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License

Copyright(©1997-2000 Matthew Newville, The University of Chicago
Copyright(©1992-1996 Matthew Newville, University of Washington

Permission to use and redistribute the source code or binary forms of this software and its doc-
umentation, with or without modification is hereby granted provided that the above notice of
copyright, these terms of use, and the disclaimer of warranty below appear in the source code
and documentation, and that none of the names of The University of Chicago, The University
of Washington, or the authors appear in advertising or endorsement of works derived from this
software without specific prior written permission from all parties.

THE SOFTWARE IS PROVIDED "AS I1S”, WITHOUT WARRANTY OF ANY KIND, EX-
PRESS OR IMPLIED, INCLUDING BUT NOT LIMITED TO THE WARRANTIES OF MER-
CHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE AND NONINFRINGEMENT.
INNO EVENT SHALL THE AUTHORS OR COPYRIGHT HOLDERS BE LIABLE FOR ANY
CLAIM, DAMAGES OR OTHER LIABILITY, WHETHER IN AN ACTION OF CONTRACT,
TORT OR OTHERWISE, ARISING FROM, OUT OF OR IN CONNECTION WITH THE SOFT-
WARE OR THE USE OR OTHER DEALINGS IN THIS SOFTWARE.
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1 Introduction

IFEFFIT is an interactive program for XAFS Data Analysis. It runs like a command-line 'shell’,
in which you enter commands to process and manipulate dakEFIT has a fairly high-level
command language so that you can do the complex manipulation needed for XAFS analysis (such
as background subtraction and Fourier transforms) with simple commands.

One of the principle features ofEFFIT is that it's command-line functionality can be run
in either interactively, from files of commands (i.e., batch files), or accessed from within other
programming and high-level scripting languages like Tcl, Perl, and Python. While the full de-
tails of this are beyond the scope of this tutorial, you may find it useful to keep in mind that
IFEFFIT is not just a single program, but a family of related programs and libraries. This tutorial
gives a brief description of theeEFFIT command structure and syntax, and an overview of the
main IFEFFIT command-line program. Other documentation is available atrtherIT web site:
http://cars9.uchicago.edu/ifeffit/

| should also mention that the programi.FEFFIT, a graphical-user-interface foFEFFIT,
acts as an “enhanced shell program”, so that almost everything presented in this tutorial will
also work forG.I.FEFFIT. At this writing, G.I.FEFFITIs still incomplete but functional and under
development.

1.1 RunningIFEFFIT

OncelFEFFIT has been installed on your computer, typifeffit at the system command
prompt will start the basieFEFFIT program. You should get a set of messages and a command
prompt that looks something like this:

Ifeffit 1.0053 Copyright (c) 2001 Matt Newville, Univ of Chicago
Ifeffit shell version 1.0e with GNU Readline
Ifeffit>

At this point, you're ready to start typingeFrFIT commands at the prompt. Try typing
Ifeffit> print "1+1 =",1+1

If the result makes sense to you, you're ready to continue. Now that you've staeedT suc-
cessfully, the rest of this tutorial describgkatto type. One particularly usefudEFFIT command
is quit , which will exit IFEFFIT.

The mainIFEFFIT program has a friendly shell environment and allows a simple subset of
system-level commands to be executed from within the command-line program. On Unix sys-
tems, the commands andmore will give a directory listing and show the contents of a file,
respectively. On Windows, the commadil takes the place d6 . Typinghelp will give a
brief list of the most common commands, whilelp <command.name> will give a little more
of information on the nature and use of the selected command. The confristory bufferis ac-
cessible through the up- and down-arrow keys, so that you can scroll through and edit previously
executed commands. Further information about the command-line program on Unix systems is
given in sectiori0.
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2 Data, Commands, and Simple Data Manipulation

IFEFFIT uses a simple set of data that you can access directly at the command prompt through
high-level commands. There are three types of datalt®sriT knows about:scalars(which
contain a single floating point numbeayrays(which contains a list of floating point numbers, or

a vector), andgtrings(which contains a set of characters). If you've done any programming, these
data types should be familiar to you. In keeping with the language of computer programming, I'll
refer to the data inFEFFIT asVariables These are not necessarily the quantities varied in a fit:

I'll call those Fitting Variableswhen there’s room for confusion.

2.1 Data Types and Naming Conventions

Variables inIFEFFIT are named, and you can create and manipulate your own data. This makes
IFEFFIT a fairly general purpose calculator and data plotter. That is, you can type something like
this at thelFEFFIT command line:

Ifeffit> a = 5
Ifeffit> phi = (sqrt(@) + 1) /2
Ifeffit> print a, phi

5.00000000 1.61803399
Ifeffit> print sin(10)
-0.544021111

Well, that only shows how to use scalars, not arrays or strimgsFI T distinguishes its three data
typesby name Here are the naming rules:

Scalarsmust have names that begin with a letter, ampersand '&’, or undersc¢paad then
contain letters, numbers, ampersands, and underscores after that. The names are not sensitive to
case:Ais the same aa.

Arrays have names that always have exactly one dot (). This gives array nhames a prefix
and suffix. The prefix of the array name is associated with the &@rayp which is a simple
and effective way to make several arrays related to each other. The naming rules for the prefix or
group name are the same as for scalars. The suffix of the array name is associated with the array
contents. The naming rules for the suffix are similar to those for scalars, but relaxed to allow it to
begin with numbers.

Thus, 'data.energy’ and 'data.xmu’ are array names, and are in the group 'data’. When we get
to discussing commands for doing background removal, Fourier transforms, and the like, we’'ll see
that arrays created hyeFFIT commands will use the same group name as the input data, which
make it easy to keep a group of data together. Other valid array hnames are 'cu.IXAnd01’.

Strings have names that always begin with a dollar sign '$’, and contain letters, numbers,
ampersands, and underscores after that. You can define a string like this:

Ifeffit> $string = Gosh, this is easy!

Ifeffit> print $string
Gosh, this is easy!

In fact, '$1’ and '$99” are valid string names, but their use is discouraged: '$1' ... '$9’ may be
internally overwritten whenever you invoke a macro, so it's not a good idea to rely on their values.

There’s one more thing to note on names for variables. By convention, “system variables”
begin with an ampersand '&’ (or '$&’ for system strings). This convention is not enforced in any
way, butiFEFFIT tends to use such system variables for things that effect its behavior (such as how
output is written to the screen). Unusual behavior may result if you write over system variables
without knowing what you're doing.
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2.2 Data Manipulation

As shown in the brief example at the beginning of the previous section, working with scalar
variables inFEFFIT is easy. You can create and use variables with normal algebraic syntax:

Ifeffit>a = 5

Ifeffit> phi = (sqgrt(@) + 1) /2
Ifeffit> x = pi / phi

Ifeffit> y = cos(7*x)

Ifeffit> print a, phi, X, y
5.00000000 1.61803399 194161104  0.519178666

All scalars are floating point numbers (16 bits of precision). The usual mathematical operators
(sin, tan, log, exp, coth, and so on) are supported, and a few operators not often found are sup-
ported as well. The variables you define can be used anywhere in the mathematical expressions

and assignment statements for other variables.

Manipulating arrays is just as easy as manipulating scalars, though creating arrays of data is a
bit more work. One very common way to create arrays is to read them in from data files — that's
covered in the next sectiBnYou can also create arrays from scratch using the built-in functions
indarr() ,ones() ,andzeros() . Forexample

Ifeffit> test.index = indarr(10)
will create an array with elements (1,2,3,...,10). You can make other evenly spaced arrays:

Ifeffit> npts = 100
Ifeffit> step = 0.01
Ifeffit> test.index = step * indarr(npts)

which will create an array with elements (0.01,0.02,...,1.0). (Starting with version 1.0053 you can
also say

Ifeffit> test.ones = range(0.01,1.0, 0.01)

to get the same effect. The range function takes "start, stop, step” as it's arguments). In addition,
you can create arrays using

Ifeffit> data.ones = ones(10)
Ifeffit> data.null = zeros(1000)

which will create first an array with 10 elements, all setto 1: (1,1,1,...,1) and then an array of

1000 zeros.
Once you have arrays created or read in from data files, manipulating them is easy:

Ifeffit> test.index = indarr(100)
Ifeffit> test.sqrt = sqrt( test.index / 10)

will fill test.sqrt with square-roots of the numbers (0.1, 0.2, .... 10.0). Note that the assign-
ment oftest.sqrt is automatically donelement-by-elementvithout looping over elements
needed. In factFEFFIT doesn’t even allow looping over the elements of an array.

'For a complete list of operators, consult the Reference Guide
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2.3 Commands and their conventions

The operations you type at tieeFFIT command line are interpreted as commands. In general,
EFFIT commands consist of a name, followed by a set of arguments, usually kegwerd/value
syntax:

Ifeffit> command(key= value, key= value, key= value, ...

The parentheses are optional, but if an opening parenthesis is used just after the command
name, the closing one is required even if that means the command has to extend over multiple
lines. We'll see that many commands will become quite long, so this ability will become conve-
nient. Though they are optional, I'll use the parentheses when talking about commands, so you
can tell | mean a command when | spgint() . The keywords are usually short descriptive
names describing some parameter the command may need. The value is often a number, but can
often be a variable, string, or even a mathematical expression — a typical command would look
like this:

Ifeffit> spline(energy=data.e, xmu =data.xmu, rkbg=1, kweight="2")

The keyword/value syntax is not universal, and some commands (likeritht¢) command
shown eatrlier) take simple lists of arguments separated by commas. Some commands even mix
lists and keyword/value pairs:

Ifeffit> command(argumentl, argument2, argument2)
Ifeffit> command(argumentl, argument2, key= value,
key= value, key=value)

This may seem a little surprising, especially since in the previous section we just used
Ifeffit> a = 2

which appears to have no command at all! The truth is reFIT always expects a command

to be the first word typed at the command line, but if the first word is not a known command, it
uses the default commantf() — short for define, not default — to define a variable. That is,
the above definition was translated to

Ifeffit> def( a = 2 )

As we'll see in the next section, this can have some profound consequences, so it is often useful
to keep in mind that theef() command is the default. I'll continue to use the simplar £
2" syntax throughout this tutorial, and expect that you will too.

2.4 Storing Definitions of Scalars and Arrays:show() and def()

BecauseFEFFITis primarily an XAFS modeling program, it is important to be able to set up both
simple and complex models for XAFS path parameters that can be adjusted during a fit. To allow
a flexible modeling environment, a principle featurareEFFIT is to allow you to define Program
Variablesby formulaand have the values automatically updated when the values of variables in

the formula change.
An example will probably help. Let’s consider the case of entering this seemingly innocent
set of assignments (which, we now know, will use tte() command):

Ifeffit> a = 1
Ifeffit> b = a + 1
Ifeffit> a = 2
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What value shoulth have: 2 or 3? In most computer languages and progranss?, because the
formula for it has not been stored, only the value at the time of its assignmentrean T the
value will be 3 —the formula is stored, not just the value.

The main advantage for this is that you could tefFFIT thata is a fitting variable (by saying
guess a = 1, and use botla andb for parameters in the fitting model. No matter what value
the fitting engine decides should haveb will always obey the formula you specified. When we
get to fitting XAFS and non-XAFS data, you'll find (at least, eventually) this somewhat unique
behavior to be very useful.

Sometimes, however. you really wanto stay as 2, not be dependent on the future value of

a. Thatis, you sometimes want to turn off the 'store the formula’ aspetarFIT. To do this,
all you need to do is use tleet() command as an alternative def()

Ifeffit> a = 1
Ifeffit> set(b = a + 1)
Ifeffit> a = 2

Now the formula forb will not be saved, and it will remain 2 no matter haxchanges. Again, it
is often useful to remember:
The default command isdef() , which will save a variables definition.

2.5 Theshow() command

At some point you're going to want to get information back fraraFFIT such 'what exactlys

the value ofe0, anyway?’ and 'what are the names of all the arrays | have?’. There are two main
commands for showing such information about program variables, and there’s no better place to
introduce them then right now. The first commanshisw() , which will show information about
Program Variables and otheteFFIT objects like macros and paths (which we haven't gotten to
yet, but which you'll find useful soon). To follow the example of the previous section, we can see
the value and definitions of the scalarandb like this:

Ifeffit> a = 2
Ifeffit> b = a + 1
Ifeffit> show a

a = 2.000000000
Ifeffit> show b
b = 3.000000000 := a+l

Note that not only the values are shown, but also the definitions, where appropriate. Although
wasn’t actuallyset() , it was defined as an obviously constant value that didn’t depend on any
program variables, seerFFITknew to treat it as aet value. Theshow() command takes a list

of things (scalars, strings, arrays, etc) to show. We could have said something like this:

Ifeffit>a = 2, b=a+ 1

Ifeffit> $doc_string = "here is a simple definition"
Ifeffit> show $doc_string, a, b

$doc_string = here is a simple definition

a 2.000000000

b 3.000000000 := a+l

For arraysshow() doesn’t show all the data points, but a one-line summary of the data:

Ifeffit> test.ones = ones(10)

Ifeffit> test.index = 0.1 * indarr(100)

Ifeffit> show test.ones, test.index

test.ones = 10 pts [ 1.000 : 1.000 ] := ones(10)
test.index = 100 pts [0.1000 : 10.00 ] := 0.1*indarr(100)
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which showstest.index to have 100 point, with a minimum value of 0.1 and a maximum
value of 10, for example. As for defined scalars, the definition is shown after the “:=” characters.

It's often necessary to showall the scalars, arrays, or string variables. HBmw() has
several modifiers to tell it to show entire classes of program variables. All the modifiers begin
with the @symbol, so to see the values and definitions of arrays, you'dlsay @arrays . To
see all the scalars and strings, you'd shpw @scalars andshow @strings

If you try show @scalars orshow @strings , you'll notice several scalars and strings
that you didn’t define, but are loaded in to the program as it starts. These inglugiedetok 2
and several “system variables” that begin with a & (or $& for system string variables). As men-
tioned at the end of sectioh 1, these “system variables” are used internallyibgrFFiT, and
though you can change their values, this is not necessarily recommended. For the most part these
“system variables” can be ignored during normal use, and won't be discussed into detail in this
tutorial.

You may also notice that the order the scalars showshmw @scalars is not the same
order you put them in. The order may even change over time. This reflects thesfatr tries to
manage the scalars and definitions for its own internal efficiency, and will attempt to arrange it so
thattheset() values are listed before tlief() values. Since many commands can change the
list of scalars, the order of listing may change at any time. The same behavior applies to arrays:
IFEFFIT will rearrange the list of arrays to suit its own needs and to try to list the “constant” arrays
before the defined arrays.

Speaking of array data, it's useful to see information about the groups of arrays, as analysis
threads are generally done according to group. To show all the arrays in a particular group, you'd
sayshow @group=data , which will show all the arrays in the groufata as if you had said
show data.energy, data.xmu and so forth. To get a list of the array groups, tghew
@groups.

Theshow() command can take othe@ modifiers for FEFF paths, macros, and fitting vari-
ables. These will be discussed when the time comes to digefiiss paths, writing macros, and
fitting. Theshow() command has a modifier to show a brief description of all the commands:
show @commandswill list of all commands.

2.6 Theprint() command

We used theprint() command before, but haven't really explained what it's doing. Unlike
the show() command, which tends to show information about the dgp& the print()
command is a more literal command. Thatpsint e0  will simply print the values of the
scalare0. No definitions will be shown. For array data, the entire array will be printed — hardly
ever what you really want, but sometimes it's necessary. At it's simplest, thempyitit€)
command prints the values of variables listed:

Ifeffit> number = 99.0

Ifeffit> print number

99.0000000

Ifeffit> print pi, number, $doc_string
3.14159265 99.0000000 here is a string

In addition to this simple behavior, thaint() command can print literal strings and also
evaluate expressions in place. Thus, you carpuisey() to write simple messages:

2etok is the value oRm.. /K2 in units onAQ/eV, and is useful for converting x-ray energy values to photo-electron
wavenumber: set kval = sqrt(etok * (energy-e0))
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Ifeffit> print " the square root of ", number, " is ", sqrt(humber)
the square root of 99.0000000 is 9.94987437

Ifeffit> $descrip = " # of seconds per year"

Ifeffit> value = 365*24*60*60

Ifeffit> print $descrip, " = ", value

# of seconds per year = 31536000.0

In addition to theprint() command, there’s also atho() command that simply prints a
string:

Ifeffit> echo "Hi Mom!"
Hi Mom!

This is not incredibly useful when typing at the command line, but does become useful when you
load files ofIFEFFIT commands, as we’ll see next.

2.7 Command Files

Typing at the command line is all well and good until you have to do it the third or fourth time, at
which point it becomes pretty tedious. More importantly, it's not convenient for processing lots
of data. For that, you'd like to be able to edit text filesiefé FFIT commands and run them all at
once. You can. A file of commands can be loaded withltlael() command, which will run
through all the commands in the file. A command §leow _bkg.iff  that looks like this

# File show_bkg.iff

read_data(file=Cu.dat, type=raw, group= cu)

cu.energy = cu.l * 1000.0

cu.xmu = In(cu.2 / cu.3)

spline(energy = cu.energy, Xmu = cu.xmu,
rbkg=1.1, kweight=1., kmin=0)

plot(cu.energy, cu.xmu)
plot(cu.energy, cu.bkg, xmin=8850, xmax=9300,
color=red)

#

can be loaded as
Ifeffit> load show_bkg.iff

More than that, the history mechanism of ffeffit command-line program saves a list of

the 500 most recemEEFFIT commands run to the filéfeffit _hist  in your home directory.

This file can be used as a starting point for creating and editing command files. These topics will
be discussed further in secti@n
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3 Reading Arrays from Data Files

IFEFFIT reads ASCII files with data listed in columns, delimited by whitespace (blanks or tabs).
The data are stored iIREFFIT arrays, so that they are ready for immediate manipulation, plotting,
and analysis. Theead _data() command is used to read data arrays from an ASCII file. A
typical use would look like

Ifeffit> read_data(file = cu_001.xmu, group= ’cu’, type = 'xmu’)

Because of the naming rules for arrays (8eb, read _data() needs to assign both a prefix
(or group name) and suffix for each array read in from the data file. Since data in a file is usu-
ally grouped together logicallyead _data() will use just one group name for all the arrays
in an individual file. The group name used can be specified withgtbep keyword in the
read _data() command. By default, the prefix of the filename itself is used.

The method for assigning tlsaiffixef the array names is a bit more involved. There are four
different ways fonFEFFIT to determine the array suffixes when reading in a file:

From the "type’ argument : In the example above, thigpe = 'xmu’ argument tellsSFEFFIT
to use the suffixesnergy andxmu for the first and second columns, and @sé, ... for
any remaining columns. Another commonly udiel typesis chi for columns ofk and
chi . A more complete list of known file types and the suffixes they produce is given in the
Reference Guide.

From the 'label’ argument : For data that is not in one of the pre-defined types (or if you
just want to specify the array suffixes explicitly), then tabel argument can be used.
label takes a string that is just the array suffixes listed separated by a space. Using
read _data(file = cu _001.xmu, group="cu’, label = ’energy xmu’)
would be equivalent to the abowge version.

From the files own ’label’ line : Many files (especially, those written byEFFIT, FEFFIT, Or
AUTOBK) will have alabel linewhich contains the column labels (i.e, array sufflxes) and
appears just before the data and just after a line of minus sigas-{-------

# Cu foil at 10K
# OFFSETS 51284 50016 48319

#
# energy Xmu
.8786204E+04 .1013661E+01

If neither thetype norlabel keyword are specifiedFerFIT will look for a label line
and use it.

By column index : If none of the above methods are used (that is neithetyfe norlabel
keyword are given, and a label line is not foungg FFIT will name the arrays by column
numberl, 2, 3, .... Though primitive, this is actually the most predictable behavior, and
can be enforced by usindgype = 'raw’ ".
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4 Plotting Data

This section assumes thaeFFIT has been built with the PGPLOT plotting package. This is
available for both Unix and Win32 systems, though support for Win32 is still experimental. For
Unix systems, this library has to be installed prior to installirgrFFiT, which is fairly easy to do

for most systemsFEFFIT can also be built without this plotting package.

Plotting in IFEFFIT is encapsulated in a handful of commands, the most important of which
is theplot() = command, which takes two required arguments for the ordinate (x-array) and
abscissa (y-array) to be plotted, and take a large set of optional arguments. A simple plot can be
done like this:

Ifeffit> plot(cu.energy, cu.xmu)
Theplot command will overplot, so that a secopldt command:
Ifeffit> plot(cu.energy, cu.bkg)

will add a trace of the background to the earlier plot. To force the current plot to be erase before
plotting, you'd say

Ifeffit> newplot(cu.energy, cu.xmu)

Each x-y trace plotted hascalor andline styleassociated with it. You can set the values in these
table explicitly for each particular plot command by specifying the color or linestyle (or both)
directly:

Ifeffit> plot(cu.energy, cu.xmu, color = blue)
Ifeffit> plot(cu.energy, cu.bkg, color = red, style = dashed)

You can also pre-define the color and linestyle for the first, second, .. .trace ahead of time

Ifeffit> color(1=blue, 2 = red, 3 = black)
Ifeffit> linestyle(1=solid, 2=dashed, 3 = linespoints2)

so that the first trace plotted is a solid blue line, and the second is a dashed red line, and the third
a black line with a '+’ at each data point.

The allowed color names are the 'standard X Windows’ colors found imghdxt  file
on your system. Most common color names are supported, as well as the descriptive if ambigu-
ous 'X Windows’ hames like "lightsalmon3” and "bisque”. You may also use the conventional
hexadecimal representation of the color with a string of ' #RRGGBB".

Allowed line styles are ’solid’, ’dashed’, 'dotted’, 'points’, and 'linespointsN’ where N = 1,
2,3, .... The latter will draw a line connecting symbols at each data point, with symbols ", '+’,
0, "X, squares, and triangles for N=1,2,3,4,5, and 6. Setting the color and linestyle tables
like this is often a convenient thing to do in a macro (see se®janm start-up file.

For Unix using X Windows, the PGPLOT window supports getting thg/)( coordinates
from the plot window using the mouse device. To use this withigFFIT, you'd typecursor
at the command prompt, and then click on the desired point on the plotting windows T
variablescursor _x andcursor _y will contain the {,y) coordinates. Theoom command
will let you view a selected region of the plot by clicking the mouse on the corners of the area to
zoom in on. Many more plotting options exist — please consult the Reference Guide.
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5 XAFS Data Processing

IFEFFIT'S main job is to help you analyze XAFS data, ar@FFIT tries to make it easy to do
simple XAFS analysis tasks. These simple tasks include such things as converting beamline data
in u(E), doing pre-edge subtraction, determinifg, fitting a post-edge (spline) subtraction to
determine.o(E) andy(k), and doing XAFS Fourier transforms to look at daté&ispace. These
standard tasks of XAFS data manipulation are described in this section.

5.1 Data Reduction

The general algebraic manipulation of array data witlfieFFIT makes the conversion of raw
beamline data to XAFg(E) very easy, and also allows the averaging and re-scaling (if necessary)
of data. For example, reading raw beamline transmission and fluorescence data and converting
this to(E) might look like this:

Ifeffit> read_data(file = cu_expt.dat, group= 'cu’,
label = ’energy i0 il if’)
log(cu.il / cu.i0)

(cu.if / cu.i0)

Ifeffit> set cu.xmu_t
Ifeffit> set cu.xmu_f

If you've collected data in fluorescence using a multi-element-detector, you may need to sum
several arrays before dividing by, something like this will do the trick:

Ifeffit> read_data(file= med_fluor.dat, group="med’, type="raw’)

Ifeffit> set med.if= (med.4 + med.5 + med.6 + med.7 + med.8 +
med.9 +med.10 +med.11 +med.12 +med.13 )

Ifeffit> set med.xmu= (med.if / med.2)

5.2 Pre-Edge Subtraction, EO determination, and Normalization

Pre-edge subtraction removes the baseline from the EXAHS, determines the edge energy
(used as the origin df), and normalizes the above-edgéF) to 1. All of this is done by the
pre _.edge() command which takes arrays of energy and absorpt{d):

Ifeffit> pre_edge(cu.energy, cu.xmu)

Like mostIFEFFIT command, this simple-looking command actually causes a fair amount of data
processing behind the scenes. It also creates several program variables, especially arrays and
scalars detailing the pre-edge subtraction. Here’s a list of the most important program variables
thatpre _edge() sets:

Variable Description

e0 Energy Origin (found near maximum derivative/ofE)
edge _step Edge Step / normalization constant

pre _slope slope of pre-edge line

pre _offset offset of pre-edge line

$group.pre array of pre-edge subtractedE)

$group.norm array of pre-edge subtracted and normalizédl)
where$group is the 'group name’ taken from the inpu{ ) array - 'cu’ in this case. Using
pre _edge() on another array would generate new arrays of pre-edge subtracted and normalized
w(E) for the corresponding group. Note, however, that it will overwrite the scalar values from the
earlier invocation opre _edge() .
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There are several optional argumentpte _edge() not mentioned here. These arguments
can be use to set the ranges over which to fit the pre-edge line and post-edge curve, whether or not
to perform every part of the calculation, and so forth. These optional arguments would normally
be used like this:

Ifeffit> pre_edge(cu.energy, cu.xmu, e0=8980.5)

which would force the value oF, to be8980.5 and prevenpre _edge() from trying to de-
termine £y by itself. As for all commands, the complete set of the optional parameters for
pre _edge() are given in the Reference Guide.

5.3 Post-Edge Background Subtraction

Post-edge background subtraction involves drawing a “smooth backgrousid ) through the
oscillatory part of the XAFS and extractindg k) using this and the formula

w(E) — po(E)

ME) =" A )

wherepo(E) is “the smooth background” qi(E) and Au(E)p) is the edge-jump. Determining

the XAFS background functiopy(E) generally receives quite a bit of attention in the XAFS
community. IFEFFIT uses theauToBK algorithm, which simply asserts and then implements a
rather common-sense approach to background subtraction: only the low-frequency components

of u(E) should make up(E).

The implementation oAUTOBK in IFEFFIT is encompassed in thapline() command,
which takes arrays of energy apgdand several optional parameters, and writes\@ib, yo(F),
and several scalars. A basic usespfine()  would look like this

Ifeffit> spline(cu.energy, cu.xmu, rbkg=1.0)

Like pre _edge() , this simple-looking command does quite a bit of data processing behind
the scenes, and creates or writes several variablesimétFIT. For one thingspline() will
executepre _edge() unless it's obvious that it shouldit That means that all the output pa-
rameters opre _edge() will be created (or overwritten) bgpline() , andEj and the edge
jump Apu(Ey) will be determined if needed.

To say much more about trepline() command, I'd have to discuss the details of the
AUTOBK algorithm. I'll try to be brief: spline() chooses a smooth background spline such
that the lowR portion of the resulting EXAFS, are minimized. That means thspline()
needs to do a Fourier transform of thé:) it generates. Because of this, $@ine()  function
takes many command arguments that resemble Fourier transform parameters, so that in addition
to the arguments gire _edge() the important arguments thspline()  takes are:

Variable Description

rbkg Ry, the highestr value to consider background

kmin kmin, the starting: for the Fourier transform

kweight w, the k-weight factor for the Fourier transform.
Please note that the Fourier transforms appropriatesfitine() are not the same as those
appropriate for structural analysis. Usually, valuesgf, ~ 0 andw = 1 are appropriate for
spline()

3where “obvious” means that an array named $group.pre already exists. This really is mediocre definition of
obvious, especially if you're writing scripts to automate the processing of lots of data. On the other hand, if you're
casually strolling through your data at a command-line prompt, it's probably fine.
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Like pre _edge() ,thespline() = command also creates new arrays, most importantly:

Variable Description
$group.bkg uo(E), the background function itself
$group.k k, the array of wavenumbers

$group.chi x(k), the (unweighted) EXAFS

5.4 Fourier Transforms

Fourier transforms are an integral part of XAFS analysis, and the ability to perform them quickly
and easily is very importantFeEFFIT has different commands for forwarél (- R) and reverse
forward (R — q: I'll use q to refer to back-transformddspace data) Fourier transforms. They're
very similar to one another, so I'll first discugsward Fourier transforms witffftf() in detail,
thenreverseFourier transforms witffiftr() more quickly.

IFEFFIT use a simple Fast Fourier transform (FFT), which places some demands on the data
transformed by these commands. In addition, XAFS analysis usually imposes some conventions
on Fourier transforms, so that the commands discussed here are not general purpose Fourier trans-
form functions, but are reall)XAFS Fourier transforms The most obvious difference between
'normal’ and "XAFS’ Fourier transforms is that the latter transforinto R, while a 'normal’

FT would transformk to 2R. Aside from a scale factor, this changes the normalization constants
used. In addition, the XAFS Fourier transform (at leastr&sFIT implements it) allows a vari-

ety of smoothing window functions, and a weighting factor. More details can be foukid K
Analysis with IFEFFIT .

5.4.1 Forward Fourier Transforms

The Forward XAFS Fourier transform commandfis$() . It's primary input is an array of

x(k) data. The requirements of the FFT mean that the igokij datamust be an array that is on

an evenk-grid with grid spacing ok = 0.05 A-1 and starting ak = 0.

These are stringent requirements. Fortunatelysghi@ee() =~ command of sectiof.3writes

its outputy (k) array according to these rules. If you're importigk) data written from another
program, you'll have to make sure the data is moved to#kgsid. There are two ways to this:
either interpolate the data yourself (see the interpolation functions in the Reference Guide) or
specify thek-array corresponding to youy data in thefftf() command and let it do the

interpolation for you.
Properly alignedy (k) data can be transformed f&-space using a command like this:

Ifeffit> fftf(cu.chi, kmin=2.0, kmax=17.0, dk=1.0, kweight=2)
while data not on the expected grid would be Fourier transformed like this:

Ifeffit> fftf(cu.chi, k=cu.k,
kmin=2.0, kmax=17.0, dk=1.0, kweight=2)

The keywordskmin , kmax, anddk help define the window function, arkaveight sets thek-
weighting factor. You can also specify the form of the window function. The full list of window
types and their functional form is given in the Reference Guide, but the most useful ones are the
Hanning window (kwindow=hanning - the default window function) which ramps up to one

on either end of thé-range asos?, and the Kaiser-Bessel windowgindow=kaiser ), which

is often thought to give superior peak resolution.
Because it is often necessary to do many Fourier transforms with exactly the same parameters,
the fftf() command, can also read Fourier transform parameters from appropriately named
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program variables. This is actually a feature of many commands, but it seems most useful for the
Fourier transform commands. It works like this: setting scakang , kmax, and so forth will
have the same effect as setting those arguments ftif)e =~ command.

Ifeffit> kmin=2.0, kmax=17.0, dk=1.0, kweight=2
Ifeffit> fftf(cu.chi)

would have the result as
Ifeffit> fftf(cu.chi, kmin=2.0, kmax=17.0, dk=1.0, kweight=2)

In fact, thefftf() command will first read the value for the parameigy, from the program
variablekmin (and so on for the other Fourier transform parameters), and then from the command
argumenkmin , so that the command argument will always override the program variable value.
Furthermorefftf() will itself set the value of the program variatdmin , possibly overwriting

any value you had previously set. Thus

Ifeffit> kmin=2.0, kmax=17.0, dk=1.0, kweight=2
Ifeffit> fftf(cu.chi, kmin=3.)
Ifeffit> fftf(other.chi)

will use the same Fourier transform parameters (that,is = 3A—1) for both transforms.

A Fourier transform inherently deals with complex data, and a minor complication arises
from the inconvenience that the measured XAKS) is strictly a real function. Itiftf() then,
there is an ambiguity of whether to use the measured XAFS as the real or imaginary part of the
complex XAFS function. Since the measured XAFS is typically described as the imaginary part
of a complex fine-structure functiop, one might be tempted to say that the data) ought to
be set to the imaginary part gf IFEFFIT usually assumes that the daték) is the real part of
the complexy and sets the imaginary part to zero — this is in keeping with the convention of older
programs from the University of Washington, but it is purely a matter of convention. You can
explicitly specify the behavior by sayirfftf(imag = data.chi,...) or fftf(real
= data.chi,...) . If you don't specify, the data will be taken as the real part. This is almost
never important — at least not until you want to compare unfiltgrgd with filtered x (k). The
output arrays generated by tfit() command are

Variable Description
$group.win The k-space window function used
$group.r R, the array of distances

$group.chir  _mag |x(R)|, the magnitude of (R)
$group.chir  _pha the phase ok(R)
$group.chir  _re Re[x(R)], the real part of¢(R)
$group.chir ~ .im  Im[x(R)], the imaginary part of (R)
It is possible to do “phase-corrected” Fourier transforms withFFIT using the theoretical
phases fronfFEFF calculations, but that is beyond the scope of this tutorial.

5.4.2 Reverse Fourier Transforms

fftr() is the Reverse XAFS Fourier transform command, mainly used to filt&) data to
backtransformeg (k). Following the convention ofEFFIT, backtransformed-space is called

to avoid confusion with the origindl-space data. Thitr() command then transformg R)

to x(q). As with the forward Fourier transform, the data is requirements of the FFT mean that
the inputy (k) datamustbe given as an array that is evenly space® iwith a fixed grid spacing

of R = 7/1024 ~ 0.03068 A, and starting alR = 0. To further complicate matters, there is
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ambiguity as to whether to transform just the real part, just the imaginary pg(tdf, or both.

In general, both parts are transformed to ensure that the overall amplitude scale is preserved.
fftr() has an almost identical command sefft) , with k replaced by in the pa-

rameter names. That is, the FT window parameters are definedmiith, rmax, dr , and so on.

The window functional form is set byvindow . A typical use might look like this

Ifeffit> fftr(real=cu.chir_re, imag=cu.chir_im,
rmin=1.70, rmax=3.0, dk=0.1)

The output arrays generated by fft§) command are

Variable Description
$group.rwin The R-space window function used
$group.q q, the array of wavenumbers

$group.chiq  _mag |x(¢)|, the magnitude of(q)
$group.chiq _pha the phase ok(q)

$group.chiq _re Re[x(q)], the real part of(q)
$group.chig _im Im[x(q)], the imaginary part of(q)

Before ending this section, let me say a few words about “Fourier filterimgsFIT's approach

to Fourier transforms is fairly general, and the use of two Fourier transforms to “isolate a shell”
is not a trivial process withFEFFIT. This partly reflects my experience and belief that “Fourier
filtering” cannot be made a trivial process.

Comparing filtered with unfiltered data is a common desire. Given the ambiguities in how
to handle the real and imaginary parts of the data, getting the details right for this are not trivial.
Though macros won't be discussed until secBpnsing a macro to get the details right is a good
idea. Such a macro for Fourier filtering might look like this:

macro filter group "kweight=2,kmin=3"  "dr=0"
fftf(real=$1.chi, $2)
fftr(real=$1.chir_re, imag=%$1.chir_im, $3)

set $l.chik = $l.chi * $1.k’kweight

set $1.chik w = $1.chik * $1.win

set $1.chig = $1.chig_re / ($1.K’kweight)
end macro

With this macro definition (which takes arguments as group nanparameters, an®® parame-
ters), you could perform a filter, and overplot filtered and unfiltered data with

filter data "kweight=2,kmin=3,kmax=15,dk=1" "rmin=1.6,rmax=3."
newplot(data.q, data.chig_re )
plot( data.k, data.chik_w )

Note that the convention used here is that the géta is the real part for the Forward transform,
so that the real part of(q) is the appropriate choice for comparison. Of course, that should be
compared to thé-weighted, windowed, (k).
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6 XAFS Analysis

XAFS Analysis inIFEFFIT consists of modeling XAFS (k) in terms of asum of pathswith

the XAFS contribution from each path being modeled by a calculation ffarr. A Path is

an abstract formalism for breaking the EXAFS into manageable pieces based on the scattering
path that a photo-electron takes. Many EXAFS analysis methodologies use concepts such as
'shell’ or 'coordination sphere’. To some extent the distinction is only conceptual, and therefore
unimportant. In other ways, the path formalism is clearly a superior way to robustly analyze
complex EXAFS data that includes the effects of multiple scattering. If you're used to thinking

of your EXAFS data as having contributions based on shells or coordination spheres, paths aren't
that big of a change.

6.1 Defining Paths

IFEFFIT relies onrFeFFfor basic information about all of its paths. This means that you need to
run FEFF and sort through its results (neither of which are trivial tasks) prior to defining paths
with IFEFFIT. The outputs oFEFFthatIFEFFIT needs is the set déffnnnn.dat files, where
each file represents the result for a single path. Some versiagrsrefcan write all of the path
information into a single file callefff.bin as an alternative to a large sefeffnnnn.dat
files. IFEFFIT can read some versions fafff.bin , but this discussion will focus on using the
more universafeffnnnn.dat files.
OnceFEFF has run and a set déffnnnn.dat files exists, using them withirFEFFIT is
fairly easy. Thepath() command is used to define paths withifEFFIT. The information
needed to describe an XAFS path is a bit too complicated to conveniently hold as arsstrof
scalars and arrays — it could be done, but the bookkeeping would be a nightmare. Instead, paths
are defined and stored internally, so that you can refer to a path by an integer index. Though a
break from the idea in sectichthat all data is stored in program variables that you can access
easily and directly, there are commands to convert the path data to program variables.
Thepath() command takes the name ofedfnnnn.dat file and a uniqueFEFFIT path
indexas its primary arguments. ThieerFrIT path index is an integer (from 1 to 10000). It does not
need to be the same indexrEFFused, but that is often a convenient way to do it. In addition, the
path() command takes several optional arguments, knowRadls Parametershat represent
the parameters used to modify the EXAFS function for that path. The path parameters include
such things ag\R, the change in path distance (well, half-path-length for multiple scattering
paths),o2, the mean-square displacement of the bond, anBqashift. The most important Path

Parameters are
Path Parameter keyword Description

file Name offeffnnnn.dat file

index path index: a unique integer identification
label path label: a string describing the path
s02 Sg, amplitude reduction factor

e0 Ey, energy shift

delr AR

sigma2 o?

third (3, third cumulant

a full list is given in the Reference Guide. A simple path definition would look like this:

Ifeffit> path(index=1,file = feff0001.dat,
s02 = 0.9, sigma2 = 0.001)
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This would define path 1, and assign values $grando? for this path. An important aspect
of IFEFFIT is that the Path Parameters alefinedin the same way as otheefine d scalars

(see sectior?) — the formulas specified for the path parameters inghitn() command are

remembered. This allows you to define the path like this

Ifeffit> s02_001 0.9

Ifeffit> e0_001 -1.

Ifeffit> sig2_001 = 0.001

Ifeffit> path(index=1,file = feff0001.dat,

s02 = s02_001,
e0 = e0_001,
sigma2 = sig2_001 )

where the paramets02 for path 1 now depends on the definition of the sca2 001. This

is a fairly simple example, and the definition for th@2 parameter for path 1 could be more
complex — saymin(1.2,s02 _001) to set an upper bound on this parameter. In addition, the
s02 001 scalar here could have a more complex definition or even be a fitting variable defined

with guess s02 001 = 0.9 .
Additional paths are defined in the same way:

Ifeffit> path(index=2,file = feff0002.dat,
s02 = s02_001, e0 = e0_001,
sigma2 = sig2_001 )

The onlyrequiredkeyword for a path is the integer index (if the keyword comes first in the list of
arguments, thandex can be dropped, so a completely equivalent definition is

—h

Ifeffit> path(2, file = feff0002.dat)

Ifeffit> path(2, s02 = s02 001 )
Ifeffit> path(2, e0 =20 )
Ifeffit> path(2, sigma2 = sig2_001 )

subsequenpath() commands will set opverwritethe definitions for other path parameters.
This makes it fairly simple to change the definition of a path parameter half way through an
analysis, say between fits, where something like

Ifeffit> path(2, s02 = 0.85)

will change one path parameter and leave the rest as previously defined.

6.2 Combining Paths

Once defined, combining paths to givg @) function is very easy with the commafféchi()

ff2chi() takes its name from theeFF module that combineerr path files into a single (k)
function. BecauserEFFIT allows you to alter the paths through the Path Parameters, and use paths
calculated from different runs afEFF, this version offf2chi() is significantly more flexible

and powerful tharFEFFs own version.
ff2chi() takes a list of path indices, and creates arrayg(an. Assuming that the paths
have already been defined, a command like this:

Ifeffit> ff2chi(1,2,3, group = ff)
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will add paths 1, 2, and 3 together and create arfaks andff.chi  containing the sum of
these paths. Each of the paths will be altered according to its own Path Parameters in the sum. The
listsyntax’l, 2, 3 ’couldalsobereplaced by 3 '. Lists of the form1-3,5,7-10,23,11
are also allowed. An important note is that (currently), paths listed twice are used twice. This is
an easy mistake to make, so beware

Besides the list of paths and group name for the output arfeéga)i() has a few other
arguments, most of which you won't really need. I'll just mention a few convenient ones here. The
argumentkmin andkmax can set thé-range of the output arrays, and the argundmtreal
will cause the “real part” of (k) to be written to the arraggroup.chi  _real —the confusion
over real and imaginary parts of the compjgi) shows up again! Thégroup.chi  array that
ff2chi() always generates is the imaginary part of the comglg), and should correspond
to the experimentally deriveg(k).

6.3 Getting and Viewing Path Parameters

Once you've combined a few paths witf2chi() or, as we'll see shortly, done a fit with
feffit() , you may want to find out some information about the path parameters for a set of
paths. There are a few ways to get this information. $hew() command, first discussed in
section2.5, has a @path” modifier to give some information about a defined path.

Ifeffit> show @path=1

PATH 1
feff = feffcuOl.dat
id = Cu metal first neighbor
reff = 2.547800, degen = 12.000000
s02 = 0.937373, €0 = 0.510790
dr = 0.000525, ss2 = 0.003496
3rd = 0.000000, 4th = 0.000000
ei = 0.000000, dphase = 0.000000

This shows all the scalar values of the path parametefs ( is the half-path lengthdegen is
the path degeneracy, and so on). The argument t@thath modifier toshow() can be any
valid path list as described in sectiér? (for example:1,2,4-9,12 ). To see all the defined
pathsshow @paths will work.

Theshow @path family of commands only prints the values of the path parameters. An-
other way to get path information is to convert them to program variables witlpethepath()
command. This command only takes one path at a time (not a path list), but allows you to get the
path parameter values into program variables for later manipulation. The syngget fquath()
is

Ifeffit> get_path(path = 1, prefix = pathl)
or, equivalently and more simply
Ifeffit> get_path(1, pathl)

This will create scalarpathl _s02, pathl _e0, pathl _ei , pathl _delr , pathl _sigma2 ,
pathl _third , pathl _fourth , pathl _degen, pathl _reff and give the values of the
path parameters for path 1. In addition, the strifigathl file and$pathl _id will contain

the values of the patRerrFfile name and path identification string, respectively. Pphefix
argument tget _path() can be any valid variable name. Of course, array variables for a given
path can be formed with thHié2chi() command, as described in the previous section. Just to
be clear, though

4it is on the “TODO list” to check for and warn about this possibility, which is hardly ever intended
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Ifeffit> ff2chi(1, group = pathl)

will create arrays opathl.k andpathl.chi . Other arrays for the real part, magnitude, and
phase ofy(k) can be obtained frorff2chi() by using argumentdo _real , do_mag, and
do_phase , respectively.

6.4 feffit() . Fitting XAFS Data with Paths

At some point in the analysis of XAFS data, you'll want to refine a set of path parameters so
that a sum of paths best matches the data. féfiit() command is the basic tool for fitting
EXAFS data to a set of paths. In some semes#it() is just a fancy version df2chi()

Another view might be that théeffit() command is the main point of theerrIT library,

so thatff2chi() is a very simple version deffit() . In any event, the two functions are

closely related and purposefully implemented with as much overlap as possible so that once you
feel comfortable with thepaths()  andff2chi() commandsfeffit() should be a fairly
small step.

feffit() has four basic requirements:

1. x(k) data to fit,
2. alist of paths to sum to make the model XAFS.
3. Fourier transform and fit range parameters

4. one or more variables defined that affect the model XAFS.

First, feffit() needs somg (k) data to fit. As you can probably guess, this data needs to
be a named array fog(k) just as you would use for the Fourier transform routines (ie, starting at
k = 0, and progressing in steps 005 A‘l). You specify they (k) array withfeffit(chi=
data.chi,...) . If the data you have is not on the expected grid, you'll either need to inter-
polate it on to the expected grid or specify the array @hlues, with

Ifeffit> feffit(chi= data.chi,k=data.k, ...)

Secondfeffit() needs a list of paths for the sum-over-paths that makes up the model XAFS.
This sum is essentially the same asff@chi() , comprising of a simple list of path indices.
Path lists of the1, 2, 3 ’,’1-3’, and '1-3,5,7-10,23,51 "are accepted, so that tfef-

fit() command would now look like (assuming the data is on the prbmggid)

Ifeffit> feffit(chi= data.chi,1-3, ...)

Third, feffit() needs Fourier transform and fit range parameters defined. This reflects the
fact that XAFS is a band-limited phenomenon, with a firkiteand R-range. As mentioned in
section5.4.], the Fourier transform parameters can be read either from the appropriately named
program variableskmin , kmax, kweight , dk1, dk2, and so forth) or from the command argu-
ment list (using these same identifiers as keywords). In addition to-Hpace Fourier transform
parameterdgeffit() needs the fiRkR-range, specified bymin andrmax (this reflects the fact
thatfeffit() normally does the fit irR-space —fitting irk-space is possible, as well). Like the
Fourier transform parameters, tierange can be set from program variablesifi andrmax

or in thefeffit() command statement itself. We could say either

Ifeffit> kmin = 3.0, kmax = 15.0, kweight = 2, dk1 = 2, dk2= 2
Ifeffit> rmin = 1.5, rmax = 3.5
Ifeffit> feffit(chi= data.chi, 1-3 )
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or

Ifeffit> feffit(chi= data.chi, 1-3, rmin=1.5, rmax=3.5,
kmin=3,kmax=15,kweight=2,dk=2)

The fourth requirement for a fit may seem obviousffit() needs some variables to
vary. Fitting Variables are like regular scalars, except that they are defined witlytess()
command instead adet() , asin guess e0 = 1. . Fitting variables also carry around
information about their estimated uncertainty, and correlation with other fitting variables. We’'ll

discuss that in the next section.
Putting it all together, a simple fit of a singte&FF path tox (k) data would look like this:

Ifeffit> read_data(file = cu_chi.dat, group= data, type = chi)
Ifeffit> set s02 001 = 0.9

Ifeffit> guess e0_001 = 1.

Ifeffit> guess dr_001 = 0.01

Ifeffit> guess sig2_001 = 0.001

Ifeffit> path(index = 1,
file = feff0001.dat,
s02 = s02_001,
e0 = e0_001,
delr = dr_001,

sigma2 = sig2_001 )
Ifeffit> kmin = 3.0, kmax = 16.0, kweight = 2, dk1 = 2
Ifeffit> rmin = 1.5, rmax = 3.2
Ifeffit> feffit(data.chi, 1, group=fit)

Thefeffit() command will update the values of all the fitting variables, and also create arrays
for the best-fity(k) and x(R) using the group name specifiefit ( in this case feffit by
default), and also create arrays for the dat&), effectively running

Ifeffit> fftf(data.chi)
Ifeffit> fftf(fit.chi)

for you. The best-fit values and estimated uncertainties for the variables can be seshomith
@variables , as will be further discussed in the next section.

In addition to what has been discussed so fiifijt() has several optional parameters
for a wide range of things such as specifying uncertainty in the input data, whether to refine
background-spline parameters with the structural refinement, how tokfispace (with or with-
out Fourier filtering), and arFEFFIT macro to run for each fit iteration. In the interest of brevity,
I'll resist discussing any of these fascinating topics in this brief tutorial.

6.5 Uncertainties in Fitted Variables, Fitting Statistics

A fit is not very useful without some idea of the reliability of the fit and some estimate of the
uncertainty in the fitted variables. THeffit() command automatically calculates the esti-
mated uncertainties and goodness-of-fit parameters for you. The particulars of how these values
are determined is outside the scope of this tutorial — the attention here will be on how to view and

manipulate the values for these statistics fhéit() determines.
Thefeffit() command writes several fitting statistics to help you determine the goodness
of fit. First, IFEFFIT will write the number of fit iterations t&fit _iteration . Though not

necessarily useful as a fitting statistic, this can be valuable to see if a fit is taking far too many
iterations, probably indicating a problem with the set up or model. The number of variables is
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stored inn_varys . The number of independent points in the band-limited data is estimated as
2AkAR/r, for fit k-rangeAk and R-rangeA R and stored im_idp . The estimated uncertainty
in the data itself is stored in the variablegsilon _r for the uncertainty in the datg(R) and
epsilon _k for the uncertainty in the date(k).

The main goodness-of-fit statistics ardéactor , chi _square , andchi _reduced , which
are three different ways of scaling the sum-of-squares of the final misfit. The full definition of
these is given elsewhere, but brieflyfactor is the misfit scaled to the data itself, so iteda-
tive misfif chi _square is scaled to the estimated uncertainty in the dagsijon _r for data
fit in R-space).chi _reduced ischi _square divided by the number of “free parameters in
the fit”, given by the difference afi_idp andn_varys . More information on these terms and
concepts is elsewhere in tieeFFIT documentation.

For each fitting variablel\FEFFIT will create (or overwrite) a variable nameiglta VAR
and write the estimated uncertainty for variabl&Rto this variable. For example, the fit shown
above would put the uncertainties in the fitting variabledeita _s02 001, delta _e0_001,

delta _sig2 _001, anddelta _dr _001.

The estimated uncertainties are, of course, very valuable for assessing fit results. In addition,
it often instructive to know the correlations between pairs of variables resulting from the fit. To
extract the correlations fromkEFFIT, you use theorrel() command, which simply takes the
names of two fitting variables, and the name of an output scalar variable to store the resulting
correlation to. Thus,

Ifeffit> correl(s02_001, sig2_001, out= corl)
Ifeffit> print corl
0.887130839

At this point, itis an error to giveorrel() the name of any variable that is not a fitting variable.
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7 Modeling non-XAFS data

In the course of data analysis, it is often necessary to fit non-XAFS data. This can be any task
similar to fitting a line or quadratic function to a set of data (s&y.T), fitting a set of Lorentzian,
Gaussian and/or arc-tangent functions to a XANES spectra, or fitting some weighted average of
model XANES spectra to fit an unknown spectra. Building on the general data-processing and
XAFS modeling capabilitiesFEFFIT provides a simple and powerful way to model many kinds

of data.

The minimize() command implements a simple least-squares minimization routine. It
takes as its primary argumentesidualarray to minimize in the least-squares sense. Usually the
residual would be “Data - Fit”, but you may want to provide some scaling, possibly emphasizing
some region of the fit more than others.

The residual array is built just like any other array, and is expected to depend through def-
initions on a few variables defined witjuess() . A very simple example would be a linear
fit:

Ifeffit>read_data(my_data.dat, group = ’'data’, label = 'x y")
Ifeffit>guess (m =1, b =0)

Ifeffit>fit.y = m * datax + b

Ifeffit>fit.resid = fity - data.y

Ifeffit>minimize(fit.resid)

This will adjust the variablesyandb to best-fit the data. As witfeffit() , the fitting statistics

&fit _iteration , chi _square , chi _reduced , andr factor will be written and uncer-
tainties in the variabledelta _manddelta _b will be created for the uncertainties in the fitted
parameters. Theorrel() function described above can be used to retrieve the correlation be-
tween 2 fitting variables. Since the general problem of estimating uncertainties in experimental
data is difficult, you'll need to be quite mindful of this fact and careful when interpreting these

fitting statistics.

In order to specify an estimate of the uncertainty in the experimental data, create an array (of
the same size as the residual array) containing the estimated uncertainty at each point, and tell
minimize()  to use this with theincertainty argument:

Ifeffit> fit.eps = 0.01 * indarr(npts(fit.resid))
Ifeffit> minimize(fit.resid, uncertainty = fit.eps)

If you wish to limit the fit to be over a limited range of the residual array, you need to tell
minimize()  what array to use as the ordinate or “x"-array, and the minimum and maximum
“X” values to use:

Ifeffit> minimize(fit.resid, x =data.x, xmin= 2, xmax =10)

There are several built-in special mathematical functions to aid in the modeling of data — more
information can be found in the Reference Guide.
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8 Saving data and logging YOUnFEFFIT session

This section is about getting information back fraraFriT, either at the command-line, or written
to external files.

8.1 Writing output data files

At some point, you'll want to write out some ofEFFITS arrays to a file. This is done fairly
simply with thewrite _data() command, which will write a plain ASCII file containing text
strings and scalar values at the top of the file as “comment lines”, then arrays in column format.
The syntax forwrite _data() is fairly simple, consisting of a file name, and a list of arrays,
scalars, and strings to write out, as in

Ifeffit> $titlel = 'Fit #1, varying 4 variables’
Ifeffit> write_data(file="x_fit.chi’, rmin, rmax,
fit.k, fit.chi, $titlel)

which will write the filex _fit.chi , which will have header lines frotitlel , rmin , rmax
looking like this:

# Fit #1, varying 4 variables

# rmin = 1.5000000

# rmax = 3.5000000

+.

# k chi

0.0000000 0.40189216E-01

followed by columns for the arrayfg.k  andfit.chi . Notice that the file will have a label
line making it ready to be read back in with tread _data() command using this “label” line,
as described in sectidh

The string program variables are always written first, in the order they appear in the argument
list, followed by the scalars (as shown) in the order they appear in the argument. Finally, the
arrays will be written in the order they appear, with the first one being in the first column.

8.2 Writing log files

While doing a complex analysis, it's often necessary to save values and information into a file
for later inspection. While not extremely sophisticated, one simple way to do this is to have
everything that would be written to the screen written fogfile. This is surprisingly effective

way of keeping track of your analysis session, and may well inspire you to insert many more

show() andprint() commands in your scripts.
To open a log file, you use tHeg() command, naming the log file to use, and specify the
“screen echo” mode:

Ifeffit> log(my_test.log, screen_echo = 3)

where the $creen _echo = 37 selects writing to both the screen and to the log file. Other

values for this parameter are discussed in the Reference Guide.
To close a log file, you say

Ifeffit> log(close)
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Only one log file can be open at a time — opening a log file when one is already open will cause
the first to be closed. If the program exits with a log file opened, it is not guaranteed that all
information will be actually written to the log file. (NB: This is under investigation, and is hoped
to be fixed in a future version).

8.3 Saving the state of anFEFFIT session

It's often desirable to suspend an analysis session and save the current point in the session, either
to return to it later or to compare your results with someone else’s. To thisrerrkIT allows
you to save the current state of all program variables into a single file that can be read in later. The

saved file is portable across different platforms.
Thesave command will save the current state. It takes a few optional arguments, the most

important of which is the file name, which defaultsfeffit.sav . Thatis
Ifeffit>save
will write ifeffit.sav , and

Ifeffit>save( current.sav)

will save the program state twurrent.sav . You can also specify what kinds of program
variables to save with optional arguments hkigh _strings , no_strings ,with _arrays ,

no_arrays , and so forth. The default is to save everything.
To restore a previously saved session, you usedsi®re command, giving it the name of
the save file (againfeffit.sav by default):

Ifeffit>restore( my_save_file.sav)

This will load all the program variables saved in the given file. Note that it matlerase any
program variables that may have existed in the current session, but will overwrite any variables
with the same name. This means that unless you start with a new session, it's possible that
restoring a session may not produce an identical session to the previous one.
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9 Defining and Using Macros

Macros are named sequencargFFIT commands which can be run by simply typing the macro
name. Macros are primarily designed to cut down on typing for repetitive tasks and to make
IFEFFIT easier to use and customize. While not going far enough to makiwfiT a real pro-
gramming language, macros offer some flexibility normally associated with batch processing lan-
guages.

A macro is defined with thenacro keyword, after which comes a series of commands as
you would type them to the command line and ending witd macro . As a simple example,
defining a macro namedake_ps would look like this would be

macro make_ps
plot(device="/ps" file= "ifeffit.ps")
end macro

Now, typing the new commanhake_ps will create a postscript file nameteffit.ps of

the current plot. This macro is only one line long, which doesn’t save much typing, but we'll get
to longer examples below. First, let’s add an optional argument: what if you want the Postscript
file to be named something other thifeffit.ps , Ssince multiple executions would just keep
overwriting this file? For this, you can supptyacro argumentswhich are variables nameki ,
$2,...,$9 that are expanded in place as text strings by the first, second, ..., ninth arguments
when the macro is run. The definition look like this

macro make_ps
plot(device="/ps" file= "$1")
end macro

and would be invoked bynake_ps data _0l.ps or make_ps my_fitps . OK, but now
what happens if yodon't give an argument? Well, the arguméit would be ™, so that would
be the same as sayingfile="") , which would create the default fileeffit.ps
You can also define a default parameter for the macro at its definition, by including the default
value on the macro ” line. That is,

macro make_ps other.ps
plot(device="/ps" file= "$1")
end macro

the default value for $1 will bether.ps . The value for this parameter can still be overridden
by sayingmake_ps data _01.ps .

Macros can be of arbitrary length (though the total number of macro lines in memory is fixed
at 2048 lines). In addition, if the first line of a macro definition is a plain text string, this will
be used as the macro documentation, and will be shownshitiv @macros. A more typical
macro may look like this

macro do_pre_edge a
"Read File, Calculate Pre-Edge, Plot, Write File"
read_data($l.xmu, type = xmu, group = my)
pre_edge(my.energy, my.xmu)
my.norm = my.pre / edge_step
$titlel = 'normalized, pre-edge subtracted data’
write_data(file = $1.pre, $titlel, energy, pre, norm, xmu)
end macro

More example macros are included in the migierFrFIT distribution.
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10 Theifeffit command-line program

The main program distributed wittfrerrFIT is simply calledifeffit (or ifeffit.exe on

Win32 systems) and runs the basic command interpreter we've been discussing throughout this
tutorial. If you've been following along with the examples, you've run this program already.
This, the final section of the tutorial, will give a few additional details of using this program. The
emphasis here will be on the Unix version.

On Unix and Unix-like systems, thieffit program uses the GNU Readline library which
supports command-line editing, which greatly enhances the usability of the command-line pro-
gram by letting you 1) recall previous commands, 2) edit them with keyboard commands, and 3)
use tab-completion. In short, the up-arrow and down-arrow keys work to scroll through previous
commands, you can easily edit the command-line, and you can use the tab key to help you finish
typing commands and file names.

Following the usual GNU Readline behavior, 'emacs keybindings’ are used, and there is a
large number of 'control-keyboard-sequences’ to assist editing the current command line. For
example Ctrl-a (that’s holding the control key and 'a’ at the same time) will move to the beginning
of the line, Ctrl-e will move to the end of the line. Both Ctrl-f and the right-arrow key will move
one character to the right, and Ctrl-b and the left-arrow key will move one character to the left.
Ctrl-p is the same as the up-arrow key, and Ctrl-n is the same as the down-arrow key, and will
scroll through the previous and next commands in the “history buffer”. Ctrl-k will cut the text
from the current cursor position to the end of the line, and Ctrl-y will insert that cut text at the
current point of the cursor. Following the behavior of many shell programs, Ctrl-d has a dual
purpose: on an empty line it will exit the program (essentially the same as typing 'quit’!), while
on a non-empty line it will erase one character at a time. Ctrl-h, on the other hand, will erase one
character at a time backwards. There are several more control-sequences available for more rapid
command-line editing — consult the Readline documentation.

Tab completion means that if you've typeshd at the command prompt and then hit the tab
key, the program will guess that you wanted to type the command neawle_data , and com-
plete this word for you. If you typee and hit tab, you should hear a beep because there are more
than one possible completions — hitting tab again will show the three possibitaels_data |,
rename, andrestore . For the first word on a command-linéeffit will use a restricted
set of commands for tab completion (type 'help’ or hit the tab key twice at the command prompt).
For later words on the command-linéffit will use the set of files in the current working
directory for tab completion.

In addition to keeping a 'command history’ for the current sessfeffjt will maintain
a recent history of commands between sessions, and re-load the command history on start-up.
This allows you to scroll through the commands of earlier sessions. The commands are kept in
memory, and re-saved intdigtory filewhenifeffit exits. This file can be used as a record of
your session, and as a starting place for batch command files, scripts, and macros.

The name of the history file and the number of commands saved can be set with the environ-
mental variablet=F HISTORYFILE andIFF HISTORYLINES. If these variables aren't set,
the history file used will be namedeffit _hist  in your home directory and will contain up
to 500 command lines.

Whenifeffit is started, two 'start-up files’ will be loaded, if found. These are loaded sim-
ply as command files, as if you typed their contents to the command-line. stagyp.iff
in the installation directory (typicalljusr/local/share/ifeffit ) is loaded, and then the
file .ifeffit in your home directory is loaded. These start-up files are intended for site-wide
or personal definitions for common macros and color-table preferences. In fact, these start-up
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files are not only loaded by the command-line program, but are loaded by the underlying library,
and so the definitions given in these start-up files can be used in scripts written usirgrig
library in perl or python. This can lead to a portability problem for scripts, however, and it is not
necessarily recommended to rely on definitions in start-up files in lengthy scripts.

When starting thigeffit program, you can give a list ofEFFIT command files and save
files that will effectively bdoad ed orrestoreed as necessary before the command-prompt is
given to you. Just to be clear, these are loaded after any start-up files, so definitions in start-up files
can be used inlbad ed” files. If multiple files are listed they will blwad ed /restore ed in
the order specified. To run a command file in ’batch mode’, or non-interactively, you can use the
-x switch, which will load all the files on the command line and then exit, without ever showing
the command prompt. Note thpause statements, which would normally wait for your input
are skipped in this 'batch mode’. For example,

> fifeffit my_file.iff
will load my.file.iff and then give you the command prompt to continue, while

> ifeffit -x my_file.iff

will run myfile.iff and then exit. If running in batch mode, you may want to redirect
the screen output to a filéféffit -x my Afile.iff > my _file.out ), or use the
g switch (feffit -q -x my file.iff ) to “run quietly”, suppressing screen output alto-
gether.

While in anifeffit session, there are a few additional commands available besides the

standard commands of thieerrIT library. The standard Unix “shell commands”, cd, pwd,
andmore work to give information about the current directory and files. Additional shell com-
mands can be executed by preceding it withsign, as in

Ifeffit> ! gv ifeffit.ps

which will rungv (a popular postscript viewer) for you. Putting an ampers&aatithe end of this
line will run the job in the background so that you can continue typing irifefét shell as
well. That makes an effective way to edit command files:

Ifeffit> ! emacs test_cmnd.iff &
Ifeffit> load test_cmnd.iff

Finally, typing 'help’ at theifeffit prompt will give a one-line description of the more com-
MONIFEFFIT commands.



