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Introduction

• Aim of the seminar: open a discussion on the Electron 
Ronchigram

‣ How is it formed?
‣ What does it tell us?
‣ How can we use it?

• Will concentrate on the Ronchigram of disordered material

• Look back and recognise the pioneering work of J.M. Cowley

John Maxwell Cowley 1923‒2004



The Electron Ronchigram as we see it

• STEM mode; fix the probe; large/no aperture in probe-forming lens

• Record 2-D image of intensity in diffraction (i.e. STEM detector) plane

• See “shadow image” of sample in the diffraction disc



A quick look at scattering configuration in CBED

Diagram from Jean-Paul Morniroli

• Ronchigram configuration: large/no aperture => large convergence angle α
• Amorphous material => no strong scattering at Bragg angle



Reciprocity theorem of TEM and STEM

J.M. Cowley Applied Physics Letters 15 (1969) 58

Diagram from C.T. Koch lecture notes



The confusing world of STEM 
terminology

• Dedicated STEM Microscopes 
(VG, Nion) constructed, and 
hence depicted, “upside down”

• Aberrations in probe-forming 
lens determine image resolution

• Probe-forming lens and aperture 
referred to as “objective” lens in 
much of literature; however on 
TEM/STEM instrument this is the 
“condenser”!

Diagram from: “Scanning Transmission Electron Microscopy”, P.D. Nellist, in Science of Microscopy Vol. 1, Springer 2007



Basics of shadow image formation

At overfocus the STEM detector plane is a shadow image of the sample
Magnification M = dprobe-detector/dprobe-sample

Assuming perfect optics

Diagram from: “Scanning Transmission Electron Microscopy”, P.D. Nellist, in Science of Microscopy Vol. 1, Springer 2007

At underfocus the image will be magnified, but also inverted

Ronchigram is similar to defocused TEM diffraction 
pattern, blending image information with scattering angles



Shadow image formation in the presence 
of large spherical aberration

J.M. Cowley Ultramicroscopy 4 (1979) 413

Gaussian focus G; 
paraxial magnification M = R1/R0

J.M. Cowley Ultramicroscopy 4 (1979) 435

Underfocus: infinite magnification for rays that cross at S

Gaussian and overfocus: magnification decreases smoothly for larger angles



Radii and azimuths of infinite magnification

• The underfocus Ronchigram shows infinite 
magnification at more than one scattering angle

• In fact there are radii (radial spokes) and tangential 
azimuths (rings) of infinite magnification

• Why is this?

Radii

Azimuths



Radii and azimuths of infinite magnification
Phase shift due to aberration in Front Focal Plane of “objective” lens (TEM = “condenser”):

From this, Cowley derived that: 

In 1-D: 

‒ consistent with overfocus image, however infinite magnification would only occur at:

However in 2-D derivation there are two critical angles:

Radial magnification is infinite for: 

Circumferential magnification is infinite for: 

J.M. Cowley Journal of Electron Microscopy Technique 3 (1986) 25

M: magnification for Cs = 0; M’: actual magnification



Is the Ronchigram really a shadow image?

• For a weakly scattering object, it is actually an in-line hologram, as 
originally proposed by Gabor for the correction of lens aberrations

Gabor, Nobel lecture 1971



So why is it called the “Ronchigram”?

If we are rigorous Electron Ronchigram only refers to scattering from 
periodic objects; however the term is used more generally for the figure 

from amorphous phase too

While not referred to as the Electron Ronchigram in Cowley’s first papers 
describing the phenomena, by 1986 this term was used by analogy to the 

optical tests for aberrations developed by Vasco Ronchi [1-3]

[1] Ultramicroscopy 4 (1979) 413; [2] Ultramicroscopy 4 (1979) 435; [3] Journal of Electron Microscopy Technique 3 (1986) 25

V. Ronchi Applied Optics 3 (1964) 437



Aligning STEM mode with the Ronchigram

Correcting astigmatism: characteristic “American football” when 
astigmatic



Aligning STEM mode with the Ronchigram

Aligning beam shift, beam tilt in JEOL 2200FS



Focusing with the Ronchigram

“Scanning Transmission Electron Microscopy”, P.D. Nellist, in Science of Microscopy Vol. 1, Springer 2007

From criterion that phase shift           must not depart more than π/4 from 0, 

it is found that for a given Cs of “objective” lens optimal defocus is:

Allowing “objective” aperture with radius of:

At optimum defocus and with correct aperture size, the probe FWHM is given by:



Focusing with the Ronchigram
• In practice:

‣ Reduce under-focus until infinite-magnification rings are 
of minimum diameter => Scherzer-like defocus

‣ Fit “objective” aperture ‒ on TEM/STEM this is the 
condenser ‒to the “sweet spot” region of constant phase 
within this diameter

‒700 nm
‒450 nm

‒250 nm



Ronchigram fluctuations a beam-damage effect?

• At 200 kV beam voltage, tend to see continuous 
fluctuations in Ronchigram of amorphous carbon



Ronchigram fluctuations a beam-damage effect?

• However at 80 kV Ronchigram is much more stable

• Suggests phase fluctuations from e.g. knock-on damage at 200 kV



Identifying aberrations with the Ronchigram

• In JEOL 2200FS, optimum CL mirror alignment when probe is 
at edge of mirror hole

• Uncorrectable astigmatism understood when look at 
distortions in Electron Ronchigram caused by mirror



The Electron Ronchigram in Cs-corrected STEM

• Ronchigram used to tune aberration correction (Nion, CEOS)

• Loss of radial symmetry (no Cs); symmetry of uncorrected aberrations

• Region of flat phase greatly expanded

‣ Use of larger probe-forming aperture, e.g.:

CEOS corrector, presence of C5 aberration
A.R. Lupini et al. Ultramicroscopy 110 (2010) 891

Nion UltraSTEMTM, C5 corrected
Krivanek et al., www.nion.com



Summary

• Electron Ronchigram of amorphous material is to 
STEM as its FFT is to TEM

‣ Information on phase, focus and aberrations

• Cowley aimed to retrieve information from 
“microdiffraction” patterns

• However today its largest utility is aligning 
microscopes and correcting aberrations
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