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Brief Review of Energy Loss Processes
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Spectral Shapes
Notation of Edges

Electron Scattering Angular Distributions

[ Electron Excitation of Inner Sheil Processes]

Eo

Incident Electron

The Emission Process:
Inelastically Scattered E]ected Inner Sheil
Primary Electron Electron : }
1-Excitation,

&K 2-Relaxation,
3-Emission
Electron Distribution
Relazation

=4

jj"

Internal Conversion K-ray Photon
and Auger Electron Emission
Emission




Electron Energy Loss Spectroscopy

Measure the changes-in-the-energy-distribution-of-an- electron beam
transmitted through a thin specimen.

Each type of interaction between the electron beam and the
specimen produces a i change in the energy and
angular distribution of scattered electrons.

The energy loss process-is-theprifmary—interaction event. All other
sources of analytical-information-(i.e. X-rays, Auger electrons, etc.)

products of the initial inelastic event. Thus, EELS
has the highest potential yield of information/inelastic event

Photon
Emission
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-~ Schematic Diagram lllustrating Sources of
s Inelastic Scattering Signals

Experimental XEDS, XPS, and EELS data from the Copper L shell.
" Note the differences in energy resolution, and spectral features.
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Edges for EELS Microanalysis
( 0-3keV)

Zero Loss Peak Be E Edge
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Table 1. Edges Suitable for EELS Microanalysis
for the Energy Range 0-3 keV

Inner Sheil Spectroscopic Notation
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Figure 5. Schematicillustration of K. L, M, N and 0 Edze shapes, the "white lines" sometimes
detected on L and M shellz are shown shaded peaks at the edze onisets. In all sketches the
tackground shape has beenn omitted for clarity. These profiles should te compared with
experimental profiles of figure 6.




Figure b: Selection of representative K-Shell [Li. Be, B, C. N, 0, E, Na, Mgz, Al Si P L-shell
[Se. Ti, V. Cr. Mn, Fe, Co, Ni. Cu, Gel and M-ghell [T, Zr. Nb, Mo, P4, Ag] experimental spactral
profiles (all background subtracted).

Comparision Light Element Spectroscopy
Resolution XEDS vs EELS

Comparision of WL XEDS Detector and EELS spectra
- ———taken-from-the same NiO-specimen——

Note the enhanced spectral information in the EELS data. Vertical
scale is arbitrary and chozen for clarity of presentation.




Type of Electron Angular Energy Loss
Scattering Range
Unscattered 0 0
Elastic 10°s-100's mR 0
Phonon 10°5-100's mR <025 eV
Inelastic 10°s mR everything else
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I nstrumentation: Detector Systems

Energy Loss Spectrometers
Basic Principles
Electrostati c/Electromagnetic
Serial/Parallel Detector Systems
Spectral Artifacts

Multichannel Analyzers

Force (F) and displacements (¥X) on electrons by different types of
fields yields a deflection in their trajectory. In a uniform field
region the electrons drift at a characteristic radius (R).

Electrostatic

% _ 1 9EL?
BT 2 e

Electromagnetic




Basic Spectrometer
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Magnet Sector Analyzer
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Data Collection Serial Detectors

Begolation
Detfining

Photommltiplier §1it
Detector

Spectrometer

Scintillater Elsctromagmet

Fower Bupply
Signal Pr
AN

Major Components

Spectrometer
Computet of Multi-Channel Scaler
Magnet Power Supply
Slit/Seintillator /PMT Detector
Sgnal Processor

Data Collection Parallel Detectors

Thermoelectric Cooler

Parallel Spectrometer
Detector

Quadrapole
Light L.
Optice

Electromagnet
[ Power Bupply

|
/ Deflector

TAG |
Seintillator |
i
i

Intelligent
Signal Proceaszor
% Controllexr

Major Components

Spectrometer
Computer
Magnet Power Supply
Quadrupole Lenses, Deflectors, & Power Suppliss
Zcintillator, Farallel Detector, Thermoelectric Cooler
Intelligent Sighal Processor

12



PhotoDiode Array Systems
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L‘

Horizontal Bhift
Register
PFrogrammable
Controller

Programmable
CCD Coxntroller
20 Mhz

ExposureiFrame
Control

Host Computer

Video .
Bignal 13 Eat Fast Buffer
Frocessing ADC HMemory

A Humber

Data Collection Parallel Detectors

Serial Parallel

Advantages Advantages

s Simple operation & control eRapid & efficient data collection
# Large Dynammic Rangs s Lower dose irradiation of the
sEffective gain changes can be specitmen is possible

programmed inte a spectral scan e Large energy interval collection

by controling PMT HY by computsr within a single readout

which extends dynamic rangs sEneroy filtered imaging possible with
eExzcellent Signal /Noise 2D arrays in TEM
eDirectly adaptakle to STEM/TEM

serial eneroy filtered imaging

Disadvantages Disadvantages
® Single energy interval per readout sComplicated control requires
# Long data collection times sophisticated programming
® Large dose irradiations of the e Limited pixel well capacity limits the
specimen dyhatnic range withinh a readout
*PMT detectors may exhibit saturation ; eDetector after image on high intensity
and after-glow from 2eto 1055 peak irradiations requires multipls
sElectromagnietic scanning will affect readouts toclear
energy calibration *ReadOut Noise Fized pattern and
#5tray AC field effscts can be Leakage exists in all readouts
important e [maging requires additional lenses or
» [mproper slit design can result in computer processing o select an
"hole count” backsround energy window:
»Scintillator performance will decay sChannel to Channel gain variation
with damage /contamination must ke normalized out




Comparison of Data Collection Times
1000 Channel Spectrum e DQE=1

Paraliel Serial*
16.7 minutes
16.7 hours
41 b days
2. 74 wears
¥ Unfair comparison but it gives you an order of magnitude estimate of the times

involved

Data Analysis and Quantification:

Spectral Processing
Thin Film Quantification Methods

Specimen Thickness Effects




Measurement of Parameters required for EELS Quantification

Energy Loss (e¥)

AE = Integration Window

-
Loaai

Ix = Het Edge Intensity

Iz = Exwapolated Background

Energy Loss(e¥)
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Spectral
OverLap
Problems also
exist in EELS
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200
ENERGY LOSS {eV)

HomXp Prealpitats n s 318 sieol Agrecorded apectrum

c o b b b by b byl el

E

Energy (/)

Conwventional Background Fitting does not always allow
the user to find small peaks in high background areas.
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Two Related M ethods ar e sometimes used:

Second Difference Filtering (Shumanetal- MAS,1983)
Record 3 Energy-Loss Spectrawhich-are displaced-in energy by dE
Mathematically combine in computer to form the Second Difference
(Sb) Spectrum —

SD(E) = I,(E-dE) - 21, (E) + |5 (E+dE)——
Spectrum has the appearancenfﬁderivi tive, removes channel to
channel gain variation in parallel EELS and slowly varying
backgrounds. Sharp features are enhanced-in visibility.

Digital Filtering

Thi_s‘iéTelaedTUasImmmmericaiﬂifferemiationvfasing]e
spectrum - =

177117 -

Ck

adabla lalelolalolsel

C.IL@ I:e|_23
T

LI 1

Energy (eV) 768

T
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‘ e k= Q*ﬂo
(" = Number of electronhaving excited a kth inner shell
P, = Probability of excitation of the kth shell

| = Incident ele&ron current -

o}

P, =No,

N = = Number of atoms of the element analyzed =1
o,  ——=lonization-cross-section for the kth shell

‘Alt‘er natively;

Consider theratio of Intensities of any two Edgesin the same spectrum | ;- and I

Invoke the Ratio Méthodaﬁdﬁbtaiﬁiheexactﬂeduatj on:

Ia oa Na =1

) —Notethesimitiarityof thisequation-with-that-of Thin FitmXEBS————— ]
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But in the real world the assumptions used in the
above simple arguments are never realized:

= Measure all scattered electrons (|5:r[=180 0)
= Integration over all energy Losses

Because we must measure over a finite energy
window (8E) we modify the expression to:

1A (BE)
oa(8E)*1o

Incident
Beam
Convergence

A=

and therefore, we modify the expression to:

1 A(3E,B) Specimen [

=
oa(8E, B)*lo Inelastic
Scattering

Angle

and the ratio equation becomes:

Na 1A(5E, B)
Ng = “AB 15 (3E, B)

we also measure over a finite angular window ( ﬁ)I

_ OB(3E.B)
% 7 GAGE.p)

By measuring A edges we have -1 equations, if
we invoke the argument that the compositions
must sum to unity

X
> G-1
i=1

we arrive at a set of % equations and X
unknowns which can be solved by simple
algebra.

For example:
sif No/Np = 2. -then N = 2 Np
e if No + Np =1;then 3Ngp=1or Ng=0233

sand Na=1-Ng = 0.67
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Measuring Incident and Scattering Solid Angles
—

Incident
Beam
Cotivergence

Specitnen [

Inelastic
Scattering

o
|

L P

r i
Definitions of electron beam incidence (G) and scatterin: ( ) angles

+——D—»

Figure 1.4 Measurement of convergence or scattering angles by comparison
to a polycrystalline diffraction pattern of a standard.
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Problemsin EEL S Quantification

' ————Crosssection Calculations

1079 : L ; e
L Li(55)
'}Be(m) fat
%]
z
w
8(188) = ExpenmEnTAL
F4 ¢ x-goce
ey
Tnese
0(532)
J+F(6886) 380
ENERGY LOSS ( eV )
EK
{ev)
/ N\
/ \
E (keW)] T(kev) N I{ expenmENTAL 31 LoEDOE
—— 100 | 769 [ |
64:5 2}
----- 60 | s10 ] |
z |
A=02E, |
courure siaaL >~
———>of (mrad) 100
L L
200

Fi_g‘ 3. K-shell partial cross-sections for first-row elements o ‘50
with A = 0.2 E and incident electron energies of 60, 80 and

100 keV. Figure S Comparison of an experimental L edge profile with the
equivalent profile calculated by using the SIGMAL model.

ENERGY LOSS (eV)
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Problems|n EEL S Quantification
Collection Angle Errors

Nlactual}

Problems In EELS Quantification
Multiple Scattering

SCATT,
=4 ! u':u AND cog
#D CagE
S I'M’TtoNl'
i P

-—
——

@ SMGE el

CATT,
'Eall-i oF VALENCE
HD CORE EMC(TATIONS

COUNTS

&5 BitEoTeR ek
ENERGY LOSS (eV):

Leaptnan, 1991




Effects of Specimen Thickness

* Multiple Scattering
*Low I_‘oss‘ .
e Core Loss-Visiblity

- «Quantification Effects

Effects of Specimen Thickness

Low Loss Spectra

T/h=0.9
—@— t/h=1.5
Th=1.9

Energy Loss (eV)
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Effects of Specimen Thickness

Core Loss Spectra

T/A=1.44

T/Ah=0.72

Energy (eV)

Experimental EELS Edge/Background Ratio
as a Function of Specimen Thickness
at Constant Accelerating Voltage

O K Edge in NiO
Variation
in EELS
Edge P/B
with
Thickness

t/)=0.23

EELS Intensity
Normalized to Pre-Edge Bgnd

/=121

450 500 550 600 650 700 750

Energy Loss (eV)
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Calculated Variation In Mean Free Path
as a Function of Accelerating Voltage

2.5

(0] 50 100 150 200 250 300

Accelerating Voltage (kV)

Yariation in t# as a Function
of Accelerating Yoltage

Experimental
Measurement of
MFP

Relative Thickness (t/A)

L ] Expgr}lfme rkal |

100 150 - 200
-Accelerating Yoltage (k¥)




Experimental EELS Edge/Background Ratio
as a Function of Accelerating Voltage
at Constant Specimen Thickness

O K Edge in NiO

Variation
In EELS
Edge P/B

with
kV

EELS Intensity
Normalized to Pre-Edge Background

450 500 550 600 650 700
Energy Loss (eV)

- Specimen Thickness Effectson EEL S

i5128.m
E Zora Lass fla
& h wh=1.44 o
o ] =
u - w
o £
=] 7] 4A=0.72 = Plazman Lazs 1lp
-1 wh=0.48
Energy Loss
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" Effectsof Thicknessand Voltageon EELSP/B

M. Disko, 1986

Deconvolution of Multiple Scattering
—usagLﬁeamanlﬁNH\/lethed

-LV“LOW ) h

Carbon K
Deconvoluted

&0

MS - SS = LL

F (MS)
S5 = ‘rl{.‘}'(LL)

Ll
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Does Deconvolution Help Quantification?
Recall the Basic Equation

Ia oa Na

Ip = op NB

-y .

FIG. l.--Partis] FELS Spoctrum {S00-1200 o¥) from N10 specimen: llJlJ ke¥, 5.7
:lr scattar] nn angle, a} unprocessed data b) backgrourd stripped, c
meoavoe]uted

Thisdefinesa
"Thin Film

for EELSi.e.
T/h<10

ll-la |-'o 181 T T |.
lade, FL) i
1" inte 1)

Advanced Topics

Low L oss Spectroscopy
Plasmon L osses Studies
Dielectric Properties

Core L oss Spectroscopy
Near Edge Structure
Extended Fine Structure

Radiation Damage

Approximation”
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- EEL S M easurements of Valence Electron Densities

y.2
Plasmon Energy = Ep = ?Zmp - e

#is the elctron charge,
frits mass,
& the vacuum dielectric constant,

#- Planck’s constant/2n
N the valence electron density

Hydrogen in Metals

0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Energy Energy Energy

Table 2 Experimental and Calculated Plasmon Shifts

Material Expt. Ep Calculated AE p/H/M AE p/l—i/l\/l
V) FEM Expt. FEM Calc.

¢roop v —

Mg : 10.0+0.5 10.90 2.1+ 0.7 1.24

MgH2 . 14.2+05 13.38

Group Il

Sc 14+ 2 eV 12.87

ScH2 17.2+0.5 15.87

Y 12.54+0.2 1119

YH2 15.3+0.5 140

Group IV

Ti 17.2 +0.5 17.69 1.4+ 0.7

TiH1.97 20.0+0.5 494

Zr 16.6+05 ~ 1537 0.9+ 0.7

ZrH16 18.1j'Qi 16.83 B

Group V =

\Y 22.0+05 22.29 00

VHo.5 .~ 22.0+05 2244

PseudoGroup VI

FeTi,~ 220+ 05 2504/21.9"

FeTiH( b) 22.0+ 05 24.65/21. . -0.847-0.

FeTiH2(9) 220+ 05 2415/215*

* Calculated using modified FEM with mg=m, and md=1.9 m,
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A EPIHIM (eV)

» Exzperimental i
|| O FEM cCalculations C

2 3 & 5

Periodic Table Group Number
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Information in Core-L oss Profiles




Oxygen K Shell in superconducting and non-superconducting
specimens in the Bi2Sr2Can-1CunOx system. Note the disappearance
of the pre-edge peak in the non-superconducting specimen.

CaSrBiCuO
Non-SuperConducting

Energy Loss (eV) | Perpendicular

to C Axis

in Y-Ba-Cu-O

,‘—i’

—

Parallel to C Axis

530 540

i
]
|
|
i
: _
Orientation. dependance of the O K shell in Y 1Ba>CuzO7-4- The intensity

on’of the pre-edge peak indicates that the hole state just above the

the incident beam directions

Dieleciric Function Measurements

Az the fast electron looses energy in transmmission through the
specimsn its interaction (is the intensity of the measured loss
spectrurn I(E)) can be related to energy loss probability F(E8) which
can be described using dielectric theory as

I(E) = | P(E,8) dE d2

I(E) =constant ‘EL |"#"|‘ Im (- &£ YEq))dE dQ

of 6% +ed

where d€ is the unit solid angle, t the specimen thickness, Ep the
electron kinetic energy, q the momenturm vector, Band Bgthe
characteristic slectron scattering anglesand € = (£ 1+i€2)is the
dielectric function of the sclid. By applving a Kramers-Kronig
analysis (KKA) to theenergy loss function (Imie(E q)-1)), the real
part Beig-1) of €can be computed from intensity measurements and
then the real and imaginary parts (€1, €2) of the dislectric function
determined. From these, one can then calculate the optical constants

(refractive index n, absorption index x, and reflectivity B for the
tnatetial.




10 20 30 40 50 60 70 80 90
Energy (eV)

Comparizon of the lozz function of Cuobtained tw EELS (Buxbaum-1988) and

Figure 11.
Optical Methods (Weaver etal. 1951

Additional EELS Information

Excitation of core levels by the transmitted electron beam can be
used to measure the elemental composition of the solid, HNear Edge
Structure (NES) and EXtended Energy Loss Fine Structure (EXELFS)
can be used to elucidate the density of states above the Fermi level
and nearest neighbor configurations.

Oxzygen K Shell in NiQ

Near Edge Structure
e

Extended Fine

-+ Structure

Energy Loss{e¥)
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NES as a fingerprint of Chemical State

INTENSLTY

INTENSITY

288,503
200.040.3

INTENSITY

. I[agacson, J. Chem. Phys. 5_6_,(19?2},1805

Copper L-shell Core Loss Spectroscopy
in
Metallic, Oxide and High Tc
Superconductor Phases
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Intensity

—C— CaSrBiCud
Non-SuperConducting

Energy Loss (eV) 575

Figure 20, Dxygen K Shell in superconducting and non-supercondacting specimens in the
BizStaCay-10uy0y svstem. Note the disappearance of the pre-edge peak it the non-
superconducting specimen.
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0 K Shell NES
in Y-Ba-Cu-0

Figure 21. Orientation dependance of the 0 K shell ifi ¥1BasCusly-. The intensity variation

| Perpendicular

1o C Axis

T Parallel to C Axis

530

540

of the pre-edge peak indicates that the hole state just above the Fermi level has py
symmetry, Parallel and perpendicular here refer to the momentiam trafnsfer directions
which are by conzervation perpendicular to the incident beam directions

Amorphous
Fe,Ge,, Magnetic
Materials

-
x=0.6 P
3 KP"
x=1.0
5 Fe
T T T T

x Ge 1x
T

I
640 680 720
Energy Loss (eV)

1
760
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Table 3
Variation in J-f3md occupancy with composition in FegGej—x

Composition | hyotai/hyeta1(Ee}| Ratio hssaihgsa
1.0 1.0 068
o8] 1.3 069
05 1.1 Q.72
0.4 1.1 0.4
0.3 1.3 0.29
0.2 1.0 0.45

Reduced Moment

oz o4 06 08

Composition

Figurs 18 comparison of variation it reduced magnetic moment (opett circles) to ratio of
ds sz anid 4y, holes (squares) a3 a function of compozition in FeyGeq -y,

Silicon 111 ZAP- Gamma Corrected




Unscattered
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Plasmon

Inner-Shell

Phonon

10 20
Scattering Angle [ml

Elastic Scattering : Crystalline Solids

1 (6) ~IF(hk)|

F(hKl) = f;(0) exp (2zig-D
j

V() =- égl Vgexp (20ig.) ; f(q)

V= 2pmV

Energy Filtered Convergent Beam Electron Diffraction

2000

””” Experimentai
Caicuiated & Averaged

1500

=
=

Unfiltered Filtered

* Filtering Removes Inelastic Scattering i
* Dynamical Calculations Used to !
Compare Experimental Data to Models
* Low Order Structure Factors Determine
_{Semi-Conductors, Metals)
~—Appliedto Fi-Atntermetalticsand fio) —=
Charge Density (Difference) Maps
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Fig. 1a - (200) CBED dark field disk.

Experimental
Calculated
Difference

T [100) —
0.00
Angular Dispersion in mrad.

Charge Density Determination
Using Energy Filtered
Convergent Beam Electron Diffraction

—

PN

\ 5\ AN
Energy Filtered CBED Res
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Radiation Damage in Materials

1MeV HVEM Electron Irradi
Damage Creation Event/Process Ni-6AI-6Si

Mobile
Vacancy & Interstitials
Created

Solid Sate Order/DisOrder/Amor phization/ Studies

- Lindemann Melting Criterion

' _ePerfect Crystals Melt:

Materials-Research Society-Bulletin=-19-#7-(1994)-Lam-& Okamoto

P.C. Liu, P. R. Okamoto,

40



Solid State Order/DisOrder/Amor phization/ Sudies

We can expgrilﬂentally measure < [l 2> using Energy Filtered Electron Diffraction
- 2_{ -2M\
1 (0) ~|RK(hkl)|?-{1-e2M}

M = 8% (u?) sin (0)

Unscattered
Elastia Copper (Monta Cario)

0,2

Hasmon

/\

Inner-Shell

w 20 200 400 600 800
Seattering Angle [mR] Temperature (K)

P.C. Liu, P. R. Okamoto,

Energy Filtered Electron Diffraction

Unfiltered Filtered

—0—TUnfiltered

2nd Plasmon 1st Plasmon —&—Filtered

Relative Intensity
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Solid State Order/DisOrder/Amor phization/ Sudies

——FolyCrystal
Irradiated

P.C. Liu, P. R. Okamoto,

Solid Sate Order/DisOrder/Amor phization/ Studies

Relative Changes in the Ratio <>l <clwg>2 {Implant-Control)

ﬂ.(c,fdm)z, {Implant-Control)

0.0100

as a Function of B Implantation Doses

2 3
BE" Implantation Dose (%1 o' 1ons."cm2)

4

P.C. Liu, P. R. Okamoto,
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EELS / NES Measurements
in Order/DisOrder/Amorphization Studies in TM Alloys

Irradition Effects in TM alloys Structure/Properties

Mechanical Properties Electronic Structure

=TM's have tightly bound'valence d band which overlaps and hybridizes with broader
nearly Free-electron sp band -

=In TM's with partially filled d-bands the NES is readily measured.

Ni Energy Filtered Diffraction Data . Ni L-Shell EELS Data
Irradiated & PolyCrystal . Irradiated & PolyCrystal
A R

20 10* 5 et
——PolyCrystal

—PolyCrystal Irradiated
— Irradiated

action Intensity
Intensity

0 845 850 855 800 8065 870 85 8

Encrgy Loss

P.C. Liu, P. R. Okamoto,

Phase Sablitiy of lon Irradiated of Minerals for
HLW Sorage Materials

» Candidate Phases for Immobilization-of-REE. & ACT in HLW forms

» Over Geologic Time Scales a phaaecay causes fhe minerals to become metamict.
« In-situ Kr lon Irradiation used in HVEM-Tandem to simulate long-term a-decay
damage = -
» What is,thé Polytype, Dose, and Composition dependance?
» Arethere other-methods of measuring the damage and-can they- tell-us about the

K.L. Smith




Zirconolite - 2M
[llustrating the loss of crystallinity with irradiation dose (figure 1)

Before Irradiation 2.1 x 10

*Selected area diffraction patterns (SADs) of individual grains of various zir conolites wer e recorded as a
function of dose to establish the critical dose for amorphisation (D).

Phase Sablitiy of lon Irradiated of Minerals for
HLW Sorage Materials

Zirconolite - 2M
Nd + Zirconolite- 2M
Nd + Zirconolite - 3T
Nd + Zirconolite - 4M
U + Zirconolite - 2M
U - Pyrochlore
Th - Zirconolite 3T
Perovskite
- Dc = f ( complexityZpolytype) = f (dopant)_but only by a factor of ~ 2
- Additional studies planned -
.~ =VarylonEnergy
= Fabrication Methodology(Sinterin ot Pressing/Temperature)

= Dopant Partitioning

K.L. Smith,
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EEL S M easurements

L 1 L 1 L 1 L | L 1
460 480 500 520 540
Energy Loss (eV)

Figure 2. The Ti L edges of undoped zirconolite before and after ion
irradiation, and two Ti standards (TiO, and Ti,O5)

| EELS Results

» Comparison of the Zirconolite and Ti-oxide spectra
suggests that Ti-predominantly-exhibitsavalence of 4*
in both unirradiated and irradiated Zirconolite and
that the bond lengthsin zirconolite are similar to those
in TiO,. (figure 2)

The electron energy loss near edgestructure (ELNES)
of the Ti L shell is consistent with the Ti changing from
octahedral coordination to tetrahedral coordination
(figure 3). —
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HR EEL S of Zirconolite Ti L shell

Irradiated Zirconolite

— L
440 450

" L
460 470

490 500

Energy Loss (eV)
Figure 3. HR EELS of Ti L Shell in Zirconolite.

i
510

EELS Results

Specimen

Ti203

TiO2

CaTio3

(CaxGdy)TiO 3

(CaxGdy)(TinAlm)O3

CazZrTi207(Zirconolite)
Unlrrad.
Irradiated

L2 /L 3-Spin
Orbit
1.25

1.45
1.50
1.44
1.42

1.35
1.35

L*2 /L*3-
Molecular
1.80
1.67
1.30
1.50

1.55

15
1.83

Energy Shift
L3-L*3
23

2.0
25
2.3
25

1.9
14
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~  EELS Redaults

To quantitatively-measure thechangesdue to-irradiation,
we fitted the zirconolite Ti-L spectra with four Lorentzians
and calculated L, /L and L*,/L*;and L, - L*,. (Table 2).

L,/L ;isthe same before and after irradiation which
suggests that radiation damage does not significantly affect
the number of holesin the d-band (and hence valence).

(SR increases and L,- L*,that radiation damagein
zirconolite causes a distortion of the octahedral field
around Ti atomstoward a tetrahedral configura’tionr
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