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I. INTRODUCTION 
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. Many of the recent advances in the area of energy dispersive x-ray 

flourescence analysis (XRF) have been the result of innovations in the 

manner in which flourescence excitation is achieved. Traditional XRF 

methods employed x-ray tubes to produce continuum photon distributions which 

irradiated the sample to be analyzed. The resultant fluorescent spectrum 

was then analyzed using a very high resolution Bragg crystal spectrometer 

to sequentially measure the energy and intensity of characteristic x-ray 

lines. 

The advent of semiconductor detector x-ray spectrometers presents new 

opportunities to improve upon the traditional wavelength dispersive x-ray 

fluorescence method. The high efficiency with which semiconductor detectors 

can measure a range of characteristic x-ray energies allows the use of less 

intense excitation sources. On the other hand, the somewhat poorer energy 

resolution of these detectors compared to crystal spectrometers requires 

that greater care be taken in maximizing the fluorescent signal relative to 

unwanted background x-rays. By careful consideration of these factors, it 

is possible to develop powerful analytical.methods. 

Some of the more important x-ray excitation methods which have become 

widely used in recent years include low-power x-ray tubes, 1,2 radioisp­

tope 3 ,4 sources, polarized x-ray beams,S,6,7 fine-focus electron-beam 

probes,8,9 and heavy charged particle beams from accelerators. 10,11 Each 

method has particular advantages and disadvantages which determine its use 

in a particular application. The choice of a method depends on a number of 

factors including availability, cost, speed, accuracy, and detectability. 

In the present chapter, we will attempt to describe the various methods in 

sufficient detail that a meaningful comparison can be made. 



II. GENERAL FEATURES OF X-RAY FLUORESCENCE EXCITATION 
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The fluorescence process can be visualized with the help of Fig. 3.1~ 

The incident radiation from the excitation source interacts in the atoms 

of the sample and, in some cases, creates vacancies in the inner atomic 

shell of the element of interest. These vacancies in turn can de-excite 

with the emission of x-rays whose energies are characteristic of that 

particular atom. To the extent that these atoms are evenly distributed in 

a homogeneous matrix and provided that the incident radiation flux is 

uniform, the number of x-rays detected in the spectrometer is proportional 

to the concentration of that element. 

In general, the probability that a particle in the incident radiation 

flux will interact with a given trace constituent and produce a useful 

fluorescence x-ray is rather small. Most of the excitation radia-

tion continues through the sample until it interacts with the atoms which 

constitute the bulk of the sample matrix. These interactions often produce 

unwanted background x-rays which interfere with the measurement of fluores­

cence x-rays. In biological samples, the sample matrix is normally domi­

nated by the lighter elements typical of hydrocarbon compounds. The inter-

action of the incident flux in the matrix can give rise to secondary x-ray 

distributions which constitute a continuous background in the flourescence 

spectrum. The ideal excitation source produces a minimum amount of the 

unwanted background radiation while at the same time efficiently and uni­

formly fluorescing those atoms in the atomic number range of interest. 

Since no method has proven ideal for all types of applications. the choice 

of an optimum excitation method involves an understanding of how these 

various factors operate in the case of each type of incident radiation 

normally employed in XRF. 



A. Photon Excitation 
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This techniques involves the use of electromagnetic radiation 

(x-rays) with energies sufficient to create vacancies in the atoms 

whose concentration is to be measured. The radiation is normally ob­

tained from either x-ray tubes or radioisotopes sources. In the former 

case, the radiation is the result of the interaction of an energetic 

electron beam with the anode material of the x-ray tube. In radio­

isotope sources, the radiation is due to gamma-ray or x-ray transitions 

which result from the radioactive decay process. The incident x-ray 

spectrum can be either continuously distributed over a broad energy 

spectrum or concentrated in a discrete series of lines. 

Photons incident on the sample interact via the photoelectric effect 

to produce inner-shell vacancies which give rise to the fluorescent 

lines. The probability for vacancy production is greatest for photon 

energies immediately above the threshold for the ejection of the 

bound electron. The probability then decreases as the inverse cubic 

power of the energy of the incident photon as it is increased above this 

threshold. This energy dependence has important consequences when one 

wishes to analyze a wide range of elements using a single energy photon 

source since the sensitivity will vary proportionally. 

The probability for vacancy production is normally expressed in 

terms of a cross-section per atom which can be interpreted as the effec­

tive area of that particular atom when measured by the interaction with 

a beam of particles. Figure 3.2 is a plot of the photoelectric cross 

section for a number of elements of interest as a function of photon 

energy. 12 It is important to note that, for a given incident energy, 

the cross-section for vacancy formation varies significantly for 

different elements. For example, using 10 keV photons, the probability 
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for excitation of an Fe atom is 6.6 times greater than for AI, This 

represents a factor of 20 on a mass basis since Fe is more dense. 

In order to overcome this wide variation, it is sometimes desirable 

to either use a continuum of x-ray energies in the excitation spectrum 

or perform a series of fluorescence measurements using several discrete 

energy photon sources which span the atomic number range of interest. 

The sensitivity of analysis with photon excitation depends not only 

upon the probability of fluorescence excitation but also on the rela­

tive probability for producing unwanted radiation which can interfere 

with the observation of the lines of interest. For samples consisting 

predominantly of lighter elements, the most serious problems arise from 

the scattering of the incident photons in the sample matrix. In addi-

tion to the photoelectric effect which is exploited to produce the' 

characteristic fluorescence, photons can also interact in matter via 

elastic and inelastic scattering processes. In elastic scattering, the 

photons' direction of propagation is changed without any loss in energy. 

Inelastic scattering results in a change of direction and a loss in 

energy which is governed by the well-known Compton equation. In either 

case, the photons in the incident beam can be scattered into the 

detector resulting in unwanted events in the pulse-height spectrum. 

The probability for such scattering events can likewise be described 

by a cross-section such as the dashed curves shown in Fig. 3.2 which 

are measured for the case of carbon. Curve a) is the elastic scatter-

ing cross-section, b) is inelastic. Although these cross-sections are 

several orders of magnitude less than the photoelectric cross section, 

the hydrocarbon matrix is normally present. in abundance far greater 

than the trace element of interest. Choosing 10 keV radiation on a 
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sample of 10 ppm Fe by weight in a carbon matrix, the ratio of scattered 

to fluorescence x-rays would be approximately 500 to 1. 

A better idea of the effect of scattering on the fluorescence 

measurement can be obtained by examining the idealized spectrum shown 

in Fig. 3.3. Here we consider a monoenergetic photon source incident 

upon a biological sample consisting of a light-element matrix containing 

several trace elements. The prominent peaks are due to scattering in 

the matrix; the highest energy peak represents elastic scattering; the 

other, broader peak reflects the angular spread over which the inelas­

tically scattered photons were detected. The smaller peaks in the 

middle of the spectrum represent the fluorescent x-rays of interest. 

The detectability of the spectrometer is determined by the ratio 

of the fluorescence peaks to the background beneath them. In this 

illustration, the background below this peak is due primarily to incom-
, . 

plete collection of the energy deposited by the large scatter peaks for 

some small fraction of events. Since this background is proportional 

to the scattered intensity, it is obvious that the sensitivity of the 

measurement is limited by matrix scattering of the incident radiation. 

As noted earlier, the variation in sensitivity due to the energy 

dependence of photoelectric cross-section could be reduced by using a 

continuum of photon energies in the excitation spectrum. However. 

since a continuum excitation source would yield a superposition of 

spectra similar to that of Fig. 3.3 integrated over all energies in 

the incident photon distribution, it is obvious that a much higher 

background would result. Figure 3.4 is a spectrum calculated for the 

same sample but with continuum excitation such as might be obtained from 

an x-ray tube. Two extreme cases of scattering probability are shown. 
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The more uniform energy dependence of fluorescence intensity is achieved 

only with an accompaning loss in the minimum detectable amount of trace 

elements. 

Most systems which attempt to achieve lowest possible detectable 

limits use a series of discrete excitation energies to cover a wide 

range of elements. 13 The exception to this rule is the very low energy 

region where comparable sensitivities have been observed with continuum 

excitation. A comparison of results obtained with several types of. 

photon-excitation methods is contained in Reference 3.14. 

B. Electron Excitation 

Electron beams are attractive candidates for fluorescence excita-

tion because of the ease with which they can be generated at energies 

appropriate for vacancy production. Conventional high-voltage supplies 

can be used with simple thermionic electron sources to produce milli-

ampere beams at energies up to 100 keV or more. Virtually all of the 

x-rays used in biological applications are the result of electron beam 

interactions with x-ray tube anodes. 

Electrons incident on a target interact principally by an electro­

static interaction with the orbital electrons of the target atoms pro­

ducing ionization. The probability of such interactions is large and 

results in the electrons loosing their entire energy in a very short 

distance. For example, a 50 keV electron has a range of 5 x 10-~ cm 

in a W anode. Although the number of ionization collisions within this 

distance is very large, most of them occur in the outer electronic 

shells where the fluorescence energies are well below the x-ray regions. 

Figure 3.5 is a plot of the cross-section for K-shell ionization as a 

function of electron ehergy for several elements. Is The cross~sections 

exhibit a less abrupt threshold than that for photons. The maximum 
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cross section is achieved at an incident electron energy 3 to 4 times 

the K-shell binding energy. It is interesting to note that the magni­

tude of these cross sections are of the same general order of magni­

tudes as those shown for the photoelectric effect in Fig. 3.2. 

In addition to the ionization process, electrons interact in matter 

via a continuous deceleration process which produces a continuous x-ray 

background. The deceleration occurs when an electron is deflected by 

the positive field of a nucleus and results in a continuous distribution 

of emitted x-ray energies up to the energy of the incident electron. 

This "brehmsstrahlung ll spectrum is a serious limitation on the use of 

electrons for trace analytical work since it is produced in interactions 

with any element .in the sample including the matrix. The spectrum can 

be described approximately by the expression: 

(E - E) 
dN(E) = 2.76 x 10- 6 Z 0 . dE 

E (3.1) 

where dN is the number of photons between energies E and E + dE, and Z 

is the atomic number. A detailed examination of the signal/background 

ratio for electron excitation can be carried out using Eq. 3.1 together 

with appropriate electron range and ionization cross section data. 1
? 

Figure 3.6 is a schematic spectrum for the same hypothetical sample as 

was used in Figs. 3.3 and 3.4 but using 20 and 40 keV electrons. A quanti-

tative comparison of this spectrum with the equivalent one for photon 

or heavy charged particle excitation demonstrates the poorer peak-to­

background ratin evident in the electron excited spectrum. Electron 

beam excitation finds its most important x-ray fluorescence application 

when used in microprobe Qr scanning electron microscope applications. 

Here the relatively poorer sensitivity per unit volume is more than 

compensated by the ability to analyze very small areas. Since 
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elements are not uniformly distributed in many types of sample, 

the ability to excite extremely small volumes is a powerful analytical 

tool. 

C. Heavy Charged Particles 

Recently there has been an increase in the use of heavy charged 

particle beams such as protons (H+) and alpha particles (He++). Heavy 

charged particles exhibit large ionization cross-sections together with 

a much lower background relative to electrons. These beams are more 

difficult to produce than other forms of excitation; nevertheless, a 

number of facilities capable of generating several MeV beams of such 

particles are currently available for use in XRF and are supporting 

vigorous programs. Reference 3.10 contains the proceedings of a confer-

ence at which many of these programs were discussed. 

The ionization cross sections for heavy particle excitation are 

similar to that of electrons with equivalent velocities. The property 

which makes their use attractive in XRF is the virtual absence of direct 

brehmsstrahlung rays. The mass of the nuclear particles relative to 

electrons reduces the effect of acceleration due to interactions with 

sample nuclei, and hence the probability of brehmsstrahlung production. 

The cross~section for continuum ray production is in fact proportional 

to the reciprocal of the square of the projectile masses, i.e., a pro­

ton produces 10- 6 times less brehmsstrahlung than an electron. This 

results in a greatly enhanced peak-to-background ratio relative to· 

electron-beam excited spectra. 

Without the continuum background to obscure fluorescence peaks, it 

would appear that detectable limits for heavy charged particle excita­

tion would be vastly reduced relative to other methods. However, 

", 
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a second order proc~ss involving continuum radiation production by the 

energetic electrons ejected in the ionization process increases the 

detectable limit to a value similar to that of photon excitation. 

Figure 3.7 is a plot of ionization cross-section as a function of 

energy for protons. The cross-sections are again comparable to those 

observed for other excitation methods but with a somewhat different 

energy dependence. The background sources can be understood by noting 

that the ionization cross-section ;s larger for light elements. For 

biological samples the majority of ionization events occur in a hydro-

carbon matrix where the cross-sections are much greater than in the 

trace constituents. The maximum energy of the ejected electrons is 

approximately equal to the beam energy times the ratio of the mass of 

the electron to the heavy particle mass. These ejected electrons pro­

duce continuum- x-ray radiation as they slow down in the matrix material 

as discussed earlier. This background constitutes the major limit of 

detectability for charged particle analysis. However, since it involves a 

second order process, the magnitude of the problem is far less severe 

than for direct electron excitation. 

The spectrum in Fig. 3.8 is a calculated distribution using the 

same sample form as discussed in the previous comparisons. The con­

tinuum distribution is calculated assuming an ejected electron distri-

bution appropriate for ~ MeV protons. The solid and dashed curves 

assume slightly different models for the continuum x-ray production 

and detection. What is most important are qualitative differences 

between this and the proceeding spectra. The shape of the background 

is similar to the continuum distribution for electron excitation but 
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with a lower end point energy and reduced intensity. The peak-to­

background ratio is comparable to photon excitation but exhibits a 

different dependence on x-ray energy. 

Inherent in the use of charged particle beams is the necessity for 

an electrostatic accelerator or cyclotron. Although it would not seem 

economical to build such a machine for analytical purposes only, there 

are a number of installations where these facilities exist and are 

available for part-time use in analytical programs. 10 

In addition to the inherently good sensitivity achieved with 

charged particles, there are numerous ways in which the focusing pro-

perties of the particles themselves can be used to advantage. For 

large area samples, it is possible to diffuse the beam over the entire 

sample resulting in a uniform excitation intensity. For small samples 

the beam can be focused to illuminate a small area or, in extreme cases, 

beams as small as 1 ~m can be generated for use as microprobes. 19 One 

disadvantage is the need to operate with the sample in vacuum 

for most applications. However, there have been successful attempts 

to generate external proton beams for some applications. 20 By passing 

the beam through a thin foil into an He atmosphere at ambient pressure, 

it is possible to reduce target heating and charging effects and elimi-

nate the inconvenience of vacuum operation. 

III. X-RAY TUBES AND RAPID ISOTOPE SOURCES 

A. X-ray Tubes 

The most intense photon sources which are generally available are 

x-ray tubes. A beam of 50 kV electrons impinging on a target will generate 

approximately 10- 5 photons per incident electron--for a '10 rnA electron 

current this represents 6 x lOll photons/sec or 20 Curies. These 
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photons are distributed between the characteristic x-rays of the anode 

material and the continuum brehmstrahlung distribution. This photon 

distribution can be used either directly or modified by external 

absorbers in order to produce more nearly monoenergetic radiation. The 

simplest way to produce a discrete energy spectrum is to place an x-ray 

transmission filter consisting of a thin (2.5 x 10- 3 cm) foil of the 

anode material between the anode and the target. Since the characte­

ristic x-rays of a given element have an energy immediately below the 
I 

respective absorption edge energy, a foil of that element is a good 

transmission filter for those x-rays. A typical situation would be a 

Mo anode tube with Mo filtering resulting in a Mo K B spectrum. This a., 

is a favoraQle situation for K-shell excitation of elements from Ca 

to Sr in the periodic table and for L-excitation of heavy elements 

such as Pb and Hg. 

A more versatile scheme for obtaining discrete energy photon 

sources makes use of secondary fluorescence targets to transfer the 

output flux into the characteristic x-rays of the secondary target. 

Those x-rays in the tube output which are above the absorption edge of 

the secondary target are photoelectrically absorbed. The vacancies 

they create then de-excite with the emission of characteristic x-rays. 

Since the emitted x-rays are spatially isotropic, there is always a 

sizeable ioss of photon flux in this two-step process. However, the 

use of external secondary targets allows one to easily change the 

excitation energy in order to optimize the sensitivity for measuring 

the element of interest. 

The advantages of multiple excitation energies in photon excitation 

can be seen in Fig. 3.9. This is a plot of the relative efficiency for 

fluoresc~nce x-ray production for a series of three fluorescent x-rays. 
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The advantage of having the incident energy immediately above the 

absorption edge of the element of interest is apparent. It is also 

possible to select against one element by choosing an excitation energy 

which is below the threshold for excitation. 

Due to the i neffi ci ency of the secondary fl uores·cence process, it 

is performed either in a very close geometry where the respective 

detector-sample-secondary target distances are small or, alternatively, 

a more powerful x-ray tube must be used. Reasonable counting rates 

have been achieved with less than 100 watts x-ray tube anode dissipation 

in the close-coupled case. X-ray tube powers of 1 kW or more can 

easily be achieved in the latter case if necessary. 

Because of the normally isotropic distribution involved in x-ray 

production processes, x-ray excitation is well suited for large area 

samples, i.e., 1 to 10 cm2
• The ideal sample for x-ray excited 

fluorescence analysis is a thin, uniform and homogeneous sample~ The 

thinness minimizes absorption effects particularly for lower energy 

flourescent x-rays. Uniformity and homogeneity ensure accuracy in the 

analytical results and facilitate corrections for absorption effect 

when necessary. 

To the extent that the sample form departs from this idealized form, 

it may become necessary to perform.corrections for matrix absorption 

and particle size effects. These both relate to the absorption of 

fluorescence x-rays due to thick, inhomogeneous or irregularly shaped 

samples that are problems normally encountered in x-ray analysis and 

extensive literature has been developed pertaining to methods for 

approximately correcting these effects. 21 ,22,23 

A number of intercomparison studies has established the validity 

of elemental analyses performed by this method. 24 ,25,26 In normal 



3.14 
Joseph M. Jaklevic 

everyday useage, it it possible to attain precisions and accuracies of 

analyses of 5% or less. In favorable cases, even better results are 

possible. The long-term calibration stability of such instruments is 

excellent and can easiiy be within the above precision. 

B. Radioisotope Sources 

An alternative source of photon excitation is achieved through the 

use of radioactive isotopes. There are a number of isotopes which emit 

a limited number of x-ray or gamma-ray lines suitable for fluorescence 

excitation. Their advantage derives from the cost and convenience of 

use. However, since the maximum source intensity easily available is 

of the order of 1.0 Curie, the fluorescence intensity is less than that 

achieved with x-ray tubes. In situations where thicker samples are 

available for analysis and where longer analysis times can be employed, 

th~ use of radioisotope sources can be advantageous. Table 3.1 is a 

partial list of suitable radioisotope sources and the associated 

radiation energies. Many of these sources are commercially available 

in geometries appropriate for XRF analysis. 

The same criteria for sample form which applied in the case of x-ray 

tube sources apply also for radioisotopes. Particle size and matrix 

effects are also encountered and may be more difficult to handle due to 

the diffuse geometry of the source and the close source-detector 

geometry. Figure 3.10 are typical geometries employed in analysis. 

Figure 3.10a shows the case where the sample is directly excited by the 

radioisotope; 3.lOb is a secondary-fluorescence geometry for variable 

energies. There have been attempts to exploit large area sources in 

order to produce a more uniform illumination of the sample and thereby 

reduce particle size effects. The inherent stability of isotopic sources 
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has the potential advantage of better precision and accuracy although 

in practice this advantage is seldom exploited. 

Figure 3.11 shows spectra obtained from an identical sample of NBS 

orchard leaves using radioisotope excitation and using Mo x-ray 

tube excitation. 27 The spectra are similar although the x-ray tube 

spectrum exhibits a higher background due to scattered brehmsstrahlung. 

The radioisotopes used in the measurements were 109Cd and 55 Fe . The 

difference in light element detectabilities using the two different 

excitation energies is qualitatively evident from the spectra. 

It should be mentioned that radioisotope alpha-particle sources can 

be fabricated for certain applications. The intensity of such sources 

normally limits their use to the analysis of very light elements where 

the probability for ionization is large. An instrument using such a 

source has been constructed for used in the surface analysis of samples 

for very light elements. Figure 3.12 is a spectrum of a carbon film 

on a glass substrate obtained with an alpha-particle source operated in 

the same vacuum enclosure as the sample and detector. 28 

A number of references to energy-dispersive analysis using photon 

excitation are available. The reader is directed particularily to 

References 3.29, 3.30, and 3.31. 

IV. CHARGED PARTICLES FROM ACCELERATORS, PROTONS, AND ALPHAS 

Although the use of charged particle accelerators permits the use of a 

wide variety of projectile types and ene.rgies ~ developments in the field 

have centered on two principle methods of analysis. These typically use 

3 MeV protons and 20 MeV alpha particles. An acronym commonly employed to 

described these methods is PIXE or Particle-Induced X-ray Emission Analysis, 
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The energies are chosen so that the endpoint of the ejected electron distri-

bution results in a continuum distribution which does not interfere strongly 

with the x-ray region of interest. 

Figure 3.13 is a diagram of a typical charged particle excitation 

apparatus. 22 The accelerated beam is directed down an evacuated beam line 

toward the target. Depending upon whether a line focus or diffused beam is 

required, adjustments in the magnetic focusing element upstream can be 

performed. A diffuser foil ;s employed before the sample in order to uni­

formly distribute the particles over the sample. 

The samples are normally contained in multiple target holders to reduce 

the frequency of entry into the vacuum chamber. The beam passes through 

the thin samples and is stopped in an absorber shielded from the detectors 

field of view. In the case of Fig. 3.13, this is a graphite beam stop. 

The total current can be carefully measured and the result used to calibrate 

the yield of x-rays in the" sample. X-rays are detected through a thin Be 

window in the side of the chamber. 

In order to achieve optimal sensitivity in analysis thin substrates are 

used whenever possible. The range of 3 MeV protons in carbon, for example, 

is approximately 16 mg/cm2 , and the ionization process is most effective 

over the early part of the energy loss process. The thin substrate limits 

the amount of beam current which can be directed on the sample since local-

heating in the non-conducting vacuum surroundings can evaporate the more 

volatile constituents or physically damage the sample. The use of conductive 

substrates such as thin carbon foils reduces the problem and also eliminates 

charging effects on the sample. 

Figure 3.14 shows a series of spectra obtained on the NBS orchard leaf 

sample using a variety of excitation methods. 27 The reduced sensitivity 

for higher energy particles is primarily the result of the higher endpoint 
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energy for the continuum distributions. Most workers commonly employ protons 

at 3.5 MeV or less and alpha particles at 20 MeV or less. 

Figure 3.15 is an example of several spectra of a bovine liver sample 

acquired at a series of incident proton energies. The differences between 

the two low energy spectra are due to the insertion of an absorber between the 

sample and detector to reduce the low energy counting rate and enhance the 

sensitivity for higher energy x-ray detection. 

Types of samples which have been extensively studied by this method 

include thin-membrane air-particulate filters, ashed biological samples 

deposited on thin backings, thin sections of lyophilized tissues, and 

other similar types of samples. 

The best accuracies and sensitivities are achieved with thin samples 

«1/mg/cm2). For thicker samples, corrections due to the energy loss of the 

incident protons and absorption of the fluorescence x-rays must be included. 

For thick biological specimens, electrostatic charging of the sample and pos­

sible evaporation of volatile contituents in the vacuum must be considered. 

Willis, et.al .,33 discuss these problems and present comparisons of analyses 

obtained on standard materials prepared as both thick and thin samples. 

The precision and accuracy obtained with charged particle excitation 

can be made comparable to other XRF methods in most cases of interest. 

Cablibration is normally performed using thin films of known weight to 

establish the sensitivity for a given element. For actual samples. correc­

tions for proton en~rgy loss and matrix absorption of the x-rays must be 

included. These are comparable to similar corrections for absorption effects 

using photon excitation. 

A number of studies have compared photon excitation with charged particle 

excitation for precision, accuracy. and minimum detectable limits. 34 ,35,36 
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Both methods are capable of analysis at concentrations of 1 ppm or greater 

and have an absolute particle limit of detectability in the range of 

1 to 10 ngm/cm2
• The accuracies and precisions are more difficult to com­

pare since it depends to a great extent on the sample form. For thin films, 

both can be made to perform at comparable accuracies. The choice of method 

in a particular application will depend upon other details and particularly on 

availability, convenience, and cost. For more extensive reading on the 

subject of charged-particle analysis, see References 3.37,3.38, and 3.39. 

V. ELECTRON BEAMS: MICROPROBES AND SCANNING ELECTRON MICROSCOPES 

Direct excitation with electron beams is not routinely used on bulk 

specimens. The relatively poor sensitivity relative to other methods does 

not recommend its use. The principle application for electron excitation 

is in electron beam devices where the spatial resolution of finely focused 

beams is used to great advantage. 

The two most commonly used electron beam devices are electron micro-

probes and scanning electron microscopes. Microprobes are characterized 

by higher beam currents (typically 10- 6 to .10- 9 A) and spatial resolutions 

of the order of 0.3 ~m. They have been extensively used for quantitative 

analysis where the available beam currents make possible the use of wave­

length dispersive spectrometry for analysis of elemental constituents. 

Scanning electron microscopes (SEM) have significantly better spatial 
o 

resolution (typically 0.01 ~m (100 A)) and operate at currents of 10- 7 to 

10- 12 A. The normal mode of operation of one SEM utilizes a signal propor­

tional to the intensity of secondary electrons emitted from the sample in 

order to generate a high resolution image of a portion of these samples. 

The electron beam is swept repeatedly across the specimen in a raster 

pattern while the secondary electron signal is synchronously displayed on 

a cathode ray screen. 
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The advent of semiconductor detectors with their inherently greater 

detection efficiency has permitted a simultaneous display of images 

extracted from individual characteristic x-ray intensities. It is thus 

possible to construct images of the elemental distributions of major consti-

tuents and relate them to the morphology of the specimen under study. The 

analysis of a particular area of the sample for several elements can 

be obtained by focusing the beam on a particular spot while a pulse 

height spectrum is accumulated. The sensitivity of such a measurement is 

limited by the contraints previously discussed; minimum detectable limits 

of less than 100 ppm for homogeneous samples are not practical. 

The spatial resolution for x-ray images is not as good as can be obtained 

from secondary or backscattered electron images. X-ray signals can origi-

nate from anywhere within a volume surrounding the point of penetration of 

the electron beam, Whereas backscatter images reflect only the surface layer 

where the beam enters. 

Sample requirements are somewhat different for SEM and microprobe analysis. 

Since the most important information is related to the morphology of the 

particle, very little sample preparation is allowed. The sample is normally coated 

with a thin conductive layer of carbon in order to prevent distortion due to 

,charging on the sample. The specimen must be capable of withstanding the 

the vacuum in the chamber without changing its composition. 

High accuracies are normally not achieved in electron beam analysis 

particularly for samples such as biological specimens. The details of the 

electron beam loss together with the photon production and transport are 

not easily calculated. However, since most of the important information is 

contained in the relative spatial distributions of the elements, semiquanti­

tative analysis is adequate in most cases. 

• 
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Since the use of SEN techniques for the study of biological specimens 

is a highly developed technique for analysis, there are a number of review 

articles available for study. The reader is referred to the literature for 

more detailed information. 40 ,41,42 

VI. SPECIAL TOPICS 

The previous sections dealt with variations in the application of XRF 

which are commonly employed and are likely to be available to the average user. 

There are several other variations of the method which are of additional 

interest either in special applications or because of their potential fo~ 

future use. Several of these are discussed in the following section. 

A. Proton Microprobe 

Since charged particles beams can be focused, it is possible to 

combine the advantages of analytical sensitivity achieved in proton 

excitation with the spatial resolution available in microfocused beams. 

Several attempts to develop such a device have been made. Spatial 

resolutions of 2 ~m have been achieved using a combination 

of fine collimators and magnetic focusing. Detection limits of a 

1 to 10 ppm are possible for sample volumes of a few cubic micrometers. 

An interesting application of such a microprobe has been the measurement 

of the spatial distributions for several elements across the diameter 

of human hair. 19 ,43 

Although, photon excitation does not lend itself as readily to the 

production of fine focused beams, there have been attempts to develop 

small area analyzers using photon excitation. In one case, a crystal 

spectrometer is used to focus monochromatic radiation at a small line 

focus which then sees the sample. 44 In another method, a small colli­

mator is placed on the detector in order to view an area of 1 mm 

diameter. 45 
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The background observed in the case of photon excitation is propor-

tional to the intensity of the primary beam scattered in the sample. 

One method of reducing this intensity takes advantage of the fact that 

the amplitude for scattering is zero in the same direction as the elec-

tric vector of the incident electromagnetic radiation. Most sources of 

protons are unpolarized, i.e., their electric vectors are randomly 

oriented. However, it is possible by successive scattering of an 

unpolarized beam to generate a beam in which the vectors lie in a 

specific direction perpendicular to the direction of propagation 

By placing the detector along this orientation, it is possible to 

minimize the amplitude of the scattered radiation. The photoelectric 

process, on the other hand, is insensitive to polarization and thus the 

fluorescence intensity is unaffected. 

Several workers have demonstrated the expected reduction in back-

ground for a beam which had been partially polarized by successive 

scattering. The limitation on the widespread use of this technique is 

the inherent loss of intensity brought about the multiple scatter 

ing process. 5 ,6,7 Nevertheless, the technique has promise in the case 

of thick biological specimens. 

C. Synchrotron Radiation 

One method for obtaining intense, polarized beams is to use the 

radiation emitted by very high energy electron storage rings. There 

are a few facilities in the world where high-energy electron beam 

(3-5 GeV, i.e., 3 x 10 9 eV) are circulated in large diameter (-lOa m) 

storage rings. As the electrons undergo the acceleration required to 

maintain the circular orbit, synchrotron radiation is emitted tangentially 
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to the orbit. This intense radiation is completely polarized, highly 

directional, and can extend to 30-40 keV in energy. 

Using a crystal monochromator, it is possible to select a narrow 

energy band with which to excite samples. The polarization can be 

maintained while focusing a flux of lOll photons/sec/mm2 on the sample. 

This exceeds the capability of conventional x-ray tubes by a factor of 

300. In one such series of measurements a minimum detectable 

limit of less than 109 atoms in small geological samples was achieved. 

This correspond to 10- 12 grams of the element in question. 46 ,47 

D. Low Energy X-ray Detection 

The applications of XRF which have been discussed emphasize the 

detection of elements above Z - 11. This is due to the inability of 

x-rays from lighter elements to efficiently penetrate the 2.5 x 10- 3 cm 

Be window normally used in Si(Li) spectrometers. It has been shown, 

however, that by incorporating the spectrometer into the same vacuum 

system as the sample, it is possible to observe elements down to and 

including boron, Ek = 185 eV.48 

Figure 3.12 shows the detection of carbon x-rays using alpha­

particle excitation. Similar spectra can be obtained using electrons 

or protons for excitation. Photon sources are normally not used for 

light element excitation because of the source attenuation which they 

undergo. 

Although the configurations used for such measurements are incon­

venient, they demonstrate a significant capability for light element 

analysis particularly when used in conjunction with microprobe and heavy 

ion excitation. Although the detection of very light elements is of 
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dubious benefit in many biomedical applications, it is important to 

realize that Si(Li) spectrometers can be made capable of operation at 

these very low energies. 
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Nuclide 

55 Fe 
109Cd 
1251 
241Am 

57Co 
238pu 

Table 3.1 
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Radioisotopes for X-ray Fluorescence 

Ha If-L ife Emission Energies 

2.7 years 5.9 keV 

453 years 22.1 keV, 87.1 keV 

60 days 27 keV 

458 years 12-17 keV, 60 keV 

270 days 6.4 keV, 122 keV, 144 keV 

86.4 years 12-17 keV 



FIGURE CAPTIONS 

3.31 
Joseph M. Jaklevic 

Figure 3.1 Schematic diagram of the energy dispersive x-ray fluorescence 

method. Figure 3.1a shows geometry of excitation, sample, and 

detector; Figure 3.2a illustrates a simplified picture of the 

fluorescence process. 

Figure 3.2 Cross section for K-shell vacancy production using photons for a 

few elements. The dashed curves show scatter cross sections for 

carbon. a) is elastic; b) is inelastic. 

Figure 3.3 Schematic pulse height spectrum of a sample fluoresced with mono­

energetic photons. The sample corresponds to elements 

present at the 10 ppm level in a hydrocarbon matrix. 

Figure 3.4 Schematic pulse height spectrum of the same sample as used in 

Figure 3.3 but assuming continuum photon fluorescence. 

Figure 3.5 Cross section for K-shell vacancy production using electrons. 

Figure 3.6 Schematic spectrum of the same sample used for Figures 3.3 and 

3.4 but using direct electron excitation. 

Figure 3.7 Cross section for K-shell vacancy production using protons. 

Figure 3.8 Schematic spectrum of hypothetical sample used previously but 

using 3 MeV proton excitation. 

Figure 3.9 Relative probability for characteristic x-ray production for some 

typical secondary x-ray targets. 

Figure 3.10 Geometries employed in radioisotope excitation. 

Figure 3.11 Spectra of NBS orchard leaf standard taken with A) Mo x-ray 

tube excitation B) 109Cd radioisotope source and C) 55 Fe source. 

Figure 3.12 Spectrum of carbon film on a glass substrate obtained with an 

alpha-particle radioisotope source operated in the same enclo­

sure as the sample and detector. 
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Figure 3.13 Diagram of a typical beam line for charged particle analysis. 

This particular system is in use at the Duke University. 

Figure 3.14 Comparison of spectra obtained on NBS orchard leaf standard 

using several choices of charged particle excitation. Most 

workers commonly employ either protons in the 2 to 3 MeV range 

or alpha particles of 15-20 MeV. 

Figure 3.15 Spectra of bovine liver specimens using a series of proton 

energies for excitation. 



EXCITING 
RADIATION 

---------
-----------

.. 

+ 
DETECTOR 

(a) 

EXCITATION 

CHARACTERISTIC 
FLUORESCENT 

X·RAYS 

Fig. 3.1 

EJECTED 
ELECTRON 

(b) 

FLUORESCENT 
X·RAY 

c.... 
o 
VI 
ro 

"'0 
::r 
3: 

c.... 
IlJ 
A 
--' 
ro 
< w ...... 
ow 

w 



-C\I 

E 
(,.) -z 
0 -t-
O 
UJ 
en 
en 
en 
0 
a:::: 
0 

-19 
10 

10 
-20 

10 
-21 

10-22 

AI 

............. 

S 
Ca 

---- ........ , (a) 

" 

3.34 
Joseph M. Jaklevic 

PHOTOELECTRIC 
CROSS SECTIONS 

Sr 

" (b) 
~-'--------

-24 ,." ------ " .""".-- " 
10 ~--~~~~~~~--~~~~~~ 

1 10 100 

ENERGY (keV) 
XBL 785-8849 

Fig. 3.2 



z 
o 
l­
e( 

I-

o 
>< 
loLl 

SlNno~ 

3.35 
Joseph M. Jaklevic 

0 
N 

---
eli --+c:::==::J 

> 
CI) 

.=. 

r--
~ 

4") 

t.::J 
r--

-:/. 

M . 
M 

0'1 
.r-
\..L.. 



en .... 
Z 
::J 
o 
o 

! 

Ca 

5 

• 

CONTINUOUS PHOTON EXCITATION 

Br 

! ~ 

10 
ENERGY (keV) 

Fig. 3.4 

TOTAL SCATTERING 

INCOHERENT ONLY 

15 

XBL 765-1675 

L 
o 
VI 
ro 

"C 
:T 

::s:: 

L 
.01 
7' 
--' 
row 
< • ...... w 
n", 



-N 

E 
(.) -
z 
0 -I-
(.) 
UJ 
en ' 
en 
en 
0 
c::: 
(.) 

10 
-19 

-20 
10 

-21 
10 

-22 
10 

-23 
10 

AI 
S 

1 

3.37 
Joseph M. Jaklevic 

IONIZATION 
CROSS SECTION FOR 

ELECTRON EXCITATION 

Ca 

Fe 

10 

ENERGY (keV) 

Fig. 3.5 

100 

XBL 785-8850 

.. 



en 
I­
Z 
;:) 

o 
(.) 

'. 

s 

l 

5 

• • 

DIRECT ELECTRON EXCITATION 

40 kV 

20 kV 

10 15 20 

ENERGY (keY) 
XBL 765-1 G60 

Fig. 3.6 

c... 
0 
III 
ro 
"0 
;y 

::: . 
c... 
III 
A 

row 
<. 
~·w 
(")00 



-N 

E 
(.) -Z 
0 -I-
(.) 
UJ 
en 
en 
en 
0 
c::: 
(.) 

-19 
10 

-20 
10 

-21 
10 

-22 
10 

-23 
10 

-24 
10 

0.1 

3.39 
Joseph M. Jaklevic 

IONIZATION 
CROSS SECTIONS FOR 
PROTON EXCITATION 

1.0 

ENERGY (MeV) 

Fig. 3.7 

XBL 785-8851 



.. ' 

Z 
• 0 

t-
< 
t-
U 
>< 
au 

Z 
0 
t-
O 
0::: 
Q. 

> cD ---+ G> 
::E 

('t) 

S.1NnOO 

3.40 
Joseph M. Jaklevic 

0 ~ 

N <.D 
<.D 
~ . 
l!") 
<.D 
r--
....:l 
~ :x: 

> 
Q) 

~ 00 . 
M . 
en ..... 

I..L. 

o 



100 

10 

1 

o 

RELATIVE PROBABILITY 

3.41 
Joseph M. Jak1evic 

FOR CHARACTERISTIC X·RAY PRODUCTION 

BY MONO·ENERGETIC PHOTONS 

Cu Ka 

Mo K a 

Tb Ka 

10 20 30 40 50 60 

ATOMIC NUMBER 
XBL 731-58 

Fig. 3.9 



,) 

RADIOISOTOPE EXCITATION 

A) DIRECT B) SECONDARY FLUORESCENCE 

SAMPLE 

SECONDARY N"d I ! I ~ ~ 
.w;,/:fiY/, /21 

TARGET I i 

DETECTOR 

Fig. 3.10 

e ~ 

c..... 
o 
VI 
ro 
"0 
:::r 
::s:: 

c..... 
III 
A ...... 
row < ' . 
...... ~ 
ClN. 



NBS STANDARD ORCHARD LEAF 
Irf' A EXCITATION SOURCE: MoTRANSMISSIONTUBE c 

..j .... z z 
< 
:I: 
U 

10
4 

Irf 
..j .... z z 
~ 10

4 
u 
0:: .... 
<>.. 

~ W3 

=-0 
u 

10
2 

0 

[ 

COUNTING RATE : 5000 PER SECOND 
COUNTING INTERVAL: 5MINUTES 

1rfr.L -----
f-

Ca 

K t~ 
f.. : : 
.' . 

: Ca 

SOURCE 

f\ 
! : 
i : 

-'1104~ c ;,", ----., . 
: !\ . i . 

100 200 

B EXCITATION SOURCE: 75 mCi l()9Cd 
__ COUNTING INTERVAL: 100MINUTES _1\ ___ _ _ 

COUNTING RATE 850 PER SECOND I \ 
COLLIMATOR 20 mm2 I i 

_ ~a DETECTOR !Il mm
2 x 5 mm (lro eV) i \ r \_ 

K:: / \;V 
~., Rb 
;'··Ca Fe Sr ,1 

S CI : 

P f\-J . .I~-l((L Si :\r .... ' . Ti V / 
f''.I ., ~ r., . • !.. . .• ~ ~ •• \W' _: ...-_ • 

:V' : . . . ! 

10
2h ~,,~-

r" • ~ ... 
.~~: 

f- EXCITATION SOURCE: 100 mCi 55Fe 
2500 PER SECOND COUNTING RATE 

COUNTING INTERVAL: 
COlLIMATOR 

011:- DETECTOR 

I-

20 MINUTES 
ro mm2 
80 mm2 x 5 mm l1ao eV) 

. ~ ~:~ Pb + ~ ,1 ~ .: ~ 
!,,-: : -M<Fec~~n. !: -B/:b~r~ - sr/-.. . ....... \;~. 

' .. !!' ~ ..• i::' Z :: !'.:i"· :Rb • J:" I ." . .' .... '.. n . .0.." ' " ' . \\;w/ ~j' ~""'IV 'yi'. ~..; ~"V ~ 10°'--__ ---' ____ "--___ -'--___ -'--___ -'--__ ---' 

. • Ni .- : 0 100 200 300 400 500 600 
. CHANNEL NUMBER 

o 100 200 300 1000 

XBL 785-8885 

Fig. 3.11 

" '" 

c.... 
o 
VI 
ro 
-0 
::y 

:s:: 

c.... 
PJ 
A 
--' 
row 
<. 
-' • .j::> 
(")w 



en 
en 
< 
-I 

" 
.-
en 

Z 
0 -
:E < 
-I -La.. 

Z 
0 ca 
£Xl Z 
0:: 
< 
(.) 

-~ -o 

(.) ---------

S!NnOO 

3.44 
Joseph M. Jaklevic 

N 
LO 
co 
co 

I 
LO 
co ,...... 

-l 
co 
>< 

> 

" 
N 
....-I 

0:::: 
. 

M 

LLI 0) 

Z 
.~ 

w... 

LLI 



3 MeV 

LIQUID 
NITROGEN 
COLD TRAP 

'\. 
~~N I.r--+_.:......-...... ,.rl --, 

• 

GATE 
VALVE 

! GRAPHITE 
COLLI MATORS , ~ ~" 

30mm2 

Si ( LI) DETECTOR 

GRAPHITE 

DIAGRAM OF EXPERIMENTAL BEAM LINE 

Ftg. 3.13 

J, 
DIFFUSION 

PUMP 

( ... 5x 10-'lORR) 

XBL 786-9324 

f-=- ~~ 

c... 
o 
VI 
CD 
-c 
::r 
3: 

c... 
·PJ 
A 

CD W 
< ...... .p. 
n ()1 



'. 

NBS STANDARD ORCHARD LEAF 

10' 

~ 
z 
~ 103 
:r 
u 

~ 
"-

EXCITATION SOURCE, 80 WI ALPHAS 
COUNT! NG RAn: -HID PER SECOND 
FILTER OUT 

PElLET 

~ 102 bE"--------------­
is 
u 

A 
101b _ . ...,...,. y 

o 200 400 Wl 800 1000 1200 1400 lWl 1800 
l~rl --~--------------------------------~ 

EXCITATION SOURCE, 4 MeV PROTONS 
COUNT I NG RATE -4IXXJ PER SECOND 
COUNTING INTERVAL, 10 MINUTES 

10
4 

-' .... 

Fe FILTER , IN 
Clzn 

z z ... 
:r 
u 

~Iif 
"-
VI ..... z 
::> 
0 
u 

102 

~ I 
r- IC 

101 
0 

i 

104 ~---

103 

101 

~ 
o 160 

1~ 

10
4 

103 

102 

101 
I I 

D 
I 

100 
0 

Fig. 3.14 

320 

Fe 

480 

II <!' 

I 
\ 

EXCITATION SOURCE, J) W1eV ALPHAS I 
COUNTING INTERVAL: 7 MINUTES 
COUNTING RATE : -3000 PER SECOND 'I 

FILTER : IN 

800 960 

EXC ITATION SOURCE: 2 MeV PROTONS 
COUNTING INTERVAl: 27 MINun, 
FILTER IN 

Sr 

1121 

XBL 785-8884 

c.... 
o 
VI 
ro 
\:l 
::r 

:s:: 

c.... 
gJ 

" --' 
row 
< . ...... ~ 
nm 



"­
(fl 
l-

10' 

10' 

10' 

S 10' 
<:) 

u 

10' 

~
~MYLAR ABSORBER 

POLYETHYLENE 

/ 

50 100 

50 100 

1.41 MeV 

10' 

ABSORBER 

Fig. 3.15 

3,47 
Joseph M. Jaklevic 

NBS BOVINE LIVER 

':-------:5:-'-0---1 o":o--~o ----ic;o­
CHRNNEL 

2.64 MeV 

2.94MeV 

3[)0 350 

3.34 MeV 

_1 __ 

250 300 350 

XBL 786-9328 

.' 

• 



.. 

This report was done with support from the Department of Energy. 
Any conclusions or opinions expressed in this report represent solely 
those of the author(s) and not necessarily those of The Regents of the 
University of California, the Lawrence Berkeley Laboratory or the 
Department of Energy. 



~ 

TECHNICAL INFORMATION DEPARTMENT 

LAWRENCE BERKELEY LAB ORA TOR Y 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

. ... 




