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The estimate of measurement uncertainties in XAFS spectra is one 
of the most important and difficult aspects of error analysis for 
XAFS data. Since several different analysis methods are used to 
determine structural parameters and their uncertainties from XAFS 
data, and no universally agreed-upon standard exists, the ability to 
compare estimates of uncertainties from different methods is vital. 
We discuss numerical aspects of the propagation of measurement 
uncertainties from raw absorption coefficient to analyzed signal in 
k -  and R-space.  We focus our attention on the conversion of mea- 
surement uncertainties between k- and R-space representations of 
XAFS data, and on the testing of this conversion procedure for data 
dominated by random fluctuations. 
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Transform. 

1. Using the high-R portion of x(R) to measure the 
random fluctuations in XAFS data 
Though XAFS data dampens with R due to disorder, mean-free- 
path, and the 1/R 2 term in the XAFS equation, the random fluc- 
tuations in the data persist. Therefore, by looking at the high-R 
components of an XAFS spectrum, we can measure the random 
fluctuations in the data, and use the size of these fluctuations as an 
estimate of the uncertainty in X, even for a single spectrum. This es- 
timate of the measurement uncertainty can be used in the statistical 
analysis of the signal, including the sort of X 2 tests recommended 
by the International XAFS Society Standards and Criteria commit- 
tee (Lytle et al., 1989) and for the estimation of uncertainties in 
parameters determined in XAFS analysis. 

Figure 1 shows x(R),  the R-space transform of the XAFS, for 
Cu metal at 10K out to 25,~. Data for this sample was collected 
past 20 A-1,  and the Fourier transform window used extended to 
19/~-1. There is clearly no significant XAFS signal past 15 A even 
for this highly ordered system, and we can be confident that x(R) 
beyond this point will be dominated by the random fluctuations for 
nearly all systems. 

Since the R components beyond 15/~ contain no meaningful 
structural information, we use the root-mean-square (rms) average 
of x(R) between 15 and 25/~, as en, the measured random fluctu- 
ations in x(R). We note that this R-range is a somewhat arbitrary 
choice for evaluating the rms fluctuations in x(R). It has been cho- 
sen so as to avoid any structural XAFS signal at lower R, and yet 
to be large enough to get a reliable rms average even for relatively 
clean spectra. 

1.0 

0.8 
0.6 
0.4 
0.2 
0.0 "6~ 

-0.2 
-0.4 
-0.6 
-0.8 
-l.O - - - - - - - - - - - - ~ - ~  

0 5 

T r I T ~  

10 15 20 25 

R (A) 

Figure 1 
x(R) for Cu metal at 10K. Even for high-quality XAFS on well-ordered 
systems, the signal is dominated by noise beyond 15/~,. 

Though not required for XAFS analysis or for the principles of 
the arguments discussed, we consider here the common case of us- 
ing a discrete Fourier Transform (Brigham, 1974), with conjugate 
pairs of k and 2R and an evenly-spaced k-grid of ~k = 0.05 A -1, 
and require that x(R) is zero below R = 0, which defines the re- 
lationship between the real and imaginary parts of x(R) (Sayers & 
Bunker, 1988). With this form of the XAFS Fourier transform, R 
components up to zr/2tSk ,,, 31.4 A are sampled. Though we have 
not seen any evidence for aliasing R beyond 25A, we take care to 
avoid the highest-R values, and recommend using the range from 
15 to 25,/k for measuring en. 

Because XAFS is routinely viewed and analyzed in both k- and 
R-space, it is desirable to be able to convert eR into ek, the rms 
fluctuations of x(k). To do this, we note that the random fluctu- 
ations in k- and R-space are "white noise", and so extend with a 
constant rms amplitude over all values of k and R, respectively. 
With this in mind, ek and en are simply related by Parseval's theo- 
rem (Brigham, 1974). For the symmetric XAFS Fourier transform 
of k-weighted spectrum using a finite k-window between km~ and 
kmin, Parseval's theorem gives 

/km,,x /,~12~k 
le~k~l=dk = 2 lenledR. (1) 

J k m i n  J 0 

Taking eR and ek to be constants, this gives 

ek = en &k(b2=+l 2~+1 • (2) 
. . . .  - -  kmi n ) 

Of course, these e~ and en have no k- or R-dependence, which 
might be expected for some types systematic errors, such as large 
glitches and errors resulting from poor background removal. In that 
sense, the values determined from this simple method give a lower 
bound on the estimate of the measurement uncertainty in x(k) and 
x(R). On the other hand, the method described here is easily au- 
tomated and can be applied to a single spectrum with no prior in- 
formation about the data quality. In many cases these simple mea- 
surements of the rms fluctuations in x(k) and x(R) will give the 
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best available unbiased estimate of the measurement uncertainties 
in an XAFS spectrum, and can be used in statistical analysis of the 
goodness-of-fit and in the estimation of the uncertainties in fitted 
parameters during XAFS analysis. 

2. Test with data dominated by random fluctuations 
To investigate whether Eq. 2 gives a reasonable estimate of the fluc- 
tuations in the data, we use XAFS data that is dominated by ran- 
dom fluctuations so that independent estimates of the noise level 
can be made. The data used for such tests was Ti K-edge spectra 
of Ti implanted into a 200t 1, thick layer of SiC. 22 fluorescence 
spectra collected using a 13 element solid-state Ge detector over 
a 15 hour period at NSLS beamline X11-A were measured, each 
having a fairly high noise level. Statistical tests were done to check 
the normality of the fluctuations, which showed the fluctuations in 
this data to be normally distributed. 

The uncertainties in the X(k) data were estimated using 4 dif- 
ferent techniques. First, the method described above was used, in 
which ek was determined from the high-R components of X (R) us- 
ing Eq. 2. Second, Poisson counting statistics were done using the 
counts in the solid-state detector elements. Third, the rms fluctua- 
tions in the pre-edge absorption data were used. Fourth and finally, 
the rms fluctuations in the post-edge absorption data were used to 
estimate ek. For the last two methods described, the data was fit- 
ted with a smooth polynomial and the rms deviations from that 
function were used. All four methods were applied to averages of 
different numbers of scans (from 1 to 22). This not only gave more 
comparisons of the different estimates of the uncertainties, but also 
allowed the expected 1/v/-N fall-off in noise to be checked, and 
for any base-line noise level to be identified. The four methods for 
estimating ek are presented in Fig 2, which compares the results of 
these methods as a function of number of individual scans used in 
the average. 

The results show that the expected 1/v/-N trend is followed 
fairly well for all measures of noise. There does appear to be a 
tendency towards saturating at a finite lower limit of noise (prob- 
ably at ek ~ 0.003 for this data), which may indicate system- 
atic errors in the measurement dominating the measurement error 
when the fluctuations from counting statistics become sufficiently 
small. The evidence for that is not conclusive, but is suggestive 
that even fairly noisy XAFS data may have an appreciable noise 
level that does not come from random fluctuations. It is also seen 
that the four different methods agree rather well in their estimate 
of the measurement uncertainty at all noise levels. We should point 
out that the estimate from the Fourier Transform method tends to 
give a value that is slightly smaller than the estimate from Poisson 
statistics, which might be due to smoothing of the XAFS data dur- 
ing interpolation from E to evenly spaced values of k. Despite this 
effect (which still keeps the different measurements within a factor 
of 2 of each other), these results demonstrate that the estimate of ek 
from the Fourier transform method described here gives a reason- 
able estimate of the measurement uncertainty for data dominated 
by random fluctuations. 
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Figure 2 
Comparison of 4 different estimates of the measurement uncertainty for 
Ti K-edge XAFS data dominated by counting statistics as a function of 
the number of individual scans averaged. The four estimates are from: 
the high-R method described here (FFF); Poisson counting statistics us- 
ing the counts in the solid-state detector (Poisson); the rms deviations 
of the pre-edge absorption data (Pre-edge); and the rms deviation of the 
post-edge absorption data (Post-edge). 

3. Conclusion 

Using the high-R portion of a single XAFS spectrum gives a sim- 
ple and reliable estimate of the measurement uncertainty that is 
needed for the complete statistical analysis of that spectrum, such 
as setting the scale for X 2 tests and estimates of the uncertainties 
in parameters determined in XAFS analysis. We have shown this 
measure to be consistent with other estimates of the measurement 
uncertainty for data dominated by random errors. The method as- 
sumes that the measurement uncertainties do not vary with k or 
R and so will not include some kinds of systematic errors, but is 
simple enough to use in a routine way. 

We thank Prof. Edward Stem and Dr. Peteris Livins for helpful 
discussions. 
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