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My passion for Electron Microscopy
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~ 2018

Helios TriBeam, Hillsboro, OR

AGH build. A2    ~ 2002

JEOL JEM-2010 TEM

~ 2004
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~ 2019

~ 2008

FIB-SEM-DIC       FEI Nova 600i

2014

Greenville, US

R.E. Peterson Award

~ 2015

Helios Plasma FIB-SEM (First in Europe)
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My Correlative Electron Microscopy journey
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Short introduction to focussed beams
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Focussed beams ?
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Focused beams are complex and compact systems that 
emit, accelerate, deflect and raster a narrow stream of: 

Electrons

Photons

Ions

e-

Photon

Electron

Ion

Ga+He+ Ne+Ne+ Xe+ Ar+ O+ N+

fs pulses: 515 nm, 1030 nm

+ other

10-May-2023



6 Proprietary & Confidential

Focussed beams - schematics
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Pulsed laser

Lenses

Scanning 
mirrors

Expander

< 20,000 nm< 30 nm

Xe+
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Other ion sources: GFI, LMAIS, LOTIS, MOTIS

TEM

e-

Sample

<< 1 nm

Lenses

Det.

Anode

Lenses

SEM

e-

Sample

BSE
det.

SE
det.

< 1 nm

W, LaB6, CeB6
FEG

Thermionic
Cold FEG

e-
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Focussed beams - schematics
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Ga+ (Au+, Si+, Ge+)

10-May-2023
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Focussed beams - applications
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LIBS signal

Ga+

SIMS 
signal

10-May-2023

e-
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Focussed beams - applications
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Currently these beams are typically used for six purposes: 

e-

Ga+

He+ Ne+Ne+

Xe+
Ar+

O+N+

Imaging

Milling / Ablation

Implantation

Detection / Quantification

Deposition

Polishing
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Surface preparation methods for EBSD
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Key material factors for 2D and 3D EBSD data collection:

• Crystalline solids

• Pristine Surface finish (roughness  few nm)

• Intact crystal structure during material removal 

• No surface contaminations 

Based on: 

10-May-2023
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Surface preparation methods for EBSD
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SRIM simulation of ions implantation ranges for energies 100 eV to 30 keV; 0.1 deg glancing angle of ions. 

Jiao, C., von Lear, B. Low Energy 500 eV Focused Argon Ion Beam Provided by Multi-Ions Species Plasma FIB for Material 
Science Sample Preparations. in 2021 Microscopy and Microanalysis Conference. 2021. Virtual Meeting: Cambridge Press. 

Titan 300, STEM HAADF Z-contrast; 
Al/Si interface; Ga FIB vs Xe PFIB. 

10-May-2023
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Surface preparation methods for EBSD
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Femtosecond laser interaction with matter 

Kumar, A. and T.M. Pollock, Mapping of femtosecond laser-induced collateral damage 
by electron backscatter diffraction. Journal of Applied Physics, 2011. 110(8). 

Echlin, M.P., et al., Materials response to glancing incidence 
femtosecond laser ablation. Acta Materialia, 2017. 124: p. 37-46. 

10-May-2023
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Surface preparation methods for EBSD
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Surface contamination visible after exposing the anode to air

Lithiated carbon anode – CleanConnect transfer
CleanMill: 10 kV, 3.5 mA, 1.5° tilt, 40° oscillation, 1 h

Lithiated carbon anode – exposed to air (~1 min)

Images courtesy: Peter Priecel, Thermo Fisher Scientific

10-May-2023
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Surface preparation methods for EBSD
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Historical brief on development of focussed beams
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Historical brief on development of focussed beams
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1801 1831 1865

Michael Faraday (1831)
Electromagnetic induction

Joseph Henry 1832

Thomas Young (1801)
Experimental proof of dual 

nature of light

1895 1897

1901

Wilhelm C. Röntgen (1895)
Discovery of X-Rays

James C. Maxwell (1865)
“A Dynamical Theory of the 

Electromagnetic Field”

1906

Joseph J. Thomson (1897)
Discovery of electron

10-May-2023
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Historical brief on development of focussed beams
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1801 1831 1865 1895 1897 1912

Max von Laue (1912)

1914

The diffraction of X-rays by crystals

1915 1915

William Henry Bragg (1912) William Lawrence Bragg (1912)
The law of diffraction

X-ray spectrometer 

10-May-2023



18 Proprietary & Confidential

Historical brief on development of focussed beams
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1925 1926

L. de Broglie (1925)

Wave–particle duality

1929

1801 1831 1865 1895

Hans Busch (1926)
Cylindrical electro-magnetic lens

1897 1912 1927

C. J. Davisson & L. Germer

G. P. Thomson & A. Reid

Experimentally proven

1937

1937

(1927)

10-May-2023
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Historical brief on development of focussed beams
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1925 19261801 1831 1865 1895 1897 1912 1927 1928

Kikuchi pattern from calciteKikuchi pattern from mica

Shoji Nishikawa and Seishi Kikuchi (1928)
X-Ray “Kikuchi” pattern discovered

H. Boersch (1937)
H. Boersch, About bands in electron diffraction,

Phys. Z. 38 (1937) 1000

Iron20 keV

History of EBSD by Prof. R. Schwarzer
http://ebsd.info/

10-May-2023

Walter Kossel
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Historical brief on development of focussed beams
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Ernst Ruska and Max Knoll with the first functioning electron microscope (1933)Electron microscope sketched by Ernst Ruska (9 III 1931)

1931 1933

1986

Wing surface of the house fly

60 keV

10 µm

1925 19261801 1831 1865 1895 1897 1912 1927 1928

e-

10-May-2023
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Historical brief on development of focussed beams
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1936 1939

The first regularly produced EM by Siemens & Halske, BerlinEM1 - the first commercial EM in Imperial College London

L.C. 
Martin

1931 19331925 19261801 1831 1865 1895 1897 1912 1927 1928

e-

10-May-2023
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Historical brief on development of focussed beams
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Vladimir Zworykin (~ 1937) Manfred von Ardenne (~ 1937), Berlin

The first STEM

1937 193919361931 19331925 19261801 1831 1865 1895 1897 1912 1927 1928

e-

Etched brass (Zworykin, 1942)

SEM image, HFW = 18 µm

10-May-2023
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Historical brief on development of focussed beams
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Albert Prebus and James Hillier (~ 1940)

The first practical scanning electron microscope (SEM)

19401937 193919361931 19331925 19261801 1831 1865 1895 1897 1912 1927 1928

e-

1949

EM100 TEM 
(1949)

Commercial TEM

JEM-1 TEM (1949) Commercial TEM
10-May-2023

Commercial TEM

HU-2 TEM (1942)

Tesla BS241 (1951)
Commercial TEM
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Historical brief on development of focussed beams
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Robert D. Heidenreich (~ 1949)

Al foil, 50 keV 

1949 1951

Battelle Lab., Geneva (1956)

Bollmann,W. Interference 
effects in the electron 
microscopy of thin crystal 
foils. Phys. Rev. 1956, 
103, 1588–1589.

Walter Bollmann

SSteel

1956

In 1951 first FEG ‐SEM

HFW = 18 µm

Etched Alu (1952)

David McMullan (1951) Peter B. Hirsch (1956)
Hirsch, P.B.; Horne, R.W.; Whelan, M.J. Direct observations of the 
arrangement and motion of dislocations in aluminium. Philos. Mag. 1956, 1, 
677–684.

Al foil

19401937 193919361931 19331925 19261801 1831 1865 1895 1897 1912 1927 1928

e-

10-May-2023
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Historical brief on development of focussed beams
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1965

Stereoscan MK1, the first commercial SEM (1965)

Charles William Oatley Albert Crewe

The first practical STEM microscope (1969)

1969

University 
of Chicago

1949 1951 195619401937 193919361931 19331925 19261801 1831 1865 1895 1897 1912 1927 1928

e-

“EBSP” was born (1973)

J. A. Venables and C. J. Harland (1973) „Electron Back 
Scattering Patterns –A New Technique for Obtaining 
Crystallographic Information in the Scanning Electron 
Microscope”, Philosophical Magazine, 2, 1193-1200. 

J. A. Venables and C. J. Harland 

10-May-2023
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Historical brief on development of focussed beams
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J. Liu, Advances and Applications of Atomic-Resolution Scanning 
Transmission Electron  Microscopy. Microscopy and Microanalysis
(2021), 27, 943–995

1980 – Ultrahigh 
vacuum

1965 19691949 1951 195619401937 193919361931 19331925 19261801 1831 1865 1895 1897 1912 1927 1928

…

http://www-g.eng.cam.ac.uk/oatley/biblio.html

e-

10-May-2023
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Historical brief on development of focussed beams
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1965 19691949 1951 195619401937 193919361931 19331925 19261801 1831 1865 1895 1897 1912 1927 1928

e-

Thermo Scientific 
Spectra Ultra (S)TEM 

JEOL ARM300 
GrandARM™2

Hitachi HF5000 Tescan Tensor

Thermo Scientific Apreo 2

JEOL JSM-IT800 Hitachi SU8600

Zeiss GeminiSEM 560 Tescan Magna

Today

10-May-2023
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Historical brief on development of focussed beams
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1965 19691949 1951 195619401937 193919361931 19331925 19261801 1831 1865 1895 1897 1912 1927 1928

The liquid metal ion source (LMIS) FIB technology based on LMIS

W needle

Coil heater

Ga reservoir

FEI

Mid-1980s

+

Appl. Phys. Lett. 27, 479–481 (1975)

Appl. Phys. Lett. 34, 310–312 (1979)

Current FIB manufacturers

1914

OGC, L. Swanson (1980)

G.L.R. Mair (1980)

Krohn VE (1961). Progress in Astro. and 
Rocketry. Vol. 5. pp. 73-80.

1979

Other: liquid metal alloy ion sources (LMAIS), low temperature ion 
sources (LOTIS), and magneto optical trap ion sources (MOTIS)

10-May-2023
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Historical brief on development of focussed beams
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1965 19691949 1951 195619401937 193919361931 19331925 19261801 1831 1865 1895 1897 1912 1927 1928

1951

+

1914

Gas Field Ionization (GFI)
Ervin Müller developed GFI in the 1950s at Penn State Uni
ionize and accelerate He+.

FIB technology based on GFI
Micrion Co. in mid-1990s and FEI Co. in early 2000s. Advanced Lithography Ion Sources 
ALIS (FEI spinoff) about 2005, and since 2006 Zeiss HIM microscope.

1979

John Panitz (left), Erwin Muller (right), and the 3D atom probe (center).
The gas field ion source produces an ion emission pattern that 

corresponds to the atomic arrangement at the apex of the emitter

DOI: 10.1557/mrs.2014.53
The early Micrion GFIS research platform

10-May-2023
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Historical brief on development of focussed beams
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1965 19691949 1951 195619401937 193919361931 19331925 19261801 1831 1865 1895 1897 1912 1927 1928

19611947

The inductively coupled plasma (ICP)

+

Thermal Plasma Source

Eugen Bădărău (1956)

G.I. Babat (1947)

Bădărău

The electron cyclotron resonance (ECR) 
Richard Geller at CEA in 1960s developed ECR.
Louis-Jacques M. Celona further improved ECR in the 
1970s at CEA and in the 1980s at ORNL.

RIB

Plasma FIB technology based on ECR
A. Edmonds, A. Schenkel, and 
C.E. Wickersham developed ECR in 
the 1990s at LBNL and CIMAP to 
ionize and accelerate Xe+ and Ar+.

Since ~ 1998

Plasma FIB technology based on ICP
Micrion Co., USA in mid-1980s developed ICP source 
for Ion Beam Deposition (IBD) system (removing and 
deposition of materials) for semiconductor applications.

In 1999 FEI Co. acquires Micrion 
Co. and continues developed ICP 
source for FEI EM portfolio.

1914 1951 1979

10-May-2023
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Historical brief on development of focussed beams
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1965 19691949 1951 195619401937 193919361931 19331925 19261801 1831 1865 1895 1897 1912 1927 1928

19611947 1951 19601917
1914

1989

+

1997 2004 2012

FEI FIB (Ga+) workstation 
(1989)

Ga+

Micrion 9500 FIB (Ga+) workstation 
(1994)

Ga+

FEI FIB 200 (Ga+) workstation 
(1995)

Ga+

Zeiss Orion (He+) workstation 
(2008)

He+

FEI Vion (Xe+) workstation 
(~2011)

Xe+

10-May-2023
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Historical brief on development of focussed beams
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1993
2014

DualBeam 620

2019 2021

Helios PFIB

Xe+

2014

30 years of DualBeam™ innovations…
2020

Helios Laser PFIB

Xe+

2012

UCSB TriBeam 
2012

Strata DB 235

FERA3 
XMH

10-May-2023
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Historical brief on development of focussed beams
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+

Thermo Scientific Helios

Ga+

Ga+

Hitachi Ethos NX5000

Ga+

Tescan Solaris Zeiss Crossbeam 550

Ga+

Ga+

JEOL JIB-4700F

Xe+ Ar+

O+

N+

Thermo Scientific Helios Hydra

Xe+

Tescan Solaris X 

1965 19691949 1951 195619401937 193919361931 19331925 19261801 1831 1865 1895 1897 1912 1927 1928

19611947 1951 198519601917
1914

1989 1997 2004 2012

Today

Raith Velion

Ga+ (Au+, Si+, Ge+)

10-May-2023
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Historical brief on development of focussed beams
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1965 19691949 1951 195619401937 193919361931 19331925 19261801 1831 1865 1895 1897 1912 1927 1928

19611947 19511917

1921

LASER

Theodore H. Maiman (1960)

Chirped Pulse Amplification

1981 Arthur L. Schawlow (1962)

Laser spectroscopy

Ruby laser

1960
1914

1985

10-May-2023

1964
Charles H. Townes (1951)

Showing MASER in 1955

2018

D. Strickland
G. Mourou

1985
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Historical brief on development of focussed beams
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1965 19691949 1951 195619401937 193919361931 19331925 19261801 1831 1865 1895 1897 1912 1927 1928

19611947 19511917 1960
1914

1985

LPL

Surface debris

Shock wave

Heat affected zone

Heat transfer 
to 

surrounding 
matter

Recast layer

Ejected molten 
matter

Surface ripples 
due to shock 

wave

Long Laser 
Pulses

Damage caused to 
adjacent structures

Melt zone

USPL
Ultra Short 

Laser Pulses

No recast 
layerNo surface 

debris, but 
material 

redeposition

No damage caused 
to adjacent 
structures

Plasma 
plume

No melt zone
No HAZ

No micro 
cracks

Negligible 
shock wave

No heat transfer to 
surrounding matter

Electrons and ions 
in plasma stateBased on: Hamad A.H. High 

Energy and Short Pulse Lasers, 
IntechOpen, 2016

10-May-2023
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Historical brief on development of focussed beams
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1965 19691949 1951 195619401937 193919361931 19331925 19261801 1831 1865 1895 1897 1912 1927 1928

19611947 19511917 1960
1914

1985 1997 2004 2012

10-May-2023

sub-focus-spot-size breakdown spots can be obtained

Micro-hole ablated in stainless 
steel plate

Cuts made in high-density 
graphite sample

Laser used:

Ti:sapphire laser pulses of 60 fs, wavelength at 790 nm

1997

G. Mourou

Single crystal alloy MK-4. (a) bright-field TEM, (b) SAD 
of non-ablated area, (c) SAD of ablated area

G. Mourou, T.M. Pollock (2004)

G. Mourou, T.M. Pollock

TriBeam femtosecond laser serial section 3D reconstruction of 
polycrystalline nickel.

McLean Echlin, T.M. Pollock (2012)
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Historical brief on development of focussed beams
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1965 19691949 1951 195619401937 193919361931 19331925 19261801 1831 1865 1895 1897 1912 1927 1928

19611947 19511917 1960
1914

1985 1997 2004 2012

Today

Xe+ Ar+

O+

N+

Thermo Scientific Helios Laser Hydra

515 nm
1030 nm

Ga+
515 nm

Zeiss Crossbeam LaserHitachi Ethos NX5000

Ga+

Xe+

Ar+ Option

10-May-2023
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Focussed beams & EBSD method
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Focussed beams & EBSD method
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“EBSP” in SEM was born (1973)

J. A. Venables and C. J. Harland (1973), 
Philosophical Magazine, 2, 1193-1200. 

J. A. Venables and C. J. Harland 

J. A. VenablesStereoscan MK1

David J. Dingley (1984) „Diffraction From Sub-Micron Areas Using 
Electron Backscattering In A Scanning Electron Microscope”, 
Scanning Electron Microscopy, 11, 569-575

“EBSP” in SEM recoded on photo film (1984)

David J. Dingley at ICOTOM18 (2017): 
https://www.youtube.com/watch?v=dLCHGGXdMTo

1965 19691949 1951 195619401937 193919361931 19331925 19261801 1831 1865 1895 1897 1912 1927 1928

19611947 19511917 1960
1914

1985 1997 2004 2012

“EBSP” in SEM recoded on TV camera (1987)

D.J. Dingley, M. Longdon, J. Wienbren and J. Alderman 
(1987) „On-line Analysis of Electron Backscatter Diffraction 
Patterns, Texture Analysis of Polysilicon”, Scanning Electron 
Microscopy, 11, 451-456.

1st commercial system for SEM
10-May-2023
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Focussed beams & EBSD method
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1965 19691949 1951 195619401937 193919361931 19331925 19261801 1831 1865 1895 1897 1912 1927 1928

19611947 19511917 1960
1914

1985 1997 2004 2012

Hough transformed used (1992)

N. C. Krieger-Lassen, K. Conradsen and D. Juul-Jensen (1992) 
„Image Processing Procedures for Analysis of Electron Back 
Scattering Patterns”, Scanning Microscopy, 6, 115-121.

Phase identifications (1986), CCD-based EBSD detector (1993)

D. J. Dingley and K. Baba-Kishi (1986) „Use of Electron Backscatter Diffraction Patterns for Determination of Crystal 
Symmetry Elements”, Scanning Electron Microscopy, II, 383-391.

D. J. Dingley, R. Mackenzie and K. Baba-Kishi (1989) „Application of Backscatter Kikuchi Diffraction for Phase Identification 
and Crystal Orientation Measurements in Materials”, Microbeam Analysis, ed. P.E. Russell, San Francisco Press, 435-436.

J. R. Michael and R. P. Goehner (1993) „Crystallographic Phase Identification in the Scanning Electron Microscope: 
Backscattered Electron Kikuchi Patterns Imaged with a CCD-Based Detector”, MSA Bulletin, 23, 168-175.

N.H. Schmidt (1990): “HKL Channel” commercial system CMOS-based detector in 2017

Full automation of EBSP processing (1993)

K. Kunze, S. I. Wright, B. L. Adams, and D. J. Dingley, (1993) „Advances in Automatic EBSP Single Orientation 
Measurements”, Textures Microstructures,20, 41-54.

“OIM”

10-May-2023
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Focussed beams & EBSD method
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1965 19691949 1951 195619401937 193919361931 19331925 19261801 1831 1865 1895 1897 1912 1927 1928

19611947 19511917 1960
1914

1985 1997 2004 2012

t-EBSD (TKD) in SEM was born (2012)

Fe-Co nanoparticles

Energy-filtering DeD EBSD/TKD (2020)
Bammes, B. and R. Bilhorn, A New Energy-Filtering EBSD/TKD 
Direct Detector. Microscopy and Microanalysis, 2020. 26(2): p. 1186.

Tilt-free DeD EBSD (2021)
Marshall, A.L., et al., The EBSD spatial resolution of a Timepix-based 
detector in a tilt-free geometry. Ultramicroscopy, 2021. 226: p. 113294.

10-May-2023

Direct detection of EBSP (2013)

Angus J. Wilkinson
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Focussed beams & EBSD method
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1965 19691949 1951 195619401937 193919361931 19331925 19261801 1831 1865 1895 1897 1912 1927 1928

19611947 19511917 1960
1914

1985 1997 2004 2012

Scopus search keywords: EBSD, Electron Backscattered Diffraction, 
Electron Backscattering Diffraction, Backscattered Kikuchi Diffraction 

10-May-2023
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Focussed beams & EBSD method
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1965 19691949 1951 195619401937 193919361931 19331925 19261801 1831 1865 1895 1897 1912 1927 1928

19611947 19511917 1960
1914

1985 1997 2004 2012

10-May-2023

Scopus search keywords: EBSD, FIB-SEM, 
PFIB-SEM, Laser FIB-SEM, Laser PFIB-SEM
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Focussed beams & EBSD method
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1965 19691949 1951 195619401937 193919361931 19331925 19261801 1831 1865 1895 1897 1912 1927 1928

19611947 19511917 1960
1914

1985 1997 2004 2012

Winiarski, B., P.J. Withers, and T.L. Burnett. Xe+ Plasma FIB Milling and Lift-
out Approach for Site- Specific Preparation of Large Volume Blocks for 3D-
EBSD. in 2016 Microscopy and Microanalysis Conference. 2016. Columbus, 
OH: Cambridge Press. 

Echlin, M.L.P., Polonsky A.T., Lamb J., Geurts. R. Randolph S.J. Botman A., 
Pollock T.M. , Recent Developments in Femtosecond Laser-Enabled TriBeam Systems. 
JOM, 2021. 73(12): p. 4258-4269. 

Laser PFIB-SEM prepared TKD lamella of tensile tested Ti64 alloys, 
Image courtesy: Dr Ali Gholinia, The University of Manchester. 

S. Singh, Y. Guo, B. Winiarski, T.L. Burnett, P.J. 
Withers & M. De Graef. High resolution low kV 
EBSD of heavily deformed and nanocrystalline 
Aluminium by dictionary-based indexing. Scientific 
Reports 8, (2018), 10991

10-May-2023
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Current and future directions

Lithium
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Current and further directions
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• DeD EBSD/TKD
• DeD energy filtering EBSD/TKD
• Increasing the speed of pattern collection

• faster more sensitive hardware 
• use of sparse pixels of DeD detectors

• iCHORD & eCHORD
• Smart sparse sampling
• Use of ML and AI in EM, e.g. live image processing, microscope auto alignments, etc.  
• Full integration of detectors (e.g. ChemiSEM) and techniques (e.g. ECCI on Scios and Helios) with 

microscopes
• Python API to access functionalities of microscopes
• User friendly workflows and automations
• Correlative microscopy (CM) with more imaging modalities (XPS, LIBS, EPMA, APT, Raman, etc.) and tuned 

workflows 
• EM and CM with full inert gas workflow (Glove box – CT – SDB – TEM)
• Increased demand of cryo-EM in materials science  
• etc.

Ballistic channelling contrast reference patterns

(the list is not exhaustive)
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Surface preparation methods for EBSD
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Clean Mill

Up to 16keV

https://www.youtube.com/watch?v=x_Ed6ilrzS4

CleanConnect


