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ABSTRACT 

The discovery of a very simple and useful relationship between the 
absorption coefficient of a particular element and the ratio of incoher
ent to coherent scattering by the sample containing the element is 
discussed. By measuring the absorption coefficients for a few elements 
in a few samples, absorption coefficients for many elements in an entire 
set of similar samples can be obtained. 

INTRODUCTION 

Absorption corrections in x-ray fluorescence are not negligible and 
usually must be taken into account if quantitative results are to be 
obtained. In principle, the absorption corrections can be calculated 
from published tables of absorption coefficients such as those of Storm 
am*. Israel (1), combined with appropriate geometrical factors for the 
instrument used as described by Bonner, Bazan, and Camp (2). However, 
the calculation requires a knowledge of the composition of the sample, 
which is usually not known in sufficient detail when the sample if to be 
analysed. Thus the usual situation is that absorption coefficients must 
be measured for each sample. 
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The purpose of this study was to look for a relationship between 
sample absorption and some characteristic of she recorded spectrum. Such 
a relationship would eliminate the necessity of measuring the absorption 
for each sample. 

A remarkably simple relationship has been found. For sets of simi
lar samples, the effective absorption coefficient is a linear function 
of the ratio of the intensities of the incoherently and coherently scat
tered exciter radiation. That is, 

ai " Ci + Bi X R* 
where Ci and B^ are experimentally determined constants; R is the inten
sity ratio (incoherent peak)/(coherent peak); and a^ is the measured 
absorption coefficient for element i in the sample. 

The utility of this relationship is very clear. Once the constants 
B.; and Cj have been determined, the absorption coefficient for clement i 
can be calculated from the backscatter ratio, R, with no additional 
measurements. The only additional information needed to calculate the 
absorption correction is the sample thickness in g/cm , 

RESULTS 

An obvious place to look for a relationship between absorption and 
spectral characteristics is the backscatter peaks. The intensities of 
the coherent and incoherent p *aks depend on the amount of absorption in 
the sample as well as on the atomic number (Z) of the scattering atoms. 
The absorption coefficient for an >: ray is also strongly dependent on Z. 
From the experimenter's standpoint a ratio of intensities is more con
venient than an absolute intensity. Because of this, the first function 
we looked at was the ratio, R, of the incoherent to the coherent peak 
integrals for the Ag K exciting x ray. 

From another study, we had on hand a set of vegetation samples from 
Eniwetak Atoll. The samples were all 1-in. (2.54 cm) diameter pressed 
discs each weighing approximately 250 mg. At this thickness, about 
50 mg/cm , absorption corrections for most olrrents .ire appreciable. We 
measured the effective absorption coefficient, a«^, for the Ni tC-t x ray 
for these samples. When we plotted a^i vs R (Fee Figure 1), the points 
fell on a straight line within our estimated errors of about 15! in R and 
2% in a.... 

Ni 
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Figure 1 The linear relationship between the 
absorption coefficient for nickel and the 
incoherent/coherent ratio for Er.iwetak 
vegetation. 

This result was so striking that we decided to prepare some artifi
cial samples of known composition to see how general the result was. 
Many environmental samples consist of an organic (carbon, hydrogen, 
oxygen) matrix with admixtures of other low Z elements such as sodium, 
potassium, silicon, aluminum, and calcium. Our first set of mixturas 
consisted of cellulose (Avicel*) plus Al 0 and CaCO.., prepared as 

Reference to a company or product name does not imply approval or 
recommendation of the product by the University of California or the 
U.S. Energy Research and Development Administration to the exclusion of 
others chat may be suitable. 
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Figure 2 Linear relationship between ajji and R for 
c>;llulose-Al,0- mixtures. 

described in the experimental section. In spite of some apparent non-
uniformity in the samples, a plot of a ; J 1 vs R Rave a very satisfactory 
straight line as shovn in Figure 2. Our second set of mixtures consisted 
of Avicel plus NaCl and CaCl2. Again a plot of axi vs R pave a straight 
line as shown in Figure 3. 

The absorption curves, In a vs In E, for the XaCl-Avicel samples 
were straight lines, but the lines for the various samples were not 
parallel. Figure 4 shows the curves for the two extreme samples. Thus 
it was possible that the linearity of the ajjj vs R curve might be acci
dental, and not be valid for other energies. Therefore, we made plots 
of the a vs R curves for chromium and zinc, the measured elements with 
the lowest and highest energy x rays. Fortunately, the chromium and 
zinc plots were also linear, indicating the nickel result is not unique. 
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Figure 3 Linear relationship between a and R for 
cellulose-SaCl mixtures. 
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Figure A Absorption curves for cellulose-NaCl 
mixtures. 

It should be noted that the a vs R curves for the three sets of 
samples, Avicel-NaCl, Avicel-Al203, and Eniwetak vegetation are all dif
ferent. That is, each set gives a straight line but the sets are not 
equivalent. This means that for the linear relationship to hold, the 
set of samples must be similar. K'e do not yet know what all of the 
necessary conditions are that r.ake a set sufficiently similar. Chemical 
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composition seems to be the nost critical variable, but we do not know 
til** limits. At present we can only try any given set to see If the 
relationship holds. It is very encouraging that it holds for a set as 
varied as the Kniwetak vegeiation, which consists of ground leaves and 
stems from at least three different types of plants. National Bureau of 
Standard Reference Material l!i71 (Orchard Leaves) almost fits the Eniwetak 
set. The difference between the measured absorption coefficients and the 
ones calculated from our vegetation curves are about 10/='. 

As a check of the validity of the method in a situation where 
extrapolation of the absorption curves is necessary, we used the method 
in the analysis of a set ol milk samples. The calcium absorption coef
ficients could not be measured directly because the samples contain large 
amounts of calcium and are essentially infinitely thick to Ca K^ radia
tion. (Our 50 mg/cm 2 samples attenuate the calcium radiation by a factor 
of about 400.) We measured the absorption for thf» usual set of five 
elementsi then extrapolated the curve to the calcium energy. The plot 
of the resulting a^ a vs R data is shown in Figure 5. Our usual x-ray 
fluorescence analysis then gave us values of R that we used in conjunc
tion with the curve to get the calciun absorption coefficients. The 
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Figure 5 Linear relationship between nc a and R for 
milk samples after extrapolation of 
absorption curves. 
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Table f. Comparison of x-ray fluorescence and 5nstrur.ent.il neutron 
activation analysts of milk salaries. 

Crams c.i" calcium per liter 
Sample Type K ray * - INAA • -

037 Sonfat 1.25 • 0.06 1.JO • 0.05 
039 Nonf3t 1.06 t 0.05 1.07 • 0.05 
002 Homogenized 1.04 • 0.05 1.04 ' 0.04 
042 Homogenized 1.22 i 0.06 1.23 -* 0.05 
038 Homogenized J.12 i 0.O6 1.12 ' 0.05 

calcium concents calculated iron these data are shown in Txblv 1. which 
also includes calcium analyses performed by Instrumental Neutron Activa
tion Analysis at Lawrence Llverrat>re laboratory. The aureeaent is embar
rassingly KOod, the average difference being about 1'. The error 
estimates for x-ray fluorescence in the table include only the counting 
statistics, but our guess is that the uncertainty from the absorption 
curve extrapolations is about 10," . 

EXPERIMENTAL 

Counting Procedures 

All measurements were made vith a nondlspersive (energy dispersive) 
system using a ting-shaped l 0 9Cd exciter and a Si(Li) detector. The 
scattering angle from exciter to saitple to detector is nearly 180". The 
system Is described in detail in Rjference (2). 

The oherent snd incoherent peak intensities were each sums of 
channels spanning i?5 eV. This includes a reasonable fraction of earh 
peak u-itli minimal overlap. The coherent and incoherent SUTSS were cen
tered at 22.1 and 20.6 fceV respectively. 

«tw*i(^aA&^:'r.--! ,J.'~-
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Absorption Measurements 

The absorption measurements were made by counting '.'natulan il stand
ards of chromium, manganese, nickel, copper, and zinc with and without 
.m intervening sample. Tile êor.e':ry was such that the sar.ple was in Its 
normal position and the standard was ir. a reproducible position. (That 
is, its position did not depend on the presence of the sample.) The 
absorption coefficient, a, is defined by the equation: 

I - 1 exp(-aD), 

where I(, = the net intensity of an x ray froir. the standard with no 
absorber: I = the net intensity of the same r. ray vith the absorber 
(sample) in place; D = sample thickness in_g/cm 2; and a = the effective 
absorption coefficient for the x ray in cm*/g. 

Note that a is a mass absorption coefficient. We designate it a 
instead of the usual symbol, •„. to err-phasize that it is different from 
the usual quantity. Our a includes the absorption coefficients for the 
exciting >: rays as well as for the emitted >: ray. It alsc includes the 
geometric factors resulting fror. the non-normal paths of the x rays 
through the sample. 

Plots of In a vs In E were always straight lines. (E « the energy 
of the K.. x ray.) The range of our measurements was from 5.41 keV 
(chromium) to 8.63 keV (zinc). Thus the absorption coefficients for any 
dement with x-ray energies ir. this range can be obtained by interpola
tion. It is alsc possible to extrapolate to some extent, but this is 
riskv as it could generate errors. 

Sanple Preparation 

AJ' samples were pressed in a 1-in. vi.3<-cn) diameter steel die 
wiru a hydraulic press at 1 to 3 metric tons. This produced fiat, 
Km.'.'ih, coherent discs with a uniform thickness of about 0.5 urn for our 
•i'lil-nig samples. 

The naturai samples were already in powder forr and were merely 
pressed and weighed. The cellulose material in the artificial samples 
was Avicel, a macrocrystalline cellulose with empirical formula CH2O. 
The alumina samples were prepared by weighing finely divided AljOj 
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(levigated alumina)* Avicel, and CaCOi ir.tc a elnss vial. The sn.-p]**s 
were homogenized in a mechanical shaker for 5 T?.in. The caiciur. .ont»r.r 
was always Z% and the alumina content varied fror? 0 to 25". Thes^ 
samples appeared to have segregated to some extent durini; the pressir.r 
procedure. As a result, we prepared a r*et of Avire! -NaCl samples by .. 
different procedure. Solutions of NaCl and C.1CI2 wi-re pipetted intc 
Avicel, and water was added if necessary to .Take- a thin paste. This as 
well mixed, Chen dried. The dry powder was ground >'t>nrly in a mortar 
and pestle, then pressed into discs and weighed. The NaCl content \;>ried 
from 0 to 22'' and the calciiir. vas kept at 2". 

In these experiments it wis unnecessary to know the composition -.-f 
Che mixtures. The purpose of the mixtures was to supply sets of samples 
with different absorption coefficients and different values of K. 

SUMMARY AND CONCLUSIONS 

We have demonstrated that a linear relationship exists hetweoi 
absorption coefficients and the incoherent to coherent scattering r:itio 
for sets of similar camples. This relationship e^n be n very useful Lool 
to the analyst using x-ray fluorescence. If many similai samples .ire to 
be analysed, only a few absorption measurements need be made instead of 
one set per sample. In f-iture work we hope to establish the extent and 
limitations of t:he relationships. 

ACKNOWLEDGMENT 

This work was supported by the U.S. Energy Research and Development 
Administration. 

REFERENCES 

1. E. Storm and H. I. Israel, "PhoLon Cross Sections from 1-keV to 
100-MeV for Elements Z = 1 to 2 = 100," Nucl. Data Tables 2* 
565-681 (1970). 

2. N, A. Bonner, F. Bazan, and D. C. Camp, "Trace iUemer.t Analyses 
Using X-Ray Fluorescence," Cheir. Inst. 6_, 1-36 (1975). 

-10-



Nil l i t ( 
" " • "•!"•'• * ' * l "T- . "J 4» ...i «rt ,.1 -v.. 

,(*.[iv.(e<l t»> :hi' ! inn-J N l ' l i - i . -ii-fiiiin "I V if' 
t(.< t'm(*J Suie*. n«w »h>- I'ttttrJ M i t t . (• i 
HfWiUh & I'.'tflofiniriu •\Jm(!ii*tijti"». »• > . 
• >• then cmpl i 'H ' ' "••' Jf>» " l tlitv ,"i.Hi,r. 
M.t ' .- 'nH^tti i t j , HI Kurt mpl->>rt'v UMIM. < 
wjrunlv. e*pf«% «<i tnij>l»<i. >n j"uit ic- j in '., 
luMt t j I T (npi'iiMrdit-. to* id, at t i i i j , 
i.irr.plcitriiosv lit uvrfulnt1" " I m i int.ntnjtv 
jppjtalus, proJiuf ••' pn'or« JiulitM-J 
ft*l'tt-wn(\ that i t . uw* u.m(J «<•! m!ti>, 

- 1 1 -


