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ABSTRACT· 

This .report reviews critical aspects of x-ray induced x-ray fluores-

cence analysis that should be considered for quantitative elemental analysis 

of suspended air particulate matter. Included are considerations which influ-

ence sensitivity and precision in x-ray fluorescence analysis using semi-

conductor detector spectrometers. The analytical capabilities of spectrometers 

employed during these studies will be illustrated. Also, a method employed 

to compensate for particle size effects when analyzing for lower atomic 

number elements is discussed. 

... 

This report was prepared as partial fulfillment of an agreement with the 

Rockwell International Science Center, Thousand Oaks, Calif., to participate 

in Phase II of. the California Aerosol Characterization Experiment during 1973-

1974. This program was sponsored by the California Air Resources Board. In 

addition to .this report, approximately 550 time related aerosol specimens were 

analyzed by x-ray fluorescence. The program manager has been supported in 

analysis and interpretation of the data obtaihed during the study. Work per-

formed under the auspices of the u. s. Atomic Energy Commission. 
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INTRODUCTION 

The analytical technique x-ray induc'ed x-ray fluorescence analysis 

(XRF) has become a widely accepted instrumental method applicable for the 
,, 

,' 
elemental analysis of air particulate matter collected on filter or impactor 

... media. Both .energy and wavelength dispensive x-ray spectrometers have been 

employed at various laboratories to perform elemental ,analysis of aerosols. 

We will limitour discussion to the use of energy dispensive methods, since 

they were the methods employed during the ACHEX programs (Aerosol Character-

ization Experiments) sponsored by the California ~ir Resources.Board. The 

analytical technique XRF is non-destructive and is illustrated in Figure 1. 

Exciting radiation provided by an x-ray tube or radioisotope source, either 

directly or indirectly, impinges upon a specimen. A fraction of the photons, 

if of sufficient energy, produce vacancies in the inner atomic shells of 

atoms within the specimen, which in turn can emit characteristic x-rays when 

transitions occur to fill the vacancies. In addition to these interactions, 

a portion of the exciting radiation is scattered either coherently or incoherently 

and, in turn, produces x-ray spectrum background. The x-rays are detected by 

a semiconductor detector and are Sorted by their energ~es. The elemental 

concentrations are determined from the intensities of the individual character-

istic x-rays. 
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SENSITIVI.TY FACTORS 

The main conditions that determine sensitivities attainable are 

the x-ray peak intensities and their ratios.to the background. Sensitivities 

are influenced by (1) selection of the excitation radiation, (2) the total 

system geometry, (3) the characteristics of the spectrometer employed, and 

(4) the .choice of the substrate used to collect the aerosol specimen. 
I 

Selection of the Excitation Radiation 

Although radioisotope sources have been employed to provide the 

exciting radiation for analyses of suspended air particulates collected 

1-3 
on filter media,, . the use of x~ray tubes directly or indirectly with 

secondary targets is·preferable, since much higher intensity x-ray beams 

(typically several orders of magnitude) are .obtained. Hence, higher 

sensitivities can be achieved by employing x-ray tubes. .The use of radioisotope 

sources does have a slight advantage by providing essentially constant x-ray 

output. The output from x-ray tubes are often easily regulated to better 

than l% stability over a period of 8 hours or more. This stability is more 

than sufficient for analyses of aerosol specimens. 

For analyses of suspended air particulate i:natter collected on typical 

filter media or impactor films, the intensity of the scattered x-rays is 

u·sually quite farge compared with that of the characteristic x-rays. Since 

conventional x-ray tubes yield a continuum of such interfering scattered rad-

iation when employed directly to provide the exciting radiation (i.e., the 

scattered radiation is of the same energy as the characteristic x-rays), mono-

chromatic exciting radiation is. used. Figure 2 illustrates the spectral output 

one can expect from a conventional W anode x-ray tube operated at a 
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potential of 40 KV. · Near monoc:hromatic exciting radiat.ion has been 

4 
obtained by employing characteristic x,.-ray tubes. Figure 3 ··shows 

the spectral output obtained from a low. power (- 20watts) Mo 

transmission x-ray tube operated at a potential of 42 KV. (The combined 

thickness of the anode, plus the window was .• 010 em) • Comparable exciting 

radiation can be attained by filtering the'output from a conventional x-ray 

tube. Monochromatic exciting radiation can be obtained by employing x-ray tubes 

with secondary targets. 5 Figures 4-7 illustrate the techniques employed to 

provide the exciting radiation during these studies. They are discussed 

in detail in the appendix. The use of monochromatic exciting radiation 

simplifies the calibration procedures which are discussed in the section 

regarding calibration methods. 

NOTE: A comparison of relative sensitivities attainable for two separate 

systems employing equal counting periods may be expressed: 

Sensitivity A 

Sensitivity B 
= 

(Peak/Background) A X 
(Peak/Background) B 

r------------------(Peak intensity) A 
(Peak intensity) B 

where the measured x-ray peak intensity= (line~background). For example, 

(1) 

-~ reduction in the. peak/background ratio by a factor of 500 , accompained by 

a reduction in the relative.x-ray intensity by a factor of 10, will·improve 

sensitivities attainable by a factor of 7. 07, (/500/10 = 7. 07). Thus, . 

·although a modification of the primary radiation sacrifices x-ray peak 

intensity, the accompanying enhancement of the x-ray peak/background· .. 

ratios often makes these measures advisable. 
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.The selection of the exciting radiatioQ. .energy is strongly influenced 

by the range of elements to be studied. Optimum sensitivity is achieved by 

employing an excitation radiation of energy slightly greater than the K or L 

absorption edge energies of the elements to be analyzed, but of sufficient 

energy that the incoherently scatter'ed radiation does not produce significant 

overlapping background. Table I'lists x-ray photoelectric cross sections (the 

ability to produce inner atomic shell vacancies) for selected elements for 

AgLa, NiKa, and MoKa x-rays. These data were obtained from tables compiled 

6 
by McMaster, et al. As shown, AgLa x-rays are over 100 times more efficient 

than MoKa. x-rays for· producing photoelectric·interactions with the elements 

Al + Cl. Likewise, NiKa. x-rays are approximately 10 times more efficient 

than MoKa x-rays for producing photoelectric interactions with the elements 

Al -+ Fe. These examples clearly illustrate that sensitivities attainable 

are strongly influenced by the selection of exciting radiation energy. 

Consequently, excitation radiationof more than one energy is employed when 

analyzing for a broad ~ange of elements. 

Although the fluorescent yield values (the fraction of x-rays actually 

emitted when transitions occur to fill inner atomic shell vacancies) are not 

~nfluenced by experimental conditions, the values affect relative sensitivities 

attainable. Figure 8 is a plot of K and LIII fluorescent yield values 

obtained from the lit~rature: 7 • 8 As shown, the fluorescent yield value of 

Al (0.036) and Fe (0.35) differ by an order of magnitude as there is a rapid 

decrease in fluorescent yield values for the lower atomic number elements. 
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Geometry Considerations 

It is important that the excitation-specimen-detector geometry be 

·designed for maximu~ practical efficiency, so·that a large nuinber of counts 

can b~ acquired in a short time. The over.all geometrical efficiency shown in 

Figure 4 is approximately .002 (the photon intensity reaching the detector 

divided by the photon intensity emitted by the x-ray tube, presuming the specimen 

to be a perfect diffuse r.eflector). Although higher geometrical efficiencies 

can be realized by using radioisotope sources, the increase in efficiency does 

not compensate for the large difference in the photon output obtained from· 

x-ray tubes, compared to the·output from the typical radioisotope sources employed. 

For mqst analyses, the intensity of the scattered x-rays is usually 

quite large compared with that of the characteristic x-rays from the elements 

in the collected aerosol specimen; hence, it is desirable that the energy loss 

by the incoherent (Compton) scattering process be a minimum. ·. Figure 9 shows 

plots for the energy of the scattered radiation versus the energy of the exciting 

radiation for 90 and 180° Compton scattering. As shown, the energy loss by the 

Compton scattering process increases with energy and with_the angle of scattering~ 

Since the mass of the substrates used to collect the aerosol is usual!y 

quite large, compared with the mass loadings, most of the scattering is from the 

substrate. The intensity of the scattered radiation increases with excitation 

radiation energy relative to the intensity for a characteristic x-ray from 

any given element per unit concentration. This is due to the fact that the 

scattering cross section for the substrate increases relative to the photo-

electric interactions produced as the energy of the excitation radiation selected 

increases. Figure 10 shows a plot of the fraction of the excitation radiation 
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scattered with respect to the total absorbed, using carbon as the scattering 

matrix, and, presuming absorption effectsare negligible for the scattering 

matrix. 

Spectrometer Charac.teristics 

Progress in the electronic design of semiconductor detector 

spectrometers over the past: five years by Goulding, et 9-11 
al. has 

drastically improved the performance and sensitivity capabilities of 

semiconductor detectors. Included in these advancements was the develop-

ment of guard-ring and guard-ring reject detectors which significantly 

reduced the x-ray spectrum background due to the loss of ionization signals 

in the detector. These events arise principally from high energy scattered 

exciting radiation which impinges upon the detector near the periphery of 

the sensitive region. (Goulding and Jaklevic
12 

give a detailed description 

of processes which produce x-ray spectrum background). Comparable sensitivities 

can be obtained using standard type detectors by collimating doWn a large 

area detector to essentially eliminate the detection of events near the 

periphery of the sensitive region. ·using this procedure, one obtains some-

what poorer resolution due to the higher capacitance of the larger area 

detector. Resolution affects sensitivities attainable and the ability to 

resolve x-ray signals of comparable energies. Total system resolutions of 

225 eV or better at 5.9 KeV are commonplace and more than sufficient for 

most analyses. Count rate limitations, typically around 10,000 counts/sec, 
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are seldom approached with most aerosol specimens. However, analyses 

are performed over pre-set live times to compensate for system dead times. 

Selection of the substrate 

The contents, mass, and the type of loadings (surface vs. non-surface) 

of the substrate employed to collect the aerosol specimen very much affect 

sensitivities attainable. A desirable substrate should be composed entirely 

of .low z elements (C,H,N,O) and not contain any impurities which give :r;.;i.se 

to x-rays of energies similar to those which are to be employed for analyses. 

Table II lists the concentrations of impurities. found in cbllection media employed 

during Phase II of the ACHEX program. As shown, the glass fiber filters con~ 

tained substantial amounts of impurities •. The high levels of the impurities 

not only produce background, hut also require the x-ray tube to be bperated 

at lower currents, due to the high intensities of x-ray lines from the filter 

impurities. Con?equently, the concentrations of only several elements 

(Pb, Br, and in some cases Fe) were determined for aerosols collected 

using glass fib~r filters. Due to the high levels of ·zn in the sticky poly-

ethylene used fpr the particle collections on the Lundgren impactor stages, 

Zn determinations were not made. The mass of the substrate used to collect 

'the aerosol affects sensitivities attainable, since the x-ray spectrum back-

9round from the scattered exciting radiation varies, in most cases, 

proportionally with the substrate mass. Thus, an increase in substrate mass 

by a factor of 2 would lower sensitivities attainable by 40%, neglecting 

2 the contribution of air scattering. When very low mass ("" 1 mg/cm ) substrates 

are employed, the contribution of the air (if present) to the total mass 

producing scattered exciting radiation background can be quite large (>50%). 



-8- LBL-2951 

Substrates which collect the particulate matter on the surface, such as 

membrane types, ·'are desirable when employing. lower' energy x-rays ( < 4 KeV) 

for analyses. Non-surface type collection substrates give rise to absorption 

.effecJs for lower energy x-rays from particles which are embedded 

within the substrate. 
1 . 

Bonner, et al. has reported estimated corrections for 

these effects when Whatman 41 Hi-Vol filters are employed. 

CALIBRATION 

Determination of Relative Excitation-Detection Efficiencies 

Air particulate matter collected .. on filters (membrane. type) or impactor 

media can be treated as "infinitely" thin specimens for most elemental analyses 

and, consequently, the concentration of an element is direc'tly proportional to 

the intensity of one of its characteristic K or L x-ray lines. K x-rays are 

employed for the analysis of elements up to atomic number 56 (Ba) , and 

L x-rays are used for the elements of higher atomic number. Ideally, one would 

like to have "infinitely" thin.standards for each of the elements, but such 

is not possible. Some elements are too volatile or reactive in their 

elemental form (e.g. Cl, Br, I, Hg, K, Ca, Rb, Sr, Ba) or their compounds are 

hydroscopic. Fortunately, the relative ability to excite and detect 

·characteristic x-rays can be calculated. This.process is straightforward 

when monochromatic exciting radiation is employed. The intensity of an x:..ray 

line from a "infinitely" thin specimen is directty proportional to the 

concentration, m. (]Jg/cm2 ) o.f the element and may be expressed: 

.I= I G ~~--1-· -) OL f T·E: m. (2) 
o \ JK,L K,L J 

,. 
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where I is the exciting radiation intensity 
0 

G is a geometry factor 

LBL-2951 

T is the photoelectric mass absorption coefficient ().lg/crn
2

) of the 

element for the excitation radiation 

JK,L is the ratio (jump ratio) between the photoelectric mass 

absorption coefficients at the top and bottom of the absorption 

edge energy (the subscripts K or L refer to the specific energy. 

level) 

W is the fluorescence yield value for the specific energy level 
K,L 

f is the fraction of x-ray lines of interest with respect to the 

total from the specific energy level 

T is the fraction transmitted by the media between the specimen and 

the detector·· 

E is the detector efficiency 

The values for the terms T,J ,W , and f can be be obtained from the 
K,L K1L 

6-8- 13 
literature ' . The values for T.and £may be calculated or determined 

with relative ease and·are discussed in the Appendix. The value of 

I G is determined from 
0 

We refer to the product 

a single element thin film standard of known mass. 

of th.; terms '' ( 1- -;---) , "'K;L'f,T,.£, as the· 

. K.L . 

value K .• Using a single element thin film standard, agreements within 
J 

several percent between calculated and experimental results for K. for eight 
J 

elements have been obtained as shown in Table III. The th.in film standards, 

of mass varying from 50-150 ).lg/crn
2

, were prepared by K. Scheu.of LBL 

by evaporation of the elements onto thin Al substrates (200 ).lg/cm
2
). 
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Rhodes and. :Bonner have bo.th reported making. standards using multidrop 

techniques on filter medii5 • For elements with higher energy x-rays 

(> 15 KeV) we have prepared standards by (1) absorbing a known amount of 

a standard solution or cellulose powder, (2} drying the mixture, (3) weighing 

after an equilibrati~n period of 24 hours, (4) pulveriZing, and (5) pressing 

(15,000 psi) thin uniform pellets of mass 40 mg/cm
2

• Using monochromatic 

excitation radiation, smooth curves for K. are obtained when plotted versus 
J 

absorption edge energies, as shown in Figures 11-13, for the three x-ray 

spectrometers employed during these studies. The drop-off in the values for 

K. at the higher x-ray energies is due to the decreases in the detector 
J 

efficiency, e:. 

Determination of particle size effects 

One problem inherent within the technique of x-ray fluorescence 

analysis of suspended air particulate matter is that appropriate considerations 

must be undertaken to compensate for particle size effects (mainly absorption 

effects) when analyzing for lower atomic number elements such as Al, Si, 

S, Cl, K, and Ca. The characteristic x-rays from these elements are low 

in energy, < 4 KeV, and the "infinitely" thin sp·ecimen criteria is often not 

'valid. These elements are frequently present at above or near the l-lg/m3 

9f air level in urban aerosols. The elements Al, Si, K, and Ca are principally 

present in particles > ll-l in diameter. Surface type collection substrates 

such as membrane filters should be employed to collect. the aerosols when 

analyzing for these elements. 
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F.igure. 14 illustrates the problem of particle size effects using 

an exaggerated single particle. The exciting and fluorescent x-rays are 

attenuated (absorption effects) as they pass through the particle. (Inter-

element enhancement effects are generally minor for analysis of air particulate 

matter). It;1 reality, air particulate matter is a heterogeneous spe~imen,. in 

which particles of varying shapes and composition exist. . 16 
Rhodes and Hunter 

have derived formulae to compensate for particle size effects in specimens 

of "non-infinite" thickness (particles not infinitely thick for exciting or 

characteristic radiations). The specimen is treated as being in the form of 

a monolayer with particle sizes of either discrete values or continuous dis-

tributions. The formulae consist of equations for a thin homogeneous 

specimen, multiplied by a grain size dependent _factor. However, to this date, 

no experimental proof has been reported to substantiate the capabilities of 

the published formulae to adequately compensate for particle size effects for 

' analyses of air particulate matter. One of the principal problems is·that the 

size distribution of the collected particles is seldom known. Whitby has reported 

that atmospheric particulate matter usually has a bimodal mass distribution.17 

Both modes can be approximated by log-normal distribution. The large particle 

mode occurs at sizes varying from 5 to 50~. These particles, in general, are 

·principally from mechanical processes, such as wind-blown soil dust. The 

mass mean diameter of the larger particle mode can vary considerably with 

changing meteorological conditions. The larger particles, > 40)Jm, which are 

few in number, are usually not collected due to non-ideal sampling conditions • 

. Moreover, the efficiency to collect the particles < 40)Jm can be strongly 

influenced by meteorological conditions. Bounce off and wall losses·have 

occurred for these particles using a modified Lundgren cascade impactor during 
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the ACHEX program. · Hence, analyses of pa~ticles in the larger particle mode 

are often concerned with the smaller size fractions of this mode. These 

facts illustrate the problem of describing the distribution'of the collected 

particle sizes. 

In the approach we have employed to compensate for particle size e~fects, 

we presume the larger suspended· particles are collected in the form of .. 

a monolayer. This is a reasonable assumption (particularly for larger 

particles) for most aerosol specimens when only several hour c;ollection 

times are employed using flow rates of less than l c~bic meter/hour/cm
2 

of . . ' 

collection media. Also, 'we assume the particles are collected on the surface 

of the filter (membrane type) and that the particle sizes are of "non-infinite" 

thickness for the .energies of radiations employed. (Infinite thickness is 

the thickness beyond which an increase in thickness would not measurably 

increase fluorescent x-ray line intensities). The characteristic x-ray 

intensity (I ) from a given element in a homogeneous particle .of average . c 

mass thickness (iti), grn/crn2 , may be expressed 

. [ -(ll +·.ll >in] 
I = I .· 1 - e e f c th1n ~~.~~·-·----~~--~ 

(lle + llf)iii 
(3) 

'Where Ithin = the characteristic x-ray line intensity from an equal amount 

of the particle distributed "infinitely" thin (no absorption effects), 

lle and llf are the total mass absorption coefficient, crn
2
/grn, of the 

particle for the exciting and the characteristic radiation,.respectively. 

The absorption correction ··term is dependent upon the total mass absorption 

coefficient of the particle for the exciting and characteristic radiation. 
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The value of the term, 11e' and, in turn, ·the value of lie + 11f can be 

va:ried'considerably by varying the energy of'the excitation radiation. 

By selecting the excitation radi.ation (monochromatic) . of energies# for which 

the values for 11 vary from large to small - relative to llf' information on . e 

the particle size (presuming the values for 11 and )..If are known) can be . e 

determined; since.the values of the elemental concentration obtained from 

Ithin should be the same in each case. 

These larger particles which come principally from mechanical pro-

cesses such as wind-blown soil dust are considered to consist of specific 

. . 18 
m1nerals • Table IV lists these minerals. Recognizing the fact that 

the total mas.s absorption coefficients ()..le + 11f) of the minerals are 

similar when analyzing for Si (Si is usually not present a.s Sio2 except 

in the desert region)
18 

or Al, we use this to our advantage. Table IV lists 

the val:ues of )..le + 11f of these minerals when ZrL, AgL, or NiK x-rays 

are employed in excitation for the Si or Al analysis. The relationship 

between the mass concentration, m1 and m
2

, of an element (uncorrected 

for abSOrptiOn effeCtS) 1 determined by employing 'tWO Separat.e' meaSUrementS ·USing 

two different energies of excitation radiation, may be described: 

-()..1 + ll )m lle + 11f -e f 
m2 1-e 2 1 (4) X 

= 
+ 11f)fii ml -(11 lle +)..If . e 

1-e l I 2 

where 11e 
1 

and 11 are the total mass absorption coefficients of the 
~2 

particle for the two different excitation radiation energies, respectively, 

2 and m is the average mass thickness of the particle (gm/cm ). 
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By setting·a valuer (~ +~f)/(~ +~f), equation 5 may be written: 
e2 . el 

( 5) 

The total mass concentration from a total of n particles may be expressed: 

n [ (~ + ~f)m. l 
L: 

e . 1 . (6) . 
m m. 

J_ 

-(~ + ~f)mi 
i:?=l 1-e e 

Since the mass concentration is independent of the energy of the excitation 

radiation employed (presuming infinite thickness is not attained for any 

of the individual particles), the value for (~e + ~f)m may be determined and, 

in turn, the value of m is ascertained. Although this procedure requires 

that a weighted average value for m be employed, the net error in the result 

is relatively small. This is due to the fact that the bulk of the mass 

concentration is usually within a relatively small range, since the total mass 

of a particle can vary as the cube of the particle diameter. 

Figure 15 shows curves for selected "r" values which could be employed 

for Si mass determinations with Zr and AgL x-rays plotted versus the 

absorption correction term to be .applied, to correct for absorption·effects, 

for the analysis with AgL x-rays. For our experiments, we employed an "r" 

value of 1.55. The value of the absorption correction term for the Si 

analysis of particles collected on the total filters was typically in the 

range .of 1.5 to 3.0. This corresponds to particles approximately in the 8 to 
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24 l.l.size range (for unit density spheres). These are reasonable values 

considering th~ Whitby data17 and .the f~ct that. non-id.eal sampling conditions 

are e~ployed. We make an additional Si determination, using NiK x-rays for · 

excit.ation, to verify that we have selected close to the appropriate values . 

. ---___ for _the-mass~absorptiori-coefficients_to_ascertain_the value of the absorption 

correction term. The total mass absorption coefficients of the minerals 

typically present in the aerosols are very similar for the si and Al deter-

minations. Consequently, the.value of the absorption correction term 

established forthe Si analysis is applied for the Al determination. 
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Table I. Photoelectric Cross Sections 

Excitation radiation AgW. NiKa. MoKa. 

/ 

Element 

2 
Al 720 ern /grn 62 

2 
ern /grn 4.9 

2 
ern /grn 

Si 880 80 6.4 

s 1200 113 9.4 

Cl 1280 132 11 

K 179 16 

Ca 207 19 

Ti 243 23 

v 26El. 25 

Cr 304 29 

Mn 328 32 

Fe 363 37 

Ni 47 

Cu 49 

zn 55 

As 65 

se 68 

Br. 74 

Rb 82 

Sr 87 
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Table II •. Collection Media Impurities_ 

Concentration 

_______ El_ement ___ _ 

K 

Ca 

Fe 

Cu 

Zn 

Rb 

Sr 

Ba 

Pb 

Washed Gelman 
GA-l filters 

2 pg/cm 

0.170±0.010 

0.029±0.002 

0.023±0.003 

0. 004±0. 001 

Sticky 
polyethylene 

2 ].lg/cm 

0.015±0.003 

0.06±0.01 

LBL-2951 

Glass Fiber 
filters , 

2 
].lg/cm 

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

43±5 

41±4 

2.6±0.2. 

167±8 

0.41±0.04 
• 
17±1 

139±20 

0.22±0.02 



Table III. 

Line 

CrKa. 

MnKa. 

FeKa. 

NiKa. 

CuKa. 

AsKa. 

SeKa. 

PbLa. 
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Relative .Excitation and Detection Efficiencies (K.) 
J 

Calculated Determined 

.381 .370±.011 

.450 .435±.003 

.587 .559±.003 

.884 .882±.007 

1.000 1.000±.015 

1.653 1.660±.083 

1. 776 1.753±.057 

.804 • 774±.019 



Table IV. 

Excitation 
radiation 

Element: of 
interest 

Mineral 

Kaolinite 
Al

2
(si

2
o

3
) (OH)

4 

Anorthite 
CaA1

2
si

2
o

8 

Micro line 
KA1Si

3
o

8 

Albite 
NaA1Si

3
o

8 

-21-,. 

2 
Total Mass Absorption·Coefficients (em /gm) 

ZrL AgL 

Al Si Al Si 

2450 2540 1620 1710 

2540 2680 1660 1800 

2520 2390 1620 1490 

2790 2630 1820 1660 

LBL-2951 

NiK 

Al Si 

1240 1330 

1280 1430 

1240 1110 

.1370 1200 
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FIGURE CAPTIONS 

Fig. 1.· Schematic of x-ray fluorescence analysis technique. 

Fig. 2. Generalized spectral output obtained from a conventional W anode 

x-ray tube operated at a potential of 40 KV. 

Fig. 3. Spectral. output obtained from a Mo transmission x-ray tube operated 

at a potential of 42 KV. 

Fig. 4. x-ray fluorescence analysis technique employing direct excitation 

using a Mo. transmission x-ray tube. 

Fig. 5. X-ray fluorescence analysis technique using a W anode x-ray tube 

and three secondary targets to provide the exciting radiation 

(Goulding- Jaklevic, E.P.A. type x-ray spectrometer). 

Fig. .6. X-ray fluorescence analysis technique employing a Ag anode x-ray 

tube and three secondary targets to provide the exciting radiation. 

Fig. 7. X-ray fluorescence analysis technique employing direct excitation 

using a Ag anode x;_ray tube. 

Fig. 8. 

Fig. 9. 

Fig. 10. 

Fig. 11. 

F'ig. 12. 

F~g. 13. 

Fig. 14. 

Fig. 15. 

"Fitted" fluorescence yield curves for the K and LIII energy levels. 

Scattering curves for 90 and 180° Compton scattering. 

Scattering to total cross section curve for carbon matrix. 

Relative excitation - detection efficiency curves for MoK x-rays. 

Relative excitation-detection efficiency curve for TbK x-rays. 

Relative excitation-detection efficiency curve for AgL x-rays. 

Exaggerated illustration of particle ·size effects for a single particle. 

Absorption correction curves for Si mass determinations. 
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APPENDIX 

In this section~ factors which·affect the accuracy of the method are 

discussed. Included are considerations undertaken to standardize the three 

x-ray spectrometers used during these studies. Also, methods employed for _ 

the analyses program are described. 

Equipment and_Characteristics 

·. • Table v lists the characteristics of the x-ray spectrometers and 

associated x-ray tubes. employed during these studies. 

Standardization of spectrometers 

a) Spectrometer with Mo transmission x-ray tube. 

This spectrometer, A, is illustrated in Fig. 4. The procedure used to 

standardize this equipment has been previously reported.
14 

The principal 

sources of error in the standardization procedure employed are from the 

uncertainties of (1) the fluorescent yield ''fitted" values selected, and (2) the 

corrections employed to. compensate for air absorption for lower .energy x-rays. 

This spectrometer was employed to obtain most of the data acquired during 

these studies. Table VI lists the sensitivities (3 cr values). for the elements 

determined using 10 minute analyses times. The uncertainty in the "fitted" 

fluorescent yield values employed was typically .5% or less for the elements 

v.-+ Sr. The uncertainty in the fluorescent yield values for the elements s -+ Ti 

was larger, attaining a maximum of 14% for S. Each day a single element thin film 

standard, Cu, was used to normalize for geometry and x-ray tube output. The correc

tions applied in the calculations to correct for air absorption of the S, K, and 

Ca x-rays were .34, .68, and .75, respectively. The uncertainties in these 

values were approximately .02 for S, .01 for K, and ~01 for Ca. Figure 16 
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2 
shows a spectrum obtained on a two hour total filter aerosol specimen (5 mg/cm 

Gelman cellulose ester substrate). The .elem~ntal values listed are in ng/cm2 • 

b) Spectrometer with W anode x-ray tube and three secondary targets 

(Ni, Mo, •and Th). 

This' spectrometer, Br designed by F. Goulding and J •. Jaklevic, 5· is 

illustrated in Figure 5. Although this spectrometer has a broad range of 

analysis capabilities (S + Ba, Hg, Pb), it was employed only to determine the 

concentrations of higher Z ·elements which we could not obtain with spectro-

meter A. Somewhat higher sensitivities were attainable with spectrometer A 

for the elements S + Zn (compared to spectrometer B, Mo secondary target), due 

to the smaller contribution to the spectrum background from air scattering. 

Table VII lists the sensitivities (3 a values) obtained for the .elements 

determined using a Tb secondary target and 10 minute analyses times. Figure 

17 shows a spectrum obtained on a Hi-Vol aerosol specimen. The elemental 

. . I 2 values l~sted are ~n ng em • Standardization of this spectrometer was accom-

plished using cellulose pellet standards. (Ca'Iculated values were not employed, 

due to the more complex overall geometry .of this system which made it difficult 

to determine the detector efficiency for any given x-ray energy). Each standard 

was prepared by absorbing a known amount of a standard solution on cellulose 

2 
ppwder, drying, weighing; and pulverizing the mixture from which 40 mg/cm 

pellets were pressed. Measurements to compensate for absorption effects within 

' 14 
the pellets were made. 

c) Low Energy x-ray spectrometer with Ag x-ray tube. 

This spectrometer, c, shown in Figure 6 and 7, was designed by D • Malone. 
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The spectrometer was constructed to support ~esearch on extending the analytical 

technique of x-ray induced x.:.ray, fluorescence analysis of aerosol specimens 

to include the determination of lower Z elements (Mg +"Cl). This unique 

spectrometer permitted compact excitation-specimen-detector geometries to 

be obtained. Additionally, a short path length, 1. 5 rom, between the specimen 

and the detector window was attained. · Either air or He paths could be 

used.- In the. secondary target mode (Fig. 6), three targets, zr, Ag, and Ni, were 

utilized"to obtain data which permitted us to compensate for particle size 

effects Jas previously discussed. Sensitivities for most of these elements were 

enhanced substantially when the x-ray tube output was employed directly 

(Fig. 7) to provide the excitirl:g radiation, using only a .00025 em Ag .filter. 

to attenuate the Bremstrahlung. Figure 18 shows· a spectrum acquired in this 

mode. h I • • • I . 2 T e concentrat1ons l1sted are 1n ng em • Table VIII lists the sensitivi-

ties attainable-in each of the modes using 10 minute analyses times •. Using the 

particle size information acquired for the Si analyses in the secondary target 

mode, the Mg and Al x-ray intensity data obtained in the direct mode are 

corrected to compensate for particle size effects. 

An infinitely thick pure Si disk was employed to standardize this 

SJ?ectrometer. The mass.of an infinitely thick (mass absorption coefficient 

term "'4) may be expressed: 

m = ±nf 0. 98/ (ll esc¢ + llfcsc ¢f) 
.e e 

(7) 

where ¢ and ¢f are the angles formed by the exciting and the fluorescent e . 

radiation with the disk surface. 

Since a pure disk of this mass will suffer a 75% loss in x-ray intensity (the 

product of the attenuation of the exciting and characteristic x-rays integrated 
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over the mass, min£.), the mass of the standard for calibration purposes equals 

m .. f /4. 0. We have employed this same procedure to standardize. for Al and S and 
~n •. 

obtained agreements to within 5% of the calculated relative excitation-detection 

efficiericy values norinalized to Si. For these calculations, corrections are 

applied to compensate -for the detector dead layer. (equivalent surface mass for 

which ionization events are. not measured)· and for absorption by the-very thin 

Au layer on the surface of the detector. For this spectrometer, these at-t;..entu,-

ation corrections ~or Mg + Ca K x-rays were-in the range of 5 to 15%. 

Data Analysis Program 

x-ray spectra of the collected areosol specimens are acquired using 

a 512.channel pulse-height analyzer and are recorded on magnetic tape.· The 

analytical computations are made by a Control Data 6600 computer. Although 

our program has been established for the analyses of many types of specimens, 

much less than 50K 9f core space would actually be required for analyses of 

aerosols only,. The analysis program is performed in three steps. First, the 

x-ray spectrum background due to the scattered exciting radiation is removed, 

secondly, the interferences due to overlapping x-ray lines are unfolded, and 

thirdly, the concentrations of the elements in the original air samples are 

calculated from the intensities of the appropriate x-ray lines employed for. 

analysis. 

The shape of the scattered exciting radiation background is simply 

determined by employing a blank filter of mass similar to that of the filters 

used for the aerosol collections. The scattered x-ray background within 

various e:n,ergy ranges to be employed for analysis are _ratioed to the intensity 
I 

of the scattered exciting radiation. These scattered radiation background 
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factors are employed for analyses. This procedure was possible since the typical 

aerosol ioadings contributed only a. couple of percent to the total mass of 

the filter plus collected aerosol. 

Fixed sets of channels corresponc:Iing to preselected energy ranges 

are employed for analyses.· Although the spectrometer is stable over widely 

varying conditions, one of the more intense x-ray lines is used to compensate· 

if a base-line shift occurs. To obtain high .statistical accuracies, 

between 70 to 80 percent of the total peak areas are utilized for analyses. 

The peak fractions used are established from elemental thin-films. Corrections 

for overlapping x-ray lines are aiso determined from the elemental thin-films 

by establishing relationships between individual peak shapes and intensities •. 

In effect, a series of simultaneous equations are established which compensate 

for overlapping x-ray lines occurring over preselected energy ranges. 

The concentrations of the individual elements present in the aerosol 

are then calculated from the individual x-ray line intensities using Eq. (8) • 

llgj 

3 
m 

3 
c 

s 
X 

m 
s 

v 
1 

(8) X 
K. 

J 

where c, and c are the characteristic x-ray count rates from element J' and 
J s 

the standard 

m is the standard mass (].lg/cm2) 
s 

V is the volume of air sampled (m3) per cm2 of collection media 

K. is the relative excitation-detection efficiency value normalized 
J 

to the standard 
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Discussion of Sources of Analytical Errors 

We have observed losses between 5 and 50% of elements .present in the. 

larger particles (> 511) due to specimen handling techniques. Such losses have 

occurred between x-ray fluorescence analysis (XRF) and neutron activation 

analysis. Upon reanalysis by XRF, agreement, typically within 5%, is obtained 

from small particle elements (Pb and Br), while low values are obtained from 

. 
large particle elements (Ca, Ti, and Fe). Also, large particle .element lpsses 

have been observed for the aerosol specimens, cut and stored in envelopes, 

·prior to analysis with the low-energy spectrometer. Potential handling losses 

appear to be related to the size ofthe particles and to the relative humidity 

at the time of -collection. 

Due to .the compact excitation-specimen-detector system geometries employ-

ed, it is essential that fixed reproducible geometries be obtained. For example, 

an incorrectly seated specimen, located 0.6 mm away from the plane of the 

correct position, relative to the detector, for spectrometer A, would yield 

results which were 20% low. The problem is accentuated since the spectrometer 

was designed to have the center lines of the excitation and the detector sys-

terns intersect at-the:specimen plane. However, we have been able to reproduce 

our results (analyses performed several months apart), typically within 4%~ 

which substantiates the fact that we do obtain reproducible geometries. 

A second geometrical error can arise from the fact that the probability 

of exciting and detecting an x-ray line t:rom the aerosol varies over the area 

of the specimen analyzed. Figure 19 illustrates the relative intensity of an 

x-ray line from various parts of the specimen area employed for analysis with 

spectrometer A. 
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. . 2 
The total area of the specimen analyzed was ·3 em • For analyses, we presume 

that the· aerosol is deposited uniformly across the filter surface. For the. 

Lundgren impactor stages, the size of the x~ray beam spot is ·reduced such 

2 that only a 1 ern area is examined. .For stages 1 and 2 ("' 12].1 50% cut point), 

appreciable .errors (> 20%) can be obtained due to the fact that the uniform 

deposit criteria is not valid. 

Additionally, losses, due to bounce-off (using sticky polyethylene sur-

face) and entrainment within the impactor, have been observed. for elements present 

princially in the large particles (> 5].1). The loss.es are related to the relative 

humidity at the time the aerosol is collected. Losses up to 50% have been 

determined by comparing the data from the sum of the stages from the Lundgren 

impactor and the after filter with the total filter data. 

Thin-films are prepared to determine overlapping x-ray lines by 

establishing relationships between individual x~ray peak shapes and relative 

intensities. These thin-films are prepared either by dusting the finely 

pulverized element or element compound onto mylar tape, or by evaporation 

onto thin backings, such as aluminum or polyamide. The masses of these thin 

films are unimportant as long as the relative difference for absorption 

of the x-rays is negligible. Table IX lists the major overlapping x-ray 

lines determined during the ACHEX program. 

X-rays detected by semiconductor detectors often produce peaks that 

tail on the low energy side. This tailing eff.ect becomes more pronounced 

with increasing x-ray energy and can cause overlapping of x-ray lines, 

particularly when trying to discern x-rays of low intensity adjacent to 

a high-intensity higher energy peak. Additionally, escape peaks can be. a 

consideration. The energy of an escape peak corresponds to the original x-ray 
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energy minus the energy of the escaping pho:tons,.which in the case of silicon 

detectors are the Si K x-rays. The intensity of the escape peaks, although 

energy dependent; are more than two orders of magnitude less than the initial 

x-ray intensity. To illustrate the magnitude of the problem of the tailing 

2 
effect for spectrometer A, a Pb concentration of 1 ~g/cm produces a tailing 

2 
background equivalent to 5, 4, 3, and 2 ng/cm for the v, Cr, Mn, and Ni 

analyses, respectively. Thus, for analyses of minor constituents within the 

aerosol, it is imperative that Corrections for tailing background frommajor 

constituents such as Pb, Br, and Fe be made in the data analysis program. The 

corrections for overlapping x-ray background due to peak tailing or escape peak 

are established with relative ease from the thin-films. 

As. previous·ly mentioned, fixed sets of. channels. corresponding 

to preselected·energy ranges are employed for analyses. A minor gain shift can 

occur in the ener;gy spectrum if the spectrometer and its associated electronics 

are not maintained in a relatively constant temperature environment. Such 

gain shifts can produce sizeable errors in the results obtained for minor 

constituents (particularly in the higher energy range of the x-ray spectrum) 

having large overlapping x-ray backgrounds, using our data analysis program. 

Minor gain shift problems can be prevented by daily checking preselected 

energy ranges for x-ray lines near the two extremes of the energy spectrum 

and making a very minor electronic amplifier adjustment if necessary. However, 

we maintain our spectrometer in a relatively constant environment and consequently, 

adjustments are infrequently required. 

X-rays from substrate impurities which are .partially absorbed in the 

substrate can produce minor errors in the results, using our data analysis 

.P~ogram, if the aerosol loading of the impurity.elements are small compared 

to the blank, and if substrates of widely varying masses are employed to collect 
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the aerosols. Although a change in substrate mass will proportionally 

alter the x-ray spectrum background due to the scatte.red exciting 

radiation for spectrometers A and B, the x-ray line intensity from a substrate 

impurity:" may not be proportionally altered in intensity due to substrate 

absorption effe.cts. During the ACHEX program, substrate masses were 

maintained relatively constant, ± 10%. The only reported element for which 

this problem wouid be a source of error is Ca for the after filter data. 

Corrections for absorption effects due to aerosol loadings are not 

included in our analysis program. For nearly all of the analyses performed on 

two hour aerosol specirnens_collected during the ACHEX program, such absorption 

effects would be negligible or very minor. For example, a 100 ~g;crn2 hydro-

2 
carbon deposit mixed uniformly with a 10 ~g/cm NH4.(so4) 2 deposit would attenuate 

the SK x-rays by 9nly 1%. 
. 2 

A silicate deposit completely covered by a. 100 ~g/cm 

hydrocarbon deposit would attenuate the SiK x-rays by only 4%. Thus, absorption 

effects due to aerosol loadings are minor, particularly compared to particle 

size effects. 

Even though membrane type_ (Gelman GA-l 5~ cellulose ester)· filters 

were employed to collect the total and the after filter aerosol specimens, a 

fraction of the very small particles will have some penetration depth into the 

filter medium. During the ACf!EX program the particulate sulfur was determined 

in most cases·to be predominantly present in the particles < 0.5 ~. Penetration 

of the particles into the filter media can cause absoprtion effects for the 

SK x-rays. We have determined that the sulfur containing particles have been 

deposit_ed to a depth corresponding to .less than 0. 7 mg/cm2 . This evaluation 

was made by employing the low-energy spectrometer shown in Fig. 6. sulfur 
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determinations were made employing both AgL and NiK x-rays for the exciting 

radiatioh. (Attentuation of NiK x-rays by the filteris essentially negligible, 

while th~ same condition is not true for the lower-energy AgL x-rays). such a 

penetration depth requires less than a 10% correction for filter attenuation 

effects of the exciting radiation when AgL x-rays are employed for analysis 

in this 45° excitation:-specimen geometry. Our conclusions are further 

substantiated from the·fact that essentiallyidentical results were obtained 

when AgL and NiK x-rays were employed to determine S levels on dry mylar 

impactor surfaces (from ACHEX I). Although we have not evaluated the attenuation 

effects of the. filter medium for SK x-rays, we believe such effects would be 

minor (compared to the attenuation of the AgL x-rays). in our 180° specimen

detector geometry. 

In our method to compensate for particle size effects, we assume that 

the larger particles originate frommechanical processes such as winq-blown 

soil dust. !n turn., we use overall average mass absorption coefficient data, 

which are similar in value for a number of common minerals, for both the Si 

and the Al analyses. ~e determine the Si concentration employing two separate 

measurements using excitation radiation of two different energies. The mass 

values determined (uncorrected for particle size effects) are applied to 

determine the value of an absorption correction term. This approach is 

reasonable for the Si analyses if a large fraction of the Si is not present 

as Si02• An error of 4% in the value of the ratio of the two mass determinations 

established can, in turn, introduce an error of 20% for the value of the absorption 

correction term, ascertained for particles around 15p (for unit density spheres). 

Additionally, if the selected "r" value employed is off by 3%, an additional 

10 to 20% error is introduced. However, we make an additional Si determination 
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using NiK x-rays for excitation to verify that we have chosen the appropriate 

values for the mass absorption coefficients, and in turn, the correct "r" 

values. This is possible ~ince the mass values (corrected for absorption 

effects) ascertained should be the sam~ for all three determinations. 

Although we have prepared a comprehensive list of potential sources of 

errors, with appropriate considerations, analyses for a broad range of elements 

can be accomplished to a relatively high degree of accuracy. Employing-x-ray 

induced x-ray fluorescence analysis techniques, we have obtained data (not 

limite¢! to aerosol speclmens) which have uslially been in good agreement·± 

5-10%, with data obtained by other techniques (i.e .• , see Ref. 14). Table X 

lists the elements determined by XRF during _the ACHEX II program. Additionally, 

the concentration and the particle size range, in which these eiements were 

typically found, are .listed. Those elements listed in brackets were determined 

to be only occasionally present in the aerosol specimens. In a separate 

report to be compiled at -the Rockwell International Science Center, the extensive 

data obtained by XRF during this program will be discussed. The data are 

being combined with a wealth of other chemical, physical, and meteorological 

·data.obtained by·otlier experiments during this study. The p:r;incipal objectives 

of the experiment are (1) to characterize the respirable and visibility 

degrading fraction of aerosols in the Lo~ Angeles South Coast Basin, (2) to 

investigate the evolution of aerosols under conditions of photochemical smog 

formation, (3) to estimate .the primary and secondary aerosol contributions to 

the total airbOrne particulate concentration, (4) to evaluate the significance 

of both natural and anthropogenic sources in the evolution of the respirable 

and visibilitydegrading fractions of the aerosol, and (5) to recommend from 

the data obtained key considerations for a control strategy. 
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Tabie V · 

Spectrometer A 

Grounded guard
ring 

Pulsed-light 
feedback 

"' 225 ev 

Mo transmission 
20 watts 

Direct 

Spectrometer B 

Guard-ring 
reject 

Pulsed-light 
feedback 

"' 190 ev 

W, 50 watts 

Secondary 
targets 

LBL-2951 

Spectrometer ·c 

Top-hat 

Pulsed-light 
feedback 

"'175 eV 

Ag, 50 watts 

Direct and 
secondary targets 
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Table VI. Theoretical Limits of Detection, Spectrometer A 

Media Gelman GA-l Sticky polyethylene 

Mass 
2 

(mg/cm ) 5.0 5.0 

Air vo1ume
3 2) 

0.75 2.40 
sampled (m /em 

Area·analyzed (cm2) 3 1 

Element and spectral line 

SKa. 900 ng/m 3 480 ng/m 3 

ClKa. 420 220 

KKa. 140 100 

CaKa. 65 55 

TiKa. 26 19 

VKa. 21 15 

CrKa. 17 10 

MnKa. 12 8 

FeKa. 13 10 

NiKa. 5 5 

CuKa. 8 5 

ZnKa. 5 12 

GaKa. 4 5 

AsKa. 5 4 

SeKa. 5 4 
~ 

BrKa. 7 5 

RbKa. 10 8 

continued 



Media 

SrKa 

HgLa. 

PbLa. 

PbLB 
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Table VI •. continued 

Gelman GA-l 

12 

9 

9 

23 

LBL-2951 

Sticky polyethylene 

9 

7 

7 

19 
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Table VII. Theoretical Limits of Detection, Spectrometer B 

'i'b.secondary''i'arget 

Media Whatman-41 

2 
Mass (mg/cm ) 

Air volume
3 2 sampled (m /em )· 

. 2 
Area Analyzed (em .) 

Element and spectral line 

9~0 

3.0 

4 

.. 3 
SrKa 17 ng/m 

YKa 16 

ZrKa 14 

NbKa 12. 

MoKa 11 

PdKa 10 

AgKa 9 

CdKa 10 

InKa 12 

SnKa 13 

SbKa 13 

TeKa 14 

I 

IKa 17 

CsKa 28 

BaKa 38 

LaKa · 56 

I 



'" 

Table VIII. 

Media 

Mass (mg/cm
2

) 

Air volume 
sampled (m3 /cm2) 

. 2) Area analyzed (em 

Mode 

Element and 
spectral line 

MgKCl 

AlKCl 

SiKCl 

SKCl 

ClKCl 

CaKa 

TiKa 

FeKa 

-53- . LBL-2951 

Theoretical Limits .of Detection, Spectrometer c 

zr secondary 
target 

900 

560 

Gelman GA-l 

5.0 

0.75 

1 

Ag secondary 
target 

1400 

700 

400 

370 

·. Ni secondary 
target 

7200 

3500 

1400 

900 

200 

130 

120 

Direct, 
Ag filter 

320 ng/m 
3 

130 

70 

40 

40 
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{ 

Table IX •. Major Overlapping x-ray Lines 

Element and spectral line 

AlKct 

SKct 

ClKct 

CaKct 

TiKct 

VKU 

MnKct 

NiKct 

. GaKct 

AsKCt 

SeKct 

RbKct 

Interference 

BrL 

PbM 

PbM, SK8 

BaLct, FeKct escape peak 

TiK8 , BaL8; FeK(3 .escape peak 

Fe:&t 

FeKI3 

ZnK(3, PbLl 

PbLct 

Pbin 

BrKI3 

. 



Particle diameter 

3 
Conc~/iange (Jlg/m } 

> 1 

0.1 - 1 

0.01 - 0.1 

0.001- 0.01 

-ss-

Table X. California Urba~_Aerosols 

> lll 

Al, Si, Ca, Fe. 

K, Ti, Zn, (S) 

Cr, Mn, Br, Sr, Pb 
(Ba) 

Ni, Cu (Ga) (Rb} 

LBL-2951 

< lll 

S, Pb 

_,ca, Fe, Br (K) 

. Ti , Ni, Cu, Zn, (V) 
(As) (Sn) (Sb) (I) 

Mn (Se) (Cd} 
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FIGURE CAPTIONS 

Fig. 16. Spectrum of a total filter. aerosol specimen collected over a two hour 

interval. 

Fig •. 17. Spectrtl.m. of a Hi-Vol aerosol specimen collected over a 24 hour period. 

Fig. 18. Spectrum of a total filter aerosol specimen collected over a two 

hour interval. 

Fig. 19. Relative intensity of. Cui< x-ray line from various parts of the 

specimen area employed for analysis. These data were obtained 

using the Mo transmission x-ray tube and a 2 mm x 2 mm cu specimen. 
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.. 
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.---------LEGAL NOTICE---------...... 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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