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Otto Scherzer: Z.f. Physik 101 (1936), 593-603. &

Systems GmbH

Uber einige Fehler von Elektronenlinsen.

Von 0. Scherzer in Darmstadt.
Mit 3 Abbildungen. (Eingegangen am 4. Juni 1936.)

Unméoglichkeit des Achromaten. Die Bildfehler dritter Ordnung. Unvermeid-
barkeit der sphérischen Aberration.

Die Bewegung der achsennahen Elektronen (GauBscher Strahlengang)
geniigt bekanntlich der Gleichung
1 1 o U ' er ]

r ist der Abstand des Elektrons von der optischen Achse (z-Achse), @ ist
das auf dieser Achse gemessene Potential und $§ die auf der Achse gemessene
magnetische Feldstirke. Die Striche bedeuten Differentiationen nach 2.

Prof. Otto Scherzer
(TU Darmstadt)
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Otto Scherzer: Z.f. Physik 101 (1936), 593-603. . icoone
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Uber einige Fehler von Elektronenlinsen.
Yon O. Scherzer in Darmstadt,
Mit 3 Abbildungen. (Eingegangen am 4. Juni 1936.)

Unméoglichkeit des Achromaten. Die Bildfehler dritter Ordnung. Unvermeid-
barkeit der sphérischen Aberration.

Path deviation of the charged particle:
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Die rechte Seite von Gleichung (13) enthilt nur Quadrate mit gleichem
Vorzeichen. Da @ immer positiv ist, kann sie nur verschwinden, wenn
alle Quadrate, also auch @ und $), gleich Null gind. Es ist somit unmaoglich, -
die sphiirische Aberration einer raumladungsfreien Elektronenlinse restlos Prof. Otto Scherzer

zu beseitigen!). Die Aufgabe der Theorie ist also nicht die Ermittlung
aberrationsfreter Linsen, sondern nur die Ermittlung von Linsen mit maglichst (TU Darmstadt)

geringer sphirischer Aberration?).
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Otto Scherzer: Optik 2 (1947), 114-132.

Sphérische und chromatische Korrektur von
Elektronen-Linsen.
Von 0. Scherzer, =. 7Z1. USA. -
(Aus den Siiddeutschen Laboratorien in Moshach. )
fMir 7 Texiabbildungen. )

Die Brauchbarkeit des Elektronenmikroskops bei hohen Vergrille-
rungen wird durch den Offnungsfehler und die chromatische Aberration
beeintriichtigt. Beide Fehler sind unvermeidlich. solange die abbildenden
Felder rotations-syvmmetrisch, ladungsfrei und zeitlich konstant sind.
Die vorliegende Untersnchung soll zeigen, dafl die Aufhebung irgendeiner
dieser drei Finschrinkungen geniigt. um den Weg gur spharischen und
chromatischen Korrektur und damit zu einer erheblichen Steigerung des
Aullosungsvermigens freizugeben.

Solange nicht klar zu schen ist. welche Art Linsen das beste Mikro-
skop ergibt, mii=sen alle sich bietenden Wege verfolgt werden. Es scheint
daher angebracht, etwas ausfihrlicher aul die verschiedenen Arten kor-
rigierter Linsen einzugehen.

* violation of rotational symmetry

* space charge lenses

* high-frequency lenses Prof. Otto Scherzer
(TU Darmstadt)
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The Darmstadt project: 1974-1982 CEOS
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C.- and C.-correction

at Uni Darmstadt
(Scherzer & Rose)
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H. Rose, Optik 34 (1971) 284.
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f principle of C_-correction (1980)
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%@ uncorrectEde. * O correctbde ¢ @ M,
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CEOS museum

Darmstadt 1980
C.-C,-corrector

Scherzer & Rose

Aberration correction was
successfully shown in principle
but did not improve

the image resolution

of the electron microscope.

- lack of precision machining
- lack of stability
- lack of aberration measurement

= No more funding ...
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CEQOS

Outline of a spherically corrected semiaplanatic medium-voltage

transmission electron microscope

H. Rose
Insitut fiir Angewandte Physik Technische Hochschule Darmstadt, FRG

Outline of a spherically corrected semiaplanatic medium-volt-
age transmission electron microscope. A spherically corrected
semiaplanatic objective lens for a subangstrom medium-
voltage transmission electron microscope (TEM) is outlined.
The aplanatic corrector consists of two telescopic round-lens
doublets and two sextupoles centered about the nodal points
of the second doublet. If the corrector is incorporated into a
300 kV TEM equipped with a field emission gun a resolution
limit of 0.6 A and 10* equally-well-resolved image points per
diameter can be obtained. For achieving this performance
the magnetic field of the objective lens must be stabilized
with a relative accuracy of 1 ppm, while the fields of the
corrector elements require at most a stability of 10 ppm.

Entwurf eines sphirisch korrigierten semiaplanatischen Mit-
telspannungs-Elektronenmikroskops. Eine in dritter Ordnung
spharisch korrigierte rein magnetische Objektivlinse, deren
isotrope Koma beseitigt ist, wird vorgeschlagen. Das korri-
gierte Objektiv besteht aus einer Objektivlinse, zwei telesko-
pischen Rundlinsen-Dubletts und zwei Sextupolen, deren
Mitten in den Knotenebenen des zweiten Dubletts liegen.
Falls der Korrektor in ein 300 kV Transmissions-Elektro-
nenmikroskop eingebaut wird, das mit einer Feldemissions-
kathode ausgestattet ist, kdnnen 10* Bildpunkte pro Durch-
messer mit einer Auflésungsgrenze von 0.6 A gleich gut auf-
gelost werden. Um eine solche Auflésung zu erzielen, mussen
die Beschleunigungsspannung und das Magnetfeld der zu
korrigierenden Objektivlinse auf 1 ppm stabil gehalten wer-
den. Fir die Felder der Korrektorelemente geniigt dagegen
eine Stabilitdt von 10 ppm.
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LLuntil in 1990 ...

 p———————corrector

rnagnetic

objective transfer transfer [
lens : doublet 1 hexapole 1 doublet 2 hexapole ZI

field

.-.._Qf—-,.._(_.-‘i ray
i

abject coma-free Ny No
plane plane =
nodal plane Ny

Fig. 2. Schematic arrangement of the elements of the spherically
corrected semiaplanatic objective lens.
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1997: Breakthrough in C,-correction for TEM
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CEQOS

Resolution vs. optical aperture

Systems GmbH

impact of C_, C_ and diffraction limit Resolution
E=200kV, dE =0.7eV, Cs=1.2mm, Cc=1.3mm
0.5 : : - : : . - d\/r§+rg+(rs/4)2
— diffraction limit
---- chromatic aberratior | _ o ry
—-— spherical aberration Rayleigh criterion
04 .
—— uncorrected 0.61-A ﬁ
---- Cs-corrected : b =———,
o |
03
E Chromatic aberratlon
= | WFE gl e
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CEQOS

Improving resolution

Systems GmbH

Resolution

Optimize diffraction limit:
d = \/r§+r§+(rs/4)2

Rayleigh criterion [

a) Decrease wave length X N 07-6@ ﬁ
- | -
— increase electron energy E &

Chromatic aberration

b) Increase optical aperture o JE.C

— stronger impact of aberrations Fe — Q& E

Vel

Spherical aberration

re =0 G
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Improving resolution

Resolution

Reduce the effect
. . _ 2 2 2
of chromatic aberration: d= \/rd tret(rs/4)

Rayleigh criterion

a) Larger electron energy E - A
(increase high tension) o

b) Monochromator/Gun: dE

c) C_-corrector
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CEQOS

Improving resolution Comretes Hecron opta
Resolution
Reduce the effect
i ] )22 2
of spherical aberration d \/rd et (r/4)
Rayleigh criterion [
R -
a) C_-corrector == @ |
Chromatic aberration
dE - C.
Fe — O ) :
E re

Spherical aberration

e s = 1
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Milestones in C.- and C_.-correction

- 1936 ... Scherzer's theorem

- 1947 ... Scherzer proposed multipole corrector
- 1960's ... Deltrap's corrector for STEM (UK)
-1970's ... Darmstadt corrector (Germany)
-1970's/80's ... Crewe et al. (Chicago, U.S.)

First successful attempts: (resolution improvements)

Zach & Haider (LVSEM) Cs & Co) 1990 - 1995
Haider etal.  (TEM) (Cy 1992 - 1997
Krivanek et al. (STEM) @ 1995 - 1998

Schmidt etal. (LEEM/PEEM) (Cs & CY) 1995 - 2006

Quadrupoles and octupoles
Two hexapoles
Electron mirror
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CEQOS

Resolution vs. optical aperture

impact of C_, C_ and diffraction limit
E=200kV, dE =0.7eV, Cs=1.2mm, Cc=1.3mm

05 I I 1 1
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Aim of aberration
correction ...

open up the aperture

Better and better
correctors for
more and more
aberrations!
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Lens aberrations
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ideal lens

< () =
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Lens aberrations: Spherical aberration
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aberrated lens
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Lens aberrations: Spherical aberration
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| phase plate
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Axial aberrations in uncorrected TEM/STEM

Systems GmbH

3 4 5 6,
multiplicity

| Adjustable aberrations |

| Intrinsic residual aberrations |

optimum C, 9 «t A | Others: parasitic aberrations |
for given C, 2
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Axial aberrations in C_-corrected TEM
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multiplicity

| Adjustable aberrations |

| Intrinsic residual aberrations |

A, | Others: parasitic aberrations |

jﬂ@fr’ '
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Axial aberrations in C_-corrected STEM
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multiplicity

| Adjustable aberrations |

| Intrinsic residual aberrations |

A, | Others: parasitic aberrations |
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Basic Electron Optical Elements
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Dipoles - deflecting elements: x-section

X
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Basic Electron Optical Elements
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Dipoles - deflecting elements: x-section
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Basic Electron Optical Elements

Quadrupoles - Stigmators

Wi
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Basic Electron Optical Elements
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Hexapoles - 3-fold Stigmators

short
A
| hexapole

el2)

|
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Aberration correction by means of hexapoles T
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Optik

85, No. 1 (1990) 1924  © Wissenschaftliche Verlagsgesellschaft mbH, Stuttgart

Outline of a spherically corrected semiaplanatic medium-voltage
transmission electron microscope X

H. Rose

Insitut fiir Angewandte Physik Technische Hochschule Darmstadt, FRG

59 corrector

magnetic |

objective transfer transfer |
lens | doublet 1 hexapole 1 doublet 2 hexapote 2|

object coma-free N4
plane plane =
nodal plane Ny

Fig. 2. Schematic arrangement of the elements of the spherically
corrected semiaplanatic objective lens.
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@Plﬂk 85, No. 1 (1990) 19-24  © Wissenschaftliche Verlagsgesellschaft mbH, Stuttgart

Outline of a spherically corrected semiaplanatic medium-voltage
transmission electron microscope X

H. Rose
Insitut fiir Angewandte Physik Technische Hochschule Darmstadt, FRG

59 corrector
magnetic | !
objective | transfer transfer i
lens | doublet 1 hexapole 1 doublet 2 hexapole 2I
|

object coma-free N4 No
plane plane =
nodal plane Ny

Fig. 2. Schematic arrangement of the elements of the spherically
corrected semiaplanatic objective lens.
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Aberration correction by means of hexapoles
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short
hexapole
_ gl2)
I DS s A
/ %
= I —_— 7
" WSS - i
1 ,IE{ZJ

2nd order aberration
(three-fold astigmatism)
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Aberration correction by means of hexapoles
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extended
hexapole

1 1 7N
+ _':—:‘:—? \ )

w.

2nd order aberration 3rd order aberration
(three-fold astigmatism) (negative spherical aberration)
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Aberration correction by means of hexapoles
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extended
hexapole
Elzl E[a:
\ S e
R I 5\
: - ——— I T— ——7
» — r‘*"— {‘—— il e
_ _ 2nd order aberration 3rd order aberration
¥ss ... magnetic potential (three-fold astigmatism)  (negative spherical aberration)
L ... hexapole length
fo ... paraxial ray height ; a4
le] [ A,=3n¥ysLf, ] [ C,=—3[nW,,[ L*f;<0 ]
n ... constant: ;7=1/m

M. Haider et al., AIEP Vol. 153 (2008), 43-119, https://doi.org/10.1016/S1076-5670(08)01002-1
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@Pﬂlnk 85, No.1(1990) 1924  © Wissenschaftliche Verlagsgesellschaft mbH, Stuttgart

Outline of a spherically corrected semiaplanatic medium-voltage
transmission electron microscope X

H. Rose 4
Insitut fiir Angewandte Physik Technische Hochschule Darmstadt, FRG

corrector /

magnetic
objective transfer transfer
lens | doublet 1 hexapg doublet 2 hexapole 2

object coma-free
plane plane =
nodal plane Ny

1st order

Fig. 2. Schematic arrangement of the elements of the spherically
corrected semiaplanatic objective lens.
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Aberration correction by means of hexapoles
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Ideal system ...

OL TL11 TL12 HP1 TL21 TL22 HP2 ADL SAD|plane
/= )
& ) N J N J
A Y _ Y
transfer optics transfer optics transfer
optics
Cs-correction Cs-correction
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Aberration correction by means of hexapoles
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Ideal system vs. real system: small imperfections due to limited manufacturing precision

OL TL11 TL12 HP1 TL21 TL22 HP2 ADL  SAD|plane

mechanical mis-alignments, imperfections of magnetic materials
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Aberration correction by means of hexapoles

Systems GmbH

Ideal system vs. real system: small imperfections due to limited manufacturing precision

OL TL11 TL12 HP1 TL21 TL22 HP2 ADL SAD|plane
HPol DP12 DPH1 DP21 DP22 DPH2 Ish  DPSh
QPol DSt
DP1
X X X X
= X X XX X
mechanical mis-alignments, imperfections of magnetic materials
= additional alignment channels required: deflectors, quadrupoles, hexapoles

Fundamental corrector alignment:

- Factory adjustment = fingerprint of machining tolerances and mechanical mis-alignments
- No change over time! ... not even when moving a corrector to a different microscope

Daily corrector alignment procedure:
- Fine-tuning against hysteresis of magnetic elements and thermal drift.
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1997: Breakthrough in C.-correction for TEM CEOS
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Aberration-correction for TEM and STEM
object electron
source
objective
lens
TEM STEM
scan
v I I coils
objective
lens
detector object
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Aberration-correction for TEM and STEM
object electron
source

objective
lens

TEM STEM

scan

I I coils

objective

lens
detector object
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CEOS

Aberration-correction for TEM
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resolution enhancement from 0.23nm to 0.13nm
E=200kV, dE =0.7eV, Cs=1.2mm, Cc=1.3mm

05 I I 1 1
—— diffraction limit 1996
---- chromatic aberration
—-— spherical aberration
04 +
— uncorrected
-=-=-=- Cs-corrected
03 F
—
£
c
S
©
0.2 +
0.1 F
i Haider et al. Nature 392, 768 (1998)
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Aberration-correction for STEM
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resolution enhancement from 0.25nm to 0.136nm
E=200kV, dE =0.7eV, Cs=1.2mm, Cc=1.3mm

0.5 I I 1 1
—— diffraction limit
---- chromatic aberration
—-— spherical aberration
0.4 .
— uncorrected
, -=-== Cs-corrected
038 I =
—_—
E
- twice the aperture .
© 02 | - four times the beam current 4
0.1 F /
,/
z/ ik
0 ”"/’ 1 1 1 1 . .
0 10 20 30 40 50 Nion's Cs-corrector at 100keV

o (mrad) Dellby et al. JEM 50(3): 177-185 (2001)
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Direct observation of 0.78 A resolution in STEM ——r
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Si[112] sample, C_.-corrected HAADF imaging CESCOR In 2008

Raw imag

|
il
il

1 , ”:!.i : 'Z?|_'\: [' : L
| | Intensity profile

JEM-2100F with CESCOR
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CEOS aberration-correctors for TEM and STEM &
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2100F
ARM200
NEOARM200

) CETCOR

ThermoFisher

SCIENTIFIC CESCOR
= CETCOR ASCOR
LASCOR
 DCOR(*) ATCOR
SCORR

(BCOR, CCOR)

Zeiss -
Libra200 HITACHI
CETCOR : 3
CESCOR HD2700

Py ==

CESCOR CETCOR-UHV
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! . CEOS
Daily corrector-tuning

Systems GmbH
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CEQOS

Tuning towards experimental requirements

Systems GmbH

TEM: PCTF Desired optical state # zero aberrations
* TEM: Phase Contrast Transfer Function

* STEM: (sometimes) tailored probe STEM: probe shape

Basic Microscope Properties

Reduced Brightness 7.5he+07 AsmsrV
Chromatic Abemration 15 mm
Energy Spread FWHM 04 eV

Current STEM Setup

Probe Semi Aperture 40 mrad
Probe Current 50 pA

Probe Size

4 Options | Update | ?
Dfffaction Limt | 345  pm

+ Source Size | 20.9 pm

+CcxdE 06 eVmm

= Optimum D50 435 pm

Leam 2/ PCTF \/ Total Output \/" Wobble \

1.0 f‘

T 2\
0.0 -

051 \

110 20 30 40 50 60

+ Geometric Aberrations

Transfer Band: " +pi/2 © -pi/j2 (1]

s = Total D50 pm
Desired ””m = W T | 4697 % Dguw| 615 pm
P}ta_inibﬂ_e_ = b W Probe Shape

SGh —

" Zeno * Measured: W 100 pm !5&1

C3

Optimum: Comect To

Measured: _M

Clopt :

For Optimum C3: C1: [40.64nm .

For Measured C3: ct: [6ezom |

Free Parameters

¥ Show Plot c: 200 Jfom
Cop s | €3 B Important feedback:

| o teoargsge| [0 Tl | Good enough for desired experiment?

QEM2025, 13.05.2025 Aberration Correctors and Monochromators Martin Linck, CEOS GmbH



CEQOS

Auto-tuning developments

Systems GmbH

Desired optical state # zero aberrations
* TEM: Phase Contrast Transfer Function

* STEM: (sometimes) tailored probe

Error recognition
* wrong magnification
* messed-up illumination
* bad image quality
(Thon rings / deconvolution)

Measurement settings

* magnification

* fraction and binning, defocus
* outer tilt angle, tableau type
* fit parameters

* aberrations to be corrected

#3+53‘ 53 ‘ A3 ‘ Alg |
Stop criteria \m e e /
P Correction criteria

* confidence of measurement Automatic
* further correction not meaningful
* measurement failed

* confidence of measurement
* compensation schemes
(different orders of same muiltiplicity)

QEM2025, 13.05.2025 Aberration Correctors and Monochromators Martin Linck, CEOS GmbH



CEOS
STE M A uto-tu n e Corrected Electron Optical

Systems GmbH

M- f_ t_ Measure
Icroscope configuration Auto correction

and STEM setup in progress
i Correct Probe simulation with

Ele Help H H
=loixi attainable probe size
2/4: Check data File Help
_ _ =11
Microscope properties: 3/4: Auto correction (U] Fil= Help

Reduced brightness: | 1.00e-+07 Af{m2srV)

Chromatic aberration: | 1.50 mm Coarse correction V 4/4: Result
Ermgpeeasit ID'?D ev Tableau correction V

Current STEM setup:

Fine correction O

Probe current: |4D.DD pA Starting script
Starting continuous measurement ...

Probe semi aperture (a): I;‘_:l. 50 mirad

|»

Probe size:

Diffraction limit: |4.10 pm fﬂrrﬁﬂt&d: Al

+ Source size |95.C|-5 pm :

+CoxdE | 1,05 mevm fiﬂrrectﬁd: C1, A1, WD
= Optimum D50 I 119.50 pm

Corrected: B2, A2

Probe size:

-_ done
Recording enhanced tableau ... Optimum D50: I 119.50 pm

... done

Starting continuous measurement ... + Remaining geometrical aberrations

= Total D50: | 127.97 pm |

¥ Advanced parameters

@ Import again | b Start | LI

Undo @ Restart
@ Save Log \, Quit

QEM2025, 13.05.2025 Aberration Correctors and Monochromators Martin Linck, CEOS GmbH



TEM Auto-tune

CEQOS

Corrected Electron Optical
Systems GmbH

Measure
Auto correction

in progress o/

Microscope configuration

and PCTF requirements Final PCTE with

Auto CETCORPLUS ] | Correct = =
Fie  teb attainable resolution
== Auto CETCORPLUS o ] 54|
2/4: Check data Ble e Auto CETCORPLUS _ o] x|
3/4: Auto correctio l: He tep
Corrector type: / 0 CoF n L]
4/4: Result
IAnoﬁwer PP :I Coarse correction V
i ' 10
1 Coarse tableau correction T
1]
Spatial frequency (gessred: | 15.00 1/nm Tableau correction -a
1Qecseest | 66.57 pm 0.0
Fine correction
Bright atom contrast {+n/2): [V
Measurement range: 1.37 um
-1.0
Starting script = 0 5 10 15 20
Please change magnification untilk
0.5um < "measurement range” < 1.5um Jci= 4.2 nm Jci= 5.1 nmm
Click "continue” afterwards.
Paused J]c3=-11.0 um J]cz =-13.2 um
Continuing ... Jes = z.0mm J]es = 6.2 mm
Starting C1&A1 measurement ...
| Qoestres = 15.0 1/nm
1.0 - . I
- done ! Qaccatmakie = 14.3 1/nm
Recording standard tableau ...
- done
Corrected: B2, Al, C1, A2 Focus on sample
0.0 Starting C1&A1 measurement ...
- done
Recording standard tableau ...
... done
-1.0 T T T Recording enhanced tableau ...
0 5 10 15 20 - done
Corrected: B2, A1, S3, C1, A2
Jci= 4a.8mm Starting C1&A1 measurement ...
Jcz =-11.0 um " done
Jes = z.0mm Recording enhanced tableau ...
=
Import again | Start |
@ P Unda @ Restart
x Abort I I Pause
4 @ Save Log V Quit
Y
4

QEM2025, 13.05.2025

Aberration Correctors and Monochromators

Martin Linck, CEOS GmbH



Axial aberrations: CETCOR/CESCOR
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2008: DCOR/ASCOR for STEM a—

Systems GmbH

1 & i Mi . Mi al. 12, 442455, 2006
Advancing the Hexapole C;-Corrector for the Scanning ~ Microsc. Microanal. 12, 42-455,
Transmission Electron Microscope

Microscopy ..
Heiko Miiller,* Stephan Uhlemann, Peter Hartel, and Maximilian Haider Microana ySlS

Corrected Electron Optical Systems GmbH, Englerser. 28, D-69126 Heidelberg, Germany & MICROSCORT SOCETY OF AMERICA 1006

U=300kV, f, =2.3mm, C, ,_of 1.3mm corrected

4 ; .
j O |A, | o . _ )
3 0 A, ) Six-fold astigmatism A; is a
© Ay // function of hexapole length.

Shorter & stronger hexapoles
allow minimization of A,.

o J

six—fold astigmatism A, [mm]

DCOR/ASCOR:

- A, corrected

. * complete 4th order axial
T T B aberration correction

length of hexapoles [mm]
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: CEOS
Hexapole with deflectors and quadrupoles

Systems GmbH

quadrupole x  quadrupole y

main
hexapole
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CEQOS

TEAM project: 50pm STEM resolution with DCOR at 300 kV & cireon o

Systems GmbH

week ending

PRL 102, 096101 (2009) PHYSICAL REVIEW LETTERS 6 MARCH 2009

S

Atomic-Resolution Imaging with a Sub-50-pm Electron Probe

Rolf Erni, Marta D. Rossell, Christian Kisielowski, and Ulrich Dahmen

National Center for Electron Microscopy, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
(Received 17 June 2008; published 2 March 2009)

= —p—#3 1%
(C) — 442 direction (a) L T —|—#2 959
—— 1113 direction 1
. 2
c
% E
3 a
g 5
3 >
= =
= _ 2
||| 884 2
= | f - =
[ | 1113
| 1
W fi 14 J
LI A Il Ak : [
0 5 10 15 20 g . . | . .
Reciprocal distance (1/nm) 100 -B0 B0 -40 -20 0 20 40 80 80

Distance {pm)

FIG. 2. (a) Line profiles across the atom row of Rol 1 in Fig. |
'a} (gray} and Fig. l{b) (b]ac.k) (b) Detail of the power spectrum

1113- l)pc, rt,ﬁcuums {49 pm) are préveal _c ¢ sub-
50-pm information transfer.
~ 40 mrad
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ASCOR @200kV: JEOL ARM200, cold FEG Lo

Systems GmbH

Improvement of Imaging Performance with a New ASCOR Probe-Corrector

in 2 200 KV JEM-ARM200CF Microsc. Microanal. 22 (Suppl 3), 2016

© Microscopy Society of America 2016
M. Watanabe™, T. Nakamura®*, T. Ishikawa™**

* Dept of Materials Science and Engineering, Lehigh University, Bethlehem. PA 18015.
** JEOL USA Inc.. Peabody, MA 01960.
*#% JEOL Ltd., 3-1-2 Musashino, Akishima, Tokyo, 196-8558, Japan.
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ATCOR - Advanced HP-corrector for TEM (2020) CEOS

Systems GmbH

CETCOR

mix of strong six-fold and small residual
three-fold distortions three-fold distortion

| original CETCOR
I DCOR technology
| BCOR technology

C ETCO R 100 mrad 100 mrad

QEM2025, 13.05.2025 Aberration Correctors and Monochromators Martin Linck, CEOS GmbH




CEOS

Axial aberrations: advanced two-HP correctors oo

3 4 5 6
multiplicity
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CEOS

Axial aberrations: advanced two-HP correctors oo

Systems GmbH

0 1 2 3 4 5 6 7 8 9
multiplicity

ASCOR/
DCOR
(2008):
Ds-limited

/
/ LLLLNT

1R

n mﬁn, " = =

(o2}

= m’l 1
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CEQOS

Ds-correction principle with three hexapoles

Systems GmbH

D¢~ f Wis Ui, Upyuedz
HP1,2,3 s

~ — . 2 As aberration ray is
D6 f 11135 ua dz large in center hexapole
HP1,2,3

Ds correction part is considerable and
can be used for compensation.
(Not possible for two-HP-correctors.)

QEM2025, 13.05.2025 Aberration Correctors and Monochromators Martin Linck, CEOS GmbH
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48 mrad

Aberration Correctors and Monochromators

CFEG (0.34 eV), a

10 aligned images, pixel time 2 us
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CEQOS

Axial aberrations: three-HP-STEM corrector

Systems GmbH

0 1 2 3 4 5 6 / 8 9

[

multiplicity

— LASCOR
(2022).
G-+/Ds-limited

150 mrad
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LASCOR: Three-hexapole corrector for STEM &

Systems GmbH

uncorrected: Cs-limited CESCOR (2001): As-limited

j u“:"-. ;;.J
" —— ﬁ ‘. . ‘.‘_ .:‘
1 o AR

e |

r <10 mrad S
e ' r=29 mrad ™ \

rd

/

.‘:j Large Aperture STEM CORrector
v =
b

ASCOR/

DCOR ~ r=80mrad
(2008):
Ds-”mited

. _ 4

LASCOR
(2022): |
G-/Ds-limited ~150 mrad
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Off-axial aberration correction

Corrected Electron Optical
Systems GmbH



: : : CEOS
Unavoidable aberrations of magnetic lenses T

Corrected Electron Optical

Systems GmbH

Spherical Aberration: C3 ~r°, o3

1 . ~ rl 2
Off-axial Coma: B3 ~r, o Image curvature: F3 ~r2, ot

G p |
« 2 T
Er ? 2
® @ : : :
] Field astigmatism: Af3 ~ r?, a*
: S —— :
© @ b U o
(Y ) -
) @:
® ®) (c) (d)
Pincushion/barrel distortion and spiral distortion: A?L 7
D3 ~ 13, o° W

von H. Rose: Geometrical Charged Particle Optics, Springer-Verlag

QEM2025, 13.05.2025

Aberration Correctors and Monochromators

Martin Linck, CEOS GmbH



CEQOS

BCOR: off-axial coma correction

Systems GmbH

main HPs: strong and symmetric - C_-correction
rotated HPs: weak and anti-symmetric - huge D, and some B,

T —
0 —

|
l

|
AR

oL L1 TL12 TL TL . TIADL TL

H. Mdller, et al.: “Aplanatic imaging systems for the transmission electron microscope”,
Nuclear Instruments and Methods in Physics Research Section A, Volume 645, Issue 1, p. 20-27, 2011.
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CEQOS

BCOR: off-axial coma correction

Systems GmbH

8 ' T T i T i i T T T T T 160
e : | | | | | s |
. Svw—— . - S i

Tt main HPs: strong and symmetric el

°T ~~ rotated HPs: weak and anti-symmetri¢’ | %
_ 5F f A — | f AR S e /nd 100
[ | z
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B _ _ §
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"la -—
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g o 2
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H. Mdller, et al.: “Aplanatic imaging systems for the transmission electron microscope”,
Nuclear Instruments and Methods in Physics Research Section A, Volume 645, Issue 1, p. 20-27, 2011.
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. : CEOS
BCOR: off-axial coma correction

Systems GmbH

BCOR UI (Factory)=C:/CEDS/SDB/300kV/temp.sdb =10 x|

FloEM|I‘~7 ﬁomsu[ﬁm|ﬁmqe

€@ Options Phase Plate Tradtional !Q
Confidence
1 450 1.61nm
Al |454nm
[N 393w 1.25nm
B2 |16.80m [
3 |aeym 38 Inm | [ Team 2\ FCTF \/ Total Octput \/ Wobble \
o P : [FACCO’ [image width: 2048 /512px [No CUT ClAlrenge [5%64mm | ;o -
]
= 33.3nm alm [ [og [ [ ms [ [ a6 [ [ men| =l - !
==l == L : el A AL : . .
M| 6 |-4950m|37.30m | -130.1°| 730m/im | 114 2° 240/ (345 | 150m/um [19.8° | 7794 orts )
D4 EE\ELITI 7 |-4940m |37.70m | 629" | 73nm/m | 119.7" | 160m/m |-238" |8.6m/im | 595" | 7902 crts 0.0
B4 s | | 72nm/im | 1257 150m/um | 118.9" | 260m/ym |-315° | 7938 crits inisl.
e |- 459nm 5] " [omm | 1087 Vemi |492° |32 |-795° | 7902 1
% 10 ! |Tem/ien | 1146°|2 Fensym | 146" | 100en/um |-158."| 7733 crts 10— 6 & 1012 14 16 18
cig 275nm 11 450 | 280m | 62 om | 122" [ 161" | 35emm 268" | 706 ot
Alg | 1.20m 12| 4450 | 6.47m | [ 1166° | 11nm/im 628" |35om/im |-95° | 7758ents Transfer Band: Co+pif2 -pif2 ?|
(416 | s 12.2pm 13 445rm[5.46vm | £29" | T8 14° |3 2mm |1278"| 160/ |- 737" | 7776 cne Rastktiong
AZg | 1540/, 248 14 11?5:I2‘hm.-'|..m 151?';13‘!’!1.3’1;\1 211 ‘;ma?ms Desired [500 Jiom — F—ﬁi-G?um
A2G | 163m/| . £aoum 15~ m | 1125" 39nm/um | €1° | 2nmfum |-148.5°| 7812 crits | 7 M_m Ty
Bl [16] 105.8°| 300/ |-161.3"| 240/ | 157.3" | 7776 cres i = b
(826 | 13300 14.1pm 17 2630m7 50 (1057 i |-118"_|Vomom |-1025 797 octs s
- 118 | -465nm | 9.53m | 1108.2° | 15om/m |69.7" | 1ine/um |7 | 7741 cnlts " Zem (% Measued: 24 B4em
2.5mm 19 -4640m | 15.80m | | 7énm/pm | 117.3° | 15om/um | 16" |9.3nm/um | 474" | 7804 crits c3
20 -dE}vn_H&'\mé- | 74om/im | 114.4* | 100m/m |-78.2° |5.60m/im 421" [ 7876 onts Optimm: _
gggm—l 21| -4630m 3 TTnmé | 62nm/im | 110.4°| 27m/im | 124 5° | 30en/m | 44.1° ;?sssc.-:s | Mesawsd: opm:?
L | |22] 245 | 2.530m | Finm/m | 1125 | 570pmAm 342" |330mim| 757 | 7708 cnts =
4 Bnm./pm — — — — =" |Ip=
9.887um | I Scroll Lock For Optimum C3: C1: |-7.035m
ioh emit 5.9nm//um . = [ | For Measured C3: ct: [2686m
18_96um / —Frea F
4.128um / 5 Srm./um Save Log a5 HTML ct: [000  |fm
11.4dum / : I™ Show Plot i p—
C5:  -24.84mm . _'1
5. 194.2um / +1e4.sk 1?EI'II'I'I.-'"|.I'I'I Print abesati | Copy Optimum State | E &‘m
o 5 [0.00
All images used. 176nm,/ in image coord. system Copy Measured State | = 1220 fron
Cle: -75.04pm fonm/um
Alt: 177.3pm / 4106.2dey
TR T 153nm./um .
Chos. 54 S ¢ off-axial coma B3
Aa Ly 1583nm.pm <
AZg: 154.5nm/um / -130.
Big: 28.1lnmfum / -62.9 corrected
Measurement accepted.
Tableau suce—essfully executed.
TZM Tableau finished successfully.
dTime: B5992s j
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: : . CEOS
Titan Krios with BCOR: Performance at 300kV P————

Systems GmbH

* Cryo-lens, total Cc at 300kV ~ 3.9mm

* monochromated illumination (unknown energy witdh, no spectrometer on the system)
* indicated magnification: MH380kx ... Nyquist =34.1/nm ... pixel size = 14.7 pm

* Gold particles on ultrathin Carbon

* 2 sec exposures on 4096x4096 CETA camera

Diffractogram

15.1/nm ... ~66 pm

10.0 nm
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- . CEOS
BCO R ap p I I Catl 0 n S Corrected Electron Optical

Systems GmbH

BCOR in Life Sciences:

First time resolving individual atoms in a proteine
structure using cryo electron microscopy.

part of an Apoferritin proteine
grey: Tyrosin side-chain consisting of several atoms
red: individual resolved atoms in Tyrosin structure

Data was collected in a TFS Krios operated at 300kV
with BCOR and monochromator.

tuning the
off-axial
astigmatism with
BCOR

sample:
amorphous tungsten

field of view:
~191 nm x 191 nm

Ka Man Yip, Niels Fischer, Elham Paknia,

Ashwin Chari, Holger Stark:

Atomic-resolution protein structure determination by cryo-EM.
Nature 587, 157-161, October 21, 2020.
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Aberration correction
for electron lenses
using quadrupoles

and octupoles

Corrected Electron Optical
Systems GmbH




CEQOS

C.- and C.-correction for a low-voltage SEM ——r—

Systems GmbH

1995: First ever working and resolution improving corrector

Uil S
98, No. 3 (1995) 112- 118  © Wissenschaftliche Verlagsgesellschaft mbH, Stuttgart

Correction of spherical and chromatic aberration

in a low voltage SEM
QPmag  QPeiamag QPgigmag QPmag Objective lens
J. Zach, M. Haider ' | ' —

dE=0
dE<Q ——

il

05 Y - Z plane

-05 X-Z plane

0 50 100 150 200
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CEOS

C.- and C.-correction for a low-voltage SEM ——r—

Systems GmbH

1995: First ever working and resolution improving corrector

el
JJJj g 98, No. 3 (1995) 112-118  © Wissenschaftliche Verlagsgesellschaft mbH, Stuttgart

Correction of spherical and chromatic aberration

in a low voltage SEM
QPmag  QPeiamag QPgigmag QPmag bjective lens
J. Zach, M. Haider * - ' ——

dE=0
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. CEOS
C.- and C.-correction for a low-voltage SEM

Systems GmbH
- ‘ 5 : - ; ".|' .‘c
; s ~#I :' .: + P . <
* - ° . .10x higher probe current. .. " .- ..
She G S, o Ee L4 DA ek d ey
uncorrected 8 mrad - unéorrected 26 mrad dorrected 26'mrad . =

1 keV 100 nm
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] CEOS
SALVE - Instrument Overview

object planeI

SALVE-C_-C.-corrector

I . S
off-axial

rays

MO03

M04
M14

M13

M12

M11

— N . —— ADL1
——
— N S5 —— ADL2
1

.image plane
|
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SALVE - Basic Ray Path o

Systems GmbH

MO1 MO02 MO3 MO04 M14 M13 M12 M1l

U | T
Dl .\\\\\
d AN

\/
/ \

axial
rays
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SALVE - Correction of spherical aberration

CEQOS

Corrected Electron Optical
Systems GmbH

object plane :-> axial rays _
OL % V \

Mo2 | \ ' WA\

M14 | . - astigmatic beam
' in octupole field

QEM2025, 13.05.2025 Aberration Correctors and Monochromators

Martin Linck, CEOS GmbH



. . ; CEOS
SALVE - Correction of spherical aberration

Systems GmbH

T =

" \\I\ l
[
1

M02 | LI |

object plane :;-’ axial rays A, C,+ A4, + S,
: Iu

total effect

MO03

M04 | — round beam
M14 | — A - in distorted >
M13 octupole field

M12 |

M11 |

ADLI—

|
|

< image plane
|
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CEOS

SALVE - Correction of spherical aberration
object plane :-’ axial rays A, C,+ A4, + S,

oL @

T— =~ ——

TL12— — [/ 1 —

total effect

M12

M11

ADL2——

,image plane
|
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CEQOS

nion: C.-correction in a dedicated STEM ——T———

Systems GmbH
check www.nhion.com

now part of

Nlkias Dellby and ONdrey Krivanek

e
BRUKER
(X))

kavliprize.org
wikipedia.org

- resolution improvement by Cs-correction in a VG HB5 STEM (1997)
based on a 1964 concept from J. Deltrap, Cavendish labs (UK)

- today: complete nion STEM column with monochromator and spectrometer

2nd generation Uncorrected Limit
T z Mion C3 Corrector

Expected 3rd generation
ray in x-z plane optimal resolution Nion Cs/C5 corrector
== @y iny-z plane

100 mR

—

from: Krivanek et al. Inst. Phys. :
Conf.Ser.153 (Proc. 1997 EMAG) http:/lwww.nion.com http:/lwww.nion.com
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CEQOS

Chromatic aberration correction

Systems GmbH

electron energy:
E,-AE < E, < E,+AE

Object

plane Gaussian

image plane
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CEQOS

Chromatic aberration correction

magnetic QP electrostatic QP
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CEQOS

Chromatic aberration correction

Systems GmbH

Crossed electric and magnetic fields:

equation of motion i (Wl;) —- Q(E: + ; XE)
dt

\ J
Y

Wien filter: =0
for exact energy E,

E<E,: quadrupole effect

E>E,: opposite QP effect

— "chromatic quadrupole" 4,

QEM2025, 13.05.2025 Aberration Correctors and Monochromators Martin Linck, CEOS GmbH



h ] . CEOS
SALVE - Correction of chromatic aberration

Systems GmbH

object plane |-> axial rays
oL

AN— astigmatic beam
// ) in chromatic QP
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CEQOS

SALVE - Correction of chromatic aberration
object plane :-’ axial rays 4,2 4,.+C, ~N
oL <5>
R — i —
TL12 S ( : —
mo1 | N |
Mo2 | \\E\ \\ | total effect
X
Mo3 )
N4
m: | : X | round beam
| 7 N\ ' in distorted >
M13 )//)y chromatic QP
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: : : CEOS
Chromatic aberration correction: CCOR e:a

Systems GmbH

828 mm

ZYOR G
160 channels
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PICO: application with 50pm at 200kV

Lei Jin, Juri Barthel, Chinlin Jia
and Knut W. Urban,
Ultramicroscopy 176 (2017) 99-107.

Atomic resolution imaging
of YAIO3:Ce In the chromatic and

spherical aberration corrected 40
PICQO electron microscope.

30 +

QEM2025, 13.05.2025
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Corrected Electron Optical
Systems GmbH

- L] “
prp EB_ pm:

I-Aqn&. lq.::l

1mean: 68.9 pm

sd: 7.8 pm

80 70 80
distance / pm

80

distance / pm

Aberration Correctors and Monochromators

Martin Linck, CEOS GmbH




CEQOS

CCO R : ac h ro mati c i m ag i n g Corrected Electron Optical
dE=0 dE= +50 eV
R ______Cc-corrected _ y | \ Cc uncorrected
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- : CEOS
CCOR: achromatic imaging

defocus vs. energy shift at 200 keV

E
. =_.
=
o
[ -
3]
=

O  measurement
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Corrected Electron Optical
Systems GmbH

CCOR: achromatic imaging

defocus vs. energy shift at 200 keV

E

E

g

o

o .

Ty ) I () measurement e _

= dth-order fit
-1000 |- « = - theoretical prediction \ =
Q100 m— ncorrected ]
_]2{:“:} | | [l | 1 I 1 1 | [ | | I 1
-1600 -1200 -800 -400 0 400 00 1200 1600
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Corrected Electron Optical
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CCOR: achromatic imaging

defocus vs. energy shift at 200 keV

E in-focus-imaging of

5 inelastically-scattered

& electrons up to ~1 keV __

= o0k energy loss (O  measurement e —

m—— dth-order fit
-1000 = « = - theoretical prediction \ =
1100k m— pncorrected _
-1200 —_— —_—
-1600 -1200 -800 -400 0 400 800 1200 160C

- unprecedented EFTEM experiments
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Corrected Electron Optical
Systems GmbH

5 1/nm

5 1/nm
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80kV Cs-corrected

Atisivizielele

CS00C00

- —
CoOLSS
= e g

- 1NM

W

CEOS

Corrected Electron Optical
Systems GmbH

20kV Cs-corrected

Bl 2 x107 e//nm?
-l

1x10° e /nm?

QEM2025, 13.05.2025
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CEQOS

Summary: Aberration correctors

Systems GmbH

- Aberration correction improves the resolution
by increasing the usable aperture

from d=100A (10 mrad) to d =25...15A (40...65 mrad)

for example: d =50 pm @ 200kV and 300kV (CCOR+/TEAM)
d =90 pm @ 50kV and 40kV (CCOR+/SALVE)

- Delocalisation vanishes with Cs-correction in TEM

- Higher probe currents and smaller probes in STEM,
and better depth resolution

- Beyond ultimate resolution:
Cc- and Cs-correction open up new applications
in biology, in-situ, dynamic EM, Lorentz EM (large pole piece gaps),
low voltage (S)TEM, energy selective imaging (large AE)
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CEQOS

Monochromators: Basic principles

Systems GmbH

Two main applications:

/% - improve lateral resolution in imaging
- Improve energy resolution in spectroscopy

Gun _—~energy selecting slit

:|< dispersive
1 system

gun images

Challenges:

- large dispersion

- small selection windows (harrow and clean slit)

- proper imaging conditions from source to selection plane

QEM2025, 13.05.2025 Aberration Correctors and Monochromators Martin Linck, CEOS GmbH



CEQOS

Monochromators: Filter factor

Systems GmbH

Cut out the “right” electrons!

e.g. Schottky-FEG

filter factor (~ Error-function)

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%
E 0 02 04 06 08 10 12 14 ]/eV

slit width

ideally only ~25%
of electrons left

slit width = 0.2eV
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Monochromators: Brightnhess conservation

CEQOS

Corrected Electron Optical

Systems GmbH

Current I,

Brightness =———
Solid Angl

e Q2 >(Emitting Area A)

Emitting tip

Emitting
Area A

Solid Angle Q

Current |

-

example: STEM probe

probe current ~ Brightness, probe angle (- 2), demagnification (- A)

Brightness cannot be increased but reduced by:

* beam limiting apertures (e.g., selection slits)

* Increase of source size due to dispersion

* aberrations in slit plane

/

QEM2025, 13.05.2025

Aberration Correctors and Monochromators

Martin Linck, CEOS GmbH



CEQOS

Monochromators: Brightness conservation

Systems GmbH

Selection slit plane:

Undispersed
source image

¢ o)

Dispersion

dispersed source image

D

Selection slit effective source size

increases by factor of 5

Current I, Brightness reduced

Brightness = — iti
S Solid Angle Q@tﬁng Ar@ adfglé;g?il:y 1'7%, a

Example for 0.2eV (filter factor 25%):
25% /5 = 5% (loss of original brightness by factor 20)
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CEQOS

Monochromators: Brightness conservation

Systems GmbH

- Size of source image should be equal to slit width
- aberration discs should be much smaller than that

dispersed
undispersed . source image | Source size grows
: by factor of 5
source image /
. >
e — high brightness loss
N\

N
Selection slit

undispersed
source image

dispersed Source size remains
source image | roughly as is

>

source

oo — low brightness loss
magnification

- additional requirements on gun and condensor optics

QEM2025, 13.05.2025 Aberration Correctors and Monochromators Martin Linck, CEOS GmbH



CEQOS

Simple monochromator: homogenious field Comrected Blczon Optc

Systems GmbH

entrance spot/image plane exit x-focus
/ energy selection slit\ \

QEM2025, 13.05.2025 Aberration Correctors and Monochromators Martin Linck, CEOS GmbH



CEQOS

Simple monochromator: homogenious field ———

Systems GmbH

Path of rays

No focus in y-direction
— no image of source

— use guadrupoles for
x/y-focus in exit plane

QEM2025, 13.05.2025 Aberration Correctors and Monochromators Martin Linck, CEOS GmbH



: CEOS
Monochromator without quadrupoles Correren Eecron 0GR

Systems GmbH

“single” focussing Wien-filter

simple line focus

slit

P. Tiemeijer

“*FEI
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CEQOS

Simple monochromator with quadrupoles Comretes Hecron opta

Systems GmbH

X- and y-focus at the same exit plane

‘ QP1 Dipol (homogeneous field) QP2 slit

\

>
|\ =
WANNNNNNY

-
I
I
I
I
I

Y >¢I

_/

/

N

I
1
L]
I
I
I
I
I
I
L1

ANNNNANNNN

entrance spot plane exit spot plane
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CEQOS

Monochromator with quadrupoles

Systems GmbH

Wien filter with additional
focussing elements

double focus
at slit

slit

P. Tiemeijer

“*FEI

QEM2025, 13.05.2025 Aberration Correctors and Monochromators Martin Linck, CEOS GmbH



CEQOS

Different flavours of monochromation
AXis Straight (TFS, JEOL) Curved (CEOS, nion)
E - A/
/.

—Z pure electric or ||
ﬁf magnetic fields kg
crossed electric and N7 8
magnetic fields g TS
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CEQOS

Different flavou rS Of monOChromation Corrected EIectronOpti;aI
AXis Straight (TFS, JEOL) Curved (CEOS, nion)
Potential at high-voltage level at ground potential
(CEOS, TFS, JEOL) (nion, CEOS)
v source v source

. dispersion = accellerator

[+un-dispersion]

g accellerator . diSperSion & undispersion
- inside the gun, before acceleration stage - below accelerator
- high sensitivity to Boersch effect - insensitive to HT instabilities
- easy to produce high dispersion - very strong fields required
- high vacuum requirements (UHV) - complicated optics
- additional electronics on the HV level (requires correction elements)
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Different flavours of monochromation

CEQOS

Corrected Electron Optical
Systems GmbH

AXis Straight (TFS, JEOL) Curved (CEOS, nion)
Potential at high-voltage level at ground potential
(CEOS, TFS, JEOL) (nion, CEOS)
D i S pe rS i 0 n & Selection slit
irl-l ispersive = o nd
management >_I< Dsyitem % j diss;):et;sri:e % di:ﬁie:;sr:e

(TES)

“Rainbow” illumination:
- dispersion remains in whole beam path

- source images for different energies
at different positions
— emission in different directions

(CEOS, JEOL, nion)

- dispersion removed in illumination
- no brightness loss due to dispersion
- source image looks as usual

- source images for different energies
might emit in different directions

QEM2025, 13.05.2025
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. . . CEOS
m monochromator: single Wien filter
tip O g ‘. from: Peter Tiemeijer
\:_:—__:-—:.RL s 7 Wien ﬁhlter .‘e‘. F E I“l
,Eff——-*> NI @
3 - ThermoFisher
- O SCIENTIFIC
- :
¢ | Acceleration .
tube
Energy-
i selecting )
— Advantages: Disadvantages:
: ! - TEM + STEM - dispersed spot (“rainbow illu”)
- simple design — special usage of condenser
# Y - continuously - drift after excitation changes
r r " adjustable dispersion (magnetic elements)

E-AE E E+AE
from: Koji Kimoto, Microscopy, 2014, 1-8.
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: | CEOS
JEOL : monochromator: double Wien filter

Systems GmbH

tip O (@) schottky source #7
- Advantages:
] RL Electrostaticlens ' >
ExB > at entrance - TEM + STEM
L—1% - achromatic spot
_()'_ <
_\\ "-.
BB | T 15t Wien filter -!
R  Disadvantages:
O-" Eneray-selection siit — - many_voltageg and currents
i E —-I on high-tension level
2nd Wien filter J - residual angular dispersion
L
: =
8 A 7 1l
v Electrostaticlens J
at exit
\.

:-' 5 from: Masaki Mukai, Microscopy, 2015, 1-8.
AN

E-AE E E+AE
from: Koji Kimoto, Microscopy, 2014, 1-8.
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CEQOS

Corrected Electron Optical
Systems GmbH

CEOS monochromator: electrostatic Omega

_Source

tip (1D)

Advantages: Disadvantages:
-TEM + STEM - moveable slit on HT-level
- purely electrostatic: - currently not available:
N / no drift, no hysteresis ZEISS has quit TEM business

accelerator _
- achromatic spot

Y

from: Koji Kimoto
Microscopy, 2014, 1-8.
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CEQOS

- - -
NION monochromator: magnetic alpha filter .-

Systems GmbH

upside down!

¢ Advantages:

0 CyfCs comector | | | - less sensitive for HT instabilities

cond. 4 = _\|] — . . .
- coupling of main filter current
and monochromator current

- achromatic spot

cond. 3 =

accelerator

Disadvantages:
- large effort to create dispersion

- many current supplies
- STEM only

from: Krivanek, |
Phil. Trans. R. Soc. A (2009) 367, 3683-3697.

from: Koji Kimoto,
Microscopy, 2014, 1-8.

QEM2025, 13.05.2025 Aberration Correctors and Monochromators Martin Linck, CEOS GmbH



CEQOS

Summary: Monochromators

Systems GmbH

- Only one single choice of monochromator for each microscope manufacturer.
- Remember the strengths and weaknesses of the monochromator you have to live with!

ThermoFisher dEDLD . o

(d)

image
_(1D) O
ExB | L
. O . \
;;N‘““> I _: -_.--:.—_O:=- RL
- ' RL <”’j‘; —t—MLs
\'\ B1 ::>-
.' E1 :r" C— I MLs
. 2 f . \ _-"_‘—_—-—:— K BZ
¢ | Acceleration & :
tube : & O
C—3=—IMLs
: Energy- s E}
d selecting - C——IMLs
: slit \, :‘: Y,
B O ‘=:?:=’ Rk
Residual
; energy \
v dispersion |
| 4 \ A | Yyv¥
E-AE E E+AE E-AE E E+AE

from: Koji Kimoto, Microscopy, 2014, 1-8.
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Summary: Monochromators

CEQOS

Corrected Electron Optical

Systems GmbH

- Only one single choice of monochromator for each microscope manufacturer.

- Remember the strengths and Weaknesses of the monochromator you have to live with!

ThermoFisher g

SCIENTIFIC

ExB L
——""‘.’"’"‘I
. O .
-“-“-"N-...____ “‘
ExB >
..-———-*"‘:: L RL
! | Acceleration
tube H
Energy- H
: selecting p
: slit \. O /
EE O I
Residual
: energy 3
dispersion
Yy v Y Y
E-AE E E+AE E-AE E E+AE

w0
= an
[ "]
& '.: E2
<_\E\
I _ - -
<”"; C—F——IMLs
"\-\ B1 —
I:;: 3 MLs
? —_T % B2
: E— O -
—T 1 B2
:é:w_ls
IE}
C—F——IMLs

-«
-«

gRUKER
Source (d)

LW n{\} J_T
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CEQOS

CEOS ground-potential monochromator

Systems GmbH

T T B kAR

k_c_)

E=—t—7—"mMLs

B}

E MLs
=

D
..

GPMC:
view from below \

-1lens
Dissected ray path: - 4 sector magnets
. i - 17 quadrupoles
octupoles Ol M qsgs e - 4 octupoles

hekapoles

quadrupoles —,

sector magnels

round lens

‘
energy selection plane =1

L 2 energy selection plane
central symmetry plane

Borrnert et al., Ultramicroscopy 253 (2023), 113805. https://doi.org/10.1016/j.ultramic.2023.113805

field rays and dispersion
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P.W. Hawkes: “The correction of electron lens aberrations”, Ultramicroscopy 156 (2015), A1-A64.
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H. Miller et al.: “Aberration-corrected optics: from an idea to a device”,
Physics Physics Procedia Procedia 1 (2008), 167-178.
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Interested to learn more? ... Meet the experts! .-

Systems GmbH

Learn how to get the most out of your aberration-corrected electron microscope!

Join an intense half-day workshop with renowned invited speakers ...

Dr. Penghan Lu
ER-C Jiilich, D

Weizmann Institute, IL

“Practical aspects of aberration correction in TEM and STEM”

pre-conference workshop WS 3
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