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Imaging	crystalline	materials	at	the	nanoscale	

5	nm	

•  High	Resolu4on	electron	transmission	microscopy	

✔ Resolu4on	
✗ Invasive	

a	≈	5	Å	 Bragg’s	law	
2a	sinθ	=	nλ
à	λ	<	2a	

✔ Non-destruc4ve	
✗ Resolu4on	
✗ 2D	

•  X-ray	nano-diffrac4on	

X-ray	lens-less	microscopy	?	



Solving	the	phase	problem:	strategies	

Inverse	problem	
	

with	intensity	data	

•  Encode	phases	
						into	a	known	reference	
					à	Holography	

Eisebi[	et	al.,	
Nature	(2004)	

Experimental	set-up	
•  Add	known	constraint	
	
				à	Finite	support	CDI	

Sample	informa4on	
•  Divide	the	problem	
						into	simpler	sub-problems	
						with	par9al	redundancy		
	

à	Ptychography	

Exploit	the	probe	

Chamard et al.,�
Phys. Rev. Lett. (2010)



Ptychography	for	crystalline	microscopy	
Non-crystalline	property	 Diffracted	field	

Crystalline	property	 Bragg	peaks	

(0,0)	 (0,1)	

(1,0)	

Ptychography	in	the	vicini
ty	of	a	Bragg	peak	

With	a	highly	coherent	x-ray
	beam	

à	synchrotron	



3D	x-ray	Bragg	ptychography	

	
1	–	Original	3D	formalism,	first	results	and	limits	

2	–	Beyond	the	limits:	the	back	projec9on	approach	
	
3	–	Perspec9ves:	4th	genera9on	synchrotron	sources	
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3D	x-ray	Bragg	ptychography:	laKce	distor0on	sensi0vity	
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•  3D	approach	(probe,	object)	
•  Complex-valued	electron	density	
•  Crystal	laNce	distor9on	à	phase	
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Assump4on	on	the	labce	distor4on	
+	

Fourier	synthesis	opera4on	



Ptychography:	redundancy	
Sample	transla4on	

(II)	(I)	

ki	 kf	

θ1	 θn	

...	

θN	

...	

G	

𝚚𝑥	
𝚚𝑦	

𝚚𝑧	

⦿

Non-orthogonal						
			measurement	space	

3D	Fourier	components	
à	rocking	curve	scan	

For	each	probe	posi4on,	
a	full	rocking	curve	scan	is	
performed		

x

z

y	⊙
side	view	

x	z	

y	

⊙
top	view	

Data	acquisi0on	scheme:	3	main	steps	

Probe	pre-characteriza4on	

Pateras et al., Phys. Rev. B (2015)

(III)	
ID13	(ESRF),	Si	Refrac4ve	lenses	(f	=	0.01	m),	14.9	keV	



X-rays	

3D	x-ray	Bragg	ptychography:	Biomineral	mesoscale	structure	
Organo-mineral	granular	nano-structure	à	single	crystalline	material?	

Pearl	oyster	shell	

200	nm	

Tilts	of	110	crystal	planes	

	à	Slightly	mis-orientated	crystalline	domains		

	

ID13	-	ESRF	

F. Mastropietro et al., Nature Materials (2017)



Crystalline	coherence	

200	nm	
200	nm	

Tilts	of	110	crystal	planes	

	à	Slightly	mis-orientated	crystalline	domains			

3D	x-ray	Bragg	ptychography:	Biomineral	mesoscale	structure	

à 	Each	iso-oriented	domain	contains	several	
coherent	crystals	larger	than	a	granule	
	

Organo-mineral	granular	nano-structure	à	single	crystalline	material?	

F. Mastropietro et al., Nature Materials (2017)



Crystalline	coherence	

à 	Each	iso-oriented	domain	contains	several	
coherent	crystals	larger	than	a	granule	
	

200	nm	

	à	Slightly	mis-orientated	crystalline	domains		

3D	x-ray	Bragg	ptychography:	Biomineral	mesoscale	structure	

De Yoreo et al., Science (2015) 

In	vitro	synthesis	

	à	mesocrystal	forma9on	+	par9al	fusion	
	 	 	or/and	
	à	liquid/amorphous	droplet	precursor		
	 	 	or/and	?	

Organo-mineral	granular	nano-structure	à	single	crystalline	material?	

F. Mastropietro et al., Nature Materials (2017)



3D	x-ray	Bragg	ptychography:	An6-phase	domain	Boundaries	
3D	ADB	structure	and	strain	rela4onship?	

An4-phase	domains	and	boundaries	

•  Several	a[empts	to	image	with	TEM,	BCDI…	
•  Difficul4es:	3D	sub-µm	phase	domains.		

Binary	intermetallic	alloy	(Fe-Al)	à	Rich	phase	diagram	
(several	ordered	phases,	order-disorder	transi4on)	

Comparing	001	and	002	3D	labce	displacements	

001à	boundaries	and	strain,	002	à	strain	

Boundaries	vs	strain	

	
	-	1st	observa4ons	of	APD	and	ADB	in	3D		
	-	Correla4on	between	ADB	and	strain	

	

ID01	-	ESRF	

C. Kim et al., Phys. Rev. Lett. (2018)



2D	x-ray	Bragg	ptychography:	a	straighWorward	development	of	2D	ptychography	

In	the	2D	detector	:	
(Fourier	slice	theorem)	

Z
P (~r � ~Rn)⇢(~r)d~kf

Z
P (~r � ~Rn)d~kf

Z
⇢(~r)d~kfis	approximated	to	

for	2D	Bragg	ptychography	
analyses	

It	works,	if	
	

ü  		
ü  Or	film	thickness	<	beam	size	

~kf ⇡ ~ki

3DBPP reconstruction 
using far-field diffraction

 Cross section of numerical sample

Cross-section of 3DBPP reconstruction 
equivalent to a) 
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FIG. 2. The principles of 3DBPP: a) To illustrate the different 3DBPP reconstruction operators, a 3D
strain free crystal was generated (⇢) containing two internal voids, and a 3DBPP experimental geometry
was simulated (b) using a focussed gaussian beam profile at a high angle Bragg condition defined by the ki

and kf incident and exit beam vectors. We define real space axes (r
x

, r

y

, r

z

) such that kf || rz and (r
x

, r

y

)
lie in the detector plane, conjugate to (q

x

, q

y

) in the far field. In order to calculate diffraction patterns,
projections along kf of the illuminated crystal (RP

j

⇢) in the (r
x

, r

y

) plane are determined (c) at beam
positions that intersect the two voids in ⇢. The far-field diffraction amplitudes | 

j

| determined by Fourier
transforming the projections are shown in d). The inverse process is shown in e) where, starting from the far-
field diffraction 

j

, the inverse Fourier transform again yields the 2D projections of the illuminated crystal.
The operator critical to 3DBPP is the back-projection (R†) of the quantity F�1 

j

along the kf direction.
The backprojection “stretches” the 2D projections along kf within a 3D support. Here, the support is made
of a pair of planes that limit the extent of the reconstruction in the z direction. Here, the backprojection
intersects the probe at an oblique angle, effectively localizing the scattering volume. With 3DBPP, ⇢ was
reconstructed (f,g) using these operators from a set of 2D coherent Bragg diffraction intensity patterns (See
Methods for details).
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2D	X-ray	Bragg	ptychography	approaches	

Powerful	approxima9on	of	the	3D	Bragg	ptychography	formalism	

with a 0:5! 0:5 mm unfocused x-ray beam is shown in
Fig. 1(a). From the position of the 002 PbTiO3 film peak
relative to the 002 SrTiO3 substrate peak, the average out-
of-plane c-lattice parameter of the tetragonal PbTiO3 unit
cell was determined to be 4.123 Å. This lattice parameter is
consistent with previous measurements of this system and
corresponds to an average out-of-plane polarization mag-
nitude of 0:69 C=m2 in the film [11].

After the PbTiO3 002 Bragg peak position was deter-
mined, a hard x-ray zone plate focusing optic (numerical
aperture of 2 mrad at the photon energy of 9.5 keV) was
inserted into the beam to form a non-Gaussian focus with a
40 nm full width at half maximum and intensity shoulders
that spread the beam to 100 nm full width at quarter
maximum. The focused beam was used to measure coher-
ent Bragg nanodiffraction patterns from different regions
of the film. Typical patterns from two regions are shown in
Figs. 1(c) and 1(d) in which the center of the PbTiO3 002
Bragg peak is marked with an x. As is shown in Fig. 1(a),
the Bragg peak from the thin film is broad enough to
diffract almost the full range of incident angles, so the
diffracted beam replicates the annulus of angles produced
by the incident optics (zone plate and central stop), modu-
lated in L by the intensity profile of the PbTiO3 film peak.
The annular peak shape is characteristic of specular thin
film diffraction from a zone plate with a central stop [7,18].
Along the in-plane H direction, satellite peaks are clearly
visible, spaced by 0.016 reciprocal lattice units (RLUs).
From the average spacing of the satellites measured with
the unfocused parallel beam, the mean in-plane stripe

period was determined to be ! ¼ 22:9 nm, closely match-
ing the 22.4 nm average substrate terrace spacing.
Under coherent x-ray illumination conditions, an area

Bragg diffraction pattern is the square of the Fourier am-
plitude of the electron density in the illuminated volume
projected along the exit beam direction [19]. Regions of
the film in which stripe domains are regularly spaced over
tens of nanometers generate coherent nanodiffraction
patterns like the one in Fig. 1(c), displaying well-defined
first, second, and third order satellite peaks. By contrast,
nanoscale illuminated regions with a less ordered stripe
arrangement generate coherent diffraction patterns like the
one shown in Fig. 1(d), with irregular speckled coherent
diffraction. Only diffracted x-ray intensities were mea-
sured, so the real-space domain structures corresponding
to these diffraction patterns cannot be directly determined
by a Fourier transform. However, with a set of Bragg
nanodiffraction patterns that are appropriately sampled in
real and reciprocal space, the phase problem can be iter-
atively solved, and a projection of the diffracting features
in the film that give rise to the observed scattering can be
reconstructed with Bragg projection ptychography [7].
For ptychographic imaging, coherent nanodiffraction

patterns were collected at the PbTiO3 002 Bragg peak in
a spiral pattern [20], scanning in the plane of the zone plate
with an approximate point separation of 13 nm. The 650
scan points, spanning a circular region 390 nm in diameter,
are shown as yellow points in Fig. 2(a). We used a combi-
nation of focused-beam calculations [7,21] and phasing
algorithms [22,23] to reconstruct a projection of the dif-
fracting stripe domains in the PbTiO3 film. (For details on
BPP reconstruction procedures, see Ref. [7].) The recon-
structed amplitude and phase of the projected film in the
scanned field of view are shown in Figs. 2(a) and 2(b).
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FIG. 1 (color online). (a) The 00L CTR containing the 002
Bragg peaks of the PbTiO3 film and the underlying SrTiO3

substrate measured with an unfocused x-ray beam. The shaded
region of the PbTiO3 peak corresponds to the angular divergence
of the zone plate focusing optic. (b) The cubic perovskite
PbTiO3 unit cell structure. (c), (d) Coherent diffraction patterns
taken with the focused beam illuminating 180# ferroelectric
stripe domains. The x marks the position of the PbTiO3 Bragg
peak (10 s exposures.)
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FIG. 2 (color online). (a) The amplitude of the BPP recon-
structed PbTiO3 thin film projection is shown in grayscale along
with the raster positions of the beam (yellow dots). (b) The
corresponding phase of the reconstruction. (c) A line through the
reconstruction [along the dotted line in (b)] plotting recon-
structed object amplitude colored by the corresponding pixel
phase.
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25	nm	PbTiO3	thin	film	

Polariza4on	domains	in	ferroelectric	film		

with a 0:5! 0:5 mm unfocused x-ray beam is shown in
Fig. 1(a). From the position of the 002 PbTiO3 film peak
relative to the 002 SrTiO3 substrate peak, the average out-
of-plane c-lattice parameter of the tetragonal PbTiO3 unit
cell was determined to be 4.123 Å. This lattice parameter is
consistent with previous measurements of this system and
corresponds to an average out-of-plane polarization mag-
nitude of 0:69 C=m2 in the film [11].

After the PbTiO3 002 Bragg peak position was deter-
mined, a hard x-ray zone plate focusing optic (numerical
aperture of 2 mrad at the photon energy of 9.5 keV) was
inserted into the beam to form a non-Gaussian focus with a
40 nm full width at half maximum and intensity shoulders
that spread the beam to 100 nm full width at quarter
maximum. The focused beam was used to measure coher-
ent Bragg nanodiffraction patterns from different regions
of the film. Typical patterns from two regions are shown in
Figs. 1(c) and 1(d) in which the center of the PbTiO3 002
Bragg peak is marked with an x. As is shown in Fig. 1(a),
the Bragg peak from the thin film is broad enough to
diffract almost the full range of incident angles, so the
diffracted beam replicates the annulus of angles produced
by the incident optics (zone plate and central stop), modu-
lated in L by the intensity profile of the PbTiO3 film peak.
The annular peak shape is characteristic of specular thin
film diffraction from a zone plate with a central stop [7,18].
Along the in-plane H direction, satellite peaks are clearly
visible, spaced by 0.016 reciprocal lattice units (RLUs).
From the average spacing of the satellites measured with
the unfocused parallel beam, the mean in-plane stripe

period was determined to be ! ¼ 22:9 nm, closely match-
ing the 22.4 nm average substrate terrace spacing.
Under coherent x-ray illumination conditions, an area

Bragg diffraction pattern is the square of the Fourier am-
plitude of the electron density in the illuminated volume
projected along the exit beam direction [19]. Regions of
the film in which stripe domains are regularly spaced over
tens of nanometers generate coherent nanodiffraction
patterns like the one in Fig. 1(c), displaying well-defined
first, second, and third order satellite peaks. By contrast,
nanoscale illuminated regions with a less ordered stripe
arrangement generate coherent diffraction patterns like the
one shown in Fig. 1(d), with irregular speckled coherent
diffraction. Only diffracted x-ray intensities were mea-
sured, so the real-space domain structures corresponding
to these diffraction patterns cannot be directly determined
by a Fourier transform. However, with a set of Bragg
nanodiffraction patterns that are appropriately sampled in
real and reciprocal space, the phase problem can be iter-
atively solved, and a projection of the diffracting features
in the film that give rise to the observed scattering can be
reconstructed with Bragg projection ptychography [7].
For ptychographic imaging, coherent nanodiffraction

patterns were collected at the PbTiO3 002 Bragg peak in
a spiral pattern [20], scanning in the plane of the zone plate
with an approximate point separation of 13 nm. The 650
scan points, spanning a circular region 390 nm in diameter,
are shown as yellow points in Fig. 2(a). We used a combi-
nation of focused-beam calculations [7,21] and phasing
algorithms [22,23] to reconstruct a projection of the dif-
fracting stripe domains in the PbTiO3 film. (For details on
BPP reconstruction procedures, see Ref. [7].) The recon-
structed amplitude and phase of the projected film in the
scanned field of view are shown in Figs. 2(a) and 2(b).
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FIG. 1 (color online). (a) The 00L CTR containing the 002
Bragg peaks of the PbTiO3 film and the underlying SrTiO3

substrate measured with an unfocused x-ray beam. The shaded
region of the PbTiO3 peak corresponds to the angular divergence
of the zone plate focusing optic. (b) The cubic perovskite
PbTiO3 unit cell structure. (c), (d) Coherent diffraction patterns
taken with the focused beam illuminating 180# ferroelectric
stripe domains. The x marks the position of the PbTiO3 Bragg
peak (10 s exposures.)
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FIG. 2 (color online). (a) The amplitude of the BPP recon-
structed PbTiO3 thin film projection is shown in grayscale along
with the raster positions of the beam (yellow dots). (b) The
corresponding phase of the reconstruction. (c) A line through the
reconstruction [along the dotted line in (b)] plotting recon-
structed object amplitude colored by the corresponding pixel
phase.
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177601-2S. Hruszkewycz et al., Phys. Rev. Lett. (2013)

RAPID COMMUNICATIONS

YUKIO TAKAHASHI et al. PHYSICAL REVIEW B 87, 121201(R) (2013)

FIG. 1. (Color online) Schematic view of ptychographic hard x-
ray Bragg diffraction microscope. X rays with energy of 11.8 keV
were two-dimensionally focused to an ∼1 µm spot size using KB
mirrors. The 1-µm-thick silicon single-crystal membrane was located
on the focal plane and was mounted on a multiaxis sample stage. The
sample position was precisely controlled using piezo stages with
capacitive sensors. 220 Bragg diffraction intensities (Bragg angle
θB = 15.88◦) were detected using a CCD detector with a pixel size
of 20 × 20 µm2, which was positioned at a distance of 2 m from the
sample. The sample was illuminated in 20 × 20 overlapping fields of
view that were separated by 500 and 520 nm in the horizontal and
vertical directions, respectively. Owing to the large dynamic range of
the coherent diffraction intensity across the frequency spectrum, the
400 ptychographic diffraction patterns were separately measured to
obtain diffraction data with and without the Bragg peak.

The coherent Bragg diffraction patterns were recorded with
an x-ray direct-detection charge-coupled device (CCD). The
x-ray exposure time at each position was 10.3 s. It took ∼6 h to
collect the 400 ptychographic diffraction patterns in a 20 × 20
overlapping field, which includes the readout time from the
CCD and the beamstop motion at each position.

Figure 2(a) shows a series of measured coherent Bragg
diffraction patterns obtained from the silicon membrane,
which are displayed on a log scale. Figure 2(b) shows three
typical images labeled A, B, and C in Fig. 2(a). The highly
intense region at the center of each image is displayed on a
linear scale in the lower right. Pattern A shows the coherent
diffraction obtained in a perfect region of the sample. The
square shape of the Bragg spot at the center reflects the shape
of the aperture immediately before the mirror. The upper and
lower streaks are the tails of the Fresnel diffraction from
the square aperture before the mirrors. Patterns B and C
show the coherent Bragg diffraction from regions including
a dislocation. In particular, many patterns similar to pattern B
were observed in the sample. The Bragg spot in pattern B is
divided into two parts, which is due to the dislocation-induced
destructive interference at the position of Bragg reflection.12

On the other hand, the Bragg spot in pattern C has a hollow
structure with negligible intensity at its center.

The wave exiting the specimen in the direction of the Bragg
diffracted beam propagates to the far field, where the intensity
is recorded with the CCD detector. At the j th scan point, the
measured intensity of the diffraction pattern is

Ij (q) = |F[P (r − rj )OB(r)]|2, (1)

FIG. 2. (Color online) (a) Coherent Bragg diffraction patterns
(log scale) of 220 reflection of the silicon membrane with 500 ×
520 nm2 steps. Each pattern is composed of an array of 301 × 301 pix-
els and its pixel resolution is 9.52 × 10−6 Å−1. (b) Enlarged images
of diffraction patterns labeled in (a). The central 41 × 41 pixels are
displayed in the lower right on a linear scale.

where F is the Fourier transform operation with the two-
dimensional reciprocal space coordinate q, P is the probe
function, rj is the scanning position, and OB is the complex
function of the object under the Bragg condition. OB is
expressed as

OB(r) = |OB(r)|exp[i{φs(r) + φr (r)}], (2)

where φs and φr are the phase shifts due to the strain field and
optical reflection, respectively. In our experiment, the optical
path length of x rays in the sample is almost uniform because
of the nearly symmetrical Laue geometry and the constant
thickness of the sample. Therefore, φr was almost uniform.

Both the complex function of the object and the com-
plex illuminating wave field were reconstructed from the
400 diffraction patterns using the extended ptychographical
iterative algorithm.21 The reconstruction started from an
initial Gaussian wave field and a flat object with a constant
transmissivity and without phase shift. The iterative process
was continued for up to 5 × 102 iterations. Figure 3(a) shows
the reconstructed norm and phase of the locally averaged local
crystal structure factor with a pixel size of 35.4 nm and a field
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FIG. 3. (Color online) (a) Norm (left) and phase (right) maps of
the locally averaged local crystal structure factor reconstructed from
the ptychographic diffraction patterns in Fig. 2(a). The pixel size is
35.4 nm and the total number of pixels is 294 × 294. (b) Enlarged
norm and phase maps of the area indicated by the square in (a).

of view of ∼10 × 10 µm2. The periodic pattern is an artifact
due to the translation symmetry of the raster scan. In addition
to the artifact, distinct contrast due to the dislocation strain
field exists in the reconstructed image where the intensity
is low and the phase shift is steep. Figure 3(b) shows an
enlarged image of the area surrounded by the white square
in Fig. 3(a). It is noteworthy that there are four screw-type
phase singularities, which appear to be two pairs of vortices
with opposite directions (i.e., D-E and F-G). The singularities
correspond to the local minimum positions in the intensity
image, which are shown by the white arrows in Fig. 3(b). It is
considered that two dislocation loops exist in the (111) plane.
The (110) plane crosses the dislocation loops, producing a
pair of vortices with opposite directions in the (110) plane.
The directions of the Burgers vectors of the dislocation loops
are opposite each other, which results in the opposite vortex
directions of the loops. The diameter of each loop and the
distance between the loops are estimated to be approximately
1–2 µm and ∼200 nm, respectively, from the reconstructed
image.

TEM and x-ray topography are well-established tools for
the observation of dislocation strain fields, in which the
dislocations are imaged on the basis of the diffraction contrast
from them. Although TEM can image the nanometer-scale
dislocation of thin samples, the interpretation of the contrast
of thick samples is difficult because the multiple scattering and
inelastic scattering of the electrons should be considerable.
X-ray topography can probe bulk dislocations but with a much
poorer resolution, in which the spatial resolution is limited
by the resolution of the detector, the experimental geometry,
and intrinsic diffraction effects. On the other hand, Bragg
x-ray ptychography can overcome the limitation of the spatial
resolution of x-ray topography because the spatial resolution
is limited by only diffraction effects. The spatial resolution

FIG. 4. (Color online) (a) Transverse profile of the reconstructed
wave field at the focal plane of the focused x-ray beam. (b) Transverse
profile of calculated x-ray wave field 10 mm downstream from the
sample when the focused x-ray beam is irradiated to the vortex cores
of D and E in Fig. 3(b).

in the present Bragg x-ray ptychography is estimated to be
∼50 nm from both the coherent Bragg diffraction patterns
and the reconstructed image, which is much better than x-ray
topography. For unit incident intensity, the diffracted intensity
from dislocations is approximately (Dx/lL)2, where Dx is
structural resolution for dislocations, which is estimated to be
∼2 × 10−6 in the present results. Thus, the spatial resolution
of Bragg x-ray ptychography is practically limited by the flux
of the coherent x rays, which will be improved by using the
high-brilliant next-generation x-ray sources. In addition, the
field of view (FOV) as well as the spatial resolution is an
important factor for microscopy. FOV is ∼10 × 10 µm2 in the
present result, which is less than 1/100 of x-ray topography.
Therefore, Bragg x-ray ptychography and x-ray topography
should be complementary methods in the spatial scale for
the observation of dislocation strain fields buried within thick
samples.

Figure 4(a) shows transverse profiles of reconstructed
illumination wave field. The intensity and phase distributions
are similar to those of Fraunhofer diffraction from a rectangular
aperture. Both the main peak and the high-order fringes are
clearly visible. The highest-order spots are observed at a
distance of ∼2 µm in the vertical direction and ∼4 µm
in the horizontal direction from the main peak and have an
intensity of ∼1/1000 of the main peak. The reconstruction
of the high-order diffraction spots with low intensity implies
that the positioning error due to the drift was small and that
reliable reconstruction was carried out. The period of the fringe
in the vertical direction is shorter than that in the horizontal
direction, which results from the small gap under the Bragg
condition in the present experiment. The low signal-to-noise
ratio of the fringe in the vertical direction is due to the poor
longitudinal coherence. Figure 4(b) shows transverse profiles
of the wave field 10 mm downstream from the sample, which
was calculated using the angular spectrum method,22 when
the focused x-ray beam is irradiated to the vortex cores of
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Disloca4on	strain	field	in	a	Silicon	thick	film	

Laue	geometry	(2θB	≈	32°)	



3D	x-ray	Bragg	ptychography:	some	numbers	

•  Spa9al	resolu9on	
	 	à	3D,	10	–	30	nm,	anisotropic	

	
•  Strain	sensi9vity	
	 	à	10-4	–	10-2	

	
•  LaNce	rota9on	sensi9vity	
	 	à	5.10-3	–	1°	

	

•  Field	of	view	
	à	<	1µm2	

•  Thickness	
	à	1-2	µm	

•  Total	acquisi4on	4me	 		
à	From	10	hours	to	3-4	hours	

	

•  Probe	size	
	à	80	nm	to	1	µm	

	

•  Transla4on	step	size	
	à	(probe	size)	25	nm	

	

•  Angular	step	size	
	à	0.003°	to	0.01°	

	

•  Data	size	
	à	20	x	20	x	300	x	256	x	256	

	

•  Inversion	4me	
	à	A	few	hours	



3D	x-ray	Bragg	ptychography	

	
1	–	Original	3D	formalism,	first	results	and	limits	

2	–	Beyond	the	limits:	the	back	projec9on	approach	
	
3	–	Perspec9ves:	4th	genera9on	synchrotron	sources	
	



3D	Bragg	projec4on	ptychography:	3D	imaging	at	a	single	tomographic	angle	
Coll.	S.O.	Hruszkewycz,	M.V.	Holt,	P.H.	Fuoss	

(APS/Nanoprobe	beamline,	CNM)	

Fast	3D	x-ray	Bragg	ptychography:	single	angle	

~e1

~e2
~e3

	

The	scanning	probe	encodes	some	spa4al	informa4on	along	e3	
		

S. O. Hruszkewycz et al., Nature Materials (2017).

A	SERIES	of	2D		
integrated	Exit-Fields	
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3D	Bragg	projec4on	ptychography:	3D	imaging	at	a	single	tomographic	angle	
Coll.	S.O.	Hruszkewycz,	M.V.	Holt,	P.H.	Fuoss	

(APS/Nanoprobe	beamline,	CNM)	

•  No	angular/transla4on	registra4on 		
•  No	fine	angular	steps	
•  Efficient	for	energy	scan	

	

	à	New	standard	for	Bragg	ptychograpy	

Fast	3D	x-ray	Bragg	ptychography:	single	angle	

•  Modified	inversion	algorithm	based	on	back-projec4on	operator	
•  No	rocking	curve	needed	
•  Reduced	acquisi4on	4me:	x	50-100	gain	

S. O. Hruszkewycz et al., Nature Materials (2017).



Fast	3D	x-ray	Bragg	ptychography:	a	few	angles	

Detailed	structure	of	III-V	nanowire	à	defaults	?	Strain	?	

Bent	elongated	wire	à	need	to	increase	the	angular	range	

M. Hill et al., Nano Letters (2018)

200	nm	
InGaAs	wire	

0110	
_	

Strain/stacking	
sensi4ve	

2110	
_	_	 Strain	

sensi4ve	

	
Reduced	number	of	angles	along	rocking	curve	

(à	reduced	acquisi4on	4me)	
Decoupling	angle	and	spa4al	registra4on	

	



Mi0ga0on	of	angular	uncertain0es	in	Bragg	CDI	
3D	Bragg	CDI	and	ptychography	à	small	angular	steps	

•  Mechanical	limits	of	the	instrument	
•  Environment	condi4ons	(heat,	pressure,	etc…)

		

Real	posi4on	

Nominal	(ideal)	posi4on	

I.	Calvo-Almazan	

I. Calvo-Almazan et al., Scientific Reports (2019)

Nominal	

No	angular	error	

Impact	of	uncertain9es	

Retrieved	

40%	angular	error	



Mi0ga0on	of	angular	uncertain0es	in	Bragg	CDI	
3D	Bragg	CDI	and	ptychography	à	small	angular	steps	

•  Mechanical	limits	of	the	instrument	
•  Environment	condi4ons	(heat,	pressure,	etc…)

		 I.	Calvo-Almazan	

Real	posi4on	

Nominal	(ideal)	posi4on	

I. Calvo-Almazan et al., Scientific Reports (2019)

Mi4ga4on	of	uncertain4es	during	inversion	process	

40%	angular	error	

Angular	residuals	

	
Allowing	for	some	angular	uncertain4es	

	



3D	x-ray	Bragg	ptychography	

	
1	–	Original	3D	formalism,	first	results	and	limits	

2	–	Beyond	the	limits:	the	back	projec9on	approach	
	
3	–	Perspec9ves:	4th	genera9on	synchrotron	sources	
	



What’s	next	?	
Future	should	be	bright:	New	or	upgraded	synchrotron	sources	

MAXIV,	Sweden	 NSLS2,	Brookhaven	

APS-U,	Argonne	

ESRF-U,	Grenoble	

Soleil-U,	project	

à	100	4mes	more	coherent	flux	!	
à	Several	Bragg	ptychography	compa4ble	beamlines	



Conclusions	

	
We	appreciate	supports	from	synchrotrons,	to	bring	Bragg	ptychography	to	users	
	
We	look	for	strongly	mo4vated	users	with	challenging	problems	and	ready	to	suffer	
	
We	love	stable	set-ups	
	

More	difficult	than	Bragg	CDI	and	forward	ptychography,	but:	
	

•  Weak	and	strong	defects	in	energy	related	material	
•  Iso-oriented	domains	in	biominerals	
•  Stacking	faults	in	quantum	wire	
•  An4-phase	domains	and	boundaries	in	metallic	alloy	

	
	
	

First	tests	at	4th	genera9on	synchrotron	source	
	 	 	 	 	(Coll.	D.	Carbone)		

à	a	full	3D	Bragg	ptychography	in	20	min	
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