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Pty⋅chog⋅ra⋅phy   noun 
from Greek: πτυξ = to fold (crease) 

and: γραφή = writing, drawing
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Ptychographic Sampling Ratio
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J.C. da Silva, A. Menzel, Opt Express 23(26) (2015) 33812

The measurable quantity I(q;R) is a spectrogram.  It represents the energy 
density of O(r) in the phase space neighborhood of the position (q;R).
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Ptychographic Sampling Ratio
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The measurable quantity I(q;R) is a spectrogram.  It represents the energy 
density of O(r) in the phase space neighborhood of the position (q;R).
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Ptychographic Sampling Ratio

	 “critical sampling”  
poor localization properties of the window functions.  Numerical 
stability will be poor, and the reconstruction may be reduced to 
phase retrieval on individual, decoupled “views.” 


	 in real space: “overlap” 
in reciprocal space: “oversampling”


	 the window function                      may not completely fill 
4D phase space


T.B. Edo et al., Phys Rev A 87(5) (2013) 053850 
J.C. da Silva, A. Menzel, Opt Express 23(26) (2015) 33812

Note that a successful and stable reconstruction with such poor sampling was 
observed.  We speculate that this could be explained by a structured 

illumination, featuring a larger footprint in phase space than the minimal size.  
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Illumination Design

A. Maiden et al., JOSAA 28 (2011) 604. 
Guizar-Sicairos et al., Phys Rev B 86 (2012) 100103.

Structured illuminations were found beneficial to reconstruction stability, 
image resolution, and dose efficiency and allow for “super-resolution.” 
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Coherent Diffractive Imaging  
An Overview

image credit: H. Jiang et al.,  PNAS 107 (2010) 11234

• “Lensless” microscopy 
numerical aperture is limited only 
by the detectable scattered signal

• Quantitative Information
• Numerical propagation

• refocusing (3D information)
• aberration correction

• Increase in space-bandwidth product

• Detection requires high dynamic range
• Slow convergence rates 

in particular, the low-frequency 
information is hard to recover albeit 
crucially important for high-quality images

• Specimens need to be isolated, i.e., 
far removed from any other scattering 
objects
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Ptychography  
A Brief History…

Hoppe, Acta Cryst. A 25 (1969) 
508; 
Hegerl and Hoppe, Ber. Physik. 
Chemie 74 (1970) 1148

Nellist, McCallum, Rodenburg, 
Nature 374 (1995) 630

Chapman, Ultramicroscop 66 
(1996) 153
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Number of citations of all preceding publications marked by the keywords  

“ptychography,” “inhomogeneous primary wave,” or “Wigner distribution deconvolution.”  
Data according to Thomson Reuters, Web of Knowledge, accessed Jun 13, 2017.

Ptychography  
A Brief History…

wave (Fig. 2b). The background phase ramp arises from
the cover slip not being parallel with the mounting slide.
Note that conventional Zernike phase imaging (or con-
ventional bright-field transmission electron imaging), lose
low frequencies image components, and so would be
unable to detect such large scale phase variation.

We thus reconstruct the total exit wavefield, similar to
that encoded in a hologram, but obtained without the use
of a reference wave, lens or interferometer of any kind.

This is a crucial advantage of the technique: it is not
dependent on wavelength-scale stability or coherence: a
particularly severe limitation in electron imaging. Fig. 2c
shows the image we obtain by scanning our object across
the illumination function and simply detecting the trans-
mitted intensity. For comparison, Fig. 2d shows the
conventional bright-field lens image of the same object
obtained on a 100! objective optical microscope.
The resolution of our reconstruction is determined by

the angular size of the diffraction pattern we process, which
is limited geometrically by the size of our CCD camera and
the camera length. In the image presented in Figs. 2a and b,
we process only a semi-angle of 37mrad, giving an intrinsic
resolution of 17 mm. The reconstruction has been per-
formed with an image pixel size of 13 mm. The important
difference to note is between Fig. 2c and Figs. 2a and 2b:
the effective gain in resolution over the intrinsic resolution
of our only imaging component—a simple aperture—is a
factor of 47. In the case of scanning transmission electron
microscopy (STEM), it is routinely possible to obtain a
0.2 nm probe (illumination) function. A similar gain in
resolution would then achieve ultimate wavelength-limited
imaging (about 1

100 of an atomic diameter): only the zero-
point energy of the atomic vibrations would define useable
resolution. Even in conventional light optical imaging, no
longer requiring a lens that is mounted close to the sample
would have important benefits. For example, remote
imaging will in principle allow uncompromised resolution
to be obtained for objects held within pressurised or
environmental enclosures. Furthermore, since we have
recovered the entire wavefunction, all depth information is
also encoded in our data, leading to the possibility of 3D
imaging without lenses.
In Figs. 3a and b, we present the amplitude and phase of

a reconstruction using no lenses at all. In order to make our
simple detector possess a large angle effective numerical
aperture, we have moved it to a position just 15mm
downstream of the object. The aperture we employ in this
experiment is 150 mm in diameter. The nominal resolution
of the reconstruction (part of the ant shown in Fig. 2) is
3 mm: this increase is due to the larger scattering angle we

ARTICLE IN PRESS

Fig. 2. Images of the object function; illumination conditions are as in Fig.
1. (A) Modulus of the reconstructed image of the object after 150
iterations: dark features correspond to absorption. (B) Phase of the
reconstructed object, corresponding to its optical thickness. Sharp changes
in intensity correspond to phase wraps of 2p in thick areas of the object.
The background phase ramp is due to the cover slip not being perfectly
parallel to the mounting slide, indicating that our method reconstructs
large scale phase changes which are normally invisible in conventional
Zernike phase plate imaging. (C) Image obtained by scanning the aperture
across the object to the same positions used in the reconstruction: this
represents the intrinsic, unprocessed resolution of the optical configuration.
(D) Conventional bright-field image obtained on a 100! microscope.
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Fig. 3. Modulus (A), and phase (B), obtained with the detector close (15mm) to the object. The aperture used was 150 mm in diameter and the nominal
resolution of this image is 3mm. However, because the detector is no longer formally in the Fraunhofer diffraction plane (by several factors), errors occur.
The reconstruction is nevertheless reasonable.

J.M. Rodenburg et al. / Ultramicroscopy 107 (2007) 227–231230

Rodenburg, Hurst, Cullis,

Ultramicroscopy 107 (2007) 227
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Fig. 3. Reconstruction results. Amplitude and phase after 500 iterations are shown in (a)
and (b) for the PIE and (d) and (e) for the nonlinear optimization approach. (c) and (f) show
the amplitude of the initial estimate of p(x,y) and the result after nonlinear optimization
respectively. (g) Normalized invariant error metric, E, vs. iteration number. (h) Shift error,
∆r vs. iteration number for the nonlinear optimization algorithm. Phase is shown from−0.4
to 0.4 radians in (b) and (e). A 172×210 portion of the 256×256 array is shown in (a)-(f).

During the reconstruction the aperture was assumed to have a radius of 52 pixels (instead
of 50), as shown in Fig. 3(c). Notice that an error of this nature would occur not only from an
inaccurate measurement of the aperture, but also from an inaccurate knowledge of the distance
from the sample to the detector, since the sampling in object domain scales proportionally to
the propagation distance. Additionally, zero-mean Gaussian-distributed noise was added to the
actual translations of the object, thus yielding a shift error of ∆r= 0.8 pixel. The amplitude and
phase of the reconstruction with 500 iterations of the PIE algorithm is shown in Figs. 3(a) and
3(b), respectively. Notice that the quality of the image has degraded significantly.

4. Nonlinear optimization approach

For phase retrieval techniques that use diversity, where the problem is robustly constrained,
nonlinear optimization algorithms have been shown to be a valuable tool for reconstruction.
The principal benefit of this approach is that we can straightforwardly include any form of non-

#94330 - $15.00 USD Received 27 Mar 2008; accepted 24 Apr 2008; published 5 May 2008
(C) 2008 OSA 12 May 2008 / Vol. 16,  No. 10 / OPTICS EXPRESS  7273

Guizar-Sicairos, Fienup,

Opt Express 16 (2008) 7264

specimen. The amplitude component carries the
absorption information, and the phase expresses
the phase shift experienced by a wave when
traversing the specimen. In the present case, the
phase difference caused by the 1.0-mm-thick gold
structure in the zones is measured to be about
0.67 p, in very good agreement with the expected
value of 0.65 p. We note that a complex recon-
struction carries the necessary information to
reproduce any traditional microscopy arrange-
ment. For instance, a differential phase contrast
image, similar to Fig. 2, C and D, is simply
given by the gradient of Fig. 3B. An example
of a simulated phase contrast image is shown in
fig. S1C.

Thewavefield of the probe, which is retrieved
at the same time as the object, is shown in Fig.
4A. The knowledge of both the phase and the
amplitude of the wave gives the most complete
information for subsequent analysis. Computed
propagation of this wavefield shows that the
specimen was placed 1.2 mm behind the focal
plane and was thus illuminated with a slightly
curved and diverging wavefront.

Unlike the few other knownmethods (11, 28),
the probe reconstruction does not require any
knowledge of the pupil of the Fresnel zone plate.
In fact, it does not require a pupil plane. Probes
formed with refractive (29) or reflective (30) op-
tics can be equally well reconstructed, as well as
unfocused probes formed with a mask. The door
to a general wavefront characterization procedure
appears to be even more widely open when one
realizes the symmetry in the multiplicative re-
lation between P andO in Eq. 1. Transferring the
oversampling requirement to the object function
placed downstream—for instance, by using a
simple pinhole—allows the characterization of
arbitrary large and extended regions of an
incoming wavefield. In this wavefront-sensing
configuration, what was the “probe” becomes the
main object of interest: It can be the propagated
wave perturbation from any specimen or optical
device. This feature will be useful for the
characterization of focusing devices to be used
at future coherent x-ray light sources.

We have demonstrated an imaging technique
that is fully compatible with STXM and has the
high-resolution potential of CDI approaches. The
reconstruction method removes the main diffi-
culty of ptychography by retrieving the complex-
valued image of both the specimen and the probe.
The method is noninvasive, and radiation dam-
age can be reduced by a combination of fast
large-area scans with longer high-resolution im-
aging of regions of interest. The technique can be
used with hard and soft x-rays, can be combined
with other scanning methods such as fluores-
cence imaging, and can be extended to nano-
diffraction mapping or nanospectroscopy. Higher
coherent flux and improved focusing optics (31)
should soon provide conditions for better-than-
10-nm resolutions, making possible the imaging
of the finest structures in state-of-the-art elec-
tronics devices or themacromolecular assemblies

Fig. 2. Preliminary analysis
of a measured data set of
201-by-201 diffraction pat-
terns. This test specimen is a
Fresnel zone plate of 30-mm
diameter and with 70-nm
outer zone width. (A) SEM
image. The zone plate struc-
ture is completely buried under
a layer of gold. A full recon-
struction of the region of in-
terest (solid line) is shown in
Fig. 3. The reconstructed im-
age of the dashed line region
is shown in fig S1. (B) Trans-
mission of the specimen, ob-
tained from the total transmitted
intensity at each probe posi-
tion. (C) Phase gradient of the
transmitted wave in the hori-
zontal direction. (D) Phase gra-
dient in the vertical direction.
(B) to (D) involve no phase re-
trieval and can be produced as
data are acquired. The pixel size is equal to the scanning grid spacing (100 nm), but the resolution is
limited by the size of the probe (about 300 nm).

Fig. 3. SXDM reconstruction
of the complex optical trans-
mission function of the zone
plate specimen. (A) Amplitude
and (B) phase of the recon-
struction of a selected region
of 61-by-61 diffraction pat-
terns, from the same data set
that was used for Fig. 2. The
magnified region shows im-
perfections in the nanofab-
ricated zones. Other defects,
corroborated by a SEM image,
are shown in fig. S1. The out-
ermost rings of the zone plate
(70 nm wide) are very well resolved. The pixel size is 18 nm. The total acquisition time for this image is
186 s, with a total dose of 2 × 109 photons.

Fig. 4. Reconstructed
probe. (A) Color rendition
of the complex-valuedprobe
at the specimen plane. (B)
The computed wavefield
propagated back to the
focal plane, situated1.2mm
upstream. (C) A section of
the probe wavefield along
the propagation direction,
as calculated from the data
in (A). The dashed line, in-
dicating the plane of (B), is
at the waist of the wave
distribution. (D) The squared
amplitude of the Fourier
transform of the probe. (E)
Measured diffraction pat-
tern of the probe without
a specimen. This data,which
was not used in the re-
construction, is in good agreement with the retrieved probe.

www.sciencemag.org SCIENCE VOL 321 18 JULY 2008 381
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Thibault et al., Science 321 
(2008) 379
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Ptychography 
A Brief History…

Maiden et al., 
Nature Commun 4 (2013) 1669.

Dierolf et al., 
Nature 467 (2010) 436.

Esmaeili et al., 
Macromolecules 46 (2013) 434.

Schropp et al., 
Sci. Rep. 3 (2013) 1633.

Vine et al., Rev. Sci. Instrum. 
83 (2012) 033703.
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3D reconstruction using a 
multi-slice approach 

 
Maiden et al., J Opt Soc Am A 

29 (2012) 1606. 
Suzuki et al., Phys Rev Lett 112 

(2014) 053903. 
Shimomura et al., Phys Rev B 91 

(2015) 214114. 

multiple modes, 
state mixtures and variations, 

instabilities 
 

Thibault, Menzel, 
Nature 494 (2013) 68 

 Odstrčil et al., Opt. Express 24 
(2016) 8360. 

different geometries 
e.g., near-field ptychography, 

Fourier ptychography… 
 

Stockmar et al., Sci. Rep. 
3 (2013) 1927. 

Zhen et al., Nat. Photonics 
7 (2013) 739. 

“Round Beams” Workshop, SOLEIL, June 14–16, 2017

Ptychography 
Recent Developments
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Detector Technology

Pilatus is 
being replaced  

by Eiger

Experimental Design
optimizing illumination and sample positioning

Analysis Development
“multi mode” “on the fly”
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OMNY (tomography nano cryo endstation)
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OMNY (tomography nano cryo endstation) 
…inside the chamber…

Sample Changer

Sample Parking

Microscope  
for sample/optics alignment

Tracking Interferometer Sample Stage Optics Mount 
(FZP, central stop)
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• measurements  
at cSAXS/X12SA 
• maintenance at 

OMNY hutch

OMNY (tomography nano cryo endstation)

mailto:andreas.menzel@psi.ch


measurement at 92 K in vacuum 
3D resolution: 28 nm 

B.D. Wilts et al., accepted in 
Advanced Materials

Cyphochilus beetle scale

collaboration with A. Sepe, Adolphe Merkle Institute, Fribourg (Switzerland)
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(Very) First Results
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(Very) First Results

Spectrally resolved finite-
difference time-domain (FDTD) 
simulations of light reflection 
 
B.D. Wilts et al., accepted in 
Advanced Materials

Evolutionary-Optimised Photonic Network Structure in Beetle Wing Scales 
Characertised by X-ray Nanotomography
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Ptychography 
unstained cryo-preserved mouse brain 

17

myelinated axons 
“Highways of Communication”
myelinated axons 
nuclei 
lysosomal lipofuscin?

unstained cryo-preserved 
mouse brain 

S. Shahmoradian et al., 
accepted in Sci. Rep. 
in collaboration with 

Uni Basel and Roche Innovation 
Center Basel
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M. Holler et al., Rev Sci Instrum 83 (2012) 073703 
M. Holler et al., Sci Rep 4 (2014) 3857

flOMNI (flexible tomography nano imaging) 
Interferometer

Sample Changer

X-Ray Fluorescence  
Microscope

X-Ray Optics

Sample Tray

Sample Stages 
(i.e., scanner and 

rotation stage)
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Positioning Control

Optics need to allow for interferometrically controlled sample positioning or position 
measurement in three dimensions (or more).  As chosen for the sample, short dead 
paths, i.e., distances between references and object of interest are highly desirable.

M. Holler et al., Rev Sci Instrum 83 (2012) 073703 
M. Holler et al., Sci Rep 4 (2014) 3857

beam-defining 
optics (2)

beam-defining 
optics (2)
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Imaging of Integrated Circuits  
Intelprocesser, 22nm Technology

M. Holler et al.,  Nature 543(7645) (2017) 402M. Holler et al.,  Nature 543(7645) (2017) 402
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Imaging of Integrated Circuits  
Some Sort of Roadmap

achieved* achieved† demanded#

2D 3D 
(tomography)

“3D” 
(via laminography)

field of view 500 × 288 µm2 ⌀ ~ 10µm 10 × 10 mm2

resolution ~ 40 nm ~ 15 nm 10 nm

measurement 
time

~ 70 min 
~ 4 × 103 s

~ 1 day 
~ 9 × 104 s

25 days 
~ 2 × 106 s

effective 
dwell time ~ 40 µs ~ 170 µs ~ 0.1 µs

long-term requirement:
increase in  

coherent flux:  
~ 5000

*Guizar-Sicairos et al., Opt. Express 22 (2014) 14859

†M. Holler et al.,  Nature 543(7645) (2017) 402


#http://www.iarpa.gov/index.php/research-programs/raven
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Upgrade Plans

Plan:	 SLS-2	 → gain in coherent flux:	101.5 
optimized undulator	 → gain in flux:	100.5 

reduction of longitudinal coherence	 → gain in flux:	101 

more efficient optics	 → gain in flux:	101


	 total gain in coherent flux	 in the order of	104! 
total gain in flux	 close to	103

This would render these ambitious goals entirely feasible!

Yet:	 Reduction of longitudinal coherence may be problematic: 
While it can be controlled and accounted for, it limits probe size and 
thus affects already stringent scanning requirements.
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Conclusion

While developments are still ongoing, X-ray ptychography has already matured 
to a reliable imaging technique, sought after by scientists who want to learn 
about their samples (and have no particular interest in the technique itself).


To satisfy the increasing demand, ptychography needs to become faster and more 
efficient.  This requires new sources and state-of-the-art optics, detectors, 
positioning and metrology, and computing power.


With upcoming/planned sources, the future looks bright indeed in regard to 

• sample-limited resolution, 

• high throughput, large sample ensembles, representative volumes etc., and 

• increased time-resolution.


However, oftentimes and already now, neither data acquisition nor image 
reconstruction prove “rate-limiting” in most imaging projects but the subsequent 
analysis, such as segmentation, parameterization, and quantitative evaluation.

User training and IT resources need to be organized accordingly.
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