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17.1 Getting Started With NIST DTSA-II

17.1.3 Overview

17.1.1 Motivation

Reading about a new subject is good but there is nothing like
doing to reinforce understanding. With this in mind, the
authors of this textbook have designed a number of practical
exercises that reinforce the book’s subject matter. Some of
these exercises can be performed with software you have
available to you—either instrument vendor software or a
spreadsheet like MS Excel or LibreOffice/OpenOffice Calc.
Other exercises require functionality which may not be pres-
ent in all instrument vendor’s software. Regardless, it is much
easier to explain an exercise when everyone is working with
the same tools.

To ensure that everyone has the tools necessary to perform
the exercises, we have developed the National Institute of
Standards and Technology software called DTSA-II (Ritchie,
2009, 2010, 2011a, b, ¢, 2012, 2017a, b). NIST DTSA-II is
quantitative X-ray microanalysis software designed with edu-
cation and best practices in mind. Furthermore, as an output
of the US Federal Government, it is not subject to copyright
restrictions and freely available to all regardless of affiliation
or nationality. From a practical perspective, this means that
you can install and use DTSA-II on any suitable computer.
You can give it to colleagues or students. You can use it at
home, in your office, or in the lab. If you are so inclined, the
source code is available to allow you to review the implemen-
tation or to enhance the tool for your own special purposes.

Exercises in the textbook will be designed around the
capabilities of DTSA-II. Many will take advantage of the
graphical user interface to manipulate and interrogate spec-
tra. A number will take advantage of the command line
scripting interface to access low-level data or to perform
advanced operations.

17.1.2 Platform

NIST DTSA-II is written in the multi-platform run-time
environment Java. This means that the same program runs
on Microsoft Windows (XP, Vista, 7, 8.X, 10.X), Apple OS X
10.6+, and many flavors of Linux and UNIX. The run-time
environment adjusts the look-and-feel of the application to
be consistent with the standards for each operating system.
For Windows, Linux, and UNIX, the main menu is part of
the main application window. In OS X, the main menu is at
the top of the primary screen.

To make installation as easy as possible on each environ-
ment, an installer has been developed which works on
Windows, OS X, and Linux/UNIX. The installer verifies that
an appropriate version of Java is available and place the exe-
cutable and data files in a location that is consistent with
operating system guidelines. Detailed installation instruc-
tions are available on the download site.

DTSA-II was designed around common user interface meta-
phors and should feel consistent with other programs on
your operating system. It has a main menu which provides a
handful of high-level interactions such as file access, process-
ing, simulation, reporting, and help. Many of these menu
items lead to “wizard-style” dialogs which take you step-by-
step through some more complex operation like experiment
design, spectrum quantification, or spectrum simulation.
The goal is to make common operations as simple as possible.

Additional tools are often available through context sen-
sitive menus. Each region on the DTSA-II main window pro-
vides different functionality. Within these regions, you are
likely to want to perform various context sensitive opera-
tions. These operations are accesses through menus that are
accessed by placing the mouse over the region and issuing a
“right-button click” on Windows/Linux/UNIX or an Apple-
Command key +mouse click on OS X. The context-sensitive
menu items may perform operations immediately, or they
may request additional information through dialog boxes.

On the main screen, the bottom half of window is three
tabs—the Spectrum tab, the Report tab, and the Command
tab. The spectrum tab is useful for investigating and manipu-
lating spectra. The report tab provides a record of the work
completed during this invocation of the program. Since the
report is in HTML (Hypertext Markup Language) and stored
by date, it is possible to review old reports either in DTSA-II
or in a standard web browser. Some operating systems will
index HTML documents making it easy to find old designs,
analyses or simulations.

The final tab contains a command line interface. The
command line interface implements a Python syntax script-
ing environment. Python is a popular, powerful and com-
plete scripting language. Through Python it is possible
(though not necessarily easy) to perform anything that can
be done through the GUI. It is also possible to do a lot more.
For example, the GUI makes available some common, useful
geometries for performing Monte Carlo simulations of spec-
trum generation. Through scripting, it is possible to simulate
arbitrary sample and detector geometries. Some of the exam-
ples in the text will involve scripting. These scripts will be
installed with the software so they are readily available and so
you can use these as the basis for your own custom scripts.

An important foundational concept in DTSA-II is the
definition of an X-ray detector. The software comes with a
“default detector” which represents a typical Si(Li) detector
on a typical SEM. This detector will produce adequate results
for many purposes. However, it is better and more useful if
you create your own detector definition or definitions to
reflect the design and performance of your detector(s) and
SEM. You define your own detector using the “Preferences”
dialog which is access through the “File — Preferences” main
menu item. To select and activate your detector, you select it
in the “Default Detector” drop down lists on the middle, left
side of the main DTSA-II window on the “Spectrum Tab.”
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17.1.4 Design

DTSA-II is, in many ways, much more like vendor software
used to be. This has advantages and disadvantages. Over the
years, vendors have simplified their software. They have
removed many more advanced spectrum manipulation tools
and they have streamlined their software to make getting an
answer as straightforward as possible. If your goal is simply
to collect a spectrum, press a button, and report a result, the
vendor software is ideal. However, if you want to develop a
more deep understanding of how spectrum analysis works,
many vendors have buried the tools or removed them
entirely. DTSA-II retains many of the advanced spectrum
manipulation and interrogation tools.

DTSA-II is designed with Einsteins suggestion about
simplicity in mind: “Everything should be made as simple as
possible, but not simpler” DTSA-II was designed with the
goal of making the most reliable and accurate means of quan-
tification, standards-based quantification, as simple as pos-
sible, but not simpler. When there is a choice that might
compromise reliability or accuracy for simplicity, reliability
and accuracy wins out.

One such example is “auto-quant.” Most microanalysis
software will automatically place peak markers on spectra.
Unfortunately, these markers have time and time again
been demonstrated to be reliable in many but far from all
cases. Users grow dependent on auto-quant and when it
fails they often don’t have the experience or confidence to
identify the failures. The consequence is that the qualitative
and then since the qualitative results are used to produce
quantitative results, the quantitative results are just plain
wrong.

Rather than risking being wrong, DTSA-II requires the
user to perform manual peak identification. The process is
more tedious and requires more understanding by the user.
But no more understanding than is necessary to judge
whether the vendor’s auto-qual has worked correctly. If you
as a user can’t perform manual qualitative analysis reliably,
you should not be using the vendor’s auto-qual.

17.1.5 The Three -Leg Stool: Simulation,
Quantification and Experiment
Design

NIST DTSA-II is designed to tie together three tools which
are integral to the process of performing high-quality X-ray
microanalysis—simulation, quantification, and experiment
design. Simulation allows you to understand the measure-
ment process for both simple measurements and more com-
plex materials and geometries. Quantification allows you to
turn spectra into estimates of composition. Experiment
design ties together simulation and quantification to allow
you to develop the most accurate and reliable measurement
protocols.
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Simulation

Spectrum generation can be modeled either using analytical
models or using Monte Carlo models. The difference is that
analytical models are deterministic, they always produce the
same output for the equivalent input, and they are less com-
putationally intensive. They are limited, however, in the
geometries for which we know how to perform the analytical
calculation. Monte Carlo models are based on pseudo-
random simulation of the physics of electron interactions
and X-ray production. Individual electron trajectories are
traced as they meander through the sample. Interactions like
elastic scattering off the electrons and nucleus in the sample
are modeled. Inelastic interactions like core-shell ionization
are also modeled. Each core shell ionization is followed by
either an Auger electron or an X-ray photon. The trajectories
of these can also be modeled. The resulting X-rays can be
collected in a modeled detector and the result presented as a
dose-correct spectrum.

So, in summary, analytical models are quicker, but Montel
Carlo models are more flexible. Regardless, in domains where
they are both applicable, they produce similar but not identi-
cal results.

Quantification

Accurate, reliable quantification is the goal. Turning mea-
sured spectra into reliable estimates of material composition
can be a challenge. Our techniques work well when we are
careful to prepare our samples, collect our spectra, and pro-
cess the data. However, there are many pitfalls and potential
sources of error for the novice or the overconfident.

DTSA-II implements some of the most reliable algo-
rithms for spectrum quantification. First, DTSA-II assumes
that you will be comparing your unknown spectrum to spec-
tra collected from standard materials. Standards-based
quantification is the most accurate and reliable technique
known. Second, DTSA-II implements robust algorithms for
comparing peak intensities between standards and unknown.
DTSA-II uses linear least squares fitting of background fil-
tered spectra. This algorithm is robust, accurate, and makes
very good use of the all the information present in each
peak. It also provides mechanism called the residual to
determine whether the correct elements have been identified
and fit.

Fitting produces k-ratios which are the first-order esti-
mates of composition. To extract the true composition, the
k-ratios must be scaled to account for differences in absorp-
tion, atomic number, and secondary fluorescence. DTSA-II
implements a handful of different matrix correction algo-
rithms although users are encouraged to use the default algo-
rithm (XPP’ by Pouchou and Pichoir, 1991) unless they have
a compelling reason to do otherwise.

Experiment Design

One thing that has long hindered people from performing
standards-based quantification is the complexity of design-
ing an optimal standards-based measurement. The choices
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that go into designing a good measurement are subtle. How
does one select the optimal beam energy? How does one
select the best materials to use as standards? How does one
determine when a reference spectrum! is needed in addition
to the standard spectra? How long an acquisition is required
to produce the desired measurement precision? What limits
of detection can I expect to achieve? Do I want to optimize
accuracy or simply precision? Am I interested in minimizing
the total error budget or am I interested in optimizing the
measurement of one (or a couple of) elements?

In fact, many of these decisions are interrelated in subtle
ways. Increasing the beam energy will often improve preci-
sion (more counts) but will reduce accuracy (more absorp-
tion). The best standard for a precision measurement is likely
a pure element while the best standard for an accurate mea-
surement is likely a material similar to the unknown.

Then we must also consider subtle interactions between
elements. If the emission from one element falls near in
energy to the absorption edges of another element, accu-
racy may be reduced due to complex near edge absorption
effects. All the different considerations make the mind reel
and intimidate all but the most confident practitioners of
the art.

DTSA-II addresses these problems through an experi-
ment design tool. The experiment design tool calculates the
uncertainty budget for an ensemble of different alternative
measurement protocols. It then suggests the experiment pro-
tocol which optimizes the uncertainty budget. It outlines
which spectra need to be acquired and the doses necessary to
achieve the user’s desired measurement precision. This is
then presented in the report page as a recipe that the analyst
can taking into the laboratory.

Experiment design builds upon an expert’s understand-
ing of the quantification process and makes extensive use of
spectrum  simulation. Through spectrum simulation,
DTSA-II can understand how peak interferences and detec-
tor performance will influence the measurement process.
Through spectrum simulation carefully calibrated to the per-
formance of your detectors, the experiment optimizer can
predict how much dose (probe current x time) is required.
Often the result is good news. We often spend much too
much time on some spectra and too little on others.

Introduction to Fundamental
Concepts

17.1.6

For the most part, the functionality of DTSA-II will be intro-
duced along with the relevant microanalytical concept.
However, there are a handful of concepts which provide a
skeleton around which the rest of the program is built. It is
necessary to understand these concepts to use the program
effectively.

' Don't worry if you don’t understand the difference between a
reference and a standard spectrum. This will be explained later.

DTSA-II was designed around the idea of being able
simulate what you measure. With DTSA-I], it is possible to
simulate the full measurement process for both simple and
complex samples. You can simulate the spectrum from an
unknown material and from the standard materials neces-
sary to quantify the unknown spectrum. You can quantify
the simulated spectra just like you can quantify measured
spectra. This ability allows you to understand the measure-
ment process in ways that are simply not possible otherwise.
It is possible to investigate how changes in sample geometry
or contamination or coatings will influence the results. It is
possible to visualize the electron trajectories and X-ray pro-
duction and absorption.

However to do this, it is necessary to be able to model the
sample, the physics of electron transport, atomic ionization
and X-ray production and transport, and the detection of
X-rays. The physics of electrons and X-rays is not perfectly
known, but at least it doesn’t change between one instrument
and another. The biggest change between instruments is the
X-ray detection process. Not all detectors are created equal.

To compensate for the detection process, DTSA-II builds
algorithmic models of X-ray detectors based on the proper-
ties of the detector. These models are then used to convert the
simulated X-ray flux into a simulated measured spectrum.
The better these models, the better DTSA-II is able to simu-
late and quantify spectra.

Modeled Detectors (@ Fig. 17.1)

To make optimal use of DTSA-II, you will need to create a
detector model to describe each of your X-ray detectors.
Each detector model reflects the performance of a specific
detector in a specific instrument at a specific resolution/
throughput setting. Each physical detector should be associ-
ated with at least one detector model. A single physical detec-
tor may have more than one detector model if the detector is
regularly operated at different resolution / throughput set-
tings.

Some of the information necessary to build the detector
model is readily available from product literature or from a
call to the vendor. Unfortunately, some pieces of information
are less easy to discover. Some require access to very special-
ized samples or equipment, but fortunately, accepting the
default values won't overly affect utility of the simulated
results. @ Table 17.1 identifies which values are critical and
which are less critical.

Detector models are created in the “Preferences” dialog
which is accessed through the “File — Preferences” main
menu item. The tree view on the left side of the dialog allows
you to navigate through various preference pages. By default,
a root node labeled “Instruments and Detectors” is created
with a branch called “Probe” and a leaf node called “Si(Li).”
The branch “Probe” reflects a very basic traditional SEM/
microprobe. The leaf “Si(Li)” reflects a typical lithium-drifted
silicon detector with a ultra-thin window and a resolution of
132 eV at Mn Ka. You can examine the definition of this
detector to determine which pieces of information are neces-
sary to fully describe a detector.
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The preferences dialog showing a panel containing properties of a detector

O Table 17.1 This table identifies parameters that have a critical influence on simulated spectra and those that have a less critical
influence. You should be able to determine the correct value of the critical parameters from vendor literature or a call to the vendor.

The vendor may be able to provide the less critical values too but if they can't just accept the defaults

Critical

Window type

Elevation angle

Optimal working distance
Sample-to-detector distance (estimate)
Detector area

Crystal thickness

Number of channels

Energy scale (nominal)

Zero offset (nominal)

Resolution at Mn Ka (approximate)

Azimuthal angle

Less critical

Gold layer (accept the default)
Aluminum layer (accept the default)
Nickel layer (accept the default)
Dead layer (accept the default)

Zero strobe discriminator (easy to estimate)
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Some pieces of information are specific to your instru-
ment and the way the detector is mounted in the instrument.
Window-type, detector area, crystal thickness, resolution,
gold layer thickness, aluminum layer thickness, nickel layer
thickness, and dead layer thickness are model specific prop-
erties of the detector. Elevation angle, optimal working dis-
tance, sample-to-detector distance, and azimuthal angle are
determined by how the detector is mounted in your instru-
ment. The energy scale, zero offset, and the resolution are
dependent upon hardware settings that are usually config-
ured within the vendor’s acquisition software. The oldest sys-
tems may have physical hardware switches.

Window Type (B Fig. 17.2)

As is discussed elsewhere, most detectors are protected from
contamination by an X-ray transparent window. Older win-
dows were made of ultrathin beryllium foils or occasionally
boron-nitride or diamond films. Almost all modern detectors
use ultrathin polymer windows although the recently intro-
duced silicon nitride (Si,N,) windows show great promise.
Each type of window has a different efficiency as a func-
tion of energy. The largest variation in efficiency is seen below

1 keV. Here the absorption edges in the elements making up
the windows can lead to large jumps in efficiency over nar-
row energy ranges. Diamond represents an extreme example
in which the absorption edge at 0.283 keV leads to a three
order-of-magnitude change in efficiency.

Your vendor should be able to tell you the make and
model of the window on your detector.

The Optimal Working Distance (B Figs. 17.3
and 17.4)

The position and orientation of your EDS detector is optimized
for a certain sample position. Typically, the optimal sample
position is located on the electron-beam axis at an optimal
working distance. At this distance, the effective elevation angle
equals the nominal elevation angle. Sometimes, the optimal
working distance will be specified in the drawings the EDS ven-
dor used to design the detector mounting hardware (B Fig.17.4).
Other times, it is necessary to estimate the optimal working
distance finding the sample position that produces the largest
X-ray flux. The optimal working distance is measured on the
same scale as the focal distance since the working distance
value recorded in spectrum files is typically this value.
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O Fig. 17.2 a-d: Window transmission efficiency as a function of photon energy
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O Fig. 17.3 Definitions of
geometric parameters
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O Fig. 17.4 Example of
vendor-supplied schematics
showing the optimal working
distance (17 mm) and the
sample-to-detector distance
(34 mm) for a microscope with
multiple detectors (Source:
TESCAN)
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The difference between the effective elevation defined by
the actual working distance and the nominal elevation as
defined by the intersection of the detector axis and the optic
axis. The effective elevation angle can be calculated from the
actual working distance given the optimal working distance,
the nominal elevation angle, and the nominal sample-to-
detector distance.

Elevation Angle

The elevation angle is defined as the angle between the detec-
tor axis and the plane perpendicular to the optic axis. The
elevation angle is a fixed property of the detector as it is
mounted in an instrument. The elevation angle is closely
related to the take-off angle. For a sample whose top surface
is perpendicular to the optic axis, the take-oft angle at the
optimal working distance equals the elevation angle.

Elevation angles typically range between 30° and 50° with
between 35° and 40° being the most common. The correct
detector elevation is important for accurate quantification as
the matrix correction has a strong dependence on this
parameter.

Sample-to-Detector Distance

The sample-to-detector distance is the distance from front face
of the detector crystal to the intersection of the optic and detec-
tor axes. The sample-to-detector distance helps to define the
solid angle of acceptance for the detector. The sample-to-detec-
tor distance can often be extracted from the drawings used to
design the detector mounting hardware (See @ Fig. 17.3).
Alternatively, you can estimate the distance and adjust the
value by comparing the total integrated counts in a simulated
spectrum with the total integrated counts in an equivalent
measured spectrum. The simulated counts will decrease as
the square in the increase of the sample-to-detector distance.

Detector Area

The detector area is the nominal surface area of the detector
crystal visible (unobstructed) from the perspective of the opti-
mal analysis point. The detector area is one of the values that
detector vendors explicitly specify when describing a detector.
Typical values of detector area are 5, 10, 30, 50, or 80 mm?. The
detector area does not account for area obstructed by grid bars
on the window but does account for area obstructed by a col-
limator or other permanent pieces of hardware.

Crystal Thickness

The detection efficiency for hard (higher-energy) X-rays
depends upon the thickness of the active detector crystal
area. Si(Li) detectors tend to have much thicker crystals and
thus measure X-rays with energies above 10 keV more effi-
ciently. Silicon drift detectors (SDD) tend to be about an
order of magnitude thinner and become increasingly trans-
parent to X-rays above about 10 keV. DTSA-II defaults to a
thickness of 5 mm for Si(Li) detectors and 0.45 mm for
SDD. These values will work adequately for most purposes if
a vendor specified value is unavailable.

Number of Channels, Energy Scale, and Zero
Offset

A detector’s energy calibration is described by three quanti-
ties—the number of bins or channels, the width of each bin
(energy scale), and the offset of the zero-th bin (zero offset).
The number of bins is often a power-of-two, most often 2,048
but sometimes 1,024 or 4,096. This number represents the
number of individual, adjacent energy bins in the spectrum.
The width of each bin is assumed to be a nice constant—typ-
ically 10 eV, 5 eV, 2.5, or occasionally 20 eV. The detector
electronics are then adjusted (in older systems through phys-
ical potentiometers or in modern systems through digital
calibration) to produce this width.

The zero offset allows the vendor to offset (‘shift’) the
energy scale for the entire spectrum by a fixed energy or to
compensate for a slight offset in the electronics. Some ven-
dors don’t make use of ability and the zero offset is fixed at
zero. Other vendors use a negative zero offset to measure
the full width of an artificial peak they intentionally insert
into the data stream at 0 eV called the zero-strobe peak.
The zero-strobe peak is often used to automatically correct
for electronic drift. Often, DTSA-II can read these values
from a vendor’s spectrum file using the “Import from spec-
trum” tool.

You don’t need to enter the exact energy scale and zero
offset when you create the detector as the calibration tool can
be used to refine these values.

Resolution at Mn Ka (Approximate)

The resolution is a measure of the performance of an EDS
detector. Since the resolution depends upon X-ray energy in
a predictable manner, the resolution is by long established
standard reported as the “full width half maximum” (FWHM)
of the Mn K peak (5.899 keV).

The full width at half-maximum is defined as the width of
a peak as measured half way from the base to the peak. This
is illustrated in the @ Fig. 17.5. The full height is measured
from the level of the continuum background to the top of the
peak. A line is drawn across the peak at half the full height.
To account for the finite bin width, a line is drawn on each
side of the peak from the center of the bin above the line to
the center of the bin below the line. The intersection of this
diagonal line is assumed to be the true peak edge position.
The width is then measured from these intersection points
and calibrated relative to the energy scale.

The graphical method for estimating the FWHM is not as
accurate as numerical fitting of Gaussian line shapes. The
calibration tool uses the numerical method and is the pre-
ferred method (B Fig. 17.6).

Azimuthal Angle

The azimuthal angle describes the angular position of the
detector rotated around the optic axis. The azimuthal angle is
particularly important when modeling samples that are tilted
or have complex morphology.
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O Fig. 17.5 Estimating the full width at half-maximum peak width. This peak is approximately 139 eV FWHM which you can confirm with a ruler

Side view

WD: Working distance
DD: Detector distance

B Fig. 17.6 Definitions of elevation angle and azimuthal angle

Gold Layer, Aluminum Layer, Nickel Layer

Detector crystals typically have conductive layers on their
front face to ensure conductivity. These layers can be con-
structed by depositing various different metals on the sur-
face. The absorption profiles of these layers will decrease the
efficiency of the detector. The layer thicknesses are particu-
larly relevant for simulation; however, other uncertainties
usually exceed the effect of the conductive layer.

Top view
looking down

column

Azimuth

Dead Layer

The dead layer is an inactive or partially active layer of silicon
on the front face of the detector. The dead layer will absorb
some X-rays (particularly low energy X-rays) and produce
few to no electron-hole pairs. The result is a fraction of X-rays
which produce no signal or a smaller signal than their energy
would suggest. The result is twofold: The first effect is a dimin-
ishment of the number of low energy X-rays detected. The
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second effect is a low energy tail, called incomplete charge
collection, on low energy X-ray peaks.

The dead layer in modern detectors is very thin and typi-
cally produces very little incomplete charge collection. Older
Si(Li) detectors had thicker layers and worse incomplete
charge collection.

Zero Strobe Discriminator (8 Figs. 17.7 and 17.8)

The zero strobe discriminator is an energy below which all
spectrum counts will be set to zero before many spectrum
processing operations are performed.

The zero strobe is an artificial peak inserted by the detec-
tor electronics at 0 eV. The zero strobe is used to automati-
cally determine the noise performance of the detector and to
automatically adjust the offset of the detector to compensate
for shifts in calibration. The zero strobe does not interfere
with real X-ray events because it is located below the energies
at which the detector is sensitive.

Some vendors automatically strip out the zero strobe out
before presenting the spectrum. Others leave it in because it
can provide useful information. When it does appear, it can
negatively impact processing low energy peaks. To mitigate
this problem, the zero strobe discriminator can be used to
strip the zero strobe from the spectrum. The zero strobe dis-

criminator should be set to an energy just above the high
energy tail of the zero strobe.

Material Editor Dialog (8 Figs. 17.9, 17.10, 17.11,
17.12,17.13,and 17.14)

The material editor dialog is used to enter compositional and
density information throughout DTSA-II. This dialog allows
you to enter compositional information either as mass frac-
tions or atomic fractions. It also provides shortcut mecha-
nisms for looking up definitions in a database or entering
compositions using the chemical formula.

Method 1: Mass fractions (see 8 Fig. 17.10)

Method 2: Atomic fractions (see B Fig. 17.11)

Method 3: Chemical formula (see @ Fig. 17.12)

Method 4: Database lookup (see B Fig. 17.13)

Method 5: Advanced chemical formulas (see @ Fig. 17.16)

So if your database contains a definition for “Albite” and

you press the search button E, the table will be filled
with the mass and atomic fractions and the density as
recorded in the database for “Albite” The database is updated
each time you select the “Ok” button. Over time, it is possible
to fill the database with every material that you commonly
see in your laboratory. The name “unknown” is special and is
never saved to the database.

W Cu
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B Fig. 17.7 A raw Cu spectrum showing the zero strobe peak centered at 0 eV and the Cu L peaks centered near 940 eV
f B Cu |
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O Fig. 17.8 The blue line shows an appropriate placement of the zero strobe discriminator between the high energy edge of the zero strobe

and the start of the real X-ray data
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Material Editor
|| Material _
Name Albite

Density [3.61 |g/cm? (required)
Mode

| e

(@) Mass Fractions (7)) Atomic Proportions

Mass Fraction
0.4881
0.0877
0.1029
0.3213

Atomic Fraction
0.6154
0.0769
0.0769
0.2308

Quantity: |100%

Delete | | Clear |

% [ Conce ]

O Fig. 17.9 The material editor dialog. Materials are defined by a
name (“Albite”), a density (“3.61 g/cm?®”), and a mapping between ele-
ments and quantities. Albite is defined as NaAlISi,O, which is equivalent
to the mass fractions and atomic fractions displayed in the table

Matesial Editog

Name _AI)ite
Density [3.61 | gjam (required)
Mode -

(@ Mass Fractions () Atomic Proportions

Element
Oxygen
Sodium

Mass Fraction
0.4881
0.0877

Atomic Fraction
0.6154
0.0769

Element: AI

p——
| (cupoete)] |

Add

B Fig. 17.10 The relative amount of each element in mass fractions
may be entered manually using the “Element” and “Quantity” edit boxes
and the “Add” button. Note that the mode radio button is set to “Mass
Fractions” and that the quantity is entered in percent but displayed in
mass fractions, so “10.29" corresponds to a mass fraction of “0.1029". The
element may be specified by the common abbreviation (“Al”), the full
name (“aluminum”) or the atomic number (“13")
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Name | Albite

Density (3.61 |gfam (required)
Mode

(") Mass Fractions (@) Atomic Proportions

Mass Fraction

0.4601
0.5399

Atomic Fraction
1.0000
1.0000

O Fig. 17.11
may be entered manually using the “Element” and “Quantity” edit boxes
and the “Add” button. Note that the mode radio button is set to “Atomic
Proportions” and that the quantity is entered as a number of atoms in a
unit cell. The element may be specified by the common abbreviation
(“Si”), the full name (“silicon”) or the atomic number (“14")

The relative amount of each element in atomic fractions

17.2 Simulation in DTSA-II

17.2.1 Introduction

Simulation, particularly Monte Carlo simulation, is a pow-
erful tool for understanding the measurement process.
Without the ability to visualize how electrons and X-rays
interact with the sample, it can be very hard to predict the
significance of a measurement. Does the incident beam
remain within the sample? Where are the measured X-rays
coming from? Can I choose better instrumental conditions
for the measurements? Without simulation, these insight
can only be gained with years of experience or based on
simple rules of thumb.

Too often we are asked to analyze non-ideal samples.
Monte Carlo simulation is one of the few mechanisms we have
to ground-truth these measurements. Consider the humble
particle. When is it acceptable to consider a particle to be
essentially bulk and what are the approximate errors associ-
ated with this assumption?

17.2.2 Monte Carlo Simulation

Monte Carlo models are particularly useful because they
permit the simulation of arbitrarily complex sample geom-
etries. NIST DTSA-II provides a handful of different
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' Material
Name |NaAlSi308
Density |3.61 | gfam? (required)
Mode

@ Mass Fractions () Atomic Proportions

Mass Fraction

0.4881
0.0877
0.1025
0.3213

Atomic Fraction
0.6154
0.0769
0.0769
0.2308

Quantity: 0%

EI[.Delete | [ Clear

[

O Fig. 17.12 It is possible to enter the chemical formula directly into
the “Name” edit box. When the search button is pressed the chemical
formula will be parsed and the appropriate mass and atomic fractions
entered into the table. Capitalization of the element abbreviations is
important as “CO”" is very different from “Co”"—one is a gas and the other
a metal. More complex formulas like fluorapatite (“Ca,(PO,);F") can be
entered using parenthesis to group terms. It is important that the for-
mula is unambiguous. Once the formula has been parsed you may
specify a new operator friendly name for the material like “Albite” of “Flu-
orapatite”in the “Name” edit box

common geometries through the graphical user interface.
More complex geometries can be simulated using the script-
ing interface.

Monte Carlo modeling is based on simulating the trajec-
tories of thousands of electrons and X-rays. The simulated
electrons are given an initial energy and trajectory which
models the initial energy and trajectory of electrons from an
SEM gun. The simulated electrons scatter and lose energy as
their trajectories take them through the sample. Occasionally,
an electron may ionize an atom and generate a characteristic
X-ray. Occasionally, an electron may decelerate and gener-
ate a bremsstrahlung photon. The X-rays can be tracked
from the point of generation to a simulated detector. A
simulated spectrum can be accumulated. If care is taken
modeling the electron transport and the X-ray interactions,
the simulated spectrum can mimic a measured spectrum.
Other data such as emitted intensities, emission images, tra-
jectory images and excitation volumes can be accumulated.

Multi-element materials are modeled as mass-fraction
averaged mixtures of elements. Complex sample geometries
can be constructed out of discrete sample shapes that include
blocks, spheres, cylinders, regions bounded by planar sur-
faces, and sums and differences of the basic shapes. In this way,
it is possible to model arbitrarily complex sample geometries.

)
Name Albite

Density [3.61 | gjcm? (required)
Mode

(@ Mass Fractions (7)) Atomic Proportions

Mass Fraction
0.4881
0.0877
0.1029
0.3213

Atomic Fraction
0.6154
0.0769
0.0769
0.2308

Quantity: -0%

| [ Delete | [ gear

|

B Fig. 17.13 To assist the user, DTSA-Il maintains a database of
materials. Each time the user enters a new material or redefines an
old material, the database is updated. The database is indexed by
“Name”

[ Material Editor R 3
§ Material — _
Name 0.5 NaAIS308 +0.5"CaAI25:208 [ \
Density |3.61 |g/cm* (required) '
Mode
@ Mass Fractions () Atomic Proportions
Element Mass Fraction Atomic Fraction
Oxygen 0.4741 0.6154
Sodium 0.0438 0.0396
Aluminum 0.1484 0.1142
Siicon 0.2616 0.1934
Calcum 0.0720 0.0373
Element: | | Quantity: 0%
| add | [ peete || gewr |
, Lo J[ conced | |}

L.

O Fig. 17.14  Albite ("NaAlISi,O,") and anorthite (“CaAl,Si,0,")
represent end members of the plagioclase solid solution series. To
calculate a admixture of 50 % by mass albite and 50 % by mass anorthite,
you can enter the formula “0.5*NaAISi308 + 0.5*CaAl2Si208". Other
admixtures of stoichiometric compounds can be calculated in a similar

manner. Remember to provide a user friendly name for the database
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17.2.3 Using the GUI To Perform
a Simulation

The simplest way to simulate one of an array of common
sample geometries in through the “simulation alien” The
“simulation alien” is a dialog that takes you step-by-step
through the process of simulating an X-ray spectrum. The
dialog requests information that defines the sample geome-
try, the instrument, and detector, the measurement condi-
tions and the information to simulate. The results of the
simulation include a spectrum, raw intensity data, electron
trajectory images, X-ray emission images, and excitation vol-
ume information. The “simulation alien” is accessed through
the “Tools” application menu (8 Fig. 17.15).

Many different common sample geometries are available

through the “simulation alien”

Analytical model of a bulk, homogeneous material.

A @(pz)-based analytical spectrum simulation model.
This model simulates a spectrum in a fraction of a
second but is only suited to bulk samples.

Monte Carlo model of a bulk, homogeneous material.
The Monte Carlo equivalent of the ¢(pz)-based
analytical spectrum simulation model (see @ Fig. 17.16).

Monte Carlo model of a film on a bulk, homogeneous

substrate.

A model of a user specified thickness film on a
substrate (or, optionally, unsupported) (see
@ Fig. 17.17).
Monte Carlo model of a sphere on a bulk, homogeneous
substrate (see @ Fig. 17.18).

O Fig. 17.15 Simulation mode
window in DTSA-II
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A model of a user specified radius sphere on a
substrate (or, optionally, unsupported).

Monte Carlo model of a cube on a bulk, homogeneous

substrate.

A model of a user specified size cube on a substrate
(or, optionally, unsupported) (see @ Fig. 17.19).

Monte Carlo model of an inclusion on a bulk, homoge-

neous substrate.

A model of a block inclusion of specified square cross
section and specified thickness in a substrate (or,
optionally, unsupported) (see @ Fig. 17.20).

Monte Carlo model of a beam near an interface.

A model of two materials separated by a vertical
interface nominally along the y-axis. The beam can be
placed a distance from the interface in either material.
Positive distances place the beam in the primary
material and negative distances are in the secondary
material (see @ Fig. 17.21).

Monte Carlo model of a pyramid with a square base.
The user can specify the length of the base edge and
the height of the pyramid (see B Fig. 17.22).

Monte Carlo model of a cylinder on its side
The user can specify the length and diameter of the
cylinder (see B Fig. 17.23).

Monte Carlo model of a cylinder on its end
The user can specify the length and diameter of the
cylinder (see B Fig. 17.24).

Monte Carlo model of a hemispherical cap
The user can specify the radius of the hemispherical cap
(see B Fig. 17.25).

File Process Tools Report Help
@ 151
- - - =
Spectrum simulation

A
A =

10 First page
A 2 -

: Simulation Mode
(=]
> 38 MNext Configure sample
A4 5 i
-
I
@) Monte Carlo model of a bulk, homogeneous material
s 10 06 Monte Carlo model of a film on a buk, homogeneous substrate X
Lz Monte Carlo model of a sphere on a buk, homageneous substrate 5 )
SpethmTaem Monte Carlo model of a cube on a bulk, homogeneous substrate ;
- fault Detector | Monte Cario model of an indlusion in a buk, homogeneous substrate
MIRA-3
- Monte Carlo model of a beam near an interface
SDD (Medium, 404/ 0
tian it Monte Carlo model of a pyramid with a square base
Monte Carlo model of a cylinder on its side
Message: Select the type of spectrum simulation to perform. More...
ack Next F Cancel ftomic Fraction

\ t

Y A 2= X
elcome to NIST DTSA-II - Iona 2015-01-20 revision
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Monte Carlo model of a block
The user can specify the block base (square) and the
height.

Monte Carlo model of an equilateral prism
The user can specify the edge of the triangle and the
length of the prism (8 Figs. 17.16, 17.17, 17.18, 17.19,
17.20,17.21,17.22,17.23,17.24,17.25,17.26, 17.27,
and 17.28).

Each simulation mode takes different parameters to config-
ure the sample geometry. This page is for the simulation of a
cube which requires two materials (substrate and cube), the
dimensions of the cube and the sample rotation.

The sample rotation parameter is available for all modes
for which are not rotationally invariant. The best way to
understand the sample rotation parameter is to imagine
rotating the sample about the optic axis at the point on the

X %4pm><1.44pm

1.81 um X 1.81 um

Emission

@ Fig. 17.16 Bulk, homogeneous material

sample at which the beam intersects (B Figs. 17.29, 17.30,
and 17.31).

All the models require you to specify at least one material.
The material editor (described elsewhere) allows you to spec-
ify the material. Since the density is a critical parameter, you
must specify it (B Fig. 17.32).

Simulations are designed to model the spectra you could
collect on your instrument with your detector. By default, the
simulation “instrument configuration” page assumes that
you want to simulate the “default detector” as specified on the
main “Spectrum” tab. However, you can specify a different
instrument, detector and calibration if you desire.

You also need to specify an incident beam energy. This is
the kinetic energy with which the electrons strike the sample
and is specified in kilo-electronvolts (keV).

The probe dose determines the relative intensity in the
spectrum. Probe dose is specified in nano-amp seconds

.yzw,mn'm i
Y/ 1 ¥ o e

2.03 ym x 2.03 pm

Emission

B Fig.17.17 Thin film on substrate. Parameters: film thickness
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S ATE R x 75 um 1| /71,75 um x 1.7254inT’

o 6‘_.:“;.

2.19 um X 2.19 ym

2.19 um X 2.19 pm

Emission

O Fig. 17.18 Spherical particle on a substrate. Parameters: Sphere’s O Fig. 17.19 Cubic particle on a substrate. Parameters: Cube
radius dimension

1.75.um X175 i

2.19 um X 2.19 pm 4pum X4 pum

Emission Emission

O Fig. 17.20 Block inclusion in substrate. Parameters: Thickness and O Fig. 17.21 Interface between two materials. Parameters: Distance
edge length from interface
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175 um X 1,257 2

2.19 um X 2.19 pm

O Fig. 17.22 Square pyramid on a substrate. Parameters: Height and

base edge length

2.19 um X 2.19 pm

Emission

O Fig. 17.24 Cylinder (can) on end on substrate. Parameters: Height

and fiber diameter

L s

/

-~ 3

2.19 um X 2.19 ym

Emission

B Fig. 17.23 Cylinder (fiber) on substrate. Parameters: Fiber diameter

N7 Hasfinxrsim -

2.19um x 2.19 um

Emission

B Fig. 17.25 Hemispherical cap on substrate. Parameters: Cap radius
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| VegAge1.67 fim

2.09 um X 2.09 ym

Emission

O Fig. 17.26 Rectangular block on substrate. Parameters: Block
height and base edge length

251

T3 X 1.75 pec

2.19 um x 2.19 pm

Emission

O Fig. 17.27 Triangular prism on substrate. Parameters: Triangle
edge and prism lengths

O Fig. ]7.28 Configure et i st
sample” menu
Previous: Simulation Mode
Configure sample
Next: Instrument configuration
Materials and Scale
Substrate material |Zn - Edit J [ None |
Cube material |Cu [ Eat |
Cube height [ width [ depth | 10.000 pm
Sample rotation 0.000 <
Overscan particle
Message: Spedify the sample material and scale.
Back Next Cancel
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O Fig.17.29 a Shows how a
pyramid with square base model &
rotates and b shows how a beam
near an interface model rotates.
Both figures take the perspective
of looking down along the optic
axis at the sample. The shortest
distance to the interface is
maintained in @ figure b

1,75 umaA,75 um_

219umx2.19um § Zn K-L3 2.19 um x 2.19 um 2.19 um x 2.19 um

17

1.15EO Emission Emission | 1.12EO Emission
Sample rotation: 0 degrees Sample rotation: 45 degrees Sample rotation: 90 degrees

B Fig. 17.30 A fiber rotated through 0°, 45°, and 90°
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O Fig. 17.31 “Material editor”

menu

O Fig. 17.32 “Instrument

configuration” menu

File Process Tools Report Help
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(nA-s=nC). This quantity is a product of the probe current
(nA) and the spectrum acquisition live-time (seconds.)
Remember the probe current is a measure of the actual
number of electrons striking the sample per unit time, so the
probe dose is equivalent to a number of electrons striking
the sample during the measurement. Doubling the dose
doubles the number of electrons striking the sample and
thus also doubles the average number of X-rays generated in
the sample.

The incidence angle (nominally 0°) allows you to simu-
late a tilted sample (B Fig. 17.33).

The incident angle is defined relative to the optic axis. The
pivot occurs at the surface of the sample, which is placed at
the detector’s optimal working distance. A positive rotation is
towards the X-axis (an azimuth of 0°) and a negative rotation
towards the —-X axis (an azimuth of 180°.) The detector dis-
played is at an azimuth of 180°. A negative incidence angle
would tilt the sample toward the detector. Arbitrary tilts may
be simulated by moving the detector around the azimuth
(8 Figs. 17.33, 17.34, 17.35, and 17.36).

The “other options” page allows you to specify whether
the spectrum is simulated with or without variance due to
count statistics. If you select to “apply simulated count sta-

O Fig. 17.33 Definition of
angles for a tilted specimen

tistics,” you may also select to output multiple spectra based
on the simulated spectrum but differ by pseudorandom
count statistics. You may also select to run additional simu-
lated electron trajectories. The number of simulated elec-
tron trajectories determines the simulation to simulation
variance in characteristic X-ray intensities. The default
number of electron trajectories typically produces about 1%
variance. The variance decreases as the square-root of the
number of simulated trajectories. You may also specify
which X-ray generation modes to simulate including both
characteristic and bremsstrahlung primary emission and
secondary emission due to characteristic primary emission
or bremsstrahlung primary emission (8 Figs. 17.37, 17.38,
and 17.39).

The “configure VP” page provides an advanced option to
simulate the beam scatter in a variable-pressure or environ-
mental SEM. If the check box is selected, you may select a gas
(“water;” “helium,” “nitrogen,” “oxygen” or “argon”), a gas path
length and a nominal pressure. The gas path length is the dis-
tance from the final pressure limiting aperture to the sample.
1 Torr is equivalent to 133 Pa (8 Figs. 17.40 and 17.41).

The primary output of a simulation is a spectrum. The
simulated spectrum looks and acts to the best of our ability

Objective Lens

Optimal
working
Distance
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1.81 um x 1.81 um

Emission

Sample tilt: -15 degrees

1.81 um x 1.81 um

Emission

Sample tilt: 30 degrees

O Fig. 17.34 Tilting a bulk sample

2.19 um x 2.19 um

Emission
Sample tilt: -30 degrees

O Fig. 17.35 Tilting a spherical sample

1.81 um x 1.81 um

1.26EO Emission

Sample tilt: 0 degrees

1.81 um % 1.81 um

Emission

Sample tilt: 45 degrees

Zn K-L3

Emission
Sample tilt: 0 degrees

2.19um x2.19 um f§ Zn K-L3

1.81 um x 1.81 um

1.27EO Emission

Sample tilt: 15 degrees

1.81 um x 1.81 um

Emission

Sample tilt: 60 degrees

2.19 um x 2.19 um

Emission
Sample tilt: 30 degrees
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O Fig.17.36 Menu for
selecting number of trajectories,
repetitions, and X-ray generation
modes

Noise parameters

Previous: Instrument configuration

Other options

Next: Configure VP

(V] Apply simulated count statistics

Instance count | 1

:Rmmedefaitwrber of electron trajectories v:
X-ray generation modes

[¥] Characteristic primary

V| Characteristic secondary

to simulate measured spectra like a spectrum collected from
the specified material under the specified conditions on the
specified detector. You can treat simulated spectra like
measured spectra in the sense that you can simulate an
“unknown” standards and reference spectra and quantify the
“unknown” as though it had been measured (8 Fig. 17.42).

The report tab contains additional details about the simu-
lation including configuration and results information. The
first table summarizes the simulation configuration
parameters. This table is available for all simulation modes
(@ Fig. 17.43).

The “simulation results” table contains additional
details derived from the simulation. The first two lines
contain links to the simulated spectrum and a Virtual
Reality Markup Language (VRML) representation of the
sample and electron trajectories. The subsequent rows
contain raw data detailing the generation and emission of
various different kinds of characteristic X-rays. Only those
modes which were selected will be available. The generated
X-rays column tabulates the relative number of X-rays

[¥] Bremsstrahlung primary
() Bremsstrahkung secondary

generated within the sample and emitted into a milli-stera-
dian. The emitted column tabulates the X-rays that are
generated and also escape the sample in the direction of
the detector. The ratio is the fraction of generated X-rays
that escape the sample in the direction of the detector. The
final rows compare the relative amount of characteristic
fluorescence to the amount of primary characteristic and
bremsstrahlung emission (B Fig. 17.44).

The emission images show where the measured X-rays
were generated. Because the images only display X-rays
that escape the sample, the distinction between the strongly
absorbed X-rays like the O K-L3 (Ka) and the less strongly
absorbed like the Si K-L3 (Ka) is evidenced by the flattened
emission profile in the Si K-L3 image. The last image shows
the first 100 simulated electron trajectories (down to a
kinetic energy of 50 eV.) The color of the trajectory seg-
ment varies as the electron passes through the different
materials present in the sample. The gray lines exiting the
top of the image are backscattered electrons (trajectories in
vacuum).
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%‘ | Admiralty Brass - All
" 9 M Admiralty Brass - Characteristic primary
10000 N B Admiralty Brass - Bremsstrahlung primary
=) M Admiralty Brass - Characteristic secondary
M Admiralty Brass - Bremsstrahlung secondary
g e M
=l
]
5
3 100
(o]
10 i
1 T
6 8
Energy (keV)
it Ml Admiralty Brass - All
M Admiralty Brass - Characteristic primary
2000 - Admiralty Brass - Bremsstrahlung primary
.Admiralty Brass - Characteristic secondary
Il Admiralty Brass - Bremsstrahlung secondary
1500 -
2
=
3
O 1000 -
500 - 13 B
0 - / M .
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Energy (keV)

O Fig. 17.37 Simulated admiralty brass (69 % Cu, 30 % Zn, and 1% Tin) for various different selections of generation modes

!%J ¢’ M MC simulation of bulk Admiralty Brass
M Noisy[MC simulation of bulk Admiralty Brass]
60 N
)
%)
£ 40-
=]
o
(@)
20 -
|
0+ .
8 10 12 14

Energy (keV)

O Fig. 17.38 Simulated admiralty brass (69 % Cu, 30 % Zn, and 1 % Tin) with (blue) and without (red) simulated variation due to count statistics
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O Fig. 17.39 Menu for selection
of variable pressure SEM

operating conditions

Configure VP

Previous: Other options

[] Enable variable pressure

Variable Pressure Options

e
sairgh 1000 om
presare (13000 pusce

O Fig. 17.40 The“perform
simulation” page shows progress

as the electron trajectories are
simulated. When the simulation is
complete the “finish” button will
enable to allow you to close the
dialog

Perform Simulation

Previous: Configure VP

Finish

=

Message: Computing the requested spectra...

LB ]|

Next
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File Process Tools Report Help

=
@ 50000+ M noisyMC simulation of bulk Anorthite] #1
w
= ]
X 400001
- £ 300001
¥ &
200001 1
¥ : g
Y 10000 '
4 9 L
o
s L .
15 20 0 5 10 15 20
Energy (keV)
Spectrum Properties KLM Lines
: Name Value Element H] [FH
| Acquisition time |1/21/15 2:15PM | || @ zordet @ E-order
- Aluminum layer thidness _iw | .
- - - = Al.m:n.mmdow&ndﬂ'less 40 nm 'g < iy »
Nous\flMC simulation of bulk Anorthite] #1 admuthal angle ioe Hitonen
Beam energy 15.0 keV
Calibration GUID bd83bfa6-c161-29db-663... [ Clear | [ Clear Al
Dead layer 0 pm e
Detector "/SDD (Medum, 4096) -Fvi...|  Standard Compositon
Detector GUID b8b98369-7eb7-32ebd2... Element Mass Fraction  Atomic Frac...
Detector area 30 mm2 = Oxygen |0.4601 0.6154 -
Detector orientation [-0.819,-0.000,0.574] Aluminum 10,1940 0.1538 '
Detector position [27.851,0.000,-2.502] . Siicon l0.2019 0.1538 b,
Patartar Hhisdlmare N a5 e o Tn aaas A Amea
O Fig. 17.41 Simulation results: X-ray spectrum
O Fig. 17.42 Simulation results:
configuration record Simulation Configuration
Simulation mode Monte Carlo model of a bulk sample
Anorthite
Elemem Mass Mass Fraction Atomic
Fraction | (normalized) Fraction
Material () 0.4601 0.4601 0.6154
Al 0.1940 0.1940 0.1538
Si 0.2019 0.2019 0.1538
Ca 0.1441 0.1441 0.0769
Sample rotation 0.0°
Sample tilt 0.0°
Beam energy 15.0 keV
Probe dose 60.0 nA’s
Instrument MIRA-3
Detector SDD (Medium, 4096)
Calibration FWHM[Mn Koi]=130.8 eV - 2014-02-18 00:00
Overscan False
Vacuum conditions High vacuum
Replicas (with poisson noise) 1
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O Fig. 17.43 Simulation results:

table of X-ray intensities from Simulation Results

various sources

Result 1

Noisy[MC simulation of bulk Anorthite] #1

Trajectory view

VRML World View File

Characteristic

Characteristic Fluorescence

Transition

Generated
1/msR

Emitted
1/msR

Ratio
(%)

OAIl

91,816,279.1

20,029,188.1

21.8%

Al Ko,

28,067,811.9

20,031,447.5

71.4%

AIKB

114,057.1

84,361.9

74.0%

Si Kou

26,960,986.6

18,249,064.9

67.7%

SiKB

459,584.6

325,666.6

70.9%

Ca Ko

8,067,774.1

7,482,648.8

92.7%

CaKp

859,214.2

809,593.5

94.2%

Transition

Generated
1/msR

Emitted Ratio
1/msR (%)

OAIl

103,834.0

13,858.1 13.3%

Al Koo

378,534.1

191,421.7 50.6%

Si Kou

94,400.7

24,117.3 25.5%

SiKB

1,069.9

298.3 27.9%

Bremsstrahulung Fluorescence

Transition

Generated
1/msR

Emitted Ratio
1/msR (%)

OAIl

52,8304

8,065.4 15.3%

Al Kot

108,362.6

44,802.6 41.3%

Si Kat

137,984.3

47,597.8 34.5%

SiKB

1,563.9

584.1 37.3%

Ca Ko

190,086.6

93,453.6 49.2%

CaKp

20,244.1

11,052.8 54.6%

Comparing Characteristic to
Characteristic Fluorescence

Transition

(ratio)

Generated

Emitted
(ratio)

O All 0.0011

0.0007

Al Koo 0.0135

0.0096

AIKB 0.0000

0.0000

Si Kot 0.0035

0.0013

SiKB 0.0023

0.0009

Ca Ko 0.0000

0.0000

Cakp 0.0000

0.0000

Comparing Characteristic to
Bremsstrahulung Fluorescence

Transition

(ratio)

Generated

Emitted
(ratio)

OAll 0.0006

0.00004

Al Ko 0.0039

0.00022

Al KB 0.0000

0.00000

Si Kou 0.0051

0.00026

Si KB 0.0034

0.00018

Ca Ko 0.0236

0.0125

Cakp 0.0236

0.0137
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5.14 pm X 5.14 uym

Emission

Al K-M3 Al K-M3
5.14 pm X 5.14 um

Emission

CaK-M3 OK-L3

Emission

Si K-M3 Trajectories

O Fig. 17.44 Simulation results: X-ray emission images and trajectories
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Emission
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Emission
SiK-L3
411 pm X 4.11 pm
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O Fig. 17.45 Output table
listing depth and volumes from
which 50 % or 90 % of the

Fractional Emission Depths and Volumes

measured X-rays are emitted lonization| lonization [ F(50%) | F(90%) | F(99.9%) | F(50%) | F(90%) | F(99.9 %)

Edge Energy Depth Depth Depth Volume | Volume | Volume
(keV) (m) (m) (m) @m)?® | wm? | um)

oK 0.532 0.321 0.835 1.740 0.254 4.007 11.420
AlK 1.560 1.597 1.336 1.997 0.686 5.507 12.098
SiK 1.838 0.584 1.233 1.997 0.585 5.219 11.937
SiL1 0.148 0.064 0.193 0.347 0.017 0.618 2.220
CaK 4.038 0.584 1.226 1.869 0.398 3.948 10.522
Cali 0.438 0.205 0.584 1.361 0.102 2.728 9.370
Cal2 0.350 0.193 0.565 1.233 0.051 2313 8.421
Cal3 0.346 0.193 0.482 1.226 0.042 2.254 8.260

O Fig. 17.46 (upper) Simulated | ¥

trajectories for high-vacuum con- Il ‘f 44 ym X 44 pm

ditions. All the electrons strike :".' V)

the inclusion. (lower) Trajectories -_;",_,'-’

simulated for variable pressure ‘ﬁ

mode with 1-mm gas path

length through water vapor at

133 Pa. The green trajectories are

the incident and backscattered

electrons

|
44 ym X 44 um
|
N ) ¥/ *

17.2.4 Optional Tables

The “Fractional Emission Depths and Volumes” Table
(8 Fig. 17.45)

When simulating a bulk sample, an additional report
table shows the depth and the volumes from which 50 % or
90 % of the measured X-rays are emitted. The depth and vol-
ume are largely determined by the ionization edge energy
and X-ray absorption. Low ionization edge energies emit
from larger volumes but lower energy X-rays also tend to be
more strongly absorbed.

The “VP Scatter Data” Table

In variable pressure mode, the gas in the chamber can scatter
the incident electrons before they strike the sample. Despite
the fact that these scatters tend to be small angle events, the
path length is relatively long and electrons can scatter hun-
dreds of microns to millimeters. The consequence can be
demonstrated by simulating a moderate sized inclusion,
shown in @ Fig. 17.46. In simulated high-vacuum mode, the
excitation volume remains entirely within the inclusion. In
simulated variable-pressure mode, the electrons can scatter
out of the beam, entirely missing the inclusion and striking
the surrounding matrix.

One way to understand the scatter is to consider a series of
concentric rings on the surface of the sample centered at the
beam axis. The “VP Scatter Data” table (B Fig. 17.47), sum-
marizes the number and number fraction of the incident elec-
trons which intersect the various rings. In this simulation,
87 % of the initial electrons are undeflected. However, at least
one electron (0.1 %) is scattered further than 700 pm and 1.2 %
are scattered more than 50 pm. This qualitative information is
useful because it gives us a sense of how significant beam scat-
ter will be in variable pressure mode. It gives a sense of whether
true quantitative analysis is possible and how much of an error
will be introduced by the beam scatter. The consequences are
evident in the spectrum from an inclusion of admiralty brass
in an aluminum. The aluminum is present in significant quan-
tities in the variable pressure mode acquisition.

B Figure 17.48 shows EDS spectra calculated for a brass
inclusion in an aluminum matrix under VPSEM (red) and
conventional vacuum (blue) operation. The large peak for Al
under VPSEM conditions reveals the extent of gas scattering
outside the focused beam. Interestingly, the Al is not zero in
the “high-vacuum” spectrum because of continuum gener-
ated secondary fluorescence. Increasing the size of the inclu-
sion does not eliminate the slight Al peak but turning off the
simulation of continuum fluorescence does.
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O Fig. 17.47 Distribution of

263

gas-scattered electrons into a VP Scatter Data

series of concentric rings Electron trajectory count = 1000
Ring :?n:er Radius ﬁ);ter Radius EL:% 83| Electron Count | Electron Fraction| Cumulative
Undeflected| - - - 869 0.869 =
1 0.0 2.5 19.6 921 0.921 92.1%
2 2.5 5.0 58.9 15 0.015 93.6%
3 5.0 7.5 98.2 8 0.008 94.4%
4 7.5 10.0 137.4 8 0.008 95.2%
5 10.0 12.5 176.7 8 0.008 96.0%
6 125 15.0 216.0 7 0.007 96.7%
7 15.0 17.5 2553 4 0.004 97.1%
8 17.5 20.0 294.5 2 0.002 97.3%
9 20.0 225 333.8 3 0.003 97.6%
10 225 25.0 373.1 3 0.003 97.9%
11 25.0 27.5 4123 2 0.002 98.1%
12 27.5 30.0 451.6 2 0.002 98.3%
13 30.0 325 490.9 0 0.000 98.3%
14 325 35.0 530.1 0 0.000 98.3%
15 35.0 375 569.4 1 0.001 98.4%
16 37.5 40.0 608.7 1 0.001 98.5%
17 40.0 42.5 648.0 1 0.001 98.6%
18 42.5 45.0 687.2 0 0.000 98.6%
19 45.0 47.5 726.5 1 0.001 98.7%
20 47.5 50.0 765.8 1 0.001 98.8%
21 50.0 100.0 23561.9 8 0.008 99.6%
22 100.0 150.0 39269.9 0 0.000 99.6%
23 150.0 2000.0 54977.9 1 0.001 99.7%
24 200.0 250.0 70685.8 0 0.000 99.7%
25 250.0 300.0 86393.8 1 0.001 99.8%
26 300.0 350.0 102101.8| O 0.000 99.8%
27 350.0 400.0 117809.7 | 1 0.001 99.9%
28 400.0 450.0 133517.7( O 0.000 99.9%
29 450.0 500.0 149225.7 | 0 0.000 99.9%
30 500.0 550.0 1649336 0 0.000 99.9%
31 550.0 600.0 1806416 0 0.000 99.9%
32 600.0 650.0 196349.5| 0 0.000 99.9%
33 650.0 700.0 212057.5| 0 0.000 99.9%
34 700.0 750.0 2277655 | 1 0.001 100.0%
35 750.0 800.0 2434734| 0 0.000 100.0%
36 800.0 850.0 2591814 | 0 0.000 100.0%
37 850.0 900.0 2748894 | 0 0.000 100.0%
38 900.0 950.0 290597.3| 0 0.000 100.0%
39 950.0 1000.0 3063053 | 0 0.000 100.0%
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}!\1 Ml Brass inclusion in Al - VP mode
b .Brass inclusion in Al - high-vac mode
| o)
i
w N
5@ s
5 b N
7 o2 2
0 2 4 6 8 10 12 14

Energy (keV)

O Fig. 17.48 Comparison of spectra calculated for a brass inclusion in aluminum: VPSEM (red) and conventional vacuum (blue) operation. 1-mm

gas path length through water vapor at 133 Pa

References

Pouchou J-L, Pichoir P (1991) “Quantitative analysis of homogeneous or
stratified microvolumes applying the model PAP” In: Heinrich K,
Newbury D (eds) Electron Probe Quantitation. New York: Plenum,
p163

Ritchie N (2009) Spectrum simulation in DTSA-Il. Microsc Microanal
15:454

Ritchie N (2010) Using DTSA-II to simulate and interpret energy disper-
sive spectra from particles. Microsc Microanal 16:248

Ritchie N (2011a) “Getting Started with NIST DTSA-II" In: Lyman C (ed)
Microscopy Today. Cambridge Univ. Press. 19(1):26

Ritchie N (2011b) “Manipulating Spectra with DTSA-II" In: Lyman C (ed)
Microscopy Today. Cambridge Univ. Press. 19(3):34

Ritchie N (2011c) “Standards-Based Quantification in DTSA-Il - Part 1"
In: Lyman C (ed) Microscopy Today. Cambridge Univ. Press. 19(5):30

Ritchie N (2012) “Standards-Based Quantification in DTSA-Il — Part I1”
In: Lyman C (ed) Microscopy Today. Cambridge Univ. Press. 20(1):14

Ritchie N (2017a) “DTSA-II, a multiplatform software package for quantita-
tive x-ray microanalysis” Available free at the National Institute of
Standards and Technology website (search “DTSA-II"): » http://www.
cstl.nist.gov/div837/837.02/epqg/dtsa2/index.html

Ritchie N (2017b) “Efficient simulation of secondary fluorescence Via
NIST DTSA-Il Monte Carlo” Microsc Microanal 23:618


http://www.cstl.nist.gov/div837/837.02/epq/dtsa2/index.html
http://www.cstl.nist.gov/div837/837.02/epq/dtsa2/index.html

	17: DTSA-II EDS Software
	17.1	 Getting Started With NIST DTSA-II
	17.1.1	 Motivation
	17.1.2	 Platform
	17.1.3	 Overview
	17.1.4	 Design
	17.1.5	 The Three -Leg Stool: Simulation, Quantification and Experiment Design
	Simulation
	Quantification
	Experiment Design

	17.1.6	 Introduction to Fundamental Concepts
	Modeled Detectors (. Fig. 17.1)
	Window Type (. Fig. 17.2)
	The Optimal Working Distance (. Figs. 17.3 and 17.4)
	Elevation Angle
	Sample-to-Detector Distance
	Detector Area
	Crystal Thickness
	Number of Channels, Energy Scale, and Zero Offset
	Resolution at Mn Kα (Approximate)
	Azimuthal Angle
	Gold Layer, Aluminum Layer, Nickel Layer
	Dead Layer
	Zero Strobe Discriminator (. Figs. 17.7 and 17.8)
	Material Editor Dialog (. Figs. 17.9, 17.10, 17.11, 17.12, 17.13, and 17.14)



	17.2	 Simulation in DTSA-II
	17.2.1	 Introduction
	17.2.2	 Monte Carlo Simulation
	17.2.3	 Using the GUI To Perform a Simulation
	17.2.4	 Optional Tables
	The “VP Scatter Data” Table


	References


