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Max Knoll

Ernst Ruska

Invention of the Transmission Electron Microscope

1931, TU Berlin
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Magnetic Lens for Electrons

Glaser's “Glockenfeld”

bell-shaped,
axial magnetic field

Focal plane

Image 
plane
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ideal 

lens

Lens aberrations
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Lens aberrations: Spherical aberration 

χ

θ

δ

aberrated 

lens

delocalization
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phase plate
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Lens aberrations: Spherical aberration 

aberrated 

lens
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phase plate

with
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Spherical aberration : Scherzer's Theorem

aberrated 

lens

Prof. Otto Scherzer

(TU Darmstadt)

Unavoidable positive
spherical aberration for 
stationary, space-charge-free, 
round electron lenses!
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Dipoles – beam deflection in x-section

α ~ B ~ Icoil

Basic Electron Optical Elements
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Basic Electron Optical Elements

Dipoles – beam deflection in y-section
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Quadrupoles – 2-fold Stigmators

Basic Electron Optical Elements
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Hexapoles – 3-fold Stigmators

Basic Electron Optical Elements

HP
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easy direct manipulation by suitable multipoles

most others:
complicated
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Darmstadt 1980

CC-CS-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 ...

Long history of aberration correction

same outcome world-wide
e.g. in Chicago and Cambridge
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Aberration correction

using hexapoles
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Prof. Harald Rose  in 1990 …
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Aberration correction by means of hexapoles
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Aberration correction by means of hexapoles
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short

hexapole

2nd order aberration
(three-fold astigmatism)

Aberration correction by means of hexapoles

linear
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2nd order aberration
(three-fold astigmatism)

3rd order aberration
(negative spherical aberration)

Aberration correction by means of hexapoles

extended

hexapole

Peter W. Hawkes: "The geometrical aberrations of general electron optical systems",
   Philos. Trans. R. Soc. Lond. A, 257 (1965), 479-552.

Vernon D. Beck: “A hexapole spherical aberration corrector”, Optik. 53 (1979), 241–255.

linear quadratic
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2nd order aberration
(three-fold astigmatism)

3rd order aberration
(negative spherical aberration)

Aberration correction by means of hexapoles

A2=3 ηΨ 3S L f 0

3 C3=−3|ηΨ3 S|
2 L3 f 0

4<0

Ψ3S … magnetic potential
L … hexapole length
f0 … paraxial ray height

η … constant: η=√ |e|

2m0U 0

*

M. Haider et al., AIEP Vol. 153 (2008), 43-119, https://doi.org/10.1016/S1076-5670(08)01002-1

f0

L

extended

hexapole

linear quadratic

linear quadratic
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Aberration correction by means of hexapoles

1st order

3rd order

2nd order
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Aberration correction by means of hexapoles

OL TL11 TL12 TL21 TL22 ADLHP2HP1 SAD plane

transfer optics transfer optics transfer

optics

Cs-correction Cs-correction

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

Aberration correction by means of hexapoles

OL TL11 TL12 TL21 TL22 ADLHP2HP1 SAD plane

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

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

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

OL TL11 TL12 TL21 TL22 ADLHP2HP1

HPol

QPol

DP11

DP12 DPH1 DP21 DP22 DPH2 ISh DSh

DSt

SAD plane

⇒ additional alignment channels required: deflectors, quadrupoles, hexapoles

Daily corrector alignment procedure:

- Fine-tuning against hysteresis of magnetic elements and thermal drift.

mechanical mis-alignments, imperfections of magnetic materials
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1997: Breakthrough in CS-correction for TEM

Philips CM200

Prof. Max Haider
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scan 
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objective 

lens

TEM
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Aberration-correction for TEM and STEM
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electron 

source

objective 

lens

STEM

Aberration-correction for TEM and STEM
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electron 

source

objective 

lens

STEM

Aberration-correction for TEM and STEM

object

objective 

lens

TEM

scan 

coils

detector

CETCOR(+),

CETCORPRIME

ATCOR,

CESCOR, DCOR,

DCORPRIME,

ASCOR

object
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Aberration correction

using quadrupoles

and octupoles
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phase shift in 
octupole field

CS-correction by means of octupoles

spherical 
aberration

phase shift lineprofiles

+π

0

-π
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CS-correction by means of octupoles

TL11

TL12

OL

M01

M02

M03

M04

M14

M13

M12

M11

ADL1

ADL2

y

x

axial raysobject plane

image plane

in octupole field

astigmatic beam

x

y
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in octupole fields

CS-correction by means of octupoles

TL11

TL12

OL

M01

M02

M03

M04

M14

M13

M12

M11

ADL1

ADL2

y

x

axial raysobject plane

image plane

astigmatic beams

x

y
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TL11

TL12

OL

M01

M02

M03

M04

M14

M13

M12

M11

ADL1

ADL2

y

x

axial raysobject plane

image plane

A3 → C3 + A3 + S3

A3 →C3 + A3 
- S3

round beams in

distorted octupole fields

total effect

2C3 + 2A3

+

+

CS-correction by means of octupoles

x

y
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total effect

2C3
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M13
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M11
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ADL2

y

x

axial raysobject plane
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A3 → C3 + A3 + S3

A3 →C3 + A3 
- S3

CS-correction by means of octupoles

x

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

Nion UltraSTEM 100NIklas Dellby and ONdrey Krivanek

               :  CS-correction in a dedicated STEM

- 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
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Object

plane

Gaussian

image plane

E0-ΔE < E0 < E0+ΔE Electron energy:

Chromatic aberration
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Chromatic aberration correction

+

−

+

−
N

NS

S

magnetic QP electric QP
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Crossed electric and magnetic fields:

E < E
0
 :    quadrupole effect

N

NS

S

+

−

+

−

Chromatic aberration correction

equation of motion

Wien filter:     = 0  

                        for exact energy E0

)()( BvEevm
dt

d

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equation of motion

Wien filter:     = 0  

                        for exact energy E0

→"chromatic quadrupole" A1c

)()( BvEevm
dt

d


E < E
0
 :    quadrupole effect

E > E
0
 :    opposite QP effect

N

NS

S

+

−

+

−

Crossed electric and magnetic fields:

Chromatic aberration correction
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in chromatic QP

TL11

TL12

OL
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M03

M04

M14
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axial raysobject plane

image plane

astigmatic beams

Chromatic aberration correction
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round beams in 

distorted chromatic QP

TL11

TL12

OL

M01

M02

M03

M04

M14

M13

M12

M11

ADL1

ADL2

y

x

axial raysobject plane

image plane

−
total effect

-2C1c

+

A1c → A1c 
+ C1c

A1c → A1c 
- C1c

Chromatic aberration correction
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1995: First ever working and resolution improving corrector

CC- and CS-correction for a low-voltage SEM
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1995: First ever working and resolution improving corrector

CC- and CS-correction for a low-voltage SEM
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CC- and CS-correction for TEM

8
2
8
 m

m
470 kg

TL11
TL12

OL

M01

M02

M03

M04

M14

M13

M12

M11

ADL1
ADL2

axial

rays

object plane

image plane

off-axial 

rays

43 cm

~ 185 kg

20-80kV

CCOR    30-300kV 160 channels
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Thanks for your attention!

Further resources

R. Erni: “Aberration-Corrected Imagingin TEM” (second edition 2015).

P.W. Hawkes: “The correction of electron lens aberrations”, Ultramicroscopy 156 (2015), A1-A64.

M. Haider et al.: “Present and Future Hexapole Aberration Correctors for High-Resolution Electron Microscopy”, Advances 
in Imaging and Electron Physics, Volume 153, 43-119, ISSN 1076-5670.

H. Müller et al.: “Aberration-corrected optics: from an idea to a device”,
Physics Physics Procedia Procedia 1 (2008), 167–178.

CC-CS-correction with
quadrupoles and octupoles

CS-correction with hexapoles

N

NS

S

+

−

+

−


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

