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Thfe fluorescence intensity is used to measure the X-ray absorption cross-
section and is found to yield essentially the same results as a more conven
tional transmission experiment. However, the fluorescence method is 
shown to extend the sensitivity of the EXAFS technique by t ^ or mo_^ 
orders of magnitude, and thus make feasible the study of exFremely dilute 
species. 

THE RECENT availability of broadband synchrotron 
radiation from electron storage rings has revived interest 
i n the study of the extended X ray absorption fine 
structure (EXAFS) [ 1 ] . Recent theoretical [ 2 ,3 ] and 
experimental [ 4 ,5 ] work has demonstrated the useful
ness of the technique for studying the microstructural 
environment o f the elements under study. Specifically 
one can determine the distance between a specific 
absorbing atom and its neighboring atoms, the choice of 
the absorbing atom being determined by the incident 
photon energy. To date, the experimental data in con
densed materials have been limited to fairly concentrated 
species, because of the inherent limitations of the direct 
absorption technique. In this paper we wish to discuss a 
new method for measuring the X-ray absorption cross-
section, which extends the sensitivity o f the EXAFS 
technique by two or more orders of magnitude, and 
which tlierefore makes feasible the study of dilute 
systems, thin films, and surfaces. We shall make a quan
titative comparison of this method with the direct 
absorption technique, show that the two techniques 
give essentially the same information, and then present 
data from a number of systems which would have been 
impossible to study by conventional means. 

The direct absorption technique consists of measur
ing the incident and transmitted X-ray flux, lo and / 
respectively, and computing the absorption coefficient 
from the formula = In (/o//). In most cases the 
statistical precision of such a measurement is limited by 
the measurement of /; in this case the optimum sample 
thickness is d = 2/^^, and the fractional statistical uncer
tainty is I 
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^^iJHx = (e/2Xi"*/M.)(l//o) in 0 ) 
where fix, MJ,, and Ht are the absorption coefficients for 
the species the background, and the total absorption 
coefficient, respectively, and which satisfy the following 
relations: 

( 2 ) 

The new technique makes use of the fact that an 
iimer shell vacancy may relax by undergoing a radiative 
transition from a h i ^ e r energy, occupied shell. The 
radiative probability e, or "fluorescent y ie ld" , is a 
monotonically increasing function of atomic number, 
ranging from 0.30 for iron (Z = 26) to 0.75 for molyb
denum (Z = 42) The fluorescence yield is expected 
to be independent of excitation energy for above thres
hold but may vary slightly near threshold. Thus the 
fluorescence intensity is a direct measure of the K-shell 
absorption probability, which is the single absorption 
mectianism of interesnn EXAFS. This was checked 
experimentally as wil l be discussed shortly. 

For simplicity we shall study the geometrical 
arrangement where the incident and fluorescent radiation 
make equal angles with the sample normal. The incident 
radiation has energy E, the fluorescent radiation has 
energy Ef, and the detector subtends a solid angle Q. 
The fluorescence counting rate isjthen given by 

If = h^itf^l -exp.[M,(£)-^M.(fr)]c/}.(3) 

Two important cases may now be distinguished: a thin. 
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concentrated sample, for which [iit(E) + Ht(Ef)] d<l, 
and a dilute, thick sample, for which 
[//,(£•) + n,(Ef)] d > 1. In these two limits we have 

= Ioe(V,l4Tr)nx(E)d ( thin, concentrated) 

f Ht(E)+tit(Ef) 

The statistical precision is then ^ven by 

- ; AttJtix = Uoe(ni47r)n^(E)d]-^'^ ( thin, concentrated) 
-.1/1 

^t(E) + nt(Ef} 

(thick, dilute). (4) 

/oe(r2/45r)M,(£) 
(thick, dilute). (5) 

Comparing equation (1) with equation (5), we see that 
the uncertainty of a transmission experiment scales as 
llHx> but for the fluorescence experiment the uncer
tainty scales as ( l/ja^j ) "* . For dilute, thick samples we 
may set fit(E) = titiEf), and the two techniques have 
equal sensitivity when = e(e^lS)(m4n) fif As a con
crete example, we consider a dilute, aqueous solution 
of iron, assuming ni4-n = O.Ol,Ht = 14cm~*, and = 
3.85 X 10-™cm^ which yields n^, = 1.0 x 1 0 " c m - ^ 
One can easily imagine a twentyfold or more improve-
inent i n detector solid angle, thus making the fluores
cence technique competitive at concentrations as h i ^ as 
2 x 10» 'cm-\ 

The above arguments concern themselves only with 
the limitations imposed by the counting statistics. For 
the fluorescence experiments that we have performed, 
the precision is indeed statistics limited. However, for the 
transmission method, several systematic instrumental 
effects may distort the data and thus raise the lower 
l imit on the concentration which is best studied by the 
fluorescence technioue. Two such effects are sample 

(i) inhomogeneity an^uc tua t ing ratio of harmonic to 
fundamental intensity in the primary photon beam. 
When one measures a small signal in the presence o f a 
large slowly varying background, very small instrumen-
tally derived fluctuations in the background carmot be 
distinguished from the signal, and thus the apparatus 
must have a very high absolute stability. These problems 
are avoided by measuring the signal directly, as is the 
case with the fluorescence technique. 

We have performed fluorescence measurements on a 
number of biological materials and solids, which clearly 
would have been impossible to perform by a direct 
absorption measurement. The fluorescence radiation was 
measured in all cases by a Uthium-drifted germanium 
detector with an energy resolution of 200 eV (FWHM) 
and subtending a solid angle ny4u = 4.3 x 10"*. The 
need for energy resolution becomes very important in 
dilute species because o f the presence o f a large elastically 
scattered component at the incident energy and a smaller 
inelastic Compton component. The germanium detector 

can differentiate between those signals and the 
fluorescence which occurs at energies lower than the 
edge energy. The energy differences among the three 
components wil l vary with the atom studied. With 
increased dilution the problem of detecting just the Kg, 
fluorescence wil l become more severe and faster high 
resolution detectors wil l have to be developed. Atomic 
dilutions o f the order of 1 0 " ' to 10"* can be studied 
with existing technology. The incident radiation monitor, 
monochrometer, and control hardware were identical to 
those used in transmission experiments described else
where [ 1 ] . 

T (a) 

Fig. 1. Comparison of fluorescence detection (a, c, e) 
with normal transmission studies {b, d,f) of the EXAFS 
structure of concentrated Mn in three different systems. 

To verify the assumption that the information 
accessible via the absorption and fluorescent experiments 
are the same, we performed comparative experiments on 
a variety of samples for a number o f elements including 
Fe, Mn, M o , Pb, Zn, Cu and Co. Representative data are 
shown in Fig. I where are p l o t t ed absorption and 
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Fig. 2. The absorption spectrum o f Mn in a leaf taken by 
fluorescence detection. 
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Fig. 3. Study of the absorption spectrum of two NbaGe 
films by fluorescence detection. The films are charac
terized by (a) = 921 K, 7-, = 21 K. (b) = 800 K, 

= 5 K. 
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Fig. 4. Tae fluorescence detector absorption spectmrn 
of arseiuc in silicon. 

fluorescence spectra for three manganese compounds of 
different formal oxidation state and crystal structure. 
For each pair o f spectra i t is seen that the curves aie 
essentially identical although there are some slight 
differences in relative intensities below threshold n ^ o n . 
These are probably a result o f the energy depcntteice 
of the C^iorescence yield. The EXAFS features are 
virtually identical. 

The sensitivity of the fluorescence method is 
amply demonstrated in Fig. 2 where we have plotted 
the spertrum of the Mn in a leaf. The concentration of 
Mn in the chloroplasts o f green plants is ca. 10—SOppm 
and this element is essential for oxygen evolution. H i s 
spectrur3 required hours of signal averaging to achiete. 
Comparable times were devoted to absorption exper
iments with negative results. 

FigTire 3 shows the EXAFS spectra for the Ge edge 
of two NbsGe films sputtered onto sapphire substrates 
at different deposition temperatures T^. Although Hie 
two samples differ markedly in superconducting tratt-
sition temperatures T^, X-ray diffraction analysis reveals 
that bo t i films consist principally of the A l 5 phase, 
with lattice parameter a = 5.13 ± 0.01 A. Preliminary 
analysis cf the EXAFS spectra indicates that the low 
films has Ge—Nb distance characteristic of low T^, 
bulk cr>r.als (2.87 A), but that the high films has a 
much la : s r Nb-Ge distance, 3.2 A. This is easily seen 
from Fig. 3. The larger distance corresponds to more 
rapid wigles [2, 3] of the EXAFS pattern. These 
samples, fa l l ing within the " th in , concentrated" limit of 
the prev;:us analysis, could not have been studied by the 
direct absorpt ion technique. 

Figure 4 shows the EXAFS spectrum for the As 
edge o f i single Si crystal doped with As at a concentra
tion n = Z-\ 1 0 " c m " ' . F r o m these data we hope to 
extract . - . format ion about the l oca t ion o f the As atom 
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i n the host crystal, and perhaps information about the 
distortion of the lattice immediately surrounding the 
heavy impurity. 

I t was shown that one can obtain the same infor
mation by fluorescence detection as by transmission 
measurements. The fluorescence measurement has 
inherent advantages for dilute species which were 
demonstrated by the leaf and thin fihn results. There are 
a large number of exciting areas of this new technique 

and towards this end we are already constructing a 
multidetector fluorescence system capable o f collection 
over a larger solid angle. This should unprove the statis
tical quality o f our measurements or alternatively extend 
the range of dilutipn that can be studied. 
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