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High resolution imaging of structure, beyond optics.
Coherent beam scatters from sample. (Various contrast mechanisms)
Measure modulus of Fourier Transform (Intensities).
Use computational algorithms to retrieve phases.
Recover image by Inverse Fourier Transform.



COHERENCE

3

Visibility of fringes is a direct measure of the coherence of a beam.
If beam is coherent across the spacing of the slits a Fourier Transform
of the slit structure is observed downstream.

implies an effective degree of transverse coherence at the
source, as totally incoherent sources radiate into all directions
(Goodman, 1985).

The transverse coherence area !x!y of a synchrotron
source can be estimated from Heisenberg’s uncertainty prin-
ciple (Mandel & Wolf, 1995), !x!y ! h- 2=4!px!py, where
!x;!y and !px;!py are the uncertainties in the position and
momentum in the horizontal and vertical direction, respec-
tively. Due to the de Broglie relation p = h- k, where k = 2!=",
the uncertainty in the momentum !p can be associated with
the source divergence !#, !p = h- k!#, and the coherence area
in the source plane is given by

!x!y ! "

4!

! "2
1

!#x!#y

: "1#

Substituting typical values of the source divergence at a third-
generation synchrotron source (Balewski et al., 2004) into
equation (1), we find the minimum transverse coherence
length at the source to be about a few micrometers. With the
source sizes of tens to hundreds of micrometers (Balewski et
al., 2004), it is clear that present third-generation X-ray
sources have to be described as partially coherent sources.

A useful model to describe the radiation properties of
partially coherent sources is the Gaussian Schell-model
(GSM) (Mandel & Wolf, 1995). This model has been applied
for the analysis of the radiation field generated by optical
lasers (Gori, 1980), third-generation synchrotron sources (see,
for example, Howels & Kincaid, 1994; Vartanyants & Singer,
2010, and references therein) and X-ray free-electron lasers
(Singer et al., 2008, 2012; Roling et al., 2011; Vartanyants et al.,
2011). The problem of propagation of partially coherent
radiation through thin optical elements (OEs) in the frame of
GSM has been widely discussed in optics (Turunen & Friberg,
1986; Yura & Hanson, 1987). However, the propagation of
partially coherent radiation through the focusing elements
with finite apertures has not been considered before. For
X-ray beamlines at third-generation synchrotron sources such
focusing elements are especially important. In this work we
propose a general approach to describe propagation of
partially coherent radiation through these beamlines.

The paper is organized as follows. We start with a short
introduction to the optical coherence theory with special focus
on third-generation synchrotron radiation sources in x2.
x3 describes the propagation of partially coherent X-ray
radiation through thin focusing elements. Diffraction-limited
focus and infinite apertures are described in x4 and x5. In x6
coherence properties of the focused X-ray beams at PETRA
III are analyzed. The paper is concluded with a summary and
outlook.

2. Coherence: basic equations

2.1. Correlation functions and propagation in free-space

The theory of partially coherent fields is based on the
treatment of correlation functions of the complex wavefield
(Mandel & Wolf, 1995). The concept of optical coherence is

often associated with interference phenomena, where the
mutual coherence function (MCF)1

""r1; r2; $# $ E%"r1; t#E"r2; t & $#
# $

"2#

plays the main role. It describes the correlations between two
complex values of the electric field E%"r1; t# and E"r2; t & $# at
different points r1 and r2 and different times t and t & $. The
brackets h' ' 'i denote the time average.

When we consider propagation of the correlation function
of the field in free space, it is convenient to introduce the
cross-spectral density function (CSD), W"r1; r2;!#, which is
defined as the Fourier transform of the MCF (Mandel & Wolf,
1995),

W"r1; r2;!# $
R

""r1; r2; $# exp"(i!$# d$; "3#

where ! is the frequency of the radiation. By definition, when
the two points r1 and r2 coincide, the CSD represents the
spectral density of the radiation field,

S"r;!# $ W"r; r;!#: "4#

The normalized CSD is known as the spectral degree of
coherence (SDC),

%"r1; r2;!# $
W"r1; r2;!#

S"r1;!#S"r2;!#
% &1=2 : "5#

For all values of r1; r2 and ! the SDC satisfies j%"r1; r2;!#j) 1.
The modulus of the SDC can be measured in interference
experiments as the contrast of the interference fringes (Singer
et al., 2008, 2012; Vartanyants et al., 2011).

To characterize the transverse coherence properties of a
wavefield by a single number, the global degree of transverse
coherence can be introduced as (Saldin et al., 2008; Vartany-
ants & Singer, 2010)

&"!# $
R
jW"r1; r2;!#j2 dr1 dr2R

S"r;!# dr
% &2 : "6#

According to its definition the values of the parameter &"!# lie
in the range 0 ) &"!# ) 1, where &"!# = 1 and &"!# = 0
characterize fully coherent and incoherent radiation, respec-
tively.

In the following we will apply the concept of correlation
functions to planar secondary sources (Mandel & Wolf, 1995),
where the CSD of the radiation field is given in the source
plane at z0 = 0 with the transverse coordinates s,
W"s1; s2; z0;!#. The propagation of the CSD from the source
plane at z0 to the plane at a distance z from the source is
governed by the following expression (Mandel & Wolf, 1995),

W"u1; u2; z;!# $
R

W"s1; s2; z0;!#P%z"u1; s1;!#Pz"u2; s2;!# ds1 ds2; "7#

where W"u1; u2; z;!# is the propagated CSD in the plane z,
and Pz"u; s;!# is the propagator. The integration is performed
in the source plane. For partially coherent X-ray radiation at
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6 Singer and Vartanyants * Coherence properties of focused X-ray beams J. Synchrotron Rad. (2014). 21, 5–15

1 Here we restrict ourselves to stationary radiation fields, which are generated
at third-generation synchrotron sources.
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Coherence: Laser Speckle

Laser Speckle: Interference pattern arising from 
randomly distributed scatterers

A. L. Schawlow  “Laser Light" 
Scientific American, 219 (3), p. 120, (1968) 

Courtesy Prof. Oleg Shpyrko (UCSD)



SIMPLEST SPECKLE EXPERIMENT:
TWINKLE, TWINKLE LITTLE STAR

Stars are big, but very far away.  As a result, their light has a high transverse coherence.  
As the light propagates through the atmosphere our eye detects a portion of
the coherent diffraction 

Courtesy Prof. Oleg Shpyrko (UCSD)



K. Exner: Sitzungsber. Kaiserl. 
Akad. Wiss. (Wien) 76, 522 (1877) 

First Speckle: 
Exner, 1877
(using candle light)

M. von Laue: Sitzungsber. Akad. 
Wiss. (Berlin) 44, 1144 (1914)

First Speckle Photo:
von Laue, 1914
(using arc discharge lamp)

Courtesy Prof. Oleg Shpyrko (UCSD)



First X-ray Speckle:
M. Sutton et al., Nature 352, 608-610 (1991)

I ∝ F(q) 2

Courtesy Prof. Oleg Shpyrko (UCSD)



WHY USE SYNCHROTRON RADIATION?
Synchrotron sources offer:

• Brightnesss (small source, collimated)
• Tunability (IR to hard x-rays)
• Polarization (linear, circular)
• Time structure (short pulses)

Source brightness is the key figure of merit 
for coherent imaging

B = photons/source area, divergence, bandwidth

Fc ~ l2 B

Courtesy Prof. Oleg Shpyrko (UCSD)



COHERENT X-RAY REFERENCES

§ Vartanyants, I A, and A Singer. 2010 “Coherence Properties of Hard X-Ray 
Synchrotron Sources and X-Ray Free-Electron Lasers.” New Journal of Physics
12 (3): 035004.

§ Singer, Andrej, and Ivan A Vartanyants. 2014. “Coherence Properties of Focused 
X-Ray Beams at High-Brilliance Synchrotron Sources.” Journal of Synchrotron 
Radiation 21 (1). International Union of Crystallography: 5–15. 
doi:10.1038/nnano.2008.246.

§ Nugent, Keith. 2009. “Coherent Methods in the X-Ray Sciences.” Advances in 
Physics 59 (1): 1–99. doi:doi: 10.1080/00018730903270926.

11



X-RAYS, TWO EXTREMES FOR STRUCTURAL STUDY:

X-ray Diffraction 
(Scattering)

• Is particularly sensitive to 
periodicity in the sample 
(Crystals)

• Atomic resolution (unit cell)

X-ray Imaging
(Shadowgraphs)

• Inhomogeneous,
non-periodic materials

• Limited spatial resolution 
(~0.001 mm)

Von Laue,  Nobel 1914
Bragg & Bragg, Nobel 1915Roentgen, Nobel 1900

Coherent Imaging 
is scattering

Courtesy Prof. Oleg Shpyrko (UCSD)
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phase
contrast

in-line 
holography

coherent 
diffraction

X-ray beam

Kagoshima (1999) Miao (1999)Jacobsen (1990)

2a

z >> a2/l
z ~ a2/l

near-field
Fresnel

far-field 
Fraunhofer

IMAGING REGIMES WITH COHERENT X-RAYS

Courtesy Prof. Oleg Shpyrko (UCSD)

Roentgen, Nobel 1900
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• Absorption contrast:

sensitive to Im(n)

• Phase contrast:

sensitive to Re(n)

REFRACTIVE INDEX AND CONTRAST IN THE 
X-RAY REGION

€ 

~ 2πδ(x,y)t /λ
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RAPID COMMUNICATIONS

QUANTITATIVE X-RAY PHASE NANOTOMOGRAPHY PHYSICAL REVIEW B 85, 020104(R) (2012)

(a) (b)

FIG. 3. (Color online) (a) Histogram of a region in the sample of
approximately (2.8 µm)3 size marked with a square in Fig. 2(b). (b)
The circles show the relative error of the histogram !r as a function
of the voxel side length r , obtained by binning the voxels within this
region. The line shows a fit to the data (see text for details).

within a region in air ! air = 0.36 ! 10"6, confirming that the
chosen area on the sphere is homogeneous. The knowledge
of the chemical composition of this material revealed a mass
density of (1.05 ± 0.05) g/cm3, which agreed very well with
the expected mass density given by the manufacturer. The
error of this measurement corresponds to a measurement
on a single voxel, but binning the density in the selected
volume reduces the spread of the distribution ! . This effect
is shown in Fig. 3(b), where the relative error !r = !/"0
is plotted as a function of the voxel size. We observe that
the error decreases as r"0.55, as indicated by the fitted line.
Assuming uncorrelated noise in the data, one would expect
a faster decay of ! as r"1.5. The slower decay of the
relative error in our measurement arises from correlated noise
introduced by the filtered back projection reconstruction21

and from the ptychographic reconstructions. By choosing
a binning of 323 voxels, corresponding to a voxel size of
approximately (1.4 µm)3, the measured density on that region
is 1.048 ± 0.008 g/cm3. This value actually provides a very
close match with the value of the density of single polystyrene
particles reported by Grover et al.22

An analysis on a volume of the same size within the BaTiO3
sphere revealed a histogram with a standard deviation ! =
1.4 ! 10"6, significantly larger than the one found in air or
in the polystyrene sphere. We attribute this to a lower degree
of homogeneity within this sphere. Nevertheless, the average
density within this volume was 4.14 ± 0.10 g/cm3 using a
binning of 323 voxels, in agreement with the value given by
the manufacturer.

Ptychographic tomography has further been applied to
measure the mass density of individual microspheres. In
order to illustrate this application, we show in Fig. 4(a) a
3D tomogram of a sample of SiO2 microspheres of 2-µm
diameter23 confined in a SiO2 microcapillary. As expected,
the tomogram revealed a homogeneous density within the
particles, especially visible in a line across one of the
microspheres, shown in Fig. 4(d). A quantitative analysis
over a 1-µm3 volume within this particle revealed a mass
density of (1.91 ± 0.04) g/cm3, and similar values have been
obtained for the other particles in the sample. The measured
values were significantly smaller than expected for bulk SiO2.
Silica microspheres can have significantly different densities
than their corresponding bulk materials, and it is usually not
straightforward to determine the exact mass density when

(a)

(b) (c) (d)

FIG. 4. (Color online) (a) 3D rendering of the ptychographic
tomogram of a sample consisting of 2-µm-diam SiO2 microspheres
in a glass capillary. We show in yellow (dark gray) an isosurface
representation of the microspheres, while the capillary is shown in a
semitransparent light gray color. (b) 2D section through the tomogram
shown in (a). (c) 2D section of the same tomogram perpendicular
to the section shown in (b) at the position of the line. (d) Line
profile indicated by a dashed line in (c) reveals the refractive index
distribution within a particle and the capillary wall.

limited amounts of sample are available.24 Even though the
recently developed techniques based on the nanomechanical
resonators25 used for the assessment of the densities of
single cells and single particles22 currently exhibit density
resolution superior to ptychographic tomography, they are
intrinsically limited to the provision of densities of the entire
entities. Therefore, these techniques, unlike ptychographic
tomography, cannot provide the internal density maps, which
will prove very useful for the assessment of the phases of
multicomponent particles, such as core-shell colloidal spheres.

In conclusion, we have shown that ptychographic tomogra-
phy yields accurate quantitative mass density values whenever
the specimen’s chemical composition is known. The sensitivity
of the density measurements has also been studied as a
function of the binning of the 3D data, which can decrease
statistical errors down to 1% in homogeneous samples. We
have further demonstrated the technique as a method to
measure the mass density of SiO2 microspheres with a relative
error of 2%. In this study the resolution is limited to 150
nm by mechanical stability and thermal drifts. However, the
resolution is fundamentally limited only by the wavelength
and the detector angular extent. In practice, other limiting
factors are an effective depth of focus related to the specimen’s

020104-3

Diaz, Ana, et al, 2012. “Quantitative X-Ray Phase 
Nanotomography.” Physical Review B 85.
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REFRACTIVE INDEX AND CONTRAST IN THE X-RAY 
REGION

Absorption contrast:

sensitive to Im(n)
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~ 4πβ(x,y)t /λ
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~ 2πδ(x,y)t /λ

Phase contrast:

sensitive to Re(n)

A. Diaz,et al., Journal of Structural Biology, vol. 192, no. 3, pp. 461–469, Oct. 2015.



10-2 nm-1

Off-resonance: On-resonance:Gd M5 edge
MAGNETIC CONTRAST IN FEGD

A. Tripathi, O.S. et al., Proc Natl Acad Sci USA 108, 13393 (2011) 



CDI IN BRAGG GEOMETRY:
IMAGING DISPLACEMENT FIELD
(STRAIN)

Displacement field u(r):

Coherent X-ray Diffraction measures: 

Strain is a gradient of u(r), the phase component of the complex-valued density

No phase
structure

G



TRADITIONAL 
MICROSCOPY:

Lens-less Imaging:
Object Plane Detector Plane

Courtesy Prof. Oleg Shpyrko (UCSD)



FIRST DEMONSTRATION OF CDI WITH X-RAYS

diffraction pattern

J. Miao, Nature 400, 342 
(1999)

reconstruction

Courtesy Prof. Oleg Shpyrko (UCSD)



COHERENT DIFFRACTIVE IMAGING:
Y. Takahashi et al., 
Phys. Rev. B 82, 214102 (2010)



Pilatus 6M detector 
(PSI/Dectris)

D. Schuette, S. Gruner (Cornell)

PADs can be read out in ~1 ms
(CCDs take seconds!)

PAD pixels are 55-150 µm. 
(CCDs are 12-24 µm)

PIXEL ARRAY DETECTORS: REVOLUTIONIZING 
COHERENT IMAGING



Coherent Diffraction from Crystals

22

|Fourier Transform|2
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|Fourier Transform|2

Coherent Diffraction from Crystals



Measuring 3D CXD

kf

ki

CCD

Silver Nano Cube (111)

Q=kf-ki

Yugang Sun and Younan Xia, 
Science 298 2177 (2003)

24



3D Ag Nano Cube

Yugang Sun and Younan Xia, 
Science 298 2177 (2003)

200nm

25

Q
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APS 34-ID-C

Precision scanning stage



ORIGINAL PHASE RETRIEVAL PAPER (BY D. SAYRE):

NOT r=r2 Acta Cryst. (1952). 5, 60
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Positivity

J. R. Fienup Appl. Opt. 21 2758 (1982)
Collins Nature 298, 49 (1982)

R. W. Gerchberg and W. O. Saxton Optik 35 237 (1972)
Fienup, James R. 2013. “Phase Retrieval Algorithms: a 

Personal Tour.” Applied Optics 52 (1): 45–56.

Input Output Algorithms
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FFT

FFT -1
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Input Output Algorithms

u(n)

t(n)

J. R. Fienup  Appl. Opt. 21 2758 (1982)
Collins Nature 298, 49 (1982)

R. W. Gerchberg and W. O. Saxton Optik 35 237 (1972)
Fienup, James R. 2013. “Phase Retrieval Algorithms: a 

Personal Tour.” Applied Optics 52 (1): 45–56.
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Input Output Algorithms

Error Reduction
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J. R. Fienup  Appl. Opt. 21 2758 (1982)
Collins Nature 298, 49 (1982)

R. W. Gerchberg and W. O. Saxton Optik 35 237 (1972)
Fienup, James R. 2013. “Phase Retrieval Algorithms: a 

Personal Tour.” Applied Optics 52 (1): 45–56.
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Harder, R., Liang, M., Sun, Y., Xia, Y., & Robinson, I. K. (2010). Imaging of complex density in silver 

nanocubes by coherent x-ray diffraction. New Journal of Physics, 12(3), 035019. 
Huang, X., Harder, R., Xiong, G., Shi, X., & Robinson, I. (2011). Propagation uniqueness in three-

dimensional coherent diffractive imaging. Physical Review B, 83(22), 224109.
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Input Output Algorithms

Hybrid Input-Output
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Input Output Algorithms

u(n)

t(n)

Harder, R., Liang, M., Sun, Y., Xia, Y., & Robinson, I. K. (2010). Imaging of complex density in silver 
nanocubes by coherent x-ray diffraction. New Journal of Physics, 12(3), 035019. 

Huang, X., Harder, R., Xiong, G., Shi, X., & Robinson, I. (2011). Propagation uniqueness in three-
dimensional coherent diffractive imaging. Physical Review B, 83(22), 224109.
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Monitor Reciprocal 
Space Error

23nm



GENETIC/GUIDED ALGORITHM
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0.3
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Individual 
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Fitness metrics
Reciprocal Space Error
Sharpness (sum pho^4)
…

Cross
Sqrt(a*b)
…

Clark, J. N., Ihli, J., Schenk, A. S., Kim, Y.-Y., Kulak, A. N., Campbell, J. M., et al. (2015). 
Three-dimensional imaging of dislocation propagation during crystal growth and dissolution. 
Nature Materials, 14(8), 780–784. http://doi.org/10.1038/nmat4320

Clark, J. N., Huang, X., Harder, R., & Robinson, I. K. (2012). 
High-resolution three-dimensional partially coherent diffraction imaging. 
Nature Communications, 3, 993–. http://doi.org/10.1038/ncomms1994
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Ptychography (to fold) - Scanning CDI for extended object

Courtesy Dr. Junjing Deng (APS)
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Ptychography (to fold) - Scanning CDI for extended object

Courtesy Dr. Junjing Deng (APS)
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Ptychography (to fold) - Scanning CDI for extended object

Courtesy Dr. Junjing Deng (APS)
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Ptychography

J. Rodenburg et al., PRL 98 , 034801 (2007)
Ptychographic iterative engine (PIE)

Platinum nanostructure

Spatial resolution: δ =
λ
θ
=
λz
NΔ

ψ(r) = P(r)O(r)Exit surface wave field:

P. Thibault et al., Science 321, 379 (2008)

Courtesy Dr. Junjing Deng (APS)
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‘PHYSICS-AWARE’ NETWORK ARCHITECTURE
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2.
 C

DI
 N

N

• Common encoder to a latent 
space, two decoders to predict 
structure and phase.

• 2D or 3D convolutions

• During training goal is to 
minimize the prediction error.

• Prediction error has 3 terms:
• Error in object prediction
• Error in phase prediction
• Error in computed 

diffraction.
• This is computed from 

the FT of predicted 
shape and phase.

M. J. Cherukara, et al., 
“Real-time coherent diffraction inversion using deep generative networks,” 
Sci Rep, vol. 8, no. 1, p. 16520, Nov. 2018.

Yao, Yudong, et al.. 
“AutoPhaseNN: Unsupervised Physics-Aware Deep Learning of 3D Nanoscale Bragg Coherent Diffraction Imaging.” 
Npj Computational Materials 8, no. 1 (June 3, 2022): 1–8..



A
Input intensity

B
True object

C
Predicted object

D
True phase

E
Predicted 
phase

NEURAL NETWORK THAT LEARNS IMAGE RECONSTRUCTION

M. J. Cherukara, et al., 
“Real-time coherent diffraction inversion using deep generative networks,” 
Sci Rep, vol. 8, no. 1, p. 16520, Nov. 2018.



3D Ag Nano Cube

Yugang Sun and Younan Xia, 
Science 298 2177 (2003)

200nm
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2µm

Nature Materials 9, 120 - 124 (2010)

3D Strain Map in ZnO
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Nature Materials 9, 120 - 124 (2010)46

3D Strain Map in ZnO



Nature Materials 9, 120 - 124 (2010)47

3D Strain Map in ZnO



BCDI TODAY
Operando Nanoscale Imaging

Ulvestad, A., et al. (2015). 
Science, 348(6241), 1344–1347

Dislocation dynamics in Li-Ion battery

Liquid Catalysis
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F. Hofmann, et al.
Sci Rep, vol. 7, p. 45993, Apr. 2017.

Strain Tensor Imaging Dislocation dynamics in the hydriding phase 
transformations of Pd

NATURE MATERIALS DOI: 10.1038/NMAT4842 ARTICLES
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Figure 2 | Displacement field and Bragg electron density evolution during hydrogen exposure. a, The green volume rendering represents the initial
particle shape. The view is from the top. The three black planes correspond to the cross-sections shown in b and c. b, Displacement field (u111(r)) maps at
three cross-sections are shown prior to hydrogen exposure. c, Displacement field evolution at the three cross-sections at two time states during pH2

exposure. The time (t), partial pressure of hydrogen (pH2 ), and remaining ↵-phase volume fraction (V↵) are indicated. d, Time evolution of the dislocation
network shown for both a side and top view. The semitransparent red isosurface represents the remaining ↵-phase crystal at the indicated time. Yellow
dots correspond to the dislocation cores identified in the crystal. e, Further time evolution of the dislocation network for two di�erent views. The remaining
↵-phase nanocrystal dimensions are indicated at t=247 min.

Table 1 | Summary of single particles investigated during BCDI constant-pressure experiments.

Particle size (nm3) E�ective cube length
(nm)

Partial transformation at
3,333 Pa pH2

Dislocation generation Predicted coherent transformation
pressure (Pa; ref. 12)

410 ⇥ 320 ⇥ 290 340 Yes Yes 4,800
400 ⇥ 300 ⇥ 250 310 Yes Yes 4,750
300 ⇥ 350 ⇥ 270 305 Yes Yes 4,700
265 ⇥ 240 ⇥ 200 230 No No 4,600
270 ⇥ 270 ⇥ 135 215 No No 4,550
200 ⇥ 200 ⇥ 100 160 No No 4,300
All particles had not been previously exposed to hydrogen.

NATUREMATERIALS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturematerials

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Ulvestad, et al. 
Nature Materials, vol. 16, no. 5, pp. 565–571, Jan. 2017.

A. Ulvestad, et al.
J. Phys. Chem. Lett., vol. 7, no. 15, pp. 3008, Aug. 2016.



Imaging Lattice Dynamics
Laser Pump – CXD Probe@LCLS

spacing changes across the nanocrystal. Shown in Fig. 2c and d is the angular shift of the gold

(111) Bragg peak for two nanocrystals, A and B. For each time delay, the center of mass from

the sum of 100 diffracted LCLS pulses was used to obtain the angular shift, with the error for

each delay point given by the standard deviation. At the center of the rocking curve, ! 104

diffracted photons are recorded per pulse. The homogenous lattice expansion and contraction

is evident as harmonic motion of the Bragg peak angular shift. Immediately after the arrival of

the optical pump laser (positive delay times) the diffraction pattern starts shifting to lower an-

gles. Because the crystal is much bigger than the electromagnetic “skin depth”, this behaviour

is only consistent with an electron-mediated model, such as the “Two-temperature” model (25)

of heating in which electrons are excited first and subsequently transfer energy to the lattice

through electron-phonon coupling. Also plotted (solid red line), is the fitted peak shift, S(!), as

a function of delay time, ! , and is given by

S (!) =
N
!

n=1

An exp

"

"
!

!d,n

#

cos

"

2"

Tn

(! + !0,n)

#

+ Cn. (1)

n is the mode number, N(=2) is the total number of fitted modes, A is the amplitude, !d is the

decay time, Tn is the period of the oscillation and !0 is the time offset. Two oscillation modes

are sufficient to fit the data shown in Fig. 2c and d within their errors with the fitted parameters

summarised in table S1. The fitted values of the two periods from the data for nanocrystal A

were 101 ps and 241 ps and for nanocrystal B were 90 ps and 256 ps. These two oscillation

modes are well reproduced by a Molecular Dynamics (MD) simulation (22) shown in Fig. S1.

Using the thermal expansion coefficient for bulk gold of 14.4(2)#10!6K!1 and the maximum

change in the lattice constant, the temperature increase on each pump-probe cycle was esti-

mated to be 44 K for each of the two nanocrystals. The fitted vibration amplitudes correspond

to a maximum displacement of 600pm at the surface of the crystal.

5

Crystal A
101 ps and 241 ps 

Crystal B
90 ps and 256 ps

600 pm “breathing modes”

Ultrafast three dimensional imaging of lattice dynamics in individual gold nanocrystals 
J. N. Clark, L. Beitra, G. Xiong, A. Higginbotham, D. M. Fritz, H. T. Lemke, D. Zhu, 
M. Chollet, G. J. Williams, M. Messerschmidt, B. Abbey, R. J. Harder, 
A. M. Korsunsky, J. S. Wark & I. K. Robinson. (2013). Science, 341(6141), 56–59
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M. Chollet, G. J. Williams, M. Messerschmidt, B. Abbey, R. J. Harder, 
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Imaging Lattice Dynamics
Laser Pump – CXD Probe@LCLS
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Making ptychography colorful

Cryogenic
STXM
DPC
Ptycho

v Combination of Ptychography & Fluorescence

§ Frozen-hydrated samples: closer to natural state, reduce 
radiation damage

§ Fluorescence: quantitative elemental composition
§ Ptychography: structure information with high resolution

J. Deng, et al. PNAS 112, 2314-2319 (2015)

Courtesy Dr. Junjing Deng (APS)
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• Frozen-hydrated Chlamy. Alga
• Ptychographic image resolution: ~18 nm
• Fluorescence image resolution:~ 100 nm
• Complementary information helps with sample analysis

2 μm

Ptycho

Courtesy Dr. Junjing Deng (APS)

J. Deng, et al., 
“X-ray ptychographic and fluorescence microscopy of frozen-hydrated cells using continuous scanning.,” 
Sci Rep, vol. 7, no. 1, p. 445, Mar. 2017.
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K/P/Ca/Ptycho

2 μm

• Frozen-hydrated Chlamy. Alga
• Ptychographic image resolution: ~18 nm
• Fluorescence image resolution:~ 100 nm
• Complementary information helps with sample analysis

Courtesy Dr. Junjing Deng (APS)

J. Deng, et al., 
“X-ray ptychographic and fluorescence microscopy of frozen-hydrated cells using continuous scanning.,” 
Sci Rep, vol. 7, no. 1, p. 445, Mar. 2017.
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P Ca Cl

SK Ptycho

Extended to 3D

Courtesy Dr. Junjing Deng (APS)



Nanoscale Strain in SiGe
film devices

Hruszkewycz, S. O., Holt, M. V., et al. 
(2012). Nano Letters, 12(10), 5148–5154.



SURFACE DIFFRACTION COHERENT IMAGING

56

• Image local surface structure
• Steps and step dynamics during film growth or 

interfacial reactivity
• Nanoparticle nucleation
• Defect distributions, particularly at interfaces
• Combined with x-ray micro fluorescence…..

C. Zhu, et al. Applied Physics Letters, vol. 106, no. 10, p. 101604, Mar. 2015.



APPLY FOR COHERENT IMAGING BEAMTIME @ APS!

57https://www.aps.anl.gov/Users-Information

Email: Ross Harder rharder@aps.anl.gov
https://wiki-ext.aps.anl.gov/s34idc/index.php/34-ID-C

Email: Martin Holt mvholt@anl.gov
https://wiki-ext.aps.anl.gov/s26id/index.php/26-ID

Email: Junjing Deng  junjingdeng@aps.anl.gov

Bragg CDI
Ptychography
Tomography

Bragg Ptychography
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Feedback
Lecture – 11:00 – 12:00
Coherence Based Imaging - Ross Harder
https://forms.office.com/g/52JJbFGggP



SUPPLEMENTAL SLIDES

59



LARGE-FORMAT, SINGLE-PHOTON SENSITIVE X-RAY 
CCD CAMERAS
OPENED THE DOOR TO COHERENT X-RAY IMAGING

Fairchild Peregrine 486 CCD Camera

• 4K x 4K pixel array (61.4 mm square area)
• 15 μm pixels, 100% fill factor
• Back-illuminated for up to 80% QE
• Readout noise < 5 e- at 50 Kpixels/s
• Dynamic range > 86 dB in MPP
• 6 s readout with four on-chip amplifiers
• Pixel binning for more rapid readout
• Peltier-cooled to -50 C for low dark current
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Hi Resolution Imaging (CCD)?

21
0n

m
At APS 34-ID-C:
9.25 hours of scanning
38 minutes of x-ray exposure

~7nm data

Rainbow color map (still) considered harmful
http://ieeexplore.ieee.org/document/4118486/
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Patterned Gold Nanocystal Samples
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Produced by combining reconstructions from (11-1) (020) (-111) 
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Vector Displacement Field of Gold lattice
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v Ptychographic spectroscopy
-- like STXM XNEAS analysis, but with higher resolution and  more 

information (both absorption and phase) from refractive index

Adapted from D. Shapiro, et al. Nat. Photon. 8, 765 (2014)

704 eV

707 eV

710 eV

713 eV

716 eV

Energy

Courtesy Dr. Junjing Deng (APS)



A. Tripathi, O.S. et al., Proc Natl Acad Sci USA 108, 13393 (2011) 
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INCREASING FIELD
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A. Tripathi, O.S. et al., Proc Natl Acad Sci USA 108, 13393 (2011) 



Hi Resolution Imaging (PAD)?

700nm gold crystal
3 degree rocking curve
25 minute measurement
15 sec movie (1X APS-U measurement)

Quad Timepix GaAs sensor



75

Equipment for In-situ BCDI at APS 34-ID-C Beamline
Coin Cell Holder Heating Chamber 2

Cooling Chamber Gas/Liquid Flow Cell
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TIP
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At which plane ptychographic images are reconstructed
ψ(r) = P(r)O(r)

Propagation

The resolution 
is not limited 
by the beam 
size.

Sample plane

Characterization 
of focusing optics.

Ptychography always produces images at the sample plane.

Courtesy Dr. Junjing Deng (APS)



PTYCHOGRAPHY
MICROPROBES -> COHERENT IMAGING INSTRUMENT

79

from the complementary contrast mechanisms of the two techniques. The soft X-ray fluores-
cence from low-Z biomass elements (C,N,O) are difficult to detect due to low fluorescence
yields and strong absorption by the sample itself. The transmitted X-rays however are sensitive
to the electron density so that even though these elements interact weakly they are present in
sufficient quantity to be detected using phase contrast. Trace metals can then be associated with
specific cellular functions by correlating spatial distributions of trace metals with cell struc-
tures that perform specific cellular processes. The ability to determine the location of metals
with respect to cell structure in high resolution is a significant new capability. The applications
for such an advance range from studying the uptake and subsequent transfer of metals within
natural food webs [20] to evaluating the effectiveness of designer drugs which contain metals as
active agents [21]. Earlier work has also demonstrated the benefits of combining ptychography
and fluorescence mapping for materials science applications [22].

Fig. 1. Simultaneous ptychographic and fluorescence microscopy. A focused X-ray
beam is scanned across a sample whilst simultaneously recording the X-ray fluorescence
spectra and coherent diffraction pattern.

An SMXM experiment was performed at beamline 2-ID-E of the Advanced Photon Source
using the experimental geometry sketched in Fig. 1 (for details see Appendix). SMXM uses
a similar setup to XFM - the only notable difference is the introduction of a pixellated area
detector to record the transmitted X-rays. A 7.7 keV X-ray beam was focused by a 160 µm-
diameter zone plate lens with an outermost zone width of 100 nm. A 50 µm aperture was
placed 0.5 m upstream of the zone plate to ensure it was coherently illuminated. The coherence
selecting aperture apodized the lens so that the focused beam size, 250nm as measured by
a knife edge scan, was much larger than the outermost zone width. The focused beam was
then scanned across the sample and at each point in the scan a photon counting pixel array
detector [23] (2562 55 µm pixels) located 1.34 m downstream of the focus recorded a far-
field diffraction pattern as an energy dispersive silicon drift diode measured the fluorescence
spectrum.
To explore the improvement in spatial resolution of the transmitted image using SMXM

we imaged several regions of a gold spoked “star” resolution pattern, Fig. 2. The sample was
raster scanned through a 31!31 grid using a step size of 100 nm and exposure times of 100
ms (transmitted) and 1 s (fluorescence). The data were reconstructed (see Appendix) and the
results are shown in Fig. 2. The first column (Figs. 2(a) and 2(d)) show the transmitted image.
The second column (Figs. 2(b) and 2(e)) show the fluorescence image. There is little structure
visible in either of these data sets consistent with the expected resolution of the zone plate.
The third column (Figs. 2(c) and 2(e)) shows the reconstructed intensity in the sample plane;
the dramatic improvement in resolution (in this data a factor of 8 increase) is obvious. The

�����������������86' 5HFHLYHG����0D\�������UHYLVHG����-XQ�������DFFHSWHG����-XQ�������SXEOLVKHG����-XO�����
(C) 2012 OSA 30 July 2012 / Vol. 20,  No. 16 / OPTICS EXPRESS  18290

Fig. 4. CDI-enhanced X-ray fluorescence microscopy. The reconstructed X-ray probe
in the sample plane and the overlap between probe positions allow imaging beyond the
resolution of the X-ray optics. The reconstructed transmission function amplitude (a) &
phase (b), (c-i) the X-ray fluorescence map upsampled to the probe resolution (left column)
and after iterative deconvolution (right). (i) a plot of the line profile indicated in (g,h) and
the derivative (dashed line) demonstrates the resolution improvement is a factor of two.

�����������������86' 5HFHLYHG����0D\�������UHYLVHG����-XQ�������DFFHSWHG����-XQ�������SXEOLVKHG����-XO�����
(C) 2012 OSA 30 July 2012 / Vol. 20,  No. 16 / OPTICS EXPRESS  18293

Fig. 5. Determining the reconstruction plane. By propagating the reconstructed X-ray
probe intensity through focus we can quantify the distance of the sample from the focal
plane. Line profiles through the focal waist (log scale) (a) and through focal series with
optical axis running left to right (b), (c). The reconstructed probe in the sample plane (d).

hours on a single core processor using code written in Python. The 121! 101 scans took ap-
proximately 24 hours to complete. The reconstruction was easily identifiable at the conclusion
of the second iteration and convergence was achieved after just a few hundred iterations.
No additional constraints were used on the amplitude or phase of any of the wavefields.

Iterative deconvolution of the point spread function of X-ray fluorescence data

The forward problem of image formation in the X-ray fluorescence microscope can be formu-
lated as a discrete convolution with two native length scales, !x1 the pixel size of the step scan
and !x2 the pixel size of the reconstructed probe,

I1(u!x1) = "
v
|P(u!x1" v!x2)|2I2(v!x2), (1)

where Ip is the intensity measured with resolution p and P is the probe amplitude.
The deconvolution process involves first resampling the elemental maps from the step scan

resolution to the resolution of the probe and finally deconvolving the probe. Resampling the
data was done using bilinear interpolation after low pass filtering the data. The bilinear interpo-
lation does not increase the spatial resolution of the images but rather ensures smooth variation
between pixels in the rescaled image.
The probe was then deconvolved using the modified residual norm steepest descent algo-

rithm (MRNSDA) [27] as implemented in the “Parallel Iterative Deconvolution” ImageJ plugin
written by Piotr Wendykier.
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(C) 2012 OSA 30 July 2012 / Vol. 20,  No. 16 / OPTICS EXPRESS  18295

Vine, et al. (2012). Opt. Express, 20(16), 18287–18296.



GDFE LAYERED MAGNETIC FILMS

´
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1

A. Tripathi, O.S. et al., Proc Natl Acad Sci USA 108, 13393 (2011) 



10-2 nm-1

Off-resonance: On-resonance:Gd M5 edge
MAGNETIC CONTRAST MECHANISM

A. Tripathi, O.S. et al., Proc Natl Acad Sci USA 108, 13393 (2011) 



REAL SPACE RECONSTRUCTION

Magnetic structure 
(exit wave)

Illumination Function
A. Tripathi, O.S. et al., Proc Natl Acad Sci USA 108, 13393 (2011) 



Magnetic structure 
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Illumination Function

A. Tripathi, O.S. et al., Proc Natl Acad Sci USA 108, 13393 (2011) 
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