven to be a 

rapid and straightforward method for stoichiometry detennination wi th-

out the need to destroy or significantly damage the sample (32-35). 

Concentration Profile 

The major strength of RES analysis is in its ability to measure 

depth profiles in relatively simple manner. Often, it is possible to 

do tl1is without damage or significant alteration of the s~le, 
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thereby, preserving lt for other types of analyses (36-39). To 

illustrate how depth profiling is accomplished, an example is taken 

from Chu, Mayer, and Nicolet (22). In this example, a nominal dose 

16 2 of 3.4 x 10 atoms/em of arsenic has been applied to a silicon sub-

strate and then heat treated to cause diffusion of the arsenic into 

the substrate. As can be seen in Figure 2.19, a fairly large 

concentration of arsenic remains near the surface while a diminishing 

amount has migrated to depths of up to 10 or 11 thousand angstroms. 

The RBS experiment was done using 2.4 MeV He ions impinging at an angle 

normal to the sample (81 = 1800
) and scattered through 1700 

(8 = 170
0

) 

to the detector. The solid angle Q is 20~C which is equivalent to 

1.25 x 10
14 

incident particles. 

Since the As atoms penetrate so deeply into the 8i substrate, 

it would be inaccurate to assume that the surface approximation, or 

constant stopping and scattering cross sections, holds true for the 

entire depth. In order to do the depth profile calculation, the surface 

energy approximation is used for the outermost region and afterward, 

successive corrections are carried out for deeper regions witl1in the 

sample. To demonstrate this, six points are chosen at successive 

depths in tl1e sample (see Figure 2.19) and conditions are assumed 

constant only for a given region be~en two of these points. The 

concentration or arsenic atoms is evaluated at point 1 with surface 

approximation assumptions using the following equation: 

(2; 20) 
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Figure 2.19. 

ENERGY (MeV) 

Backscattering spectrum of 2.4 MeV 4He ions .tncident 
on a silicon sample implanted with 3.4 x 101b As/ CIT12 

and then heat treated. Scattering geometry at 
normal incidence, e = 1700 , Si = 4.11 rnsr, and 
Q = 20 ~C. 
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HAs,E = Height of arsenic signal at energy (E) in experimental spectrum. 

NAs ( ) = Atomic concentration of arsenic at point (x) where x = 1 
x through 6. 

CJAs,E = Scattering cross section for arsenic at energy of a particle 
just before it is scattered. 

- ]Si LEE As = Stopping cross section factor for a particle scattered from 
an As atan in a Si matrix evaluated at energy just before 
particle is scattered. 

Si 
EKAs.E = Stopping cross section for Si at an energy of KAs enersw of 

particle just before scattering. 

= Stopping cross section for Si at an energy of a particle 
scattered from As when it hits the detector. 

At point 1, E is equal to 2.4 MeV which is the incident energy so that 

CJE is 5.698/~.42 = .9892 x 1O-24ev/ sr • [EE1~ is evaluated from 

the following equation: 

+_1_ 
cose 

Si 
E:.... (2.21 ) 
E 
out 

For point 1, Ein is 2.4MeV and Eout is I,As • Eo = .809 (2.4) = 1.94 

Si -15 2 Si 
and [EE]As is equal to 85.4 x 10 eV' em. 'The factor of E

KAs
. 

corrects for the fact that the thickness of silicon which causes an 

energy loss equal to the energy width of one channe 1 changes as a 

MeV, 

Si 
EiE:E 

particle travels deeper into the sample, losing energy as it does. For 

the surface region this correction is negligible. 'I'he substitution of 

appropriate values into equation 2.20, gives the following arsenic 

concentration for point 1: 

N J 
HAs = 627 = (.989 x 10-24 ) (4.11 x 10-3) (1.25 x 1014 ) As (x) 5 x 10 

5.0xl0 22 85.4xlO-15 
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')1 3 
and, NAs = 1. 05 x 10 ~ o.toms/ em 

It should be noted that tJuoughout these calculations the stopping 

cross section is evaluated as if only the silicon matrix causes an 

energy loss. This assumption can normally be made when impurity 

atoms are at low concentrations (~ 1-296) which is the case for this 

example. The calculation for point 2 in the spectrum requires that the 

depth be determined first. This can be done using the following 

equation: 

(2.22) 

where t is the depth that we are trying to find. ~EAs is obtained 

from the spectrum by sjJr1ply measuring the energy d:i.fference from KAsEO 

to the point desired, in this case point 2. NSi is taken to be 

5.0 x 10
22 which is the normal atomic density for bulk silicon. 

, Si - -
Equation 2.21 is used to detennlne [€EJAS ' where Ein and Eout can be 

approximated by one of the bNo following simple methods. In method 1, 

Ein ::,: Eo - ~ (§::.As and Bout :0< E1 + ~~E where E1 is the energy obtained 

from the spectrum. In the second method, the thickness is originally 

approximated with the surfac..'e energy approximation and this value is 

used to obtain a value for the energy of an incident particle just 

before it is scattered. This is easily accomplished from the equation, 

E - f.' - ~o 

Si 
€E Nt. Once a value for E is found, the valDes 

o 
for Ein and Eout are found from: 

(2.23) 

(2.24) 
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Once a thickness is determined at a given pJint, the energy loss through 

that thic~1ess can be determined in order to initially find a value of 

stopping and scattering cross sections for the next point at a greater 

depth. Chu, et.al., performed these successive calculations with a 

computer program (::Q) and published the following values which compare 

the corrected depths and arsenic concentrations with values obtained 

using the surface energy approximation (SEA) • 

0 
NAs (10 2O /crrh !':Y;As HAs DeEth 1000A 

Point (KeV) (counts) SEA Corrected SET-\. Corrected 

( 2) 135 232 3.1 3.17 3.97 3.91 

0) 230 188 5.29 5.25 3.22 3.1 

(4 ) 320 136 7.36 7.17 2.33 2.25 

(5) 420 65 9.66 9.25 1.11 1.1 

(6) 510 40 11.7 11.0 0.68 0.70 

In this manner many concentration profiles can be evaluated. Figure 2.20 

shows a plot of the calculated As concentration vs. depth. It is 

interesting to note that with a light element substrate such as silicon, 

whose stopping pJWer is not very high, the surface energy approximation 

can be used to depths of more than a few thousand angstrcms. Heavier 

element matrices are not so forgiving and require more frequent 

corrections. Various authors have offered other methods for calculating 

concentration profiles, same of them for samples that are more difficult 

to evaluate. same of the rrore useful and interesting of those are found 

in the following references (36, 40-43), as well as the example in 

Chapter Four of this dissertation. 
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CHAPTER 3 

EXPERIf'.1EN'fAL 

The instrumental requirements for an RES experirrent are such 

that, with few exceptions, a canplete systerr: is prohibitively expensive 

and is not available commercially. The maJor comp::ment, used for 

generating the incident ion beam, is usually a Van de Graaff generator 

capable of producing a voltage in the range of a few kilovolts to 

several megavol ts. Al though small ba.ckscattering spectralleters are 

available, these typically use as an ion beam source a radioactive 

isotope loften 24 lAm) which yields alpha particles in the I to 5 MeV 

range. Because the flux ot particles in these spectrometers is lOIN, 

and because the enersn' of these particles is fixed, they are generally 

not used for research purposes. Al though the cost of a Il'egavol t 

Van de Graaff is high, many of these instrunents have been installed for 

researchers in the area of high energy nuclear physics and may be avail

able on a full or part-time basis for use in RES analysis. Such is the 

case at the University of Arizona RU~1erford backscattering facility 

located in the physics deparbrent. In this chapter, the beam genera

ting equipment, beam line, detector, sample chaIf1ber, and signal 

processing electronics will be described for the system used in this 

research. Since this system was designed and assembled at this 

university (45), it is unique, and will be described in sore detail: 

the general principles that govern the use of each component will also 

be explained. 'fhe rrethods used for optimizing the signal, calibratin9 

60 
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the incident beam energy, and detennining the energy per charmel for 

the TIlul ticharmel analyzer will also be discussed. Due to a continual 

upgradb1g of the overall sys tan , the version described here is not 

necessarily the current or final state ot the RES facility at ti1e 

University of Arizona. 

Instrumentation 

Van de Graaff Accelerator 

One ot the more cam.on methods tor producing a beam of high 

energy ions for use in RES is a Van de Graaff accelerator. In general, 

it is an electrostatic generator capable of producing high voltages 

(up to several megavol ts) which can be used to accelerate ions. 

Figure 3.1 is a simplified diagram that illustrates how a Van de Graaff 

accelerator works. The b1itial charge is produced by a high VOltage 

power supply which nonnally can generate about 100 kilovolts. This 

charge is then "sprayed" from a set of metal points onto a continuously 

moving belt made of an insulating material and carried to the tenninal, 

which is a polished Iretal dane. The charge (positive in this case) is 

then deposited onto the terminal through another set of points and 

because this terminal is electrally isolated, a very high voltage 

eventually accumulates. It is this voltage that repels and thus accel

erates the incident ions. An ion source in the region ot the terminal 

voltage produces the desired ionized particle by means ot a radio

frequency. An accelerating tube which is pumped down to 1 x 10-6 

torr provides an unhindered path to an energy analyzing magnet which 

allows only those ions of the desired energy to enter the final beam 
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line. The terrrinal itself as well as the accelerating tube is fully 

enclosed inside a pressure dome which contains several atmospheres 

pressure of an insulating gas, SF6 , in order to avoid unwanted discharges 

and subsequent fluctuations in (and possible damage to) the Van de Graaff 

accelerator. An actual diagram of an accelerator very similar to that 

in use at the University of Arizona is shown in Figure 3.2 (46). This 

accelerator produces a very stable monoenergetic beam ( ± 5 KeV) and 

has very good dritt characteristics, in comparison with the first 

megavolt Van de Graaff used for experin~ntal research (47). 

The Van de Graaff accelerator used in this RES facility was 

manufactured by High Voltage Engineering Corporation (Burlington, Mass.) 

and is capable of attaining potentials up to 6 MV. For the experirrents 

described in this dissertation, He+ ions were generated at various 

energies in the 2 to 5 MeV range. Although only He+ ions were used for 

these analyses, the accelerator is also equipped to produce other ion 

+ + + beams such as H , C , and Cs. The Van de Graaff can produce beam cur-

rents from about 5 nanoamps up to several microamps although the range 

actually used for these experiments was beu.,reen 7 and 100 nanoamps. 

Beam Line 

Once the He+ ion beam is generated and passed through the 

analyzing magnet, it enters the experimental beam line. As can be 

seen in Figure 3.3 (48), there is a set of control slits near the 

magnet which not only define the beam initially, but also are connected 

via a feedback loop to the ion source so that the beam is continuously 

monitored and adjusted in order to minimize tluctuations in the beam 
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current. A quadrupole magnet is placed just after the control slits to 

aid in detining and aligning the beam if so desired. The beam is 

defined, for the most part, via three sets ot collimating slits, as seen 

in Figure 3.4 (48). Theultimate beam size, which is rectangular in shap? 

due to the configuration of the slit jaws, is defined prinBrily by the 

first set of slits. After passing through a drift tube, another set 

of identical slits redefines the beam to ensure that any spreading which 

occurred in the dritt tube is eliminated. Each of the three sets of 

slits contains a flag which can be used to completely block the beam, 

and by means of an attached piece of quartz the beam can be viewed to 

ensure that it app?ars in the a-pected location. After the second set 

of slits, the beam passes through a set of deflector plates to which a 

potential can be applied to slightly alter the direction of the beam. 

This feature could be ~sed to either aim the beam at a particular area 

on the sample or even rrove the beam across the sample. A gate valve 

and diffusion pump are then included so that when the sample chamber is 

brought to room pressure in order to change samples, only this end 

portion of the beam line needs to be pumped back down, facilitating a 

rapid turn around tune. An ion gauge (not shown) is also placed in 

the line near this gate valve to ensure that an operating pressure of 

about :z x 10-6 torr is attained before proceeding with an analysis. 

A final set of cleaning slits is placed at the entrance to the target 

chamber in order to cut off unwanted ions and neutralized particles 

+ 
that tend to accumulate around the edge of the He beam as it travels 

through the medium high vacuum. Each of the sets of slits is mounted 

on micrometer heads which allow the op?nings to be adjusted to the 
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desired beam size with a reproducibility of .001 inch. Beam sizes iran 

2 2 abou.lrnrn to lCIn or larger can be chosen, although the larger beam 

sizes cause loss of resolution and small beam sizes lower the overall 

data collection rate. The typical experiment is done using a beam spot 

2 of about Imn. The beam line has been designed to allew for a certain 

amolmt of flexibility ';lhile maintaining the necessary acctlracy to obtain 

a highly reproducible a.."1d very well defined beam that has a n,inimurn 

amount of undesirable ions or other particles reaching the sample chamber. 

Sample Chamber 

The sample chamber that was used for all experiments is very 

simple, containing the minimum required features necessary to do an 

RBS analysis. l\ sample holder made of aluminum (the entire body of 

the chamber is also aluminum) is designed to hold sample cards 

(aluminum, of course) upon which the samples are directly mounted by 

rreans of small clamps or springs. Up to ten samples are mounted on 

each card and these cards can be rapidly interchanged. The holder is 

mounted on a turret which can be translated in a horizontal direction 

in a precisely rreasured manner, or rotated throuoh an accurately known 

angle about its central axis. In this manner the sample can be posi-

tioned so that the beam strikes J.t in an accurately determinable 

location. Figure 3.!;) is a diagram shewing the features of this chamber. 

The detector is mounted at a slight angle so that the incaning beam just 

o 
misses it, and it collects particles that have been scattered at 170 • 

Although the detector can be moved, it call only be done with sare 

difficulty and would necessitate determining a new scattering angle. 
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The chamber was not designed to allON for simple repositioning of the 

detector althougn it may become unnecessary once the upgrading of 

the sample positioning unit is completed. The windON in the side ot 

the target chamber is used mainly to check for damage of a sample after 

it has been bcrnbarded by the ion beam. It should be noted that the 

chamber is electrically isolated from the rest of the system so that it 

can act as a large Faraday cup; this will be explained more fully in 

a fOllowing section. Also, there exists a vacuwn feed-through which 

connects the detector output to an external amplifier and the rest of 

the data acquisition system. 

Detector 

Because the development of the silicon surface barrier detector 

nas played sucn an integral part in the recent expansion of RES analysis, 

it will be described in some detail in this section. Additional details 

can be found in the references 49 - 52. 

A solid state detector such as the silicon surface barrier is 

essentially a water of high purity single crystal silicon with elec

trodes plated On both sides across which a bias voltage is applied. 

In Figure 3.6 (51) both a schanatic drawing illustrating the purposes 

of the major components as well as a diagram of the type of detector 

used are shown. 'When a scattered He + ion strikes the active area of 

tl1e detector, it loses much or its energy tl1rough interactions witl1 

electrons in the silicon crystal, imparting enough energy to raise many 

of them into the conduction band. Thus, a single incoming particle can 

create many electron-hole pairs wru.ch migrate to tl1e appropriate 
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electrodes W1der the influence of the bias voltage, which is 60 V for 

these experiments. The resulting current is transmitted to a charge 

sensitive preamplifier where it is amplified and sent on to the rest 

of the signal processing electronics. 

The detector currently used in the RBS e>..-periments is an ORTEC 

model BA-14-25-l00. This type of detector has an active surface area 

2 of 25rnm , although a collimating shield placed over the detector to 

2 enhance resolution allows only an area of about 7rnm to actually be used. 

The rated full width half maximurn resolution is 14 KeV, which is what 

is observed during an experiment. Since light iJ11pinging on the 

detector will cause a signal to be produced, the window in the sample 

chamber must be blacked out to reduce the noise level. Because the 

detector is used to measure high energy He+ particles, there is a 

certain amoW1t of damage done to the silicon single crystal in every 

experiment due to implantation of He and lattice dislocations of 8i 

atoms caused by collisions. The lattice defects can act as charge 

carrier trapping sites as well as charge carrier generation centers, 

both of which contribu'te to less well behaved charge collection and 

therefore decreased resolution. 'l'he average lifetirre of a detector 

W1der typical running conditions is about 6 to 10 months and as was 

pointed out previously, when heavier incident ions are used the 

detector damage increases significantly. Overall, the silicon sur race 

barrier detector is an easy to use dependable detector that has reason-

ably good resolution and is not extrerrely expensive ($300 to $600) . 
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Data Acquisition, Storage and Output 

The overall data acquisition system has changed from the 

time the first spectnun was taken. A gradual and continual upgradinq 

has occurred up to the present time, with various components being 

replaced as new and better ones become available. The version des-

cribed in this dissertation encompasses most of the tin1e period during 

which the majority of the experiments described were performed. The 

entire system is shown in Figures 3.7 and 3.8, and as can be seen in 

Figure 3.7 DvO entirely independent multichannel analyzer systems were 

utilized although the one marked as alternate was eventually discon

tinued. The pre-amplifier is a lew noise ORTEC 142A specifically 

designed for use in nuclear spectroscopy. The bias voltage, supplied 

through the pre-amp is generated with a Power Designs Inc. nodel 6050 

variable power supply that has a maximum of 60 V output, which is the 

vol tage required by the detector. An ORTEC 480 plllser is also connected 

through the pre-amp and is used to generate a pulse of known magnitude 

which is used as standard marker to allow detection of drift in any of 

the rest of the electronics. T0e main amplifier is an ORTEC model 572 

spectroscopy amplifier with vanable peak shape timing, pole-zero 

adjust, and automatic or manual baseline restorer threshold. The mul ti

channel analyzer directly connected to the cQ:nputer is an ORTEC mcx1el 7150 

with 1024 channels as Sh~1 in Figure 3.8. A number of standard features 

are included which allow for a sn~ll amount of direct data analysis. 

The other multichannel analyzer is a 'I'racor Northern model 1700 that had 

4096 channels and was capable of storing four individual 1024 spectra 
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or one 4096 spectrum. Features of this MCA allCJ.Ned for data smoothing l 

spectral subtraction, and some direct data analysis but interfacing 

problems and finally a minor breakdown led to its eventual demise. 

Many spectra obtained with this MCA were recorded on paper tape, with 

a REMEX paper tape punch/reader and the Hewlett-Packard X-4 plotter 

and LA120 Decwriter III printer provided a rreans for rapid, although 

somewhat crude, hardcopy of the data. The OR'l'EC 7150 MCA is easily 

interfaced to an IBM personal computer equipped with a \'iinchester-type 

fixed disk and two 5~" diskette drives used for spectral storage as 

well as some data analysis. An 113[11 monitor is used for cormnunicating 

with the computer and hardcopy outputs are supplied by an lEN PC graphics 

printer and an IBM XY/749 digital plotter which is capable of providing 

quite sophisticated spectral plots. Although the vast majority of 

data analysis was done by hand, the computer is expected to becane rr.uch 

more useful as software is written and/or acquired since no RBS 

analysis programs are currently available corrn~rcially. The charge 

rreasuring circuit (seen in Figure 3.8) contains an ORTEC 439 current 

digitizer which collects all of the charge that enters the sample 

chamber since it acts as a large Faraday cup. A Tennelec 555P counter/ 

timer llltegrates the total charge during a given run which provides 

essential data for evaluating film thicknesses and concentrations. 

The Canberra 1772 counter/timer attached to the main amplifier is used 

when manually setting the baseline restorer threshold and the TektronLx 

Type 545 oscilloscope monitors the baseline noise level, the output 

signal from the pre-amp, and the main amplifier output. This is done 
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in order to watch for irregularities that may indicate problems such 

as sample charging, detector breakdown, or other problems with the 

electronics. The following sections will describe the various pro

cedures used in miniJaizing noise from this data acquisition system 

as well as how the initial calibrations were done. 

System Optimization and Calibration 

As was previously mentioned, each RES facility is unique which 

raises the problem of consistency between analyses done in the various 

labs around the world. A great deal of work has gone into preparing 

accurate standards (53,54,55) and then performing interlaboratory 

comparisons to determine if reliable and consistent results can be 

obtained from a variety of facilities. One of the difficulties that 

has become apparent through these comparisons is that of accurate 

calibration of a RES system. In the following sections the methods 

used by this particular facility will be pointed out, along with some 

general considerations that have been brought up by various other 

research groups. 

Noise Reduction 

The reduction of background noise is of importance in all 

analytical determination;:;. In order to ascertain what levels of noise 

to expect fran the detectors used for RBS and to minimize them, a 

testing chamber was built before the RBS system was canpleted. A 

diagram of this test system is shown in Figure 3.9. An oscilloscope 

was used as the diagnostic device and other components were similar to 
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those used in a regular RBS analysis system except that instead of a 

Van de Graaff beam source, a radioactive isotope (
241

Aro) was used to 

produce the signal. From these tests it was detennined that careful 

adjustment of the pole-zel~ correction, using an appropriate count rate 

« 1000 cps), and carefully avoiding stray capacitance (i.e. lnaking 

good electrical connections with wires as short as possible) and ground 

lOOps, \\Quld keep the noise signal from the pre-amp to about 1 to 2 

millivolts. Typical signal impulses are of the order of 10 to 50 

millivolts which make it possible to filter out much of this background, 

thus eliminating most of the detector noise. Much of the rest of the 

electronic noise can be minimized by simply using high quality compo

nents. Other types of "noise" can be created in the experiment itself. 

One of the major errors introduced is often in detennining the total 

charge impinging on the sample. In this case, the entire sample chamber 

is isolated using teflon gaskets and separators so that it is "floating." 

vii th this system it is not necessary to apply vol tages to repe 1 stray 

electrons away from the charge collection cup and thereby introducing 

possibilities of adding noise to the system. Both of these general 

types of charge measurement have been tested and compared (56, 57). 

One other rrethod of noise reduction that has been considered is coolinq 

of the detector and pre·-amp. By placing the pre-amp inside the vacuum 

of the sample chamber it can be cooled along with the detector, but this 

should be done carefully and not to extremely low temperatures. The 

reason for this is that the ul tirnate resolution is determined by the 

capacitance of tile detector, not its thermal noise, and lowering the 
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temperature too much may cause the silicon wafer to crack.because the 

coefficients of expansion for the wafer and the epoxy which surrounds it 

are different (59). In general, using high quality equipment and 

good cormections are rrost important. 

Incident Energy (Eo) Calibration 

Accurate knowledge of the incident beam energy is essential for 

obtaining good results from an RES analysis and various authors have 

discussed incident energy calibration (58,59). Virtually all of 

the determinations made in RES depend directly on the incident energy 

(Eo) of the He+ ion beam and for this reason a series of exreriments 

was performed to calibrate the Van de Graaff at various incident 

energies. The following procedure was used repetitively to gain 

confidence in the consistency of the systerr.. First, a radioactive 241An\ 

source is placed in the sample chamber and the main amplifier adjusted 

so that the enerqy of the a-particle ewitted at 5.486 MeV ca~ be seen 

in one of the higher channels in the MCA. The radioactivity of 241Arn 

has been well characterized and can be considered as an accurate, high 

precision absolute standard. Once this initial calibration point is 

set, a thin film standard containing at least two other el~Ltents is 

analyzed using an He+ beam with a nominal energy value that is close 

to a desired energy. Thin films are used because it is easier and 

rrore precise to determine peak energy positions than those of leading 

edges. For our measurements, Ta and Al .... 'ere chosen to give a wide 

range of energies for the calibration. 'ihth the data collection, 

the follo.ving equations are used to determine three values, Eo (the 
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incident beam energy, e (the energy/channel of the MC,,"\), and E (the 

intercept energy at Channel 0 of the !'-lCA) • 

(3.1) 

(3.2) 

(3.3) 

The values nArn , ~a' and nAl are the charmel numbers of the experirnen

tally obtained signals, EArn is the known value of the 241Am signal, and 

~a and KAI are tabulated values for the kine~atic factors of Ta and 

AI. \'li th these three independent equations the three unknowns can be 

readily determined. The entire experiment was repeated for several 

diffe:t"ent Eo values and the following table was canpiled. 

Naninal Eo B(gauss) DVM Experirnental Eo 

1900 1734 .1776 1900 

2850 2123 .2663 2839 

3800 2452 .3543 3780 

4750 2741 .4432 4712 

In tl1e table, B is the magnetic field strength as measured with a probe 

in the analyzing magnet and DV?v1 represents a reading taken with a 

generating voltmeter that is related to the square of the magnetic field 

strength. The equation relating magnetic field strength and the 
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particle beam energy is: 

2 KME 
B =-

Z2 
(3.4) 

B = magnetic field strength in Gauss 

f.1 = mass of the particles comprising the beam 

E = energy of the beam particles in KeV 

Z = charge on the particles 

K = constant accounting for various instnnnental parameters 

A graph, shown in Figure 3. 10, generated fran the data in Table 3.1 shows 

how data can be interpolated to derive incident energy values for inter-

mediate magnetic field settings. In this manner the incident beam 

energy has been calibrated to ±S KeV for energies in the range of 2 

to S !'leV. 

Energy/Channel Calibration of the Multichannel Analyzer 

Once the incident energy is well characterized, it is a relatively 

simple manner to perform a calibration of the multichannel analyzer. 

Using a thin film containing Ta, Nb, and Al to obtain a spectnnn, the 

channel numbers of the peaks are utilized in equations analogous to 

3. 1 through 3.3. A typical calibration run is shov·m in Figure 3. 11. A 

computer program is currently used which finds the peak channel number 

for each element, calculates the corresponding value tor R • Eo' and 

perfonns a linear regression analysis to find the energy/channel and the 

energy intercept at channel O. A series of test calibrations were run 

throughout a period of several hours to check for drift in the system. 

Resul ts are shown in the following table. 
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Test # 

1 

2 

3 
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1.764 
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Intercept (KeV) 

105 
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108 
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Although this test would indicate that variation in the calibration over 

an 8 hour period is minimal, it has l::ecane standard procedure to run a 

particular calibration standard \'lith every set of samples so that 

several calibrations may be made during a full day of analysis. This 

aids in maintaining a high confidence level in the MCA calibration. 

Gold Standard Test Runs 

Once the initial calibrating was done on the system it was 

decided that an evaluation of the sys~n should be performed using 

thin film gold standards. One of these films was an NBS standard and 

the other three were prepared and calibrated by a research group at 

C.I.T., (60). Each of the samples was analyzed several times and the 

averages were calculated. The results are presented in Table 3.1 

Calculations were done correcting for scattering and stopping cross 

sections tor the thicker samples (7 and 8) by adjusting these cross 

section values at the midpoint for sample '7 and at each tl1ird of the 

way through for sample 8. Al though the precision is very gooo, the 

overall accuracy was within 3% which, although it is respectable, 

si~lifies that there probably exists a systematic error since all 



Table 3.1 Reproducibili ty experiment for Rr3S detennination of l\u film thickness. 

Thickness (x 10
17 

!:!9:Lcm
2

) 

Sample B Sample 6 Sarnple 7 Sarnple 8 
(NBS) 

Run 1 196.4 27.8.7 370.2 524.3 

Run 2 195.9 229.2 368.9 S24.9 

Run 3 196.2 2~8.5 369.2 524.9 

Run 4 196.2 228.5 368.9 525.2 

Run 5 196.2 228.5 370.2 524.9 

Ave. 196.2 228.7 369.5 524.8 

Std. Dev. .18 .30 .67 .33 

Hel. Std. Dev. .1% .1% 2~ • 0 .06% 

00 
(l"\ 
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of our values v.ere high. Eventually this problem was rectified by 

obtaining ru~ extremely carefully prepared Bi-implilllted silicon sample 

that is used for testing calibrations in labs around the world (60). 

This standard was analyzed and the determination of the Bi was compared 

wi th the knovffi value. The different in the two values which is very 

close to 296, indicates that the sum of the errors in determining 

parameters such as accuracy of the detector solid angle, charge coll~c

tion efficiency, and eliwination of stray incident particles, is small. 

In the course of routine analysis, errors are reported to be at least 396 

which is relatively good for this type of analysis. 



QfAPTER 4 

A."ll'LYSIS OF PHO'ICGRAPHIC lvlA'fEP.IALS 

Introduction 

Our original interest in the analysis of photographic materials 

began as a joint project in conjunction with the Center for Creative 

Photography at the University of Arizona. The intent was to find out 

whether a nondestructive elerrental analysis would prove useful in deter-

mining authenticity and in providing information which would be of use 

in the cataloging of early 20th Century photographs. The rrethod that 

was applied to this problem, and which proved to be useful, was x-ray 

f1 U ' 1 'II' ,241 t 'd 1 t' uorescence. slng a m1 1cur1e A!·l source 0 prov1 e a re a 1vely 

weak source of x-rays, it was found that a qualitative profile of all 

major elerrents and many of the minor elements could be obtained from 

the x-ray fluorescence spectrum of a photograph. (61). A typical analysis 

required 1.5 hours, during which tiwe no apparent damage to the sample 

occurred. This was a requirerrent of the analysis since the photographs 

were irreplaceable. 

Interest in this ni2thod of analysis led us to begin analyzing 

comni2rcially photographic papers in order to detect any differences ll1 

this elerrental canposition which might cause various papers to behave 

differently during the developing process. .A certain amount of success 

in this area led to the idea that much useful information could be 

obtained from an ~1alysis which could provide a depth profile of tl1e 

88 
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major elerrents. An important requirerrent of the technique \<K)uld be to 

not damage or alter the sorrewhat fragile photographic paper samples 

during the analysis. 

Host rrethOCis for depth profiling are inherently destructive to 

an appreciable degree since outer layers of material must be removed in 

order to analyze the material underneath. One technique which avoids 

this is the Rutherford backscattering spectrometry, as has been des

cribed in earlier chapters of this dissertation. The first samples 

that we atten~ted to analyze were the same photographic papers that we 

had analyzed earlier by x-ray fluorescence. The results of tl1is first 

trial (shown in Figure 4.1) show that only barium, which is a major 

constituent of the paper backing, and silver can be readily identified. 

The bariurTl edge is shifted to low energy because it is tmderneath the 

relatively thick emulsion coating and the silver shCMs up as a SI1Bll 

signal distributed throughout the entire emulsion layer. These results 

were only marginalJy useful and indicated that tl1is method of anlysis 

was not suited to a fragile type of sI1Bple such as photographic paper. 

Attempts were ITade to obtain more information by adjusting beam con

ditions such that lower currents over larger areas were used to reduce 

the extent ot beam damage. Also, the integration of a series of short 

anillyses of the same sample was carried out in order to obtain a strong 

signal without allowing the beam to impinge on one position for very 

long. All of those attempts fell short of the desired result, although 

much was learned about analyzing this type of material. 

The analysis of photographic materials was feasible, although 

not practical on a nonconductive, thick sample such as coll:llrercially 
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available photographic paper. The next step was to obtain specially 

prepared samples that would be more stable in a high energy 2 to 5 MeV) 

ion beam. These samples consisted of a simple silicon dioxide matrix, 

that contained silver distributed in a sanewhat randan fashion through

out a portion of the matrix. A photogmicrograph indicates that there 

is a region of the matrix where no silver exists underneath which sorre 

unknown amount of silver (see dark spots in Figure 4.2) has been dis

tributed. Since the samples v.ere supplied to us with no infonnation 

on hOl.oJ they were manufactured, v.e made no initial assumptions other than 

that the elements present v.ere Si, 0, and Ag, and that the Ag had not 

formed a chemical compound with the SiO~, but was simply distributed 

as elerrental silver within the matrix. Various analyses v.ere performed 

on these samples under different exper.irrental conditions. Figures 4.3 

and 4.4 show the plain Si02 with the He + beam striking the sample along 

the nomal to the sample and at 450 respectively. 'llie shift in position 

of the leading edges of both the silicon and oxygen indicates the 

presence of a thin layer of sane material at the outer surface of the 

sample. A likely explanation would be a build-up of carbon at the 

surface, caused by the bombardment with charged particles in a non~high 

vacuum envirorurent. Also, exancination of the two spectra show that at 

450 the leading edges of the signals are not sharply defined. This 

indicates that the surface of the sample may not be very srrooth. This 

could also be a cause tor the apparent shift in the leading edges when 

the sample is til ted. The same effect is seen in the results obtained 

from the Si0
2 

sample that contains silver. r£he spectra of this sample 



Fi~lre 4.2. Diagram representing a photomicrograph of a silicon dioxide 
matrix contailling elempntal silver. 
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under the sane two experimental conditions described for the plain 

8i02 samp Ie are shown in Figures 4.5 and 4.6. In both sets of spectra 

the signal broadening due to the increased angle of incidence (with 

respect to the sample nonnal) agrees with the theoretical value. The 

results of the analysis at the two different angles of incidence, demon

strate that the silicon and oxygen as VRll as a small arrount of silver 

are indeed present at or near the surface and that the bulk of the 

silver in the second sample is at sane distance beneath the surface. 

If v~ had not carried out both analyses, there could have been some 

doubt as to the identity of tl1e large silver signal, since a light 

element at the surface of a sample can appear at the sane energy as a 

heavier element which is buried underneath a layer of another material. 

With the samples previously described, it would have been 

possible to carry out the measurements and calculations necessary to 

obtain a depth profile for the silver. Due to the sanewhat large 

uncertainty in rreasuring the signal, VR felt VR should try to enhance 

the overall accuracy of the experlinent. Charge build-up at the sample 

surface can cause excessive energy variations in scattered particles 

along their path to the detector, which ultinBtely degrades the ~xper

irnental spectrum. vie ~re able to obtain two samples, similar to the 

previous Si02 and Ag - 8i02 matrices, that had been coated with a thin 

conductive layer of gold. As can be seen fron' the spectra (Figures 4.7 

and 4.8) . these have signihcantly better" definition which reduces the 

overall error in calculating the silver concentration vs. depth as well 

as the stoichionetric ratio of 8i to o. Witl1 this experirnental data, 
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we realizea that the am01.mt of silver was not insignificant within the 

bulk Si02 matrix. This led to the developrrent of a rrethoo for deter

mining a concentration vs. depth profile for a heavy elerrent (Ag) in a 

campolmd (Si02) substrate. 

Various authors have in the past dealt with analyzing s~)les 

which contained greater them a few percent of an element in a substrate 

of a" different elerrent (62-fJS). In sarrples ,,,,here the "impurity" 

elerrent is l~r than a few percent, the matrix can be assumed essen

tially pure for the purpose ot evaluating its stopping cross section, 

and once this value is detennined, a depth profile is readily obtained. 

High dose distributions of heavy atoms h~ver, are difficult to obtain 

experimentally because the target composition changes rapidly with 

depth (64, 66-68). The stopping power of the composite target for the 

incident beam must be evaluated therefore, for every point (or channel) 

in the spectrum. wi th the experimental data obtained from the last 

samples, a canplete calculation of the silver concentration vs. depth 

was performed. The values of stopping cross sections, scattering cross 

section, kinematic factors, and densities reported by Chu, Mayer, and 

Nicolet (22) have been used in the calculations. Symbols and nanencla

ture are also those used by the same authors. 

Experimental 

The analysis of all of the photographic materials was carried 

out with the RES system described in detail earlier in this work. The 

data acquisition system at the time of this particular experiment was 

as shown in Figure 3.8. An IBM personal computer and on IBM X/Y 749 
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digital plotter that was interfaced directly to the IBM PC were used 

for data storage and for the plots. The samples to be analyzed were 

bonded to an aluminum strip and mounted on glass slides when received. 

The strips required no more preparation otl1er than to remove them froIT, 

the slides and attach them to an aluminum sample holder. The spectra 

+ were obtained with an He beam at lSn KeV \vith current of about 45na. 

The area of the beam impinging on the sample was 1.4rrm x 1.4nm and the 

total run time for each sample was close to 15 minutes. Under these 

conditions there was no observable sanple damage during the analyses. 

Results and Discussion 

The spectra obtained are seen in Figures 4.7 and 4. S • The Au 

peak is tound at 1743 KeV ± 3 KeV: this energy agrees well with the 

theo:r'etical energy, El' that corresponds to a layer ot Au at the surface. 

The value of El is given by: Bl = KAu • Eo, where KAu, the kinematic 

factor tor Au is O. Sl225 and Eo is the energy of the incident He + beam. 

The thickness of the Au layer, calculated from the total area of the 

Au signal is 148A ± 7A. The presence of the Au layer should cause a 

shift of l:,KeV in the leading edges of S'i and 0, as a result of the 

energy loss through the Au layer. In Figure 4.7 the Si and 0 edges are 

shifted by 18 KeV and 16 r<eV respectively. Which is within experimental 

error (± 3 KeV) • 

N' The Si:O ratio ~ (N represents the number ot atoms per , N 
o 

cubic centimeter), was calculated from the heights of the leading edges 

of the Si ill1d 0 signals, HSi and HO respectively. 

I-lsi 0Si' NSi • [EO] ~i02 
% = °0 • NO • [EoJ8i02 

(4.1) 
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Siu 
where [EoJo 2 is the stopping cross section factor of oxygen in Si02 

and [EO] ~~02 is the stopping cross section factor of silicon in the 

Si02 matrix. If it is assumed that this ratio of stopping cross sections 

in Equation (1) is unity, then, 

(4.2) 

where 00 and 0Si are the Rutherford scattering cross sections. The 

ration, NSi , can now be calculated from the measured heights, HSi and 
NO 

Ho and the tabulated values of 00 and 0Si. 

Le. 1.00 
= 2.18 (4.3) 

With this approximate value of NSi , a better value for tne ratio of 
NO 

the stopping cross sections can be calculated. 

(4.4) 

SO The term E ). 2.18 represents the stopping cross section for 
KSi • 1882 

a compound which contains Siand 0 in the :ratio 1:2.18 evaluated at an 

energy of (KSi • 1882) = (0.5657 x 1882)KeV. KSi' the kinematic factor 

for Si, is 0.5657, e1 is 1800
, which is tile angle bebveen the incident 

beam and the normal to the sample and (h is 1700 , which is the angle 

between the backscattered ions and the normal to the sample. Also, on 

the assumption that the stopping cross sections are additive, 

Si02.18 E1882 = E~~82 + 2.1S E~S82 = 50.85 x 10-
15 

+ 2.18 x 37.06 x 10-
15 

(4.5) 
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i.e. (4.6) 

and, 

8i 0 
(1065 + 2.18 EI06S 

= 6S.2 x 10-15 + 2.18 x 46.8 x 10-lS 

(4.7) 

i.e. 

Substitution in Equation (4.4) gives: 

(4.8) 

The stopping cross section factor for oxygen in Si02 can be calculated 

with the aid of an equation analogous to Equation (4.4). 

Si02.18 
ESi02.18 + EKo • 1882 
1882 cose 1 

KO' the kinematic factor fo~ oxygen is 0.3625 and 

(4.9) 

(4.10) 

S' -15 IS = E6~2 + 2.18 E682 = 70.41 x 10 + 2.18 x 48.00 x 10-

i.e. 

Substitution in Equation (4.9) gives: 

S'O -IS 2 
[EO]Ol 2.18 = 225.4 x 10 eV' an 

2 
em 

(4.11) 

(4.12) 

(4.13) 

Hence, a more accurate value of the ratio of the stopping cross section 

[ ] Si02 
factors, EO 0 is 1. 08. Substi tution of this value in Equation 

[ ] Si02 
EO Si 



(4.1) gives: 

1.00 
= ·2.Ul 
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(4.14) 

The error in this ratio is largely due to the errors in the measurement 

of the heights of the signals. The Si:O ratio calculated in this 

manner is 1:2.01 ± 0.08. 

The depth ot the Si02 layer was calculated from, A, the total 

number of cOilllts in the Si signal and from t£, the energy difference at 

the half-heights of the leading and trailing edges of the Si signal. 

A = 0Si, E . Q • Q . N . t 
(4.15) 

Hhere A = 16915 counts; 1"/ represents the solid angle at the detector and 

is 0.78 x 10-3 steradians; Q, the total ntmner of He+ ions is 9.407 x 10
13

; 

N, the number of rrolecules of Si02 in 1 cm-J is ~.3 x 10
22

• The rreasured 

values of 6E is 200KeV. On the ass1.1'11J?tion that the incominq He + ions 

and the outgoing He + ions undergo an equal energy loss, the scattering

cross section 0Si,B at an energy of (l882-50)KeV is 294 x 10-
27

. 

The value of t, the depth of the Si02 layer, calculated from 

Equation (4.15) is 3.41 x 10-~cm, or (N·t) = 7.84 x 10
17 

mOlecules/cm
2. 

The error in the rneasurement of the total area, A, and the charge Q 

-5 results in an uncertainty of 0.2 x 10 em in the calculated value of 

the depth of the Si02 layer. 

The depth of the Si02 layer can also be calculated from 

Equation (4.17) and tl1e measured value of £lE. 

t£ = [E: 1 Si02 • N • t 
°JSi,1862 

(4.16) 



Si02 
AE = [KSi £:1882 i.e. Ll 

CosO 1 

Si0;t 
+ ~S~ . 1882]. N • t 

cosez 
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(4.17) 

Si02 The term, [CO]Si,1882 represents the total stopping cross section for 

~1e incoming ill1d outgoing paths, ~ith the surtace approximation for an 

Si02 matrix where the incident ion has an initial energy of 1882 KeV 

and is scattered from an Si atom (22). The value ot (N·t) calculated 

17 . ;t -5 
from Equation (4.17) is cl.64 x 10 rrolecules/cm illld t = 3.76 x 10 all. 

o 
He~ce, the average calculated depth of the Si0

2 
layer is 3600 ~ 2000A. 

The spectrum in Figure 4 was obtained with a film of Si02 

containing Ag. The tilm had an alluninum backing and a surface layer of 

Au. The Au peak was obtained at 1745 ± 3KeV and the thickness of the 

Au layer that was calculated fran the area of the Au signal, was 
o 0 

97A ± lOA. 

The edges of the Si and ° are shifted, due to the presence of 

the Au layer, as described above. The small peak at 1632 ± 4 KeV Cill1 

be attributed to the presence of Ag in the Au layer on the surface of 

the Si02 film. The total area of this Ag signal, that was calculated 

15 from an equation analogous to Equation (4.15), corresponds to 2.2 x 10 

15 2 :t 0.2 x 1U atans/cm. It is possible that the silver that is found 

in the Au layer migrated either fran the surface of the Si02 or from 

within the Si0
2 

matrix. From the data on Figure 4.8, it is not possible 

to determine whether this migration was facilitated by bcmbardment with 

He+ ions. 

'The primary objective in thls work is to dete.rmine the Ag con-

centration as a function of the depth of ~1e Si02 matrix. The manner in 

which the Ag concentration can be calculated is shown below. 
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Calculation of the Ag Dept.!:! Profile 

The symbols used in the calculation are defined as follows: 

, 
NAg = Nl.lll1ber of atoms of Ag per unit volume in the Si02-Ag matrix. 

I 
NSi = N~~r of atorrs of Si per unit volume in the si02-ag matrix. 

NAg = Number of atans of Ag per unit volurne in pure Ag. 

S = Energy per channel in the multichannel analyzer. 
, 

LAg = Thickness of a thin section of the Si02-Aq matrix that causes 

He + to lose the energy equivalent of one channel (U, when 

scattered by an Ag atom. 

+ LAg = Thic~1ess of a thin section of pure Ag that causes He to lose 

HAg 

H~g 

E 0 

the energy equivalent of one channel (t;,), when scattered by an 

Ag atom. 

= Height of Ag signal in a pure Ag sample 

= Height of Ag signal in the SiO[Ag sarnple. 

= Energy of incident He + .irrrrediately before scattering occurs • 

\! = Fraction of a unit volune of the SiO [Ag mixture occupied by Ag. 

I-v = Fraction of a unit volume of the Si02-Ag mixture occupied by Si02• 

In a pure silver sample, 

[

1< • r;:Ag 
E;, = Ag Eo 

COSel 
] 

N' , 
• Ag' LAg (4.18) 

i.e. (4.19) 

In the Si0
2
-Ag matrix, 

E, = 1-\g Eo + KAg' Eo 
[

K _ r.Ag r;:Ag ] 

eOSel Cos8
2 

• 

Si ° 
+ (RAg • Eo + 2(KA9 . Eo 

(4.20 ) 



From Equations (4.19) and (4.21), 

T 
..ML = 
T' 
Ag 

L:; NAg + Y N~i 

Z NAg 
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(4.21) 

(4.22) 

The heights at the silver signals in a pure Ag sample and in the Si02-Ag 

matrix are given by: 

0 . S"2 GAg . NA . TAg HAg = . 
COSel 

g (4.23) 

and 

= 0 
. n N' 

, , . GAg . . TAg HAg case 1 
Ag (4.24) 

If the experimental parameters, 0, n, e, and the energy of the He + just 

before scattering occur are identical for the pure Ag sample and tor 

the SiO~-Ag matrix, the ratio of heights of the silver signals is given 

by: 

~ _ NAg 1Ag 
H' - N ' l' 

Ag Ag Ag 
(4.25) 

Hence, 

N~i =~[~ _ 1] 
N' Y H' Ag Ag 

(4.26) 

Equation (4.26) can be used to calculate the ratio of the ~D 

constituents in tJ::e sample. If the assumption is made that the chemical 

nature at each at these two constituents in the matrix is unchanged and 

that each constituent has the same bulk density on a microscopic scale, 
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additional calculations can be carried out to determine the Ag concen-

tration at any depth in the matrix. On the assumption that only Aq 

and Si02 are present in the mixture. 

Substitution for NSi in Equation (4.26) gives: 

, 
liIAg(E) = 

HAa(E) 

H~~(E) 
- 1 

(4.27 ) 

(4.2£i) 

The values, N~g' Z, Y, H~g' all depend on the value at E, which is the 

energy of the incident He+ particle immediately before it is scattered. 

The values of NAg and NS1 ' taken from the Chu, et.Al. (22), are 

~.8~ x lo22atoms/ em3 and 2.3 x 10~2molecules/em3 respectively. A 

I 

value tor HAg (E) is obtained from the experimentally deteDUined spectrum. 

Values for Z(E) and Y(E) can be calculated from the relationships given 

in Equations (4.18-4.n), when a val'..le for E has been determined. The 

energy of the incident particles at ti1e outer surface of the Si02 matrix 

is (1892 - 7) KeV since the energy loss through the thin outer:layer of 

gold is 7 KeV. Hence, at an incident ion energy ot 1885 1<e\1, 

and 

Ag 
Z = KAg • (:1885 

Case 1 

Therefore, z y = 0.747 

(:Ag 
KAg • le85 -13 + -- = 1.83 x 10 eV Case 1 

Si02 
+ ~Ag • 1885 

COSe2 

2 em 
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Ai though HAg can be detennined experimentally by using a sample of pure 

Ag, its value calculated from: 

was 2400 ± 150 counts. 

Q • st • 0Ag • ~ 

z COSel 

Hence the ccncentration of silver can be 

calculated tram Equation (4.28). The depth profile of silver can be 

obtained by conversion of the e~ergy axis of the spectrum into a depth 

scale 'iVith the aid of the following: 

I HAg tAg H' H~9:(E) ~ 
t = ~= 
Ag N' Hl-\g H NAg (E) z (E)· Ag l\g(E) 

(4.29 ) 

I 

I ~ HAO(E) [ ~ _ s ] i.e. tAg = + 
NSi Y (E) HAg (E) NAg:? (E) N.,. Y (~) ::>l .l!. 

(4.30) 

I 

where 1:. is the thickness of the A9-Si02 mixture that causes a loss Ag 

in energy equal to the energy change represented by one channel in the 

multichannel analyzer. Values ot S and H~g are obtained fran exper

imental data and the values of NAg' NSi ' HAg' Z and Yare calculated 

as shown above. 

The calculation of the thickness (in an) of a layer ot the 

Ag-Si02 mixture that corresponds to one channel in the energy spectrum 

has been outlined above. In addition, the Ag concentration and the 

+ energy of the He ions that are scattered from within this layer are 

also known. Since it was assumed that the sample is only made up ot 

Ag and Si02 and that ti1ese materials have densities that are identical 

to their bulk densities, a stopping cross section for this layer of 



110 

material can be obtained by adding the individual cross sections. The 

energy loss of ill1 incident He+ ion passing through this layer can also 

be calculated. This energy loss is subtracted trom the initial incident 

- + energy and the corrected He 10n energy can be employed for the calcu-

labon of the thickness and the composition of the next layer. Those 

calculations can be carried out successively for each channel in the 

energy spectrum until values of concentration vs. depth have been 

calculated for the entire Ag signal. In this work the calculations 

outlined above were carried out for every ten channels because the 

corrections that were calculated for a single channel IM3re quite small. 

The calculated depth profile of Ag is shown in Flgure 4.9. rl'hese 

calculations can be s~)lified it each layer is assumed to have an 

average composition and if the energy loss through each layer is con-

stant. The depth profile of Ag calculated on this basls is also 

shOwn in E'igure 4.9. Al though the differences in the calculated depth 

profiles are small, they becorre significant when the stopping cross 

sections are affected by high concentrations of silver. 

Conclusions 

rr:.l1is method tor detennining the depth profile of a heavy element, 

Ag, in a light compound matrix, Si02, has been derived from basic prin

ciples which have been explained by various authors (22,69,70). Through 

appllcation of these principles and some additional mathematical man-

ipulations (71), 1M3 feel that calculations of this type can be more 

readily done than in the past. The rather significant changes in the 

stopping cross section of this A9-Si02 material can be accounted for 
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illld corrections done to yield a rr0re accurate depth profile without 

the need for an extensive computer si.'11Lllation program. The corrections 

done tor the variation in tile Ag concentration have been calculated on 

the assuwption that the individual densities of Ag and Si02 are known 

and remain constant in the matrix. If these densities are not known, 

it is still possible to calculate the ratio ot the concentrations of 

two components as a function of depth 1hese calculations are applicable 

to ffiill1Y two component systems in which one component is present in 

sufficiently high concentration to substantially alter the properties 

of the Il'atrix. hs snown in Figure 4.9 failure to make stopping cross 

section corrections can have a significant etfect on a calculated depth 

profile and this effect \-,Duld becorre more severe if the "impurity" 

concentration were increased further. This metilod of calculation should 

work for any concentration as long as the assumptions concerning den

sities are valid and the elements which make up the hvo components in 

the system are knOtJI1. It should be possJble to write a canputer program 

for these calculations if tilms ot this type are to be analyzed on 

a routine basis. 



CHAPTER 5 

MISCELL.ZillEDUS APPLICA'I'IONS OF RES Al-JALYSIS 

T'he rr.ajor reaso" for becoming involved in the assembly ano 

testing of an RES facility was to be able to continue with the charac

terization of photographic pa}:€rs. Once the system was built ana 

calibrated, it became apparent that this analytical technique afforded 

many other opportunities for materials analysis as well. Due to our 

direct involvement with the .RES facility we were able to attempt Sar12 

novel analyses that had a good chance for success as \..ell as others that 

would stretch the limits of the system. Sore of the feasibility stt:dies 

that have been carried out are prese~ted L~ this chapter. Because they 

are just initial studies, no indepth conclusions can be formed although 

some interesting possibilities are broc;ght up. The first two projects, 

lead deposition On silver electrc:x:ies and a study of gallium arsenide, 

show encouraging possibilities for future work. The final two, class 

electrodes and Nafion mernbranes contaL'1inq absorbed rretal ions, v."2re 

not as successful but do demonstrate that sorre w1usual samples may not 

be out of the question for RES analysis. 

Lead D2pqsits on Silver Electrodes 

A jOint project is currently underway to try and characterize 

the underpotential deposition of Pb on 1\g electrodes. Our concen1 has 

mainly been the detection and quantitation of monolayer (or less) 

arroW1ts of Pb that have been electrochemically deposited on roughened 
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Ag electrcx.1es. This type of an2l;lysis has been reported by Frerichs (73) 

in which a single study was perfonred, but no further reports have 

been published. RBS appeared to be a very attractive rrethod for cor

roborating data obtained by other rethods since Pb is a heavy rretal 

and calculations indicated that even a monolayer should be readily 

determinable on a silver substrate. The first experiment tried 

involved the analysis of electrochemically roughened pure Ag electrodes 

that were at least O.1.rnm thick. It was a rrild surprise to note that the 

Pb signal was nearly undetectctble. The final conclusio~ was that in 

the roughening process there are created "caven1s" on a microscopic 

scale which Pb atoms can migrate into and appear to be covered by Ag. 

This monolayer of Pb is no longer evenly spread on the outer surface 

and the incident He + beam in the PBS experirrent scatters frcm Pb atorns 

both at the surface and underneath varying amounts of Ag. The overall 

effect is to spread out the Pb signal through a certaL~ thickness of 

Ag thus causing it to be essentially diluted and difficult to determine. 

In order to test this conclusion, an unroughened, or 9lliYOth, Ag elec

trode had Pb underpotentially de}X)sited on it, the saTre as the 

previous sarrple (74) and an PBS analysis was perfonred. The results of 

both analyses are compared in Figure 5.1. It is apparent that a Sl1100th 

Ag surface yields a much sharper Pb signal, indicating that it is indeed 

concentrated at the surface and not covered by any Ag. Further studies 

in this area should result in a correlation between the degree of rough

ness of the Ag electrode and loss of the Pb signal, thus providing a 

rreans for independently checking the amount of roughening. Another 

effect can be seen in the upper (smooth) spectnun shown in Figure 5.1. 
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rI'he relatively high beam current (- 40 na) has caused a significant 

amount of pulse pile-up ll1 the detector, indicated by the 10% dead 

tim2 of the detector. This backgro'..md noise interferes with the Pb 

signal and a way to rrtinimize it was sought. One way to 10\ver the total 

number of counts is to reduce the amount of heavy Icetal in the sampJ.e 

which can be done in tilis case by creating a much thinner layer of Ag. 
o 

By coating a ti1in layer of Ag (- 2000A) onto a carbon substrate an 

electrode is created that has the characteristics of Ag but does not 

create the problem for RBS analysis that pure Ag does. Figure 5.2 shows 

a spectrum obtained under conditions similar to tilose for the spectra 

ll1 Figure 5.1. In this case the signal-to-noise ratio is greatly 

enhanced and future studies are planned to determipe tile lC¥ler limits 

of detection for Pb. Using the thin layer of Ag also opens up the 

possibility for detecting lighter elements which rr.ay be of interest 

in sor,e of the deposition studies. Continued work promises to be 

profitable in gaining a better understanding concerning the deposition 

of small amounts of Pb on Ag electrodes. 

GaAs Sart]p les 

Another of the continuing concerns in our research group is 

involved with the presence of arsenic in the enviro:tlIT\2nt. It has been 

recognized that people who work with galliwn arsenide in tl1e sernicon-

ductor industry may be presented with increasing amounts of arsenic in 

their work place (75,76). In an effort to study the corrosion of 

GaAs in aqueous solutions, a number of preliminary RES analyses on 

samples of GaAs have been carried out. The analysis of Gal\s by RES is 
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not new, and many authors have used both normal RES as well as chaJmel

ling studies to aid in characterizb1g the GaAs itself ill1d certain 

DlIpurities that have been introduced into it (77-80). Our major 

interest was to utilize the high incident energy capability of the 

U. of A. Vill1 de Graaff in order to obtain the resolution necessary to 

determine both Ga and As individually. '1'he atonic 'M2ights of Ga (69.72) 

ill1d As (74.92) are sufficiently close that for a thick sample, these 

elenents are not resolved at the conditions available to most RES 

facilities. Many of the current RBS systems use a 2 or 3 r-w Val1 de 

Graaff accelerator whereas at the University of AriZona the rnaxinUlTL 

incident ion energy is near 6 MV. The difference in available mass 

resolution is clearly demonstrated in canparing Figures 5.3 ar.d 5.4, 

which show spectra obtained at 1892 KeV and 3800 KeV incident ion 

energies, respectively. By rwmin9 at 4 f1V or even higher energies it 

is hoped that the stoichiorretric ratio of Ga/As can be detenuned both 

before and after atterrpting to dissolve or corrode a sample. In this 

rranner it may be possible to provide sare additional knONledge to\vards 

the rreans by which GaJI..s is broken down and introduced into the environrrent. 

Other Samples 

It is not always the most obvious samples that can eventually 

be at least partially characterized by RBS. 'l're initial photographic 

papers rrentioned earlier in this dissertation were at first thought to 

be an analytical failure, but the Wormation obtained led to a nurrber 

of useful analyses on other materials important in the photographic 

industry. One type of unique sample aJ1alysis that has been recently 
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attempted was of Nafion rrt2111branes that had been soaked in various netal 

ion solutions. The idea was two-fold: first, to determine if a 

successful RBS analysis could be done on a carbon-based polymer membrane 

and second, to find out if the metal ion profile in such a membrane 

could be characterized. A variety of metal ions were used, all at 

concentrations of 1. 0 m'i, with which a piece of the Nafion rrernbrane 

was allowed to equilibrate. Figure 5.5 shows the spectrum of cadmium 

in the Nafion. This spectrum is representative of tile other metals 

as v..eI1. Although the sar:lI..)les v.'ere not able to withstand the ion beam 

bombardment, the spectrum obtained before the sampie was extensively 

degraded shows an even distribution of the netal ion tllroughout the 

membrane. 

The final sample, a spectrum of which is shCMTl in Figure 5.6, 

was a small portion of a glass pH electrcx:1e that had been well used. 

In order to better understand what happens as one of the electrodes 

ages, it WOuld be useful to see a depth profile of ti1e surface region 

of the glass to look for impurity ions. This particular sample was 

coated with a thin layer of Pd and Pt in order to reduce the effects 

of charqing since glass is an insulator. Although these preliminary 

results do not appear to be encouraging, it has been our e>.:perience 

that the first tine a sample is run all tllat is found out is how to run 

things differently the next tine so that rrore information is obtained. 

Because the PJ3S technique is still just beginning to be applied in a 

variety of fields these initial test rtms are important. Al though the 

spectrum shown in Figure 5.6 is of minimal usefulness, it does show aI: 
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interesting feature betvJeen the front edge of the Si signal and the 

back edge of the Pd signal. Perhaps, with a different conducting layer 

coated on the outside that will interfere less in the heavy rretal region 

sorre iP1portant inforrrlRtion can be obtained. Continued efforts in 

obtaining better: spectra from glass e lectrooe samples may yet prove to 

be a useful technique for probing tl1e glass merrbrane. 



CtIAPTER 6 

CX>NCLUSIONS 

The analysis of mru~y other types of samples resides those 

reported here has reen attempted with varyinq degrees of success at 

the University of Arizona Rutherford backscatterinq spectrometry 

facility. This chapter is written as a review of what has reen acco:-~ 

plished and to point out some of the improvements that are already 

reillg macl(~ and additional improvements that are conteITl!?lated for the 

future. 

Summary: Revie\,: 

Rutherford backsca ttering spectranetry is a useful m2thod for 

determining depth profiles in the near surface region of a sample in a 

qurultitative manner, often without causing appreciable danE.ge to the 

sawple. The purpose of this dissertation has reen two-fold. First, 

a detailed description of the initial assembly, calibration, and 

testing of a new RBS facility at the University of Arizona has reen 

pres.:::nted. A few of the findings obtained fran investigations of unique 

samples have reen presented along with a m2thod for calculat~1g a 

concentration profile for a heavy elem2nt in a light atornic weight 

compound rratrix where there is a fairly large arnount of the heavy 

element. Secondly, it is hoped that enough basic theory and samples of 

data analysis have reen presented to demonstrate the usefulness tha.t 

RES can have as an additional tool for analytical chemists. 
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In the beginning of the design stage for this RBS system, it 

was kno.vn that because of the relatively high energies (> 5 MeV) 

obtainable with the available Van de Graaff accelerator, higher mass 

resolution than obtainable in r.l0st other systems would be possible. 

Thus, one of the original goals was to perform high resolution analyses 

that had not been carried out previously. The analysis of GaAs is the 

beginning of a project that goes along with this goal. One paper has 

been accepted for publicatioll in which the high mass resolutior: cap

abilities of this system are utilized (34). One of the first high 

energy spectra that was obtained is shown in Figure 6.1. Hhile it is 

very useful to run analyses at high energies sorre of the time, it was 

also learned that for lCMer atomic M~ight elemer:ts the non-Rutherfordian 

behavior can becorre qui te dramatic. Figure 6.2 points out the reason 

for only using high energies when absolutely necessary, since a pure 

silicon sample shoUld yield a smooth, continuous signal as opFOsed to 

the many sharp resonances seen in the spectrum. 

Another apsect of this dissertation has been an ernphasis on the 

nondestructive nature of an RES analysis. Although a high energy ion 

beam cancertainly cause damage (80), analyzing conditions have been 

adjusted for each of the samples to minimize this effect. 'I'he silver 

electrodes and gallium arsenide samples have been analyzed repeatedly 

and can be used for a number of tests before any damage becorres signi

ficant. A few of the photos:caphic materials were damaged quite 

extensively due to their delicate nature, but through use of lew beam 

currents as W211 as a more diffuse beam, sone of these were able to 
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withstand more than one analysis. This aspect of RES becanes especially 

i.rTlIXJrtant for saJl'ples that should not be destroyed by an analysis. It 

is also useful when more than one type of analysis on a given sample 

is desired since RES generally leaves the sail1ple intact and ready for 

other tests. 

Much of the work done has been on attempts to analyze atypical 

samples. Many attempts were made at analyzing photographic papers and 

emulsions before a method was finally devised wherein a spectrum could 

be obtained without destroying the sarl:ple. The analysis was finally 

done, however, and has led to a greater interest in the possibilities 

for analyzing other sensitive salnples in a nondestructive ~lDer. Of 

the many PBS papers published, only very fe\v were on samples of a 

delicate nature (81 82), but these analyses do indicate that there may 

be other types of samples that may lead to useful results. 

The principles behind PES are not difficult to understaJ1d, al1d 

the type of infonnation obtainable by this rrethod fits in well with 

other analytical techniques. :i:'igure 6.3 is a diagram that illustrates 

the differences in a number of canplementary methods (21). RES has 

strong possibilities in the field of al1alytical chemistry along with 

these other surface analysis rnethods. By presentllig a clear pictur0 of 

Rutherford backscattering in this dissertation perhaps more analytical 

chemists will becorre aware of ways ill which PBS can be of use to thein. 

Future v~ork 

As n'entioned earlier, the RBS system is beillg continually 

upgraded. Currently a new sample holder with an additional degree of 
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freedom in sarrple aligrurent is being tested to allow for channelling 

experiments. This holder would also allow easy adjtEtment of the 

scattering angle without moving the detector. Surface topological studies 

and improved depth resolution can be gained by using laver scattering 

angles (83, 84). Another irnprovement to be made soon is the additiol~ of 

repeller plates near the entrance to the semple changer. By applying 

a small negative potential to the plates, al1Y stray electrons moving 

in conjunction with the He+ beam carl be rernoved more effectively thal1 

they are now. A major improverrent currelltly being readied is the 

addition of an RBS spectnllll simUlation program to the computer system. 

This program will facilitate rapid data analysis ana. predict optimal 

running conditions for a given sarrple. All data analysis and calcula

tions for this dissertation were done with a hand calculator; this is 

obviously very time consLlIring. Al though this HES system has utilized 

heavy ions (c-'+) for the incident beau, there exist other possibilities 

also for both lighter (IV) and heavier (Ar+) bornbardillg ions. Al thou9h 

uses for these types of ions seem to be limited by other exper:iJnental 

considerations, Sullins (85) has shown that li1ere are advantages for 

the use of these ions in special situations. 

One of li1e greatest possibilities for .irnprovenent of this HBS 

facility is in the area of additional detectors. A 2 MeV He+ beam 

produces not only backscattered ions, but also characteristic x-rays. 

Particle induced x-ray emission (PIXE) is a well established analytical 

rrethod (86-88) and there is little or no difference in ilie incident ion 

beam for RES and PIXE. By simply placing an energy dispersive lithium 
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drifted silicon (SiLi) detector in the sample chamber at an appropriate 

geometry, a sensitive teclmique for qualitative analysis could be added 

to the system. By generating roth RES and PIXE spectra sirnul taneously, 

qualitative and qllillltitative information could be obtained under 

optin1.3.1 conditiuus with much higher confidence than for either techr..ique 

alone. Musket (89) has reported the simultaneous application of these 

techniques ill1d the possible applications are virtually limitless. 

Other possibilities for additional detectors include multiple surface 

barrier detectors and the use of an electrostatic analyzer. \'lith more 

than one surface barrier detector it would be possible to obtain a 

variety of spectra with different scattering angles at the same til..-:e. 

This is often useful for obtaining spectra with both good mass resolu

tion and higher sensitivity or better depth resolution. An electro

static analyzer is analogous to a wavelength dispersive x-ray ill1alyzer 

in that the energy resolution is often an order of magnitude better 

than that for the energy dispersive detectors. Of course, \vhenever two 

or more detectors are used, there must be a cOHlplete set of data 

acquisition electronics for each. A ccmputer such as that currently 

available on the RBS syste..'1l \'.Duld be able to handle multiple detector 

systems. 

RES is a powerful analytical tool for near surface analysis, 

and when combined with other techniques a great deal of infonnation can 

often be obtained (90-94). By combining more than one techniqlle in the 

same system, there is the added advantage of minimum sample handling 

and a savings in time required for the e.xperil1'8nt. A!'.alytical 
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chemists have only recently beCOH1e aware of the capabilities of RBS 

and it is safe to predict that nwrerous applications of this tectmique 

will be reported in the next few years. 



APPENDIX A 

DNrA Ai:ID CALCULATIONS FOR PHOI'OGRAPHIC SAMPLE ANALYSIS 

'lne actual experinl2ntal data ('l'able 1'1..1) as \~ll as a talJle 

of the values used in Figure 4.9 (Table A.2) are presented in this 

appendix. The dat.;:, is typical of that obtained for alJ.y spectrum and 

seLves as an example for all other data as well as makli1g it possible 

to follow completely through the calculations demonstrated in Chapter 4. 

Although the calculation for obtaining the silver concentration profile 

is derived in Chapter 4, a more detailed view is presented here. For 

the first data point in the depth profile, an incident energy is cal-

culated to be 1882 KeV, which is sirllply the original beam energy minus 

the loss through the thin gold covering layer. Using this value of 

1882 KeV, stopping cross sections are evaluated for both Ag and Si02 . 

Using the assumption of linear additivity of stopping cross ;sections, 

Z and Y are then evaluated from the following equations: 

Z = KAg 
. As ¢. E e:B + Ag (A. I. ) 

Cos 81 Cos 92 

c:' 0 Si 0 ... 1 
Y = KAg e:E + 2e:E e: E+2~ E (A. 2.) + I<Ag Ag . 

Cos 81 Cos e;: 
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Table A.I. Spectral data for Ag is Si02 Matrix. 

H @~;Zib8q 
RT=i)(H)i)56:.4 L T=OOOI)S4 7.6 

(I I) c) I) c) 0 0 .) 0 
8 0 I) 0 I) 3 1 (J <) 

16 0 0 0 0 1 0 0 0 
24 1 0 0 1 0 0 1 0 
32 0 0 0 0 0 1 4 
40 12 9 7 917 1608 1529 1579 1539 
48 1551 1582 1518 1464 1518 1523 1553 1436 
56 1528 1411 1400 1369 1402 1359 1393 1314 
64 1314 1317 1393 1364 1301 1260 1305 1:71 
7'2 1235 1288 1262 1221 1265 1199 1197 1177 
80 1174 1117 1149 1226 1180 1224 1128 1133 
88 1152 1117 1085 1107 1139 1134 1110 1097 
96 1126 1086 1073 1102 1069 1046 1111 1037 

104 1063 1080 1055 1055 993 1040 1009 998 
112 1020 931 975 931 984 977 991 971 
120 982 937 964 976 945 954 894 883 
128 903 899 918 898 877 898 881 827 
136 835 895 791 773 881 834 845 760 
144 847 801 778 797 791 765 762 718 
152 737 729 768 777 726 751 699 674 
160 664 722 721 688 688 670 660 686 
168 630 578 674 629 624 645 706 611 
176 640 631 585 638 573 629 595 599 
184 637 555 599 577 589 551) 584 541 
19: 586 5~4 48::- co...,,'" 

i.J ... ..::. 506 548 539 5:21 
200 528 520 481 480 497 519 490 5(10 
208 445 5~4 465 428 490 4"'~ ...;.;.. 471 471 
216 439 445 436 434 413 414 412 414 
~24 411 371 380 378 370 381 367 401 
~~~ 

""~~ 365 337 328 319 312 317 274 318 
240 308 315 295 284 267 278 284 298 
248 286 264 252 289 247 256 227 237 
256 252 235 195 208 211 191 179 178 
264 167 188 177 159 175 161 146 154 
272 136 132 123 143 128 139 112 103 
280 103 131 103 103 112 118 144 100 
:88 125 103 . 108 116 104 10: 105 107 
296 106 124 110 1(1) 89 106 97 117 
304 89 101 126 113 106 115 127 92 
~1~ 96 108 90 I:"'" _'..J 105 115 1('8 1 ~·1 
-:::1) 128 119 120 136 114 127 128 lin 

:·::::8 11)8 117 138 1:6 120 116 1 -1(1 1 l" 
:'36 125 102 115 127 109 106 1 :21) 126 
344 119 107 96 98 98 107 115 116 
352 108 111 102 118 92 101 103 106 
360 103 101 85 74 60 44 56 22 
368 37 23 15 11 16 12 7 6 
376 16 9 11 7 11 13 9 9 
384 12 10 14 8 15 11 10 7 
392 14 10 17 16 10 11 15 19 
400 14 12 7 18 19 9 25 25 
408 20 25 16 11 28 29 40 28 
416 29 37 37 43 31 42 44 39 
424 49 44 34 44 37 55 57 59 
432 67 61 57 68 72 65 60 79 
440 75 81 90 84 73 79 88 83 
448 92 93 93 99 91 104 100 113 
456 112 113 110 104 114 117 117 102 
464 111 109 107 123 103 112 107 103 
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Table A.I. Continued 

47:::: 1 (I·...., 11:' 9:' t:::::::: 1 (I::': 1 11 98 87 
48':1 9:::: 104 Btl 1 ~C· 

~J II? 1 (18 117 9::: 
488 117 114 1~~ 115 111 1 ....... ·--, 11::: 11:' 
496 118 1:::4 14::: 1:'8 11 t 127 126 1:::6 
504 143 130 148 120 1-~ ,'- 1:'7 1:::8 16:' 
512 139 138 158 lC'-.J._' 125 155 161 162 
520 156 143 146 149 167 146 147 156 
528 150 140 131 165 137 165 161 151 
536 142 156 138 150 163 133 118 157 
544 145 147 144 166 156 136 168 146 
552 132 150 148 176 155 160 157 153 
560 154 170 149 148 131 171 141 136 
568 1-~ ";''''':' 1:""C' .,;. • ..J 125 110 95 112 65 65 
576 38 29 .J"::,, 30 18 19 23 18 
584 21 23 13 16 20 12 13 12 
592 11 8 11 ._' 9 10 6 4 
600 13 7 9 6 12 13 12 11 
608 4 6 3 6 4 7 7 6 
616 6 3 4 1 3 8 7 8 
624 4 6 6 6 0 3 4 3 
632 3 5 1 2 7 2 7 6 
640 4 5 1 4 3 5 1 4 
648 5 3 2 9 7 5 5 5 
656 6 7 6 6 4 10 13 7 
664 6 10 16 8 10 11 17 11 
67::: 20 13 13 15 22 13 21 20 
680 16 19 19 :!o 25 27 :::9 35 
688 :'8 44 _C' 

_'.J 40 48 ~15 55 5:: 
696 46 59 61 84 65 76 84 90 
704 100 106 106 1:::4 125 142 147 125 
712 169 172 lC'-.J._, 181 174 186 210 230 
720 244 241 270 271 276 290 280 301 
728 305 333 346 358 36~ 391 396 406 
736 423 406 476 447 449 471 512 462 
744 512 568 533 547 556 604 599 598 
752 627 583 635 614 666 692 658 729 
760 693 712 657 701 757 711 712 752 
768 724 736 743 768 814 743 766 801 
776 770 790 800 746 795 734 802 806 
784 798 730 ]'":'7 731 711 681 740 729 
79::: 730 7'29 7"')'";' 655 611 613 610 599 
800 592 585 560 538 54·'; 543 454 461 
80B 471 431 415 :'84 _. -~ 34:::: 317 275 A,;, 

816 ::7:? 240 ~:9 2:'0 ~1:2 166 167 144 
8::::4 1::::9 113 109 l(J7 91 90 89 76 
8-~ 65 C'-.J _, 44 31 38 31 39 -'::0 
840 33 30 -~ ::::6 17 34 22 15 -'-
848 27 15 19 19 16 21 16 13 
856 9 23 15 8,' 13 16 13 10 
864 7 14 9 12 10 8 10 10 
872 1:5 9 11 5 12 11 14 15 
880 11 17 11 19 14 25 22 24 
888 22 17 31 31 29 25 27 22 
896 18 12 10 4 8 6 3 :5 
904 6 6 8 5 6 5 9 :5 
912 4 5 5 9 5 6 9 9 
920 7 16 5 11 13 22 15 11 
928 22 24 20 41 39 36 :55 58 
936 78 75 85 121 175 264 315 482 
944 797 1008 1407 2017 2394 2869 3336 3:545 
952 3589 3494 3338 2821 2191 1564 1076 673 
960 369 173 77 16 9 3 2 0 
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Table A.I. Continued 

968 (1 f) -: 0 i) -
976 (I 0 <) 0 I) 

984 (1 I) c) I) I) I) 0 I) 

992 0 0 (1 0 1 1 2 
1000 I) 3 (I 0 0 0 1 0 
1008 0 0 0 0 0 0 0 0 
1016 (I 0 0 0 0 0 0 0 
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Table A.2. Tabulated results for Ag concentration profile 

Chan. E HI Hcalc • 
t;f9 Z NIA 

DI."'ptl1 no. (KeV) Ag pure Ag (A y ~2 3 (10 aton1/crt') 0 
A 

680 1687 12 2879 30,5 .736 .013 6~69 

690 1696 35 2855 30.5 .736 .039 5964 

700 1705 65 2832 30.4 .737 .072 5660 

710 1715 13:;; 2807 30.1 .737 .153 5359 

720 1724 235 2784 29.7 .738 .274 5062 

720 1733 340 2759 29.2 .738 .407 4770 

740 1743 460 2737 28.6 .739 .568 4484 

750 1752 580 2713 28.0 .740 .739 4204 

760 1761 680 2688 27.5 .740 .892 3929 

770 1770 760 2668 27.1 .740 1.022 3658 

780 1780 775 2645 27.1 .741 1.055 3387 

790 1789 710 262ti 27.5 .742 .960 3112 

800 1798 585 2596 28.2 .742 .781 2830 

810 1808 400 2578 29.3 .743 .518 2537 

820 1817 190 2556 30.6 .743 .238 2231 

830 1826 75 2537 31.3 .744 .093 1918 

840 1836 30 2514 31.7 .745 .037 1601 

850 1845 20 2494 31.8 .745 .025 1283 

860 1854 10 2474 32.0 .745 .013 963 

870 1863 10 2453 32.1 .746 • 013 642 

880 1873 15 2433 32.1 .747 .019 321 

890 1882 30 2414 32.1 .747 .039 0 



Cos 8 1 = Cos 00 = 1 

Cos 82 = Cos 10
0 = .985 

KAg = .863 

-13 2 
For ti1is first point, ~ = 1.83 x 10 eV· em and 

Y = 2.45 x 10-13 eV • cn2• 

w = 

Q = 

COs 

~ = 

HCale . 
pure Ag 

15.26]JC 

= Q S"2 DAg,E 

Z Cos 81 

.78 x 10-3 Sr 

81 = 1 

1.816 ReV/Chan. 

B
cale . is calculated frO!n: - pure Ag 
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(iI..3. ) 

The value of Z has already been evaluated and crAg,E is obtained f1:"O:':, 

tabulated values (see ret. 22). H' A9 
is taken directly fra.n tl1e 

. t 1 "t d' tab 1 te J 1 ..... l-. 'Bealc • . Tab 1 71 2 expen.men a da a an 15 u a (1 a ong W1 W1 pure Ag 1]1' e ."l.. • 
N' Ag can now be calculated directly frofll Equation 4.28 and for this 

data point, N' A9 
= .039 x 10

22 
atom/an

3
• 'l'he final calculation for 

tl1is point is to detennine tl1e ti1iclmess of sample material which 

corresponds to tl1e energy widtl1 of one channel in tl1e mul tichan.'1el 

analyzer. This calculation is done using equation 4.3U, ill1d for tl1is 

o 
first point, t lAg = 3.21 A. The actual error, which is attributed 

mainly to uncertainty in tl1e signal height, is estir:ated to be about 

10 to 1:'9". From the assumption tl1at only Ag and Si02 are present, 

ti1e composition of tl1e saIT'ple can be calculated fran Equation 4.27 
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since the silver concentration is already detennined. Once the amount 

of roth Si02 and Ag are knovill, the energy loss through the appropriate 

thickness can be calculated from the followinq equation: 

AEl'n = ",Si02 I'" t' + /"£ 1,1' t' 
o ~B'Si02 Ag vE'AS Ag (A.4. ) 

Where tAg' NAg and N~i02 are previously calculated and E:~i02 and 

As 
E:.t; "Jere obtained at the outset of this calculation. 

Once 6Ein is known, a neVi value for E (the energy just before 

a particle is scattered) can be found and new stopping cross sections 

can be obtained. 'J'he entire process is then repeated. Because the 

energy loss is very small for one charmel width, the iterative 

calculations v.-ere done for ten channels at a tin18. In this manner the 

entire depth profile Vias calculated. 
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Depth Profile of Silver in a Matrix of the Compound, Si02, by 
Rutherford Backscattering Spectrometry 

by 

John A. Leavitt 
Department of Physics 
University of Arizona 

Tucson, AZ 85721 

David K. Rollins and Quintus Fernando* 
Departm::mt of Chemi stry , 
University of Arizona 

Tucson, AZ 85721 

Abstract 

Rutherford back scattering spectrometry has been used to obtain a 

depth profile of elemental silver in a matrix of the compound, Si02. 

The Ag concentration in the matrix that was investigated reached a maxi

mum value of 1.06 ± .05 atoms/em3• From the energies at which the peaks 

or the leading edges of the elemental signals appeared, and from the 

integrated signals for each element film thicknesses as well as the ele-

mental ratio Si:O, have been calculated. 
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INTRODUCTION 

The introduction of atoms or ions at concentrations greater than a 

few atom percent into a solid substrate is an important technique that 

has found increasing uses in the past. (62-65) A knowledge of the 

elemental depth profiles in the resulting solids is required in order to 

correlate changes in the chemical and physical properties of these 

solids with the atom ratios that are present at various depths in the 

solid. (95,96) Rutherford back scattering measurements with He+ ions of 

about 2 Mev is a well-established technique for obtaining elemental 

depth profiles of heavy atoms that are present in a light atom 

substrate. High dose distributions of heavy atoms however, are dif

ficult to measure experimentally because the target composition changes 

rapidly with depth. (64,66-68) The stopping power of the composite 

target for the incident beam must be evaluated therefore, for every 

point (or channel) in the backscattered spectrum. 

In this work, the compound matrix, Si02, containing a high, uneven 

distribution of a heavy atom, Ag, in a portion of the matrix, has been 

analyzed by the back scattering technique. The Ag concentration has 

been calculated as a function of depth in the Si02 matrix. The values 

of stopping cross sections, scattering cross sections, kinematic factors 

and densities reported by Chu, Mayer and Nicolet (22) have been used in 

the calculations and the symbols and nomenclature in this paper conform 

to those used by Chu et ale (22). 
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EXPERIMENTAL 

A 6 MV van de Graaff accelerator (High Voltage Engineering Corp.) 

was used to generate He+ ions at an energy of 1892 ± 5 KeV. The sample 

chamber is shown in Fig. 3.5. Ten samples can be mounted on an aluminum 

plate which can be rotated with respect to the incident beam. Each 

sample can be accurately aligned with the beam b¥ translational movement 

of the plate in a horizontal or vertical direction. A silicon surface 

barrier detector (Ortec Model No. BA-014-025-l00) was mounted in such a 

manner that the back scattering angle was 170° ± 0.5°. A resolution of 

15 KeV was attainable with the configuration of the system shown in 

Fig. 3.5 

The sample chamber was electrically isolated from the rest of the 

system and was used as a charge collection device. The total charge 

that is collected is digitized and integrated in a counter/timer with a 

continuous display. The total mnnber of incident He+ ions can be calcu

lated from the total charge if it is assumed that all the incident ions 

are He+. 

The data acquisition system is shown in Fig. 3.8. An Ortec l42A 

preamplifer was used with an Ortec 572 spectroscopy amplifier. the 

data were collected with an Ortec 7150 rultichannel analyzer and u1.tima

tely stored and processed in an IBM personal computer equipped with dual 

floppy disks and a Winchester type fixed disk. The spectral data 

collected in 1024 channels were plotted on an IBM X/y 749 digital 

plotter interfaced directly with the IBM PC. 



145 

The samples that were analyzed by the back scattering technique 

consisted of films of Si02 (~ 3500A) and Si02 that contained Ag. These 

films were bonded to an aluminum substrate and a layer of Au, (lOO-200A) 

was deposited on the surface of the Si02. This enabled us to obtain the 

spectra at .- 50 nA with a beam that had dirrensions of 1.4 rom x 1.4 rom. 

Well defined spectra were obtained in about 15 min. without causing 

observable damage to the sample. The spectra obtained are shown in 

Figs 4.7 and 4.S. 

RESULTS AND DISCUSSION 

The spectrum shown in Fig. 4.7 was obtained with a film of Si02 

bonded to an aluminum substrate. The layer of gold on the Si02 was 

added to enhance the electrical conductance of the film. The Au peak is 

found at 1743 KeV ± 3 KeV: this energy agrees well with the theoretical 

energy, El for a surface layer of Au. The value of El is given by: 

El = KAu.Eo, where KAu' the kinematic factor for Au is 0.9225 and Eo is 

the energy of the incident He+ beam. The thickness of the Au layer, 

calculated from the total area of the Au signal is 14SA ± 7A. The pre-

sence of the Au layer should cause a shift of 15 KeV in the leading 

edges of si and 0, as a result of the energy loss through the Au layer. 

In Fig. 4.7 the Si and 0 edges are shifted by lS KeV and 16 KeV respec-

tively, which is within experirrental error (± 3 KeV). 

The Si:O ratio, NSi (N represents the number of atoms per cubic 
NO 

centirreter), was calculated from the heights of the leading edges of the 

Si and 0 signals, HSi and HO respectively. 
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H ~ N [" ] Si02 Si vSi· Si. ~o 0 
-- = --------::"C:-::--
HO 00. NO • [E:O]~t02 

(1) 

where [ ] Si02 
EO 0 is the stopping cross section factor of oxygen in Si02 

and [Eo]~t02 is the stopping cross section factor of silicon in the Si02 

matrix. If it is assumed that this ratio of stopping cross sections in 

Equation (1) is unity, then, 

NSi 
NO 

= HSi· 00 
Ho·aSi (2) 

where 00 and aSi are the Rutherford scattering cross sections. The 

ratio, NSi , can now be calculated from the measured heights, HSi and 
NO 

HO and the tabulated values of 00 and aSi. 

Le. = 1.00 
2.18 (3) 

With this approximate value of NSi, a better value for the ratio of the 
NO 

stopping cross sections can be calculated. 

KSi 
CosSl 

ESi02.l8 
KsL1882 

COSS2 (4) 

Si02 18 The term E: KSi:1882represents the stopping cross section for a comr 

pamd which contains Si and 0 in the ratio 1:2.18 evaluated at an energy 

of (KSi. 1882) = (0.5657 x 1882) Kev. KSi, the kinematic factor for Si, 

is 0.5657, 81 is 180°, which is the angle between the incident beam and 

the normal to the sample and 82 is 170°, which is the angle between the 

backscattered ions and the normal to the sample. 
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Also, on the assumption that the stopping cross sections are additive, 

Si02.18 Si 0 = 15 15 £1882 = £1882 + 2.18·£1882 50.85x10- + 2.18x37.06x10- (5) 

and, 

Le. Si02.18 = 131.6x10-15 eV. cm2 
£1882 

Si 0 = £ + 2.18.£ = 65.2x10-15 + 2.18x46.8x10-15 
1065 1065 

Le. £
Si0

2.18 _ 167.2x10-15 eV. cm2 
KSL1882 -

substitution in Eqn. (4) gives: 

(6) 

(7) 

(8) 

The stepping cross section factcr for oxygen in Si02 can be calculated 

with the aid of an equation analogous to Eqn. (4). 
£Si02.l8 

[ ]Si02.18 = KO £Si02.18 + KO.1882 
£0 0 Cos81 1882 Cos82 

KO, the kinematic factor for oxygen is 0.3625 and 

Si02.18 = 131.6x10-15 eV. ~. 
£1882 

(9) 

(10) 

Si02.18 = Si + 2.18.£0 = 70.41xlO-15 + 2.18x48.00xl0-15 (11). 
£682 £682 682 

i.e. Si02.18 = 175.1xl0-15 eV. ~ 
£682 

Substitution in Eqn. (9) gives: 

(12) 

(13) 
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Hence, a more accurate value of the ratio of the stopping cross section 

factors, [ ]Si02, is 1.08. Substitution of this value in Eqn. (1) 
EO 0 

gives. : 

NSi 
NO = 1.00 

2.01 (14) 

The error in this ratio is largely due to the errors in the measurement 

of the heights of the signals. The Si:O ratio calculated in this manner 

is 1: 2. 01±0. 08. 

The depth of the Si02 layer was calculated from, A, the total number 

of counts in the Si signal and from 6E, the energy difference at the 

half-heights of the leading and trailing edges of the Si signal. 

A = aSi,E • Q.Q.N.t (15) 

where A = 16915 counts; Q represents the solid angle at the detector and 

is 0.78xlO-3 steradians; Q, the total number of He+ ions is 9.407 x 1013 ; 

N, the number of molecules of Si02 in 1 cnr3 is 2.3xl022. The measured 

value of 6E is 200 kev. On the assumption that the inoorrdng He+ ions 

and the outgoing He+ ions undergo an equal energy loss, the scattering 

cross section aSi,E at an energy of (1882-50) KeV is 294xlO-27 • 

The value of t, the depth of the Si02 layer, calculated from 

Eqn. (15) is 3.41xlO-5 em., or (N.t) = 7.84xl017 molecules/~. The 

error in the measurement of t.he total area, A, and the charge Q results 
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in an uncertainty of O.2xlO-5 em in the calculated value of the depth of 

the Si02 layer. 

The depth of the Si02 layer can also be calculated from Eqn. (17) 

and the measured value of 6E. 

(16 ) 

i.e. + 
Si02 ] £K . Sl.1882 .N.t 
Cos92 

(17) 

Si02 The term, [£0]Si,1822 represents the total stopping cross section for 

the incoming and outgoing paths, with the surface approximation for an 

Si02 matrix where the incident ion has an initial energy of 1882 KeV and 

is scattered from an Si atom (22). The value of (N.t) calculated from 

Equation (17) is 8.64xl017 molecules/~ and t = 3.76xlO-5 em. Hence 

the average calculated depth of the Si02 layer in 3600±200A. 

The spectrum in Fig. 4.8 was obtained with a fibffi of Si02 containing 

Ag. The film had an aluminum backing and a surface layer of Au. The Au 

peak was obtained at l745±3 KeV and the thickness of the Au layer that 

was calculated from the area of the Au signal, was 97A ± lOA. 

The edges of the Si and ° are shifted, due to the presence of the Au 

layer, as described above. The small peak at 1632 ± 4 KeV can be attri-

buted to the presence of Ag in the Au layer on the surface of the Si02 

film. The total area of this Ag signal, that was calculated from an 

equation analogous to Eqn. (15), corresponds to 2.2xl015 ± O.2xl015 

atoms/cm2. It is possible that the silver that is formed in the Au 
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layer migrated either from the surface of the Si02 or from within the 

Si02 matrix. From the data in Fig. 4.8, it is not possible to deter

mine whether this migration was facilitated by bombardment with He+ 

ions. 

The primary objective in this work is to determine the Ag con

centration as a function of the depth of the Si02 matrix. The manner in 

which the Ag concentration can be calculated is shown below. 
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CALCULATION of the Ag DEPTH PROFILE 

The symbols used in the calculation are defined as follows: 

N~ = number of atoms of Ag per unit volume in the Si02-Ag matrix 
, 

NSi = number of atoms of Si per unit volume in the Si02-Ag matrix 

NAg = number of atoms of Ag per unit volume in pure Ag 

s = energy per channel in the multichannel analyzer 

LAg = thickness of a thin section of the Si02-Ag matrix that causes He+ 
to lose the energy equivalent of one channel (s), when scattered 
by an Ag atom 

LAg = thickness of a thin section of pure Ag that causes He+ to lose 
the energy equivalent of one channel (s), when scattered by an Ag 
atom 

HAg = height of Ag signal in a pure Ag sample 

HAg = height of Ag signal in the Si02-Ag matrix 

Eo = energy of incident He+ immediately before scattering occurs 

v = fraction of a unit volume of the Si02-Ag mixture occupied by Ag 

l-v = fraction of a unit volume of the Si02-Ag mixture occupied by Si02 

In a pure silver sample, 

[ 

Ag 
= K;..g. EEo 

COSSl 

i.e. ~ = Z.NAgLAg 

In the SiO~Ag matrix, 

(18) 

(19) 

+ 

(20 ~ 
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" , 
Le. ~ = ZNAgTAg + YNSi TAg (21) 

From Eqns. (19) and (21), 
I 

~ = _ZN.....,;Ag-=-__ +_YN--..::.S.:;:,.i 

T~ ZNAg 
(22) 
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The heights of the silver signals in a pure Ag sample and in the Si02-Ag 

matrix are given by: 

and 

H - Q.n 
Ag - cosel 

HI _ Q.n 
Ag - CosSl 

.crAg • NAg • TAg (23) 

(24) 

If the experimental parameters, Q, n, 0, and the energy of He+ just 

before scattering occur are identical for the pure Ag sample and for 

the Si02-A9 matrix, the ratio of heights of the silver signals is given 

by: 
I I 

~ -- NlIgTlIg 
= 

ZNAg + YNSi ~ 
I I I ZNAg I 

HAg NAg TAg NAg 
(25) 

Hence, 

~ = NSi = !-[~ -1] -1- y I 

HAg NAg HAg 
(26) 

Equation (26) can be used to calculate the ratio of the two consti-

tuents in the sample. If the assumption is made that the chemical 

nature of each of these two constituents in the matrix is unchanged and 

that each constituent has the same bulk density on a microscopic scale, 

additional calculations can be carried out to deterrrdne the Ag con-

centration at any depth in the matrix. On the asslllTption that only Ag 

and Si02 are present in the mixture. 
I 

NSi = (l-v)NSi = (1-~ )NSi 
NAg 

(27) 
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, 
Substitution for NSi in Equation (26) gives: 

, NS· 
NAg(E) = 1 

NSi + Z(E) [HAg(E) -lJ (28) 
NAg Y(E) H'Ag(E) 

I , 
The values, NAg, z, Y, HAg and HAg, all depend on the value of E, which 

is the energy of the incident He+ particle immediately before it is 

scattered. The values of NAg and NSi, taken from Chu et al. (10), are 

5.85 x 1022 atoms/cfi3 and 2.3 x 1022 molecules/cffi3 respectively. A 
I 

value for HAg(E) is obtained from the experimentally determined 

spectrum. Values for Z(E) and Y(E) can be calculated from the rela

tionships given in Equations (18)-(21), when a value for E has been 

determined. The energy of the incident particles at the outer surface 

of the Si02 matrix is (1892-7)Kev since the energy loss through the thin 

outerlayer of gold is 7 Kev. Hence, at an incident ion energy of 

1885 Kev, 

Ag 
e:Kk·l885 

KJ\g • e:K .1885 
Ag + = 1.83 x 10-13 eV.cm2 Z = 

CosSl Cos82 

and 

KAg • Si02 Si02 
e:1885 e: 

Y = + 
KAg.1885 = 2.45 x 10-13 eV.cm2 

Cos81 Cos92 
Therefore, Z = 0.747 

Y 

Although HAg can be detennined experlinentally by using a sample of pure 

Ag, its value calaJlated from: 
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was 2400 ± 150 counts. Hence the concentration of silver can be calcu-

lated from Equation (28). The depth profile of silver can be obtained 

by conversion of the energy axis of the spectrum into a depth scale with 

the aid of the following: 

(29) 

i.e. 

HI 
+ Ag (e) [ t: 

HAg (E) NAgZ(E) (30) 
I 

where tAg is the thickness of the Ag-Si02 mixture that causes a loss in 

energy equal to the energy change represented by one channel in the 
I 

multichannel analyzer. Values of ~ and HAg are obtained from experimen-

tal data and the values of NAg, NSi, HAg, Z and Yare calculated as 

sham above. 

The calculation of the thickness (in em) of a layer of the Ag-Si02 

mixture that corresponds to one channel in the energy spectrum has been 

outlined above. In addition, the Ag concentration and the energy of the 

He+ ions that are scattered f~ within this layer are also known. 

Since it was assumed that the sample is only made up of Ag and Si02 and 

that these materials have densities that are identical to their bulk 

densities, a stopping cross section for this layer of material can be 

obtained by adding the individual cross sections. The energy loss of an 

incident He+ ion passing through this layer can also be calculated. 

This energy loss is subtracted from the initial incident energy and the 

corrected He+ ion energy can be employed for the calculation of the 
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thickness and composition of the next layer. Those calculations can be 

carried out successively for each channel in the energy spectrum until 

values of concentration vs. depth have been calculated for the entire Ag 

signal. In this work the calculations outlined aoove were carried out 

for every ten channels because the corrections that were calculated for 

a single channel were quite small. The calculated depth profile of Ag 

is shown in Fig. 4.9. These calculations can be simplified if each 

layer is assumed to have an average composition and if the energy loss 

through each layer is constant. The depth profile of Ag calculated on 

this basis is also shown in Fig. 4.9 Although the differences in the 

calculated depth profiles are small, they become significant when the 

stopping cross sections are affected by high concentrations of silver. 

CONCLUSIONS 

A method for the determination of the depth profile of a heavy ele

ment, Ag, in a light compound matrix, Si02, has been presented. Signi

ficant changes in the stopping cross sections have been caused by 

variations in the concentration and distribution of Ag in the Si02 

matrix. Corrections for the variation in the Ag concentration have been 

calculated on the assumption that the densities of Ag and Si02 are known 

and remain constant throughout the matrix. If the densities of the two 

components are not known, the ratio of the concentrations of the two 

components can be calculated as a function of depth. 

The calculations that have been described are applicable to many two 

component systems in which one component is present in sufficiently high 
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concentrations to substantially alter the properties of the matrix. We 

have shown that failure to make corrections for these variations in the 

matrix properties will result in significant errors in the depth profile 

calculations. 
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on - Destructive Elemental 
Analysis of Photographic 
Paper and Emulsions by X-ray 
Fluorescence Spectroscopy 

By James L. Enyeart, Adelaide B. Anderson, Steven J. Perron, D. K. Rollins 
and Quintus Fernando 

ABSTRACT 

TIu tlm!mtal composilion of tarly 20th-cmlury and cvnltmporary pholographic pape' and tmull'ions has hmz detnmined hy X-ray 
J1uoTtscmu sptclroscopy. A uaud UJ Am excitation souret and an tnC'gy dispmivt Si(Li) dtuctor wm ustd to identify all tlm!mts that 
We't presmt in concmtrations greate' than 0.5 %. Emulsions containing pl41inum,. palladium, and silve' and gold-toned or seltnium
toned prints wm readily idenlified. Elcmtntal prof ius wm used in atttmpts to distinguish htlwmz conttmporary and vintage pn·nts. We 
havt cUmonstraud that the X-ray J1uomcmct uchniqut can ht saftly used with monochrome or colour photographs and t!rat chtmical in/or
,nalion aiding in the presC'Valion and cataloguing of photographic mate'iais may b. routinely obtained. 

INTRODUCTION 

X -ray fluorescence (XRF) spectroscopy is a versatile 
and widely used technique for elemental analysis. 

A sample, which may be a solid, liquid, or gas, is ir
radiated with X-rays, and the excitations induced in 
atoms present in the sample give rise to new X-rays that 
are characteristic of the elements in the sample. XRF is a 
'multi-element' technique that can be used for the 
simultaneous determination of more than 40 elements, 
many of which have detection limits in the low parts per 
million (ppm) level'. The most important advantage of 
this technique is that it is non-destructive; it is ideal, 
therefore, for analysing art-objects paintings, 
photographs, and other materials in museum collections. 
Our primary interest in XRF has been for the qualitative 
analysis of various types of black-and-white and colour 
photographs that are a part of the collection in the Center 
for Creative Photography (CCP) at the University of 
Arizona. Other non-destructive techniques that can be 
used to analyse photographs include neutron-activation 
analysis and autoradiography"""', but both involve the 
use of a neutron source, which leaves the target 
photograph radioactive, and subsequent long decay times 
and counting schemes. XRF, on the other hand, is a 
rapid and relatively simple method, and it leaves no 
residual radiation at the end of the analysis. We have con
ducted a feasibility study to determine whether elemental 
analysis by XR'" may be of use in the preservation, con-

HISTOItY 0' PIlOTOGItAPH'r. VOllJlooIr 7, :"iU ... IU 2, AI'.ll-Jl!,*1: 19M3 

servation, and identification of photographic materials. 
Two major problems confronting museums housing 

large collections of photographs are the identification of 
emulsions and toners used in a print and the determina
tion of a print's authenticiry. It is generally impossible to 
determine visually whether an emulsion contains 
platinum, palladium, silver, or some other metal as the 
light-sensitive element; further, it is sometimes difficult to 
distinguish a dye-transfer print visually from a less stable 
Type C colour print after the prints are mounted. 
Similarly, it is difficult to determine whether a selenium 
or gold chloride toner has been used to stabilize the emul
sion. Since different emulsions require different preserva
tion procedures, it is critical to the conservation of 
photographs that the exact chemical make-up of each 
emulsion be determined. This same information needed 
for preservation can also be used to determine authentici
ty, and to further our understanding of the medium and 
its practitioners. During the early part of this century it 
was common for photographers to create hand-made or 
unique emulsions that are difficult to distinguish from one 
another by visual inspection. An elemental profile may be 
used to characterize these special emulsions, to identify 
fakes and to date prints. A procedure has been developed 
that allows routine elemental analysis of photographic 
prints using XRF spectroscopy. The details of the pro
cedure are described below. 
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EXPERIMENTAL SECTION 

Equipment 
Analyses were carried out using a specially designed sam
ple holder for the photographs, a '41 Am (americium) ex
citation source, an energy dispersive lithium-drifted 
silicon, Si(Li), detector with associated electronics, and a 
Nuclear Data 6620 X-ray analysis computer system link
ed to the university's DEC-IO time-share computer. A 
schematic of this system is shown in Figure I. The 
photograph holder was made of lucite and had protected 
supports where the holder contacled the print face; it was 
designed to allow reproducible positioning of any desired 
portion of the pholograph over the source and detector at 
a set distance and could hold either mounted or un
mounted photographs up to II x 14 in. Although an area 
was cut out from the centre of the holder to minimize ex
citation of the lucite in the region of exposure, some "'Am 
X-rays were reflected and a background spectrum of the 
lucite was taken to allow subtraction of elemental lines 
that did not originate from the photographs. 

The 24' Am excitation used in this study came from 
sealed radioisotope sources purchased' from Isotope Pro-
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ducts Laboratories. These are small and portable, and do 
not require the power and cooling needed for a conven
tional X-ray tube. They permit either direct excitation us
ing 60 kY Am X-rays or lower energy X-ray excitation 
from secondary targets. In the series of analyses to be 
described, only the direct 60 kY X-rays were used 
because of the lower flux of the secondary X-rays. All 
elem~nts with an atomic number greater than 20 could be 
excited and, in principle, detected by this techniqu~. 

The X-rays emitted from the sample were detected 
with an ORTEC Si(Li) detector in the geometry shown in 
Figure 1. The detector had a 0.001 in beryllium window 
to prevent back-scattered ions and energetic electrons 
from reaching the detector. In this configuration the 
detector had a 100% efficiency rating for X-rays from 4 to 
17 keY and had a resolution of 175 eY, measured at 5.89B 
eY. Charged pulses in the detector resulting f;'Om X-ray 
ionization were swept out at a bias potential of 1000Y. A 
cooled FET pre-amplifier together with a pulse pile-up re
jector helped to minimize electronic noise and problems 

/'~~~~~T 
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241 Am SOURCE 
(annular ring) 
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Multi· 
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Figurt 1. Configuration of tJu UI Am excitation 
soura, plwtograph for analysis, and Iht 
lithium-dnjltd silicon dtltetor with ils 
aJsocialtd rltetrons. 
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_._. ~_"" w ;0 

PiJJu A. Anonymou.s: Albumm print, 29.1 x 19.3 em. (Courttsy Cmu. fo, C,tativt 
Photography.) 

of coincident X-rays. Detector count rates va(ied from a 
few counts per second (cps) to several hllndred, but were 
always held at less than 1000 cps to reduce det~ctor 'pile
up'. 

Analogue signals from the detector electronics were 
fed to a 12-bit ND 575 analogue-to-digital converter. The 
digital signals were sorted according to pulse amplitude, 
and ultimately counted and stored according to channel 
number. A calibration of energy versus channel number 
was calculated by obtaining a spectrum containing six 
peaks of known energy and determining the channel 
number of the centroid of each peak. A least-squares fit of 
the energy-page channel pairs gave peak positions that 

lilSTOIY Of' PHOTOClA'UV, Vowwr. 1, Nuw.u 2. AI'IIL-JUNf. 19B3 

were within 10 eV of the expected values in the calibrated 
region. In this way the energy spectrum of emitted X-rays 
could be obtained 50 that the position of peaks in the spec
trum provided a qualitative identification of elements pre
sent in the sample. 

Spectra were acquired for a given pre-set live time in 
1024 channels and were displayed while being collected 
on the cathode ray tube of the ND 6620. The acquired 
spectra were stored on hard disc, as counts versus energy . 
for future data reduction and peak identification and 
could be transferred via telephone link to the university's 
DEC-1O computer for plotting. 
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Analysis of reference standards 
High purity standards of all elements from sodium to 
uranium were obtained from Spex Industries, Inc. The 
standards were used whenever doubt arose in the iden
tification of a peak and as an aid in the deconvolution of 
overlapping peaks. 

Damage tcsts 
Initial experiments were conducted to determine the ef
fect of X-ray exposure on both black-and-white anu col
our photographs, including albumen, colour and black
and-white Polaroid, faded silver, Type C, Cibachrome, 
and dye-transfer prints. An extensive series of exposures 
to direct X-rays at various distances, and for periods of 
exposure ranging from several minutes to 24 h showed no 
noticeable effect on any of the prints studied. It was deter
mined, therefore, that a typical elemental analysis, taking 
much less time (from 1/2 to 3 h), would cause no 
measurable damage to the photographic materials 
studied. 

Analysis of photographs 
The experimental set-up described above was used to 
determine the irradiation time needed to obtain useful 
spectra. The spectra of various photographs were counted 
for 10 mins, 30 mins, 1 h, 1 112 h, 2, and 3 h. It was 
determined that the optimum irradiation time for black
and-white prints was about 1 1/2 h, and colour prints 
about 3 h. 

The next series of experiments was designed to iden
tify the clements present qualitatively in selected prints. 
These were primarily early 20th-century prints made by 
Paul Anderson, Imogen Cunningham, Laura Gilpin, 
Alfred Stieglitz, and Edward Weston, and contemporary 
prints by Tom Millea. The results of test, conducted on 
colour photographs from these coUections proved in
teresting, and could lead to improved methods of iden
tification and preservation, but the data were insufficient 
to draw conclusions about the various colour emulsions 
examined. The present report will therefore be concerned 
only with the black-and-white photographs analysed, and 
with six photographs in particular that demonstrated the 
potential of this method for analysis. 

The photograph shown below (Plate A) is an 
anonymous 19th-century albumen print that was tested to 
verify whether a toner has been used on the print inhibit 
sulphide formation. The elemental spectrum of this 
photograph (Figure 2) shows the presence of a small 
amount of gold (Au), indicating that a gold chloride toner 
was used. The iron (Fe), copper (Cu), and lead (Pb) peaks 
were found in almost all black-and-white photographs 
analysed, and barium (Ba) was found in most commercial 
papers, probably present as a barium sulphate filler and 
whitener. 

The n~xl three photographs (Plates B, C and D) 
demonstrate how this method may be used to identify the 
light-sensitive e1ement(s) used in a photographic emul
sion. The first of these is a 1979 print by Tom Millea en
titled Camut VaJiry. This was recorded in the curatorial 
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files at the CCP as a platinum (Pt) print, but the test 
results indicated palladium (Pd) as shown in Figure 3. In 
contrast, the second photograph is verified as a 1932 
platinum print by Laura Gilpin entitled Temple oj 
Kukulcan. The spectrum shown in Figure 4 shows strong 
platinum lines and also weaker silver (Ag) lines, probably 
due to silver impurities in the emulsion. The absence of 
bartum in both of these photographs indicates that these 
were probably printed on hand-coated papers, and indeed 
both photographers are known to have coated their own 
paper. 

The last photograph in this series is a 1917 Alfred 
Stieglitz print entitled Portrait oj Paul Strand, identified on 
the back as a 'Satista' print. Standard sources on 
photographic processes did not provide a definition of this 
process; however, the spectrum shown in Figure 5 in
dicates a combination platinum and silver print. Since the 
time of this analysis, an advertisement was found in an 
early British photographic journal that offered Satista 
paper for sale". This paper was coated with a platinum or 
palladium emulsion and was available commercially in 
the early 1900s. 

Among the last photographs analysed are two Edward 
Weston photographs: a 1923 print made by Weston entitl
ed Nudt (Plate E), and Cyprm, Point Lobos, 1929, printed 
later by his son Cole (Plate F). We tried to determine 
whether an elemental analysis might find differences be
tween the two prints. It can, indeed, and the spectra of 
these prints are shown in Figures 6 and 7. Similarly, 
elemental profiles of prints by Imogen Cunningham were 
compared with later Cunningham Trust prints to deter
mine the feasibility of dating and authenticating vintage 
prints by this method. 

Conclusions 
The results of these studies demonstrate the capabilities of 
XRF when employed for the analysis of photographs. The 
position of each peak in the energy spectrum of the 
photograph provides a qualitative identificarjon of the 
elements present, and the area under each peak provides 
a measure of the concentration of the element. Because 
the conversion of peak areas to accurate concentrations is 
a formidable problem, no quantification was attempted in 
this initial study. 

The analyses of the first four photographs shown 
demonstrate the usefulness of qualitative elemental 
analysis in cataloguing and preserving photographic 
materials. The light-sensitive components of the com
pounds used in an emulsion are readily discernible, as 
shown by the platinum, palladium, and silver peaks in the 
above spectra, and the presence of toners is readily deter
mined by the presence of gold or selenium peaks in the 
elemental profile (Figure 2); the presence of barium pro
vides a quick indication of whether a paper was hand
coated or obtained commercially. This type of chemical 
information is critical to the preservation or restoration of 
a print and may be of use in identifying fakes or reproduc
tions. The iron, copper, and lead peaks present were seen 
in all black-and-white photographs analysed, as indicated 
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Pla1e B. Tom Milka: 'Ca~1 Vallry'(1979). Palladium print, 24.5 x 19.3 em. (©1982 
Tom Milka, 79:205:001.) 

earlier, and may arise, at least in part, from the mounting 
tissue. No other peaks above the background were 
distinguishable in the X-ray fluorescence ~pectra obtained 
from these photographs; the presence of other elemental 
peaks in future studies of black-and-white photographs 
could help to identify a special paper or emulsion. 

The series of experiments with the Weston prints were 
largely inconclusive. From the spectra in Figures 6 and 7, 
it appears that either the bariumstrontium (Ba-Sr) ratio or 
accurate determination of the silver content may help to 
authenticate and date a print, but more extensive studies 
must be carried out before such determinations can be 
made with certainty. This will require the use of carefully 
prepared standards and extensive analysis of authen
ticated photographs by several artists. The archives at the 
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CCP can provide an excellent base for such a study. 
It is apparent from this study that the XRF techmque 

is ideally suited to the analysis of photographic material. 
It is quick, requires minimal sample preparation, and 
causes no damage to the sample. While a few XRF 
systems exist for analysing paintings, none had been 
developed for the routine analysis of photographs. A 
simplified system as described here can be used to solve 
many problems encountered in the cataloguing and 
preservation of photographs and other printed-paper 
media. A major limitation of this system is its lack of 
sensitivity; the lower limit of detection of an element is 
about 0.5%. This could be greatly improved by the use of 
one of the new XRF systems that incorpor:ne high-flux 
X-ray tubes and secondary filters for selective excitation. 
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~'~,,:,!,,:..~~. 
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PIaU C. Laura Gilpin: 'TtmpU oj Kulcukan'(1932). PlaJinum print, 11. 7x 16.8 em. (© 1981 Amon CaM MlLSrum oj Westrm 
Art, 77:023:022.) 

With lower detection limits and selective excitation of the 
low atomic number elements, this method could be ex
tended to the determination of residual trace elements 
from wash-waters and the presence of sulphur species that 
act as early indicators of conservation needs. In future 
studies this method will be extended to the analysis of col
our photographs and to the quantitative determination of 
e1orr.ental concentrations in both colour and black-and
white photographic prints" 
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Piau D. A!/rtd Stltglilz: 'Portrait oj Paul Strand; (1917). Satisia pn'nt, 
24.5 x 19.1 em. (Courusy CroUT fo. CTtatjut Photography, 78:017:006.) 
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Plait E. Edward Wulon: 'Nutk'(J923), pn'nltd by LOY Wulon, G,lalin si/v(T pn'nl, 19,0 x 23,2 em, (© 1981 Arizona Board of 
Rtgmls, CmltT for Crtaliv, Pholography, 80:022:001.) 
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Platt F. Edward Hltston: 'Cyprm, Po,'nt LoOOs'( 1929). Gelatin si/v" pn'nt, 19.3 x 24.2 ern. (© 1981 Arizona Board of RlgmtJ, 
Gmt" for Crtativt Photography, 76:010:003.) 
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