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1. Introduction

Theoretical description of electron transport in solids is important in radiation physics, electron
lithography, electron-probe microanalysis, analytical electron microscopy, and surface analysis by
Auger electron spectroscopy (AES) and X-ray photoelectron spectroscopy (XPS). In these and
other applications, the trajectories of electrons in a solid are generally modified by single and
multiple elastic-scattering events. An evaluation of the effects of elastic scattering on the process
of interest requires knowledge of the cross sections for electron elastic scattering by the constituent
atoms of the particular solid. Although calculated and measured electron elastic-scattering cross
sections are available in the literature for selected elements and a limited number of electron
energies, this information is incomplete and insufficient for general use.

NIST released Version 1.0 of the Elastic-Electron-Scattering Cross-Section Database (SRD 64) in
1996. This version provided differential and total elastic-scattering cross sections for elements
with atomic numbers from 1 to 96 and for electron energies between 50 eV and 9999 eV in steps
of 1 eV. These cross sections were calculated using the Thomas-Fermi-Dirac potential to describe
the interaction between an electron and an atom, and using both relativistic and non-relativistic
models. This version was designed for analyses of the transport of signal electrons in AES and
XPS although it could, of course, be used for other applications.

Version 2.0 of the database was released in 2000. In this version, the upper electron-energy limit
was extended to 20 keV, and phase shifts and transport cross sections were also provided. The
elastic-scattering cross sections, phase shifts, and transport cross sections, however, were obtained
only with a relativistic model because this was believed to be more reliable than the non-relativistic
model.

Version 3.0 of the database was released in 2002, and contained two major changes. First, the
differential elastic-scattering cross sections, total elastic-scattering cross sections, phase shifts, and
transport cross sections were calculated from a relativistic Dirac partial-wave analysis in which
the potentials were obtained from Dirac-Hartree-Fock electron densities computed self-
consistently for free atoms. This potential is believed to be more reliable than the Thomas-Fermi-
Dirac potential used previously [1]. Differences in elastic-scattering cross sections and transport
cross sections resulting from this change of potential were described in a review article [1].

In addition, it is possible in Version 3.0 to create and/or print files illustrating variation of
differential elastic-scattering cross sections versus scattering angle for one or more elements or for
one or more energies. Some of the database screens were redesigned as a result of the increase in
the upper electron-energy limit to 300 keV.

Version 3.1 of the database, issued in August, 2003, contains two corrections to Version 3.0. First,
a numerical mistake was found in the calculation of differential cross sections for a small number
of elements and energies (e.g., F at 300 eV). Second, the routine used for interpolations between
differential cross sections at certain scattering angles was found to be inadequate in the vicinity of
deep minima in the differential cross sections (e.g., Cu at 319 eV). The libraries of cross-section
data and the software have been revised to correct these problems.



NIST NSRDS 64-2023
December 2023

Version 3.2 of the database was issued in December, 2010. The installation program for Version
3.2 was changed so that it would operate on newer versions of the Windows operating system.
There were no changes or additions to the data in the database although a new About box was
added to the main menu. This box shows two references, a 2004 critical review [1] and a 2005
review [2], that discuss evaluations of the compiled data, methods of determination, and
uncertainty.

Version 3.2 of the Electron Elastic-Scattering Cross-Section Database had the following
capabilities:
« Graphical display of differential elastic-scattering cross sections in different coordinate
systems
o Graphical display of the dependence of transport cross sections on electron energy
o Display of numerical values of differential elastic-scattering cross sections, total elastic-
scattering cross sections, and transport cross sections
o Creation of files containing differential elastic-scattering cross sections for specified
elements, energies and coordinates
o Creation of files containing plots of differential elastic-scattering cross sections versus
scattering angle for one or more elements or for one or more electron energies
o Creation of files containing phase shifts for specified elements and for energies up to
20,000 eV
« Creation of files containing transport cross sections for specified elements and energies
« Creation of random number generators providing the polar scattering angles to be used in
Monte Carlo simulations of electron transport in solids; and
e Runs of the random number generators

Version 4.0 of the database was released in August, 2016. The database has been redesigned to
operate in a user’s browser rather than as an installed database on a personal computer with the
Windows operating system. All screens have been redesigned. The database now provides
differential elastic-scattering cross section and transport cross sections, as in previous versions.
Graphical displays of these cross sections are available as before. Three types of data files can be
downloaded:

e Javascript object notation (JSON) files
e Comma separated variable (CSV) files that can be opened by spreadsheet software
e Text files that can be easily read by user programs.

Phase Shifts are not provided in Version 4.0 of the database.

Version 5.0 of the database was released in December 2023. Most screens were redesigned. An
option was added to provide samplers of polar elastic-scattering angles that can be used in Monte
Carlo simulations of electron transport in solids (as was possible in Version 3.2 and earlier
versions). However, a more accurate numerical method has been implemented in Version 5.0, as
described in Appendix A. The new sampler is designed to generate scattering angles for electron
energies between 50 eV and 20 keV.
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The differential elastic-scattering cross sections (DCSs) were calculated using the relativistic Dirac
partial-wave method, as described by Walker [3]. The scattering potential was obtained from the
self-consistent Dirac-Hartree-Fock electron density for free atoms [4] with the local exchange
potential of Furness and McCarthy [5]. The numerical calculations were performed with the
algorithm described by Salvat and Mayol [6]. Transport cross sections were calculated from the
DCSs as described by Jablonski et al. [1].

Cross sections are expressed in units of the square of the Bohr radius, ao, which is 0.52917721 x
1019 m.
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2. Operation of the Database

Version 5.0 of the database has been designed to make operation of the database as easy and
intuitive as possible. Help information is available on many of the screens.

Figure 1 shows the upper portion of the introductory screen. A user can click on one of the first
two main menu options in the left part of this screen, Elastic-Scattering Cross Sections or
Transport Cross Sections, to go directly to screens that will provide the desired data after
selection of an element from the Periodic Table, as described in Sections 2.1 or 2.2, respectively.
Alternatively, a user can choose to click on the third main menu option, Sampler of Elastic
Scattering Angles, to obtain samplers of polar elastic-scattering angles that can be used in Monta
Carlo simulations of electron transport in solids, as described in the Appendix. The More Options
choice will be described in Section 2.3.

NIST Electron Elastic-Scattering Cross-Section Database, SRD 64 Search Element Symbol Q

NIST Standard Reference Database (SRD) 64
BZ  Elastic-Scattering Cross Sections NIST Electron Elastic-Scattering Cross-Section Database

i= Transport Cross Sections A Version 5.0

d sigma/d omega (a0~2/sr)

Last Update to Data Content: 2002 theta (degrees)
DOI: http://dx.doi.org//10.18434/T4T88K

Single/Multiple TGS Values
Data Provided By Technical Contact
Table of TCS Values

Display TCS Values

Francesc Salvat, Universitat de Barcelona
Facultat de Fisica, Barcelona, Spain Dr. Cedric J. Powell
== Sampler of Elastic Scattering Aleksander Jablonski, Institute of Physical Chemistry National Institute of Standards and
Angles Polish Academy of Sciences, Warsaw, Poland Technology
and Building 217, Room A207
+= More Options ~ National Institute ;Z‘:Q:d\]a.rz(sw;i! Technology, USA 100 Bureau Drive, Stop 8370
Gaithersburg, MD 20899-8370
[0 Phone; (301) 975:2534
T About Software Developed By EEmail: cedric. powell@nist.gov
Angela Y. Lee, Aleksander Jablonski, and Francesc Salvat
@ Introduction
. Prof. F. Salvat
K Acknowledgment Introduction: Facultat de Fisica (ECM)
A Version History Theoretical description of electron transport in solids is important in radiation physics, Universitat de Barcelona
electron lithography. electron-probe microanalysis, analytical electron microscopy, and Diagonal 647
M Disclaimer surface analysis by Auger electron spectroscopy (AES) and X-ray photoelectron 08028 Barcelona, Spain
= spectroscopy (XPS). In these and other applications, the trajectories of electrons in a solid & Email: cesc@ecm.ub.es

Fig. 1. Upper portion of the introductory screen.
2.1 Elastic-Scattering Cross Sections

After clicking on Elastic-Scattering Cross Sections, the first main menu option on the
introductory screen, a Periodic Table of the elements will appear, as shown in Fig. 2. The user will
then click on the symbol of the desired element and the screen of Fig. 3 will appear. For the
example screen of Fig. 3, Au has been chosen together with an electron energy of 50 eV.
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NIST Electron Elastic-Scattering Cross-Section Database, SRD 64 Search Element Symbol o}

Elastic-Scattering Cross-Sections:

BS  Elastic-Scattering Cross Sections

# » Elastic-Scattering Cross-Sections

i= Transport Cross Sections ~
Instructions: Select an element
Display TCS Values 1 2 3 4 5 6 7 8 9 10 " 12 13 14 15 16 17 18
. IA- IIA 1B IVB VB VIB vie Vil 1B 1IB WA IVA VA VIA VIA VIIA
Single/Multiple TCS Values
1 2He
Table of TCS Values N
’Li | ‘Be B || °c | 'N || %0 | °F |"Ne
B5  Sampler of Elastic Scattering Angles "Na 12Mg BAL| '“si | P | s | ''CI||"SAr

19K [2°Ca|?Tsc| 22Ti || 22V | 24Cr | 2°Mn| 2°Fe [ 27Col| 22Ni | 2°Cu [*°Zn|F'Gal 2Ge || *3As || **Se | *°Br||*°Kr

37& 38& 39! 40zr MM 42Mo 43E 4Ru 45& 46ﬂ 47Ag 48@ 491 SOE 51Sh SZE 53! 54&

== More Options v

55§ 56& 57& 72& TBE AN 75& 76% 77|_r 78& 79& BOHg 81ﬂ B2ﬂ BSE B4b 85& 86&

87Fr BﬁRa BQAC|104 105 106 107 108 109 110 m

Lanthanides 58@ SQPr ESOM 61p_m 6ZS_m 63@ 4@ SSE GSDy- STH_O 68& 69T_m 70& 71g

6
Actinides  |%Th| 9/Pa| 92U [93Np 94P_u|‘95Am95Cm 97 |98 [oo [oo [101 102 |03

Fig. 2. Screen for selecting an element.

NIST Electron Elastic-Scattering Cross-Section Database, SRD 64 Search Element Symbol

4 Home
Select Initial Energy and Coordinates for Elastic-Scattering Cross Section:

BY  Elastic-Scattering Cross Sections

# » Elastic-Scattering Cross-Sections

= Transport Cross Sections ~
Display TCS Values
Single/Multiple TCS Values Element: Au Atomic Number: 79
Table of TCS Values Initial Energy: 50 Dlev Energy Unit: © oV O KeV

Coordinates: @do/dQ vs 8 Odo/dB vs 8 Odo/d sin(8/2) vs sin(6/2)

Q DISPLAY @ HELP

Remarks:

BT Sampler of Elastic Scattering Angles

<= More Options v

« Electron energy should range from 50 eV to 300 keV
« Above 20 keV, only do/dQ versus 6 can be selected

Fig. 3. Screen for selecting electron energy and coordinates.

A selection then needs to be made in the screen of Fig. 3 of the coordinates for display of the
differential elastic-scattering cross section. Three coordinate systems are available for electron
energies of 20 keV and below in which the differential elastic-scattering cross section is expressed
with respect to solid angle 2, polar scattering angle &, or sin(4/2):

(@) do/dQ versus @

(b) do/dé versus 6

(c) do/dsin(6/2) versus sin(€/2)
In the latter case, the cross section do /dsin(@/2) is related to the differential cross section for
electron momentum change do /dqg. The quantity q is defined by q :|K’-K\ where K and K'
are wave vectors before and after an elastic collision. We have:
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o _pkde
dsin(€/2) dg

where K = |K| . For electron energies of 20 001 eV and above, cross sections are available only
in do/dQ versus @ coordinates.

The elastic-scattering cross sections calculated by the database are expressed in units involving the
square of the Bohr radius ap (the radius of the first Bohr orbit of the hydrogen atom) where
a =5.291 772 1 x 10 m and a2= 2.800 285 2 x 10?' m?. The specific units for the cross

sections in the different coordinate systems are as follows:

(a) aj /steradian for the do/dQQ versus @ coordinate system;
(b) a /radian for the do/d@ versus & coordinate system; and
(c) aZ forthe dofdsin(@/2) versus sin(@/2) coordinate system.

These units are used in the screen displays and in the files created by the database.

ler ngﬁmusnmrm Loav NIST Electron Elastic-Scattering Cross-Section Database, SRD 64 Search Element Symbaol (o}

Status:

Home

Element: Au Atomic Number: 79

BY  Elastic-Scattering Cross Sections
Energy: 50eV Total Cross Section: 32.969 ag? Coordinates: do/dQ vs 8

(ag? = 2.8002852 x 1021 m?)

Transport Cross Sections ~

Display TCS Values

Single/Multiple TCS Values Change Coordinate:
M log(d sigmald omega) vs theta
Table of TCS Values @ log(DCS) vs B

ODCSvs 6

BS  Sampler of Elastic Scattering Angles (30, 8.071)

Change Electron Energy:
= More Options v ) ay
® Energy steps of 1 eV

O Energy steps of 10 eV
O Energy steps of 100 eV
O Energy steps of 1000 eV

log(d sigma/d omega) (a0*2/sr)

theta (degrees)

Press #/- button to change

the selected energy increment.

® VIEW DATA

Fig. 4(a). Screen showing the differential cross section for Au in do/dQ versus & coordinates at
50 eV on semi-logarithmic scales.

After selection of the electron energy and the coordinate system on the screen of Fig. 3, the user
will click Display and the screen of Fig. 4(a) will appear. For this example, the DCS for Au in the
do/dQ versus € coordinate system is shown for an energy of 50 eV.

For cross sections in do /dQ versus @ coordinates and for electron energies of 20 keV and below,
the differential cross sections can be displayed on logarithmic or linear scales versus polar
scattering angle on a linear scale. For Fig. 4(a), the DCS is displayed on a semi-logarithmic scale
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while the DCS on a linear scale is shown in Fig. 4(b). If the cursor is placed near the plotted curve,
values of the DCS will be given for a particular value of 6, as shown in Figs. 4(a) and 4(b).

NIST Electron Elastic-Scattering Cross-Section Database, SRD 64 Search Element Symbol @}

Status:

Element: Au Atomic Number: 79

BS  Elastic-Scattering Cross Sections

Energy: 50 eV Total Cross Section: 32.969 ag? Coordinates: do/dQ vs 6
(ag? = 2.8002852 x 102" m?)

Transport Cross Sections ~

Display TGS Values

Single/Multiple TCS Values . Change Coordinate:
M d sigma/d omega vs theta

Table of TCS Values O log(DCS) vs 6
®DCsvs @

m Change Electron Energy:

® Energy steps of 1 eV

O Energy steps of 10 eV

O Energy steps of 100 eV
O Energy steps of 1000 eV

theta (degrees)

BS  Sampler of Elastic Scattering Angles

<= More Options v

d sigma/d omega (a0*2/sr)

Press +/- button to change

the selected energy increment.

@ VIEW DATA

Fig. 4(b). Screen showing the differential cross section for Au in do/dQ) versus @ coordinates at
50 eV on linear scales.

The initially selected energy can be changed by clicking the + energy or - energy buttons; these
changes will occur in steps of 1 eV, 10 eV, 100 eV, or 1000 eV (within the range 50 eV to 20
keV). The total cross section for the selected energy is given above the plot.

For electron energies of 20 001 eV and above, the differential cross sections can be displayed only
in do/dQ versus € coordinates. Displays can be shown on logarithmic scales, as shown in Fig.
5(a), or on semi-logarithmic scales, as shown in Fig. 5(b). For these examples, the DCS for Au is
shown for an energy of 50 keV. The initially selected energy can be varied in steps of 10 eV, 100
eV, 1 keV, or 10 keV.



NIST NSRDS 64-2023
December 2023

* NATIONAL INSTITUTE OF
STANDARDS AND TECHNOLOGY
U5 DEPARTMENT OF COMMERGE

Elastic-Scattering Cross Sections
Transport Cross Sections ~

Display TCS Values
Single/Multiple TCS Values

Table of TCS Values
Sampler of Elastic Scattering Angles

More Options v

NIST Electron Elastic-Scattering Cross-Section Database, SRD 64

Element: Au

Energy: 50000 eV

Atomic Number: 79

Total Cross Section: 1.132 ay?

(a? = 2.8002852 x 1021 m2)

Search Element Symbol @}

Coordinates: do/dQ vs 8

W log(d sigma/d omega) vs log(theta)

@
8 25
s
3 .
: 9
3
g 05
g 0
g ne&
g 0.0
s
5 5
®
I
=
S

©® VIEW DATA

0.001 0.01 0.1

log(theta) (degrees)

100

Change Coordinate:

@ log(DCS) vs log(0)
O log(DCS) vs &

Change Electron Energy:

@® Energy steps of 10 eV
O Energy steps of 100 eV
© Energy steps of 1 keV
O Energy steps of 10 keV
Press +/- button to change

the selected energy increment.

Fig. 5(a). Screen showing the differential cross section for Au in do/dQ versus & coordinates at
50 keV on logarithmic scales.

IATIONAL INSTITUTE OF
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3

Elastic-Scattering Cross Sections

Transport Cross Sections ~

Display TCS Values
Single/Multiple TCS Values

Table of TCS Values

Sampler of Elastic Scattering Angles

More Options v

Element: Au

Energy: 50000 eV

Scattering Cross-Sect

Atomic Number: 79

Total Cross Section: 1.132 a2

(ag? = 2.8002852 x 1021 m?)

Search Element Symbol i@}

Coordinates: do/dQ vs 6

log(d sigma/d omega) (a0"2/sr)

® VIEW DA’

W log(d sigma/d omega) vs theta

theta (degrees)

Change Coordinate:

O log(DCS) vs log(8)
@log(DCS) vs 8

Change Electron Energy:

@® Energy steps of 10 eV
O Energy steps of 100 eV
O Energy steps of 1 keV
O Energy steps of 10 keV

Press +/- button to change

the selected energy increment.

Fig. 5(b). Screen showing the differential cross section for Au in dofdQ versus 6 coordinates at
50 keV on semi-logarithmic scales.
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ler [ ;}’1&%}%’3?;{%‘5%3@?« NIST Electron Elastic-Scattering Cross-Section Database, SRD 64 Search Element Symbol  [k@}

Status:

A Home

Element: Au Atomic Number: 79

BY  Elastic-Scattering Cross Sections
Energy: 50eV Total Cross Section: 32.969 ag? Coordinates: do/d6 vs 8
(ag? = 2.8002852 x 102! m2)

Transport Cross Sections ~

Display TCS Values

Change Electron Energy:

Single/Multiple TCS Values

M d sigma/d theta vs theta ® Energy steps of 1 eV
O Energy steps of 10 eV
© Energy steps of 100 eV

22 O Energy steps of 1000 eV

Table of TCS Values

BE  Sampler of Elastic Scattering Angles

—+= More Options v Press +/- button to change

the selected energy increment.

d sigmard theta (a0"2/rad)

theta (degrees)

©®© VIEW DATA

Fig. 6. Screen showing the differential cross section for Auin do/dé versus @ coordinates at
50 eV on linear scales.

NIST Electron Elastic-Scattering Cross-Section Database, SRD 64 Search Element Symbol Q

A Home
BY  Elastic-Scattering Cross Sections Element: Au Atomic Number: 79
Energy: 50eV Total Cross Section: 32.969 aj? Coordinates: do/d sin(8/2) vs sin(6/2)
= Transport Cross Sections ~
(ag? = 2.8002852 x 102" m?)

Display TCS Values

Single/Multiple TCS Values EranuciElEionER=IuYE

Table of TCS Values Wdsgradsinlinslai2iisiinihetal2) ® Energy steps of 1 eV

O Energy steps of 10 eV
O Energy steps of 100 eV
60 O Energy steps of 1000 eV

BT Sampler of Elastic Scattering Angles

<= More Options v
Press +/- button to change

the selected energy increment.

d sigma/d sin(theta/2) (a0*2)

sin(theta/2)

Fig. 7. Screen showing the differential cross section for Au in do/dsin(8/2) versus sin(8/2)
coordinates at 50 eV on linear scales.

Figures 6 and 7 show example plots of the DCS for Au at 50 eV in the do/dé@ versus 8 and
do/dsin(@/2) versus sin(@/2) coordinate systems, respectively.

If the View Data button is clicked (e.g., at the bottom of the example screens in Figs. 4 to 7), a
Table will appear of the numerical data used in the preparation of the particular plot. The user can
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choose to download the data in one of the three available formats (text or CSV files) by clicking
on the corresponding Text Data File or CSV Data File buttons.

2.2 Transport Cross Sections

The definition of the transport cross section is given in Section 3. If the Transport Cross Sections
option of the main menu (Fig. 1) is chosen, a submenu of three choices appears:

(a) Display TCS (transport cross-section) values
(b) Single/multiple TCS (transport cross-section) values
(c) Table of TCS (transport cross-section) values

For each option, a screen with the Periodic Table appears (similar to Fig. 2) and the user selects
an element of interest. The following screens for options (a), (b), and (c) enable TCS data for the
selected element to be displayed graphically as a function of energy, allow TCS data for user-
specified energies to be displayed, and enable TCS data to be displayed at regularly spaced electron
energies, respectively. Files containing TCS values can be downloaded for all three options. The

TCS values are shown in units of aZ.

For option (a), a user will first select an initial energy (between 50 eV and 300 keV), as shown in
Fig. 8. In this example, Au had been previously chosen and an initial energy of 1000 eV has been
selected.

ler T:S‘#\:E%%L?‘ESE‘%%%@ NIST Electron Elastic-Scattering Cross-Section Database, SRD 64 Search Element Symbol Q

M Home
Select Initial Energy for Transport Cross Sections(TCS):
BS Elastic-Scattering Cross Sections
# » Transport Cross Sections » Display TCS Values
= Transport Cross Sections A~
Select Initial Energy and Coordinates:
Display TCS Values
Single/Multiple TCS Values Element: Au Atomic Number: 79
Table of TCS Values Initial Energy: ’ 1000 : eV Energy Unit: @ eV O KeV
== Sampler of Elastic Scattering Angles
Remarks:
== More Options v « Electron energy should range from 50 eV to 300 keV

Fig. 8. Screen for selecting initial electron energy.

TCS values are displayed as a function of electron energy in either of two energy ranges, 50 eV to
20 keV or 1 keV to 300 keV, depending on the user's choice of an initial energy. Example screens
are shown in Figs. 9(a) and 9(b) for Au with initial energies of 1000 eV and 50 keV, respectively.
A value of the transport cross section for the chosen initial energy is then displayed above the plot.
The selected initial energy can be changed by clicking on the + energy or - energy buttons; these
changes will occur in steps of 1 eV, 10 eV, 100 eV, or 1000 eV depending on the choice of button
selected. The energy dependence of the cross section can be displayed on linear, semi-logarithmic,
or logarithmic scales; these scales are chosen with the buttons in the upper-right part of the screen.

10
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lerT !’r‘}ﬁ%‘%‘%ﬁ{'ﬁﬁiﬁq? NIST Electron Elastic-Scattering Cross-Section Database, SRD 64 Search Element Symbol K@}

A Home
Calculated Results:

B3 Elastic-Scattering Cross Secti
=m [EasicSeatiening Lross Secians Energy: 1000 (V) Transport Cross Section: 2.477 a2 (ag? = 28002852 x 102 m?)
:= Transport Cross Sections ~
W Log(TCS) vs Log(E) Change Coordinates:
Display TCS Values

® |og(TCS) vs log(E)
OTCS vs log(E)
Olog(TCS) vs E

Single/Multiple TCS Values

Log(TCS) (a0*2)

Table of TCS Values OTCS vs E
BS  Sampler of Elastic Scattering Angles Change Electron Energy:
= More Options v . “1 . 07 47 s ® Energy steps of 1 eV
O Energy steps of 10 eV
Log(Energy) (eV) O Energy steps of 100 eV

O Energy steps of 1000 eV

=]
Press +/- button to change

energy in increment

Fig. 9(a). Screen showing the energy dependence of the transport cross section for Au in the
energy range from 50 eV to 20 keV.

If the cursor is moved into the area of a graphical display, a box will appear that displays the X,Y
values at a selected point.

If the View Data button is clicked (e.g., at the bottom of the example screens in Figs. 9(a) and
9(b)), a Table will appear of the numerical data used in the preparation of the particular plot. The
user can choose to download the data in one of the two available formats (text or CSV files) by
clicking on the corresponding Text Data File or CSV Data File buttons.

11
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ler[gg?%%?gzgg%g%kﬁv NIST Electron Elastic-Scattering Cross-Section Database, SRD 64 Search Element Symbol @Y

A Home
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—— .
=n  Elastic-Scattering Cross Sections Energy: 50000 (¢V) Transport Cross Section: 1.488304E-2 ag?  (ao? = 2.8002852 x 102 m?)

Transport Cross Sections ~
W Log(TCS) vs Log(E)

Change Coordinates:
Display TCS Values .
@© |og(TCS) vs lag(E)

Single/Multiple TCS Values O log(TCS) vs E

Table of TCS Values
Change Electron Energy:

Log(TCS) (a0"2)

BS  Sampler of Elastic Scattering Angles @® Energy steps of 1 eV

O Energy steps of 10 eV
O Energy steps of 100 eV
O Energy steps of 1000 eV

[+1[=]

Press +/- button to change

2= More Options v

Log(Energy) (eV)

energy in increment

© VIEW DATA

Fig. 9(b). Screen showing the energy dependence of the transport cross section for Au in the
energy range from 1 keV to 300 keV.

For option (b), the user can display transport cross sections for one or more electron energies and
create files with these values using the screen shown in Fig. 10 (after selection of Au for this
example). The user enters the energy value of interest (between 50 eV and 300 keV) in a box. On
clicking the Add button, the transport cross section for this energy is calculated and displayed in
the box in the central part of the screen. Additional energies can be entered in the same way and
the corresponding transport cross sections will be displayed in the central box. The user can then
choose to download the TCS data in one of the two available file formats.

With option (c), the user can display a Table of transport cross sections at regularly spaced electron
energies. The screen of Fig. 11 appears (after selection of Au for this example) and the user enters
the number of transport-cross-section values desired (with a maximum of 401 values) and the
minimum and maximum energies. The user also chooses whether the electron energies should be
distributed linearly or logarithmically in the specified energy range by selecting one of the buttons.
After clicking the Create button, the Table of cross section values is calculated and displayed as
shown in Fig. 12. As for options (a) and (b), a user can choose to download the data in one of the
two available formats (text or CSV files) by clicking on the corresponding Text Data File or CSV
Data File buttons.
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L
NISI-[ S;\xﬁ""ﬁ\?‘ﬂ%{‘;‘%ﬁ;ﬁlOf' NIST Electron Elastic-Scattering Cross-Section Database, SRD 64 Search Element Symbol

A Home
- . . Instructions: Enter an energy and press the Add button to add an energy in its calculated Transport Cross Section (TCS)
B3  Elastic-Scattering Cross Sections
Element: Au Atomic Number: 79
= Transport Cross Sections ~ Energy: 10000 o
Display TCS Values
Single/Multiple TCS Values Remarks:

« Electron energy should range from 50 eV to 300 keV

Table of TGS Values « ag? = 2.8002852 x 102! m2

B3  Sampler of Elastic Scattering Angles

Single/Multiple Transport Cross Section Values:

energy and its calculated Transport

No. Energy (eV) TCS (ag?) Action Cross Section (TCS) in the following
0 =0 Leos ﬂ . t;rbe‘; the Delete button to remove a
5 100 7008 ﬂ selected row of data
3 1000 2477 0
4 10000 1.624083E-1 ﬂ

Fig. 10. Transport cross sections calculated for Au at selected energies.

4,
NISI-[ gﬂﬁl%g%ﬁq“g&;mc'fv NIST Electron Elastic-Scattering Cross-Section Database, SRD 64 Search Element Symbol Q

A Home

Table of Transport Cross Section Values:

BS Elastic-Scattering Cross Sections

# » Transport Cross Sections » Table of TCS Values

= Transport Gross Sections ~
Create Table of Transport Cross Section Values:
Display TCS Values
Single/Multiple TCS Values Element: Au Atomic Number: 79

Table of TGS Values Distribution of TCS Values @ Linear Distribution; O Logarithmic Distribution

~

Number of TCS Values (Max. 401): 401

=
=m  Sampler of Elastic Scaftering Angles Minimum Energy (eV): = 50 Maximum Energy (eV): = 300000

2= More Options v
+ CREATE

Remark:
- ag? = 2.8002852 x 102" m?

Fig. 11. Screen for creating a Table of transport cross section values.
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4=

Elastic-Scattering Cross Sections

Transport Cross Sections ~

Display TCS Values
single/Multiple TCS Values

Table of TCS Values

Sampler of Elastic Scattering Angles

More Options ~v

Fig. 12. Screen shongr art of a Table of.transpdrt rosg sections for Au at the indicated

NIST Electron Elastic-Scattering Cross-Section Database, SRD 64

Search Element Symbol

LIedle 1api€ OT ITansport LIoSs SECUOoN values:

Element: Au Atomic Number: 79

Distribution of TCS Values @ Linear Distribution; O Logarithmic Distribution

~

Number of TCS Values (Max. 401): 401

v

Minimum Energy (eV): 50 300000

4+ CREATE

Remark:
« ag? = 2.8002852 x 102! m?

Single/Multiple Transport Cross Section Values:

Maximum Energy (eV):

Instructions: Press the button ﬂ to remove a selected row of data
No. Energy (eV) TCS (ap?) Action
1 50 17.016 & |
2 799.88 2.892 s |
3 1549.75 1679 ﬂ

energies.

2.3 Sampler of Elastic Scattering Angles

As in Version 3.2 of SRD 64 and earlier versions, the current version provides the Fortran code of
the sampler of elastic-scattering angles and the numerical data needed for its use. After clicking
on Sampler of Elastic Scattering Angles, a Periodic Table of the elements will appear, as shown
in Fig. 2. Both the Fortran code and the numerical data for the selected element (in this case
calcium) can be downloaded from the screen shown in Fig. 13.

4=

T

b NATIONAL INSTITUTE OF

Home

Elastic-Scattering Cross Sections

Transport Cross Sections ~

Display TCS Values
Single/Multiple TCS Values

Table of TCS Values

Sampler of Elastic Scattering
Angles

More Options A~

About

Introduction

NIST Electron Elastic-Scattering Cross-Section Database, SRD 64 Search Element Symbol

Download Monte Carlo Sampler File for Selected Element:
# » Sampler of Elastic Scattering Angles

Element: Ca Atomic Number: 20

Download of Sampler File of Elastic-Scattering Angles and Fortran Codes:

Fortran Codes:

The downloaded programs are designated TEST_GENER.F or TEST_GENER.F90. These programs can be used to calculate frequency
histograms of elastic-scattering angles for the selected element and electron energy. The Users Guide for SRD 64 provides information on the
use of the sampler files.

Fig. 13. Screen with options for selecting files for the sampler. This exemplary screen refers to the
previously selected element with atomic number Z = 20 (calcium).
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2.4 Search

The Search box at the top of the Home page (Fig. 1) enables a user to find all data for a selected
element. Figure 14 shows the data sets available if the element symbol for gold (Au) was entered
in the Search box.

NATIONAL INSTITUTE OF - - -
N lsr Tﬁ?&ﬁﬁﬁ?ﬁéﬁ”ﬁ%’mﬁ%@' NIST Electron Elastic-Scattering Cross-Section Database, SRD 64

A Home
Search Results:
BS Elastic-Scattering Cross Sections
# » Q_ Search
= Transport Cross Sections A
The following options are available for element Au:
Differential and Total Elastic-Scattering Cross Section
Single/Multiple TCS Values Transport Cross Section (TCS):

Table of TCS Values + Display TCS Values
« Single/Multiple TCS Values
» Table of TCS Values

Display TCS Values

== Sampler of Elastic Scattering Angles
Sampler of Elastic Scattering Angles

== More Options v

Fig. 14. Screen showing the results of a search for available data for gold (Au).
2.5 More Options

The More Options button on the introductory screen (Fig. 1) allows the user to access the
following information:

e About (with basic information on the database and two references [1,2] that discuss
evaluation of the data, methods of determination, and uncertainty)

Introduction (with the text given on the introductory screen)

Acknowledgments

Version History

Disclaimers

Citation Guide

Contact Information

3. Theory

3.1 Differential Cross Sections for Elastic Scattering

The differential cross sections (DCSs) for elastic scattering were calculated using the relativistic
Dirac partial-wave analysis, as described by Walker [3]. The scattering potential was obtained
from the self-consistent Dirac-Hartree-Fock (DHF) density for free atoms [4] with the local

exchange potential of Furness and McCarthy [5]. The numerical calculations were performed with
the algorithm described by Salvat and Mayol [6]. Further details are given elsewhere [1,2].

The DCS is related to the phase shifts, &;°, of order | by the following expressions [3]:
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do, /dQ=|f(O)[ +|g(0)|", (1)

where f(0) and g(@) are the direct and indirect scattering amplitudes, respectively, given by:

f(6) = ﬁZ{(' +1)[exp(2is; ) —1]+1[exp(2i5; ) ~1] }R (cosd)  (2)

9(0) =ﬁztexp(zm—exp(2i5+)]P.1(cose>. @3)

In Egs. (2) and (3), Pi(#) are Legendre polynomials, and P(¢) are associated Legendre
polynomials:

120R(2) .

Ri(z2)=(-7%) &

The phase shifts &, are obtained from the large-r behavior of the radial wave functions, B*(r)
and Q,"(r) which are calculated by integrating the radial Dirac equations:

ddp' K BV e (4a)
r r ch

9 BV K, (4b)
dr ch r

where E is the kinetic energy of the projectile electron that is related to its total energy W by
E =W —mc?, V(r) is the interaction potential as a function of radius r, m is the electron rest mass,
and c is the velocity of light. The solution algorithm implements Biihring’s power-series method
[7] and is based on a cubic-spline interpolation of the potential function rV (r) which is tabulated

on a dense grid of r values,
L=0<r, --<ry,<fry. (5)

That is, between each pair of consecutive grid points, r, and .

.1, the potential function, rV (r),
is represented as a piecewise cubic polynomial in r:

rv(r)=a,+br+c,r’+dr’. (6)

Then, in the interval (r,, r,,;), the radial functions can be formally expressed by power series:
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RE(N =Y pr QM=r"Yar, 7

with coefficients determined by the values of P*(r,) and Q;"(r,) at the end point of the interval.

As these series expansions can be summed up to the required accuracy (9 significant digits in the
code), truncation errors are practically avoided.

The interaction potential V(r) is defined as:
\Y (r) = —Ego(r) +Vexc(r) ) (8)

where ¢(r) is the electrostatic potential of the target atom:

gp(r):é—e(lj‘p(r’) Anr'? dr’+]op(r’) 47zr'dr’j, 9)
r r 0 r

and where p(r) is the atomic electron density that was calculated using the self-consistent DHF
code of Desclaux [4].

The term V. (r) in Eq. (8) is a local approximation to the exchange interaction between the

projectile and the electron in the target; it should not be confused with the exchange interaction
considered in self-consistent calculations that accounts for exchange between atomic electrons.
We use the exchange potential of Furness and McCarthy [5]:

V() = %[E +e¢(r)]—%{[E rep()] +47 hnf p(r)} . (10)

The interaction potential [Eq. (8)] is thus completely determined by the atomic density p(r) .

The integration of the radial equations is started from r = 0, with boundary values:
R*(0)=0, Q(0)=0. (11)

In the first r-interval from r, =0 to r, [Eq. (5)], the constants « and g [Eq. (7)] are different
from zero and determined by the angular momentum quantum numbers [8]. For the outer intervals
(r>r,),a=p5=0.

After determining the values of the radial functions at r,, the solution is extended outwards by
using the series expansions [Eq. (7)] (with « = g =0) up to a certain radial distance r, ., large
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enough to ensure that the potential energy of the electron V (r) is negligible as compared to its
kinetic energy E. For selected elements and at an energy of 10 keV, the maximum ranges, r,
were as follows (in a, units):

max ?

forz=1 Max = 12.27
forZ =13 lax = 20.15
forZ =28 Max = 17.85
forZ =47 lax = 19.37
forz=79 Max = 17.11
for Z =96 lax = 21.54
At an energy of 20 000 eV:
forz=1 lax — 11.96
forZ =13 lax = 19.75
forZ =28 Max = 17.48
forZ =47 Ia = 18.80
forz=79 lax — 16.74
for Z =96 lax = 21.13

At sufficiently large distances r, the radial function r*(r) adopts the asymptotic form:
+ . T +
R (r) = sin(Kr —1I E+§(), (12)

where

hK :%W/E(E+2mc2) (13)

is the momentum of the projectile. Equation (12), which confers a geometrical meaning to the
phase shift, is not directly usable to compute &° because B*(r) reaches the form given by Eq.

(12) only at distances r that may be much larger than r,,, . Instead, the phase shift is obtained from
the calculated values of the radial functions at r,,, by matching the numerical solution to the exact
solution for r >r, ., (V =0) which can be expressed as a linear combination of spherical Bessel
functions, j, (Kr) and n, (Kr) of indices k =1, 1+1 [8].

A considerable number of phase shifts was found to be necessary to achieve 8-digit accuracy in
the calculation of DCSs from Egs. (1) to (3). At an energy of 10 000 eV, we have:

forz=1 0<l1<221
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forZ =13 0<1<386
for Z =28 0<1<343
for Z =47 0<1<369
forz=179 0<1<325
for Z =96 0<1<422

At an energy of 20 000 eV:
forz=1 0<1<307
forZz =13 0<1<538
for Z =28 0<1<478
for Z = 47 0<I1<514
forz=179 0<1<452
for Z =96 0<1<589

The only special functions used in calculations of the DCSs for the DHF potential are spherical
Bessel functions j,(x) and n,(x). The algorithm used to compute these functions combines
several analytical expressions and recurrence relations, and yields results that are accurate to 13 or
more significant digits. The code used for these calculations was tested for 0 <1 <20 000 and
0 < x < 20 000.

3.2 Transport Cross Sections

Transport cross sections are needed for determination of numerous parameters related to electron
transport in solids (the depth distribution function, the effective attenuation length, the electron
mean escape depth, etc.) [9, 10]. The transport cross section describes the mean fractional
momentum loss due to elastic scattering alone. We denote by k the electron momentum before
elastic scattering, and by k', the projection of the momentum after elastic scattering on the initial
direction. Obviously, k'=kcos®. We further denote the fractional momentum loss, due to elastic

scattering alone, by

The transport cross section is the product of the mean fractional momentum loss and the total
elastic-scattering cross section:

[ Ak(do 1 d0)dO

0, =0, (Ak)=0, 4 [(@oidayim (14)

Ax

Equation (14) can be transformed to:
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o, =21 j (1-cos@)(do / dQ)sin 0d 6 . (15)
0

A change of the atomic potential leads to pronounced variation of the differential elastic-scattering
cross section for small scattering angles and rather small variations for larger scattering angles
[10]. In the integrand of Eq. (15), we have two functions approaching zero for small scattering
angles: sin@ and (1-cos@). Consequently, we may expect that the sensitivity of the transport

cross section to the interaction potential is much smaller than the sensitivity of the total elastic-
scattering cross section. It has been shown that the transport cross sections values depend very
weakly on the potential for elements with a wide range of atomic numbers (Be to Au) and for
electron energies from 100 eV to 10 000 eV [11].
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APPENDIX A
SAMPLER OF ELASTIC SCATTERING ANGLES
As in Version 3.2 of SRD 64 and earlier versions, the current version provides the Fortran code of

the sampler of elastic-scattering angles and the numerical data needed for its use. Both the Fortran
code and the numerical data can be downloaded from the screen shown in Fig. Al.

\
ler (;’:ﬁg@ﬁ;ﬁ%@gﬁ?ﬁ' NIST Electron Elastic-Scattering Cross-Section Database, SRD 64 Search Element Symbol

A Home
Download Monte Carlo Sampler File for Selected Element:
B3 Elastic-Scattering Cross Sections

# » Sampler of Elastic Scattering Angles

Transport Cross Sections ~

Element: Ca Atomic Number: 20
Display TCS Values

Single/Multiple TCS Values Download of Sampler File of Elastic-Scattering Angles and Fortran Codes:

g= Sampler of Elastic Scattering

=" Angles Fortran Codes:

== More Options A~
The downloaded programs are designated TEST_GENER.F or TEST_GENER.F90. These programs can be used to calculate frequency

T About histograms of elastic-scattering angles for the selected element and electron energy. The Users Guide for SRD 64 provides information on the
use of the sampler files.

@ Introduction

Fig. Al. Screen with options for selecting files for the sampler. This exemplary screen refers to
the previously selected element with atomic number Z = 20 (calcium).

The code of the sampler GENER is the implementation of the transformation method [1,2] based
on the inverse cumulative probability density distribution. The downloaded program
TEST_GENER provides the histograms of the generated scattering angles. The sampler code was
tested using the Fortran 77 compiler and the Fortran 90 compiler. In both cases, the same results
were obtained. The interested user could include the code GENER from the downloaded program
into a Monte Carlo program for describing electron transport in matter. The only requirement for
calculations of this type is the presence of the file E_&&.TXT where the characters && indicate
a given atomic number. This file contains the needed input data and must be located in the same
directory as the Monte Carlo program.

The numerical method

The cumulative probability density (CPD) distribution function, ®(0), is defined as the probability

that the generated polar angle 6 for elastic scattering does not exceed a certain angle ©. We have:
(€]

21 (99 inodp Al

P T sin (A1)

0
where dofd(2is the differential cross section for elastic scattering and ot is the total cross section
for elastic scattering. On introducing the new variable x = cos 6 into the integral in Eq. (Al), we
obtain:

®(0) =
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d(X) = J £(x) dx (A2)

where X = cos © and f(x) is the probability density function of cosines of the elastic-scattering

angle.

1 do

fo = (A3)

Examples of CPD functions calculated from Eq. (A2) are shown in Fig. A2. Let us assume that the
X values are realizations of the random variable with probability density distribution f(x). On
transformation of this random variable using Eq. (A2), we obtain the random variable ®(X). It can
be proved that this random variable is described by a uniform probability density distribution. This
result is the basis for the method of generating the distribution of elastic-scattering angles, 6. Let
us denote by R the value generated from a random number generator in the range from zero to
unity. We have

R = d(X) (A4)
or
®1(R) =X =cosH (A5)
where ®~1(R) is the inverse CPD function.

The file E_&&. TXT with numerical data for the sampler GENER contains the set of CPD
functions calculated for 101 energies distributed logarithmically in the range from 50 eV to 20
keV, i.e., the set of functions visualized in Fig. A2 for copper and gold. To calculate a given
angle 6, we need to solve Eq. (A5). This procedure is illustrated in Fig. (A3) for copper at 150
eV. As shown in this figure, for the random value R = 0.547 we obtain the scattering angle of
0 = 41.2°.

Example of calculations

Let us run the downloaded program TEST_GENER for the case shown in Fig. A3. On starting the
program, the user is prompted to provide the atomic number, energy in eV, number of generated
angles, and the number of intervals in the histogram. On completing the run, the file with results
is created with general designation HIST_&&$$$$$. TXT where the string $$$$$ designates the
electron energy in eV. For the considered case, we should obtain the file HIST_2900150.TXT. A
fragment of the content of this file is shown in Fig. A4:
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Fig. A2. The CPD functions, ®(X), calculated for copper and gold in the energy range from 50
eV to 20 keV.
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Fig. A3. Plot of the inverse CPD function for copper at 150 eV.

Atomic number : 29

Electron energy : 150.0 ev

Total cross-section : 10.596 aQ**2
Number of generated angles : 1000000

Number of intervals : 90

theta d sigma/d omega d sigma/d theta

(deq) (a0**2/sterad) (a0**2/rad)
1.00 23.494 2.5763
3.00 22.480 7.3922
5.00 20.249 11.089
7.00 17.234 13.196
9,00 14.320 14.075
11.00 11.350 13.608
...{(78 lines removed)...
169.00 1.3835 1.6586
171.00 1.4234 1.3991
173.00 1.5068 1.1538
175.00 1.6186 0.88639
177.00 1.6367 0.53821
179.00 1.6720 0.18335

Fig. A4. The file HIST_29_00150.TXT.

As shown in the above listing, the frequency histogram was created after generating 106
scattering angles with 90 intervals. The frequency histogram was created in a form that enables
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direct comparison with the differential elastic-scattering cross sections (DCS), da/dQ or do/df,
in units a2 /sterad or a3 /rad, respectively. The angular width of the interval in the histogram is
equal to 2° in this example. Note that values of the scattering angles, 6, listed in Fig. A4 refer to
the centers of consecutive intervals. This choice facilitates comparison with the corresponding
Cross sections.

It is important to note that the numerical method for the sampler in Version 3.2 of SRD 64 (and in
earlier versions) is different from the sampler presently implemented. Previously, the basis for the
sampler was the so-called composite method [3,4]. Unfortunately, this sampler is less accurate in
cases when the differential elastic-scattering cross section values vary over a wide range. A
particularly acute case is the DCS for hydrogen at the highest energy considered, i.e., at 20 keV,
where the DCS, da/dQ, varies over seven orders of magnitude.

A comparison of histograms obtained from the two samplers in the do/d6 versus 6 coordinate
system is shown in Fig. A5. We see that the old sampler fails to estimate correctly the probability
for generating elastic-scattering angles greater than about 30°. The histogram obtained from the
new sampler practically reproduces the DCS over the full angular range.

We also point out that the old sampler (also with the name GENER) required the presence of a file
designated E&&.D64 with the numerical data for a selected element with atomic number &&. The
content of this file is different from the content of the file E_&&.TXT that can be downloaded
from Version 5 of SRD 64. We recommend that the E&&.D64 files not be used.
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[3] A.Jablonski and S. Tougaard, Database of relativistic elastic scattering cross-sections for
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[4] J. M. Hammersley and D. C. Hanscomb, Monte Carlo Methods, Methuen, London (1967),
pp. 36-40.
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Fig. A5. Comparison of histograms obtained from the old and new samplers with the DCS for
hydrogen at 20 keV (in coordinates da/d8 versus 6).
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APPENDIX B
CONTACTS

If you have comments or questions about the database, the Standard Reference Data
Program would like to hear from you. Also, if you have any problems with the
database, please let us know by contacting:

National Institute of Standards and Technology
Standard Reference Data Program

100 Bureau Drive, Stop 2310

Gaithersburg, MD 20899-2310

Internet: srdata@nist.gov

If you have technical questions relating to the data, contact:
Prof. F. Salvat

Facultat de Fisica (ECM)

Universitat de Barcelona

Diagonal 647

08028 Barcelona, Spain

Email: cesc@ecm.ub.es

Prof. Dr. A. Jablonski

Institute of Physical Chemistry
Polish Academy of Sciences
Ul. Kasprzaka 44/52

01-224 Warsaw, Poland
Email: ajablonski@ichf.edu.pl

Dr. C. J. Powell

National Institute of Standards and Technology
Materials Measurement Science Division

100 Bureau Drive, Stop 8370

Gaithersburg, MD 20899-8370

Email: cedric.powell@nist.gov
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