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Imaging Energy Filters today are versatile tools for:

* Electron Energy Loss Spectroscopy in (S)TEM mode

» Zero-Loss Filtering in life science

* Energy-Filtered Imaging (Electron Spectroscopic Imaging)
* Energy-Filtered Diffraction

« STEM Spectrum Imaging (EELS Data Cube)

« Momentum-Resolved Spectroscopy (wg-EELS)

* Energy-Filtered 4D STEM (STEM Data Tesseract)

* Event-based and correlated data acquisition techniques
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Spectrum imaging set-up (image coupled):

specimen
* probe focussed at specimen (STEM mode)
SAplane * probe imaged at DPA cross-over in front of
imaging energy filter

i
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 EEL spectrum is formed at the energy selection
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FFP %
. TEM imaging set-up (diffraction coupled):
specimen ]
BEP * TEM illumination at specimen
SA plane

TEM projective
in diffraction
mode (STEM)

final projective
cross-over (DPA)

energy-filter
sector magnet

« diffraction pattern imaged at DPA cross-over
in front of imaging energy filter

* image of specimen at filter entrance aperture

« diffraction pattern imaged at
energy-selection plane

energy selection magnified spectrum
plane (spectrum) at detector plane
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pre-slit optics

initial 1
Cross-gver

achromatic
plane

EFTEM Path of Rays:

Stz pre-slit optics
initial l
Cross-over

T

—
'_..___- t
—F-'-

-
-
L e

achromatic plane

- 1_—ﬂ
g
—
—
—
=
- : __.--'
b

| l_—‘
- -
—_
—_
—
-
T

o 1 ¢ s I-?-I-EI- e =

-.,_-

energy-selection plane

post-slit optics

o<l

-

9

anargy-selection
plane

post-slit optics

= T S L AL NI __ a1 SX E2 _fF _La _LL _ LJ

CEOS

Corrected Electron Optical
Systems GmbH

magnified spectrum

i1
Yhi
1
W
W
!
achromatic image

[CEOS GmbH 2025-08-31, HM]



MC 2025 Karlsruhe

CEOS

WS1: Electron optics and new approaches for spectroscopy in the TEM Corrected Electron Optical

Condenser Projective

/ Diffraction
TEM \

Imaging

STEM =——— Diffraction

/IN/IN /N

Energy Filter

Spectroscopy

Imaging
wg-mode

Spectroscopy
Imaging
wg-mode
Spectroscopy

Imaging

wg-mode

Systems GmbH

Method

image-coupled EELS

energy-filtered Diffraction

momentum-resolved EELS
diffraction-coupled EELS

EFTEM / zero-loss imaging

N.N.
Spectrum Imaging

EF D4-STEM

N.N.

[CEOS GmbH 2025-08-31, HM]



MC 2025 Karlsruhe

WS1: Electron optics and new approaches for spectroscopy in the TEM

CEOS

Corrected Electron Optical

Systems GmbH

tube

| pPA
plane ‘
slit detector
column plane plane
| |
I I
pre-filter : :
] detector | |
T aperture : :
‘e = e -
y “x Pplane | |
X X
MP|Yz
Y Y
_l'b‘ \R [
MP QP | QP QP QP QP || w|| !
I ""'..,Hh fa N
~-d]la |[. i NI E z
T Tl 1 0IRT 2
|E - - ‘E’: n)p::;cm
1> \ | axis
l AL |
pre-slit assembly slit projective drift camera

[CEOS GmbH 2025-08-31, HM]



MC 2025 Karlsruhe CEOS

WS1: Electron optics and new approaches for spectroscopy in the TEM e s Comat

Electrons traveling in homogenious magnetic field:
X

ZI F=—|e|txB

By

©

- electrons travel on circles
- different energies travel on different radi
- deflection cause energy dispersion
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Electrons traveling in homogenious magnetic field:
X

ZI F=—|e|txB

By

©

- electrons travel on circles
- different energies travel on different radi
- deflection causes energy dispersion

- electrons in xz-section are focussed toward optic axis
- focussing in £x is asymmetric => second-order aberrations
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Optics of a homogeneous sector magnet:

AFE
«v, 3 :  coordinates in filter entrace aperture R = E— . chromatic parameter
0
L (O{, g, H) = Oy T KTy
y(a,B,k) = PByg
. i e 1+ 2eU
U*=U(1+¢eU £ = A =
{ ) 2mec? 1 4+ el
= 1 A AFE - €]
ST RYT TOR R, R~ \Vomu+ ¥

[CEOS GmbH 2025-08-31, HM]



MC 2025 Karlsruhe
WS1: Electron optics and new approaches for spectroscopy in the TEM

Optics of a homogeneous sector magnet:
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Pre-slit raypath of simple 90° sector magnet:
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Pre-slit raypath of real spectrometer:

field rays, dispersive ray [mm]
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Pre-slit raypath of real spectrometer:

field rays, dispersive ray [mm]
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Pre-slit raypath of real spectrometer:

field rays, dispersive ray [mm]
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Dodecapole for correction of spectrum aberrations (NI):
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Dodecapole for correction of spectrum aberrations (NI):
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Aberrations a energy-selection plane:

AE
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Aberrations a energy-selection plane:
AFE

Qe 5 . coordinates in filter entrace aperture K = —— : chromatic parameter
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ZLP ZLP
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Measurement of pre-slit
aberrations in imaging (ESI)

mode is more robust and
quantitative than in EELS mode SX11 E11
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CEFID Isochromaticity at 200kV
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specimen Electron Energy-Loss Spectroscopy
wanted effect:

SA plane dispersive element (sector magnet) translates
energy-loss into transversal displacement

i

TEM projective | =~ unwanted effect:

in diffraction i focussing elements (lenses, quadrupoles) translate

mode (STEM) | === energy-loss into longitudial shift of focus plane

—t

final projective *
cross-over (DPA)

energy selection magnified spectrum
plane (spectrum) at detector plane
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in diffraction i
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Magnified image of STEM probe at DPA plane:

CL: eff. camera length w.r.t EA
Napa: distance cross-over to EA

Rer = Olspec X
— adpa X

CL

hdpa

Mdap = Ospec / Odpa
= hdpa / CL

Cc(dap) = M(dpa)? x Cc(OL)

magnified spectrum
at detector plane
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VAR
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TEM projective | ——
in diffraction i
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cross-over (DPA) m

filter entrance
aperture (EA)

energy-filter
sector magnet

%| energy selection
< plane (spectrum)

Chromatic defocus at DPA plane:
Cc(dap) = M(dpa)™2 Cc(OL)
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typical numbers (cc=1.5mm, 200kV, CL=30mm, hDPA=600mm):

dz/dE = - 3.0 mm/keV => 2.6 eV/keV (30mrad)

Some Compensation is required!

magnified spectrum
at detector plane
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projective

VAR
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Focussed but spectrum inclination not corrected:

A
v

256 eV

Focussed and spectrum inclination corrected:

[CEOS GmbH 2025-08-31, HM]



MC 2025 Karlsruhe
WS1: Electron optics and new approaches for spectroscopy in the TEM

hexpole
potential

N7

(7

ﬁW

CEOS

Corrected Electron Optical
Systems GmbH

/)

guadrupole
potential

=2,

shifted
potential

(@

or

superimposed
guadruole

N)

N

)

[CEOS GmbH 2025-08-31, HM]



MC 2025 Karlsruhe CEOS

WS1: Electron optics and new approaches for spectroscopy in the TEM e o et
\\// guadrupole potential:
¢2 — 2\D28$y

hexapole potential:

W (T// Vs = Ws, (y° + 327y)

shift of optic axis:
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- ~ Ws, (y3 + szy) + 6 Ax W3,y

= =
§ (f shift-induced quadruple strength:

// Pas = 3Ax W3,

uy
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specimen

hexapole correction Eloss
AT « B }
of spectrum inclination:
SA plane
wa < — 3 Aﬂj \P 3s
spectrum
: inclination
TEM projective | = 3 R \ 35
in diffraction i -
mode (STEM) | === unwanted second-order geom.
e — effect of hexapole to be
compensated!
final projective *
cross-over (DPA)
, energy selection magnified spectrum
filter entrance plane (spectrum) at detector plane
aperture (EA) / energy-selection
plane
energy-filter ' 11T N
sector magnet
HP energy-filter N
projective <+
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i Improve energy sampling:
- decrease EELS range
specimen - higher dispersion (zoom in)

Methods of spectrum shift:

- change HT offset (EFTEM)

- change sector current (high-loss, slow)
- change LT (fast, dynamic EELS)

SA plane

TEM projective
in diffraction i
mode (STEM) S —

final projective *
cross-over (DPA)

energy selection magnified spectrum
plane (spectrum) at detector plane

WLy

energy-filter
projective

filter entrance
aperture (EA)

energy-filter
sector magnet

/i
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i Improve energy sampling:
- decrease EELS range
specimen - higher dispersion (zoom in)

Methods of spectrum shift:

- change HT offset (EFTEM)

- change sector current (high-loss, slow)
- change LT (fast, dynamic EELS)

SA plane

TEM projective

in diffraction ) _
mode (STEM) | —— Dynamic EELS:

g - switch low-loss and core-loss
1= - synchronize with STEM scan

final projective *
cross-over (DPA)

energy selection magnified spectrum
plane (spectrum) at detector plane

=

energy-filter
projective <+

filter entrance
aperture (EA)

energy-filter
sector magnet
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specimen

SA plane

TEM projective
in diffraction
mode (STEM)

final projective
cross-over (DPA)

filter entrance
aperture (EA)

energy-filter
sector magnet
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field rays, dispersive ray [mm]
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filter entrance 3 energy-selection
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2 [mm] E \
energy selection magnified spectrum
plane (spectrum) at detector plane Change of initial cross-over due to

il

energy-filter
projective

energy-shift can be compensated by a weak
change of e.g. the first quadrupole.

Tweston et al. (2015) implemeted a fast
electro-static stigmator for dynamic re-
focussing for Multiple Range EELS
applications.
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Other possibility for dynamic re-focussing w/o stigmator
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16 eV range, 7.8 meV/pix 256 eV range, 125 meV/pix 4 keV range, 2 eV/pix
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Adjustable spectrum height:

50 pix (2.5% of detector) 400 pix (20% of detector) 1800 pix (90% of detector)

Boron-Nitride sample
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EELS: Three degrees of freedom (Quadrupoles)
* Dispersion at detector (EELS magnification)
* Spectrum height (defocus in y-direction)
* Spectrum focus (SX10)
Momentum resolved EELS:
* focus entrance aperture at detector in y-direction
X: Energy coordinate (dispersion scale)
y: conjugated to entrance aperture (e.g. momentum in y-direction)

* momentum space in projected (averaged) in x-direction and resolved in y-direction

=> use slit-shpaed aperture to confine momentum in x-direction

[CEOS GmbH 2025-08-31, HM]



MC 2025 Karlsruhe CEOS

WS1: Electron optics and new approaches for spectroscopy in the TEM e s Comat
ESI Alignment
T | DPA
plane

— field ray in xz-section
—— field ray in yz-section
dispersion ray in xz-section

aperture
plane
B\
MP QP QP QP QP QP I
il s
. ==~ /
e B — —f_f'--.g-+
o —r
Ir~-N| S
I I
| m |

I ]
I
' [CEOS GmbH 2025-08-31, HM]



MC 2025 Karlsruhe CEQOS
Corrected Electron Optical

WS1: Electron optics and new approaches for spectroscopy in the TEM et

Flexible post-magnification

alignment mask in entrance aperture detector (TVIPS XF416)
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Flexible post-magnification

alignment mask in entrance aperture detector (TVIPS XF416)
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Flexible post-magnification

alignment mask in entrance aperture detector (TVIPS XF416)
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ESI: Correction of Dispersion and Distortions
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CEOS

Corrected Electron Optical
Systems GmbH

Three
first-rank
degrees of
freedom

“Quadruples”

Three
second-order
degrees of
freedom

“Hexapoles”
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Non-Linear Mapping of Entrance aperture onto Detector:

(K)_(XH::)+ Xy X (1)
Y Yoo Yio Yo Y

}{]][”) (&X{I, }*'4. ﬂE})
E: AE + >
(Ym:l AY(x, y, AE) )

with the non-linear term

R R—k
)= X (y™)wras
= x"y"AE" . (3)
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_DPA
plane

CEOS

Systems GmbH
Summary of Alignment Strategy:

- find beam (beam a slit center)
- correct ESI dispersion

ALL: focus NI aberrations at slit edge
(CEFID NI procedure)

ESI: correct dipersion and distortions
(CEFID DACA procedure)

EELS: correct spectrum shape and dipersion
(CEFID EELS procedure)

occasionally re- tune SX10 (FX) & SX01 (FY)
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CEOS Energy-Filter and Imaging Efforts spend by CEOS:

Devi EFID '
evice (CEFID) « state-of-the-art optics

* simple semi-automatic alignment
 stable and reproducible settings

* flexible detector interfaces

* open interfaces (interoperability)

* open-source software platfrom
(except for some device interfaces)

e.g. CheeTah EM

>,
|y
e e | e

e.g. ADF Detector
PN etecter

e.g. Merlin EM
(_%;Quanium

DETECTORS

@rect Electron
e.g. DE Apollo

DECTRIS

detecting the future

ATVIPS
T WoH00 A 1A Pae e.g. ELA

e.g. XF416R [CEOS GmbH 2025-08-31, HM]



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54

