Coherent Diffraction Imaging
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COHERENCE
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Single slit envelope
Double slit
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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.
2 Argonne &




COHERENCE
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COHERENCE
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Courtesy Prof. Oleg Shpyrko (UCSD)

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

Laser Speckle: Interference pattern arising from
randomly distributed scatterers Arzonne &




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
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First Speckle:

Exner, 1877
(using candle light)
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K. Exner: Sl‘rzungsber' Kaiser!|.
Akad. Wiss. (Wien) 76, 522 (1877)

Courtesy Prof. Oleg Shpyrko (UCSD)

First Speckle Photo:
von Laue, 1914

(using arc discharge lamp)

M. von Laue: Sitzungsber. Akad.
Wiss. (Berlin) 44, 1144 (1914)
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Courtesy Prof. Oleg Shpyrko (UCSD)
First X-ray Speckle:
M. Sutton et al., Nature 352, 608-610 (1991)
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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

F. ~ A2B

Electrons

7/ “\ Synchrotron
70 Radiation
X-rays
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COHERENT X-RAY REFERENCES
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Courtesy Prof. Oleg Shpyrko (UCSD)

X-RAYS, TWO EXTREMES FOR STRUCTURAL STUDY:

X-ray Imaging
(Shadowgraphs)

« Inhomogeneous, :
non-periodic materials

* Limited spatial resolution
(~0.001 mm) .

Roentgen, Nobel 1900

X-ray Diffractio
(Scattering)

Coherent Imaging
is scattering

Is particularly sensitive to
periodicity in the sample
(Crystals)

Atomic resolution (unit cell)

Von Laue, Nobel 1914
Bragg & Bragg, Nobel 1915
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Courtesy Prof. Oleg Shpyrko (UCSD)

IMAGING REGIMES WITH COHERENT X-RAYS

near-field far-fierl‘d ;

- Eresnel Fraunhofer
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X-ray beam -L ____________
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z ~ az/h
z >> az/\
absorption phase in-line coherent
radiograph contrast holography diffraction

Kagoshima (1999) Jacobsen (1990) Miao (1999)
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REFRACTIVE INDEX AND CONTRAST IN THE
X-RAY REGION

n=1-6-ip=1-_¢ 22 0 f;(0) A= Ay exp(-inkt)
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PHYSICAL REVIEW B 85, 020104(R) (2012)
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Diaz, Ana, et al, 2012. “Quantitative X-Ray Phase

Nanotomography.” Physical Review B 85. 5 Argorre &
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REFRACTIVE INDEX AND CONTRAST IN THE X-RAY
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A. Diaz,et al., Journal of Structural Biology, vol. 192, no. 3, pp. 461-469, Oct. 2015.

Absorption contrast: Phase contrast:

sensitive to Im(n) sensitive to Re(n)
~ 4.775/3(X, y)t/)\. - 2“77:5()(’ y)t/)\' Argonne &
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POLARIZED X-RAYS GIVE SENSITIVITY TO
ELECTRON SPIN in PtCo
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Figueroa, A. I., et al. (2014). Physical Review B, 90(17), 174421
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CDI IN BRAGG GEOMETRY:
IMAGING DISPLACEMENT FIELD
(STRAIN)

Displacement field u(r):

G
k k, No phase
structure
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Coherent X-ray Diffraction measures:

p(r) = pc,, (r)exp[—iGhr - u(r)]

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




TR A DITI ON A L Courtesy Prof. Oleg Shpyrko (UCSD)
MICROSCOPY: .

Object Plane Detector Plane
Lens-less Imaging:




Courtesy Prof. Oleg Shpyrko (UCSD)

FIRST DEMONSTRATION OF CDI WITH X-RAYS
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reconstruction

diffraction pattern

J. Miao, Nature 400, 342
(1999) Argonne &




COHERENT DIFFRACTIVE IMAGING:

Y. Takahashi et al.,
Phys. Rev. B 82, 214102 (2010)
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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 pm pixels, 100% fill factor F
» Back-illuminated for up to 80% QE « |
* Readout noise < 5 e- at 50 Kpixels/s |
e 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

¢
4
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Hi Resolution Imaging (CCD)?

At APS 34-ID-C: ~/nm data
urs of scanning
5 minutes of x-ray exposure
Rainbow color map (still) considered harmful
http://ieeexplore.ieee.org/documerit/4118486/ Argonne &



PIXEL ARRAY DETECTORS: REVOLUTIONIZING

COHERENT IMAGING

Diode Layer \

Pilatus 6M detector
(PSI/Dectris)

A Three Layer Hybrid Device

® Diode layer — converts x-rays to
photocurrent.

» ASIC layer — custom signal
processing electronics.

» A layer of metallic interconnects
(bump bonds) between corre-
sponding pixels on the diode and
ASIC layers.

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

PAD pixels are 55-150 um.
(CCDs are 12-24 um)
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Hi Resolution Imaging (PAD)?

Quad Timepix GaAs sensor

7/00nm gold crystal

3 degree rocking curve

25 minute measurement
15 sec movie (1X APS-U measurement)




Coherent Diffraction from Crystals

| Fourier Transform |2
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Coherent Diffraction from Crystals

| Fourier Transform |2
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Measuring 3D CXD

26

Silver Nano Cube (111)

Intensity (a.u.)
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Yugang Sun and Younan Xia,
Science 298 2177 (2003)
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3D Ag Nano Cube
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Yugang Sun and Younan Xia,
Science 298 2177 (2003)
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ORIGINAL PHASE RETRIEVAL PAPER (BY D. SAYRE):

Acta Cryst. (1952). 5, 843

NOT p=p? Acta Cryst. (1952). 5, 60

Some implications of a theorem due to Shannon. By D.8avge, Johnson Foundation for Medical
Physics, University of Pennsylvania, Philadelphia 4, Pennsylvania, U. S, A.

(Received 3 July 1952)

Shannon (1949), in the field of communication theory,
has given the following theorem: If a function d(z) is
known to vanish outside the points z = t-a/2, then its
Fourier transform F(X) is completely specified by the
values which it assumes at the points X = 0, +1/a,
+2/a, .... In fact, the continuous F(X) may be filled
in merely by laying down the function sin nmaX/naX at
each of the above points, with weight equal to the value
of F(X) at that point, and adding.

Now the electron-density function d(z) describing a
single unit cell of a erystal vanishes outside the points
x = 4af2, where a is the length of the cell. The reci-
procal-lattice points are at X = 0, +1/a, 4-2/a, ..., and
hence the experimentally observable values of F(X)
would suffice, by the theorem, to determine F(X) every-
where, if the phases were known. (In principle, the
necessary points extend indefinitely in reciprocal space,
but by using, say, Gaussian atoms both d(x) and F(X)
can be effectively confined to the unit cell and the ob-
servable region, respectively.)

For centrosymmetrical structures, to be able to fill in
the |F|* function would suffice to yield the structure,
for sign changes could occur only at the points where
|F|* vanishes, The structure corresponding to the |F'|?*
function is the Patterson of a single unit cell. This has

twice the width of the unit cell, and hence to fill in the
|F'|* function would require knowledge of |F|? at the hali-
integral, as well as the integral A's. This is equivalent
to a statement made by Gay (1951).

I think the conclusions which may be stated at this
point are:

1. Direct structure determination, for centrosymmetric
structures, could be accomplished as well by finding the
sizes of the |F|? at half-integral k as by the usual proce-
dure of finding the signs of the F's at integral A.

2. In work like that of Boyes-Watson, Davidson &
Perutz (1947) on haemoglobin, where |F|* was observed
at non-integral &, it would suffice to have only the values
at half-integral h.

The extension to three dimensions is obvious.

References

Boyes-WaTsoN, J., Davipson, E. & Perurz, M.F.
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Critical samplinc

N unknown densities
N/2 equations

N .
4] = [ pne 0™

Nyquist Freq = 1/(2*bandwidth)
Intensity is under sampled

FFT Real Part Intensity




Oversampling 2x

N/2 equations
N/2 Unknown densities
N/2 Known Densities(zero)

N .
4, = ‘zopne—lqm

Oversampled FFT Intensity
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Input Output Algorithms

FFT
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Input Output Algorithms

FFT
7"

Reciprocal Space Direct Space

Constraints

Constraints

Hybrid Input-Output

Experimental Amplitudes ") _— Support
Oversampled u™ = Ti ) '_ € Support N|@;| < @ e Total Energy
Thresholded u"- g™ i ¢ SupportU “Pi‘ 2" Mixing old and new iterates.

&
ZeroPadded

Positivity

ytn

FFT

Harder, R., Liang, M., Sun, Y., Xia, Y., & Robinson, I. K. (2010). Imaging of complex density in silver
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Input Output Algorithms
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Monitor Reciprocal
Space Error

[ ' I ' [
PhaseConstrainedHIO
—— PhaseConstrainedHIO+PhaseOnlyER

LI

—— PhaseConstrainedHIO+SupportOnlyER

Chi Square

0.001
0




GENETIC/GUIDED ALGORITHM

s 5

Fitness metrics
Reciprocal Space Error
Sharpness (sum pho”*4)

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

Cross
Sqrt(a*b)

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.orgé10.1038/ncomms1994
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Atomistically Informed ‘c';he‘rent Diffraction Imaging
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RAINING THE NEURAL NETWORKT“’”'

Reciprocal Real space

sBCDI-NN

Training:

180,000 examples generated
20,000 held back for validation
1,000 used for testing
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Reciprocal Real space

Cherukara, M. J., Nashed, Y. S. G., & Harder, R. J. (2018). Scientific
Reports, 8(1), 16520. http://doi.org/10.1038/s41598-018-34525-1

pBCDI-NN
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NEURAL NETWORK THAT LEARNS IMAGE RECONSTRUCTION
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3D Ag Nano Cube
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Yugang Sun and Younan Xia,
Science 298 2177 (2003)
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3D Strain Map in ZnO
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3D Strain Map in ZnO

Nature Materials 9, 120 - 124°(2810)
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Patterned Gold Nanocystal Samples

A A b

Mag=~ 7B4KX 1pm WO =1/0mm  EHT= 500 kV AR Lock M. 0 Signal A= SE2 Date 20 Jon 2009 Time :17:60:43
1640XB-27-20 HE Imaging = SEM Noise Reduction = Line Avg  FIB Prohe = 30KV:2 pA  System Vacuum = 1.85e.006 mbar

Mag =~ 4553KX 200 nm WD = 5.5 mm EHT = 5,00 kV Fi Lock Mags = No Signal A = SEZ Date :18 Nov 2008 Time :14:51:11
1640XB-27-20 HE imaging = SEM  Noise Reduction = Line Avg FIB Probe = 30KV:Z pA  System Vacuum = 3.52¢ 006 mbar

Argonne &

NATIONAL LABORATORY




Multiple reflection reconstructions
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Multiple reflection reconstructions
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Multiple reflection reconstructions
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Multiple reflection reconstructions
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Multiple reflection reconstructions
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Multiple reflection reconstructions
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Multiple reflection reconstructions

100 nm
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Operando Nanoscale Imaging

Ulvestad, A., et al. (2015).
Science, 348(6241), 13441347

o /

Strain Tensor Imaging
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y
(111
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(111)
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e

(200) - (020)

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

ﬂ)islocation dynamics in the hydriding phase\

\_

CHO,+050~ HO+CHO,
a) Isosurface of u,  values during first exposure
Ah ateom Acid &t = 10m

Ackd & = 20m

Acid at = 30m Ackd & = 40m

::::[ ig PO OE 3

b) Cros-section Location e)Evuvuono'u , 8t a particular cross-section
Alrdt=0m  Ackdll=10m  AckdAl=20m  AcidAt=30m  Acid & =40m

illlll

Q Ulvestad, et aI
Phys. Chem. Lett., vol. 7, no. 15, pp. 3008, Aug 2016.

J

transformations of Pd

¢ Displacement field evolution, py,, = 3,333 Pa d Defect network
t=12min, V, =1

t=30min, V, =073

a86

@ Defect network at further times, Py, =3333Pa

315 220 x 230 (I wx h) nm
t=247 min, V, = 047

t=41min, V, =049

t =147 min, V,, = 048

Ulvestad, et al.
Nature Materials, vol. 16, no. 5, pp. 565-571, Jan. 2017.
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Xray dotector E Imaging Lattice Dynamics
Laser Pump - CXD Probe@LCLS

Diffracted X-ray
pulses

T
n—=1 dn

N
ST S(r) = Z A, exp [—i] COS [;—W (1 + To,n)] + C,.

Nanocrystals

600 pm “breathing modes”

Crystal A Crystal B
101 psand 241 ps 4 90 ps and 256 ps

w O :

Coherent X-ray
pulses

(7}
e

)

2

Angular deviation (mrad)
)
n

-0.3

-0.4 i .

-100 0 100 200 300 400 500 -100 O 100 200 300 400 500
Delay time (ps) Delay time (ps)

ltrafast three dimensional imaging of lattice dynamics in individual gold nanocrystals
. N. Clark, L. Beitra, G. Xiong, A. Higginbotham, D. M. Fritz, H. T. Lemke, D. Zhu,
. Chollet, G. J. Williams, M. Messerschmidt, B. Abbey, R. J. Harder,

. M. Korsunsky, J. S. Wark & I. K. Robinson. (2013). Science, 341(6141), 56-59
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Xray dotector E Imaging Lattice Dynamics
Laser Pump - CXD Probe@LCLS

Diffracted X-ray
pulses

Nanocrystals
Coherent X-ray
pulses

+20 ps
. e
< aZ
x| .

ltrafast three dimensional imaging of lattice dynamics in individual gold nanocrystals
. N. Clark, L. Beitra, G. Xiong, A. Higginbotham, D. M. Fritz, H. T. Lemke, D. Zhu,

. Chollet, G. J. Williams, M. Messerschmidt, B. Abbey, R. J. Harder,

. M. Korsunsky, J. S. Wark & I. K. Robinson. (2013). Science, 341(6141), 56-59
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Xray dotector E Imaging Lattice Dynamics
Laser Pump CXD Probe@LCLS

_____ ‘. Orthogonal slices
‘ _"ﬁ " m Through crystal density

Nanocrystals

Coherent X-ray - MD simulation
pulses ’ h. H at +110pS

——11nn1

Diffracted X-ray
pulses

X-Z
-90 nm +90 -90 nm +30 nm

no

ltrafast three dimensional imaging of lattice dynamics in individual gold nanocrystals
. N. Clark, L. Beitra, G. Xiong, A. Higginbotham, D. M. Fritz, H. T. Lemke, D. Zhu,

. Chollet, G. J. Williams, M. Messerschmidt, B. Abbey, R. J. Harder,
. M. Korsunsky, J. S. Wark & I. K. Robinson. (2013). Science, 341(6141), 56-59
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Ptychography (to fold) - Scanning CDI for extended object

I X-ray beam
lens ' :

diffraction pattern

59 Argonne &
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Ptychography (to fold) - Scanning CDI for extended object

diffraction pattern
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Ptychography (to fold) - Scanning CDI for extended object

I X-ray beam
lens = =

diffraction pattern
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Ptychography

diffraction ! diffraction
pattern 4 \ pattern 1

Platinum nanostructure

STXM |Ptychography

S,
diffraction / \ diffraction
pattern 3 pattern 2

Ptychographic iterative engine (PIE)

J. Rodenburg et al., PRL 98 , 034801 (2007) Spatial resolution: s= % = %

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

> *(r—1)y;(r) ;0*(r+ 6w (r+ 1)

P
P
]Z|P(r—r,-)|2 (r) Zj|0(rnL rj)|2

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

O(t) =

62
Courtesy Dr. Junjing Deng (APS)



t which plane ptychographic images are reconstructed
y(r)=P(r)O(r)

Ptychography always produces images at the sample plane.

S5 —. S —

"\\\\\\\\\\§ & n\\\\\\§\§ s not mited
A\ © A\

. . |
Characterization > é

63

' Argonre @
Courtesy Dr. Junjing Deng (APS) P ro pag atl on Sample plane




TYCHOGRAPHY

spectrum |

fluorescence ‘%
detector

Cl 0-172

Vine, et al. (2012). Opt. Express, 20(16), 18287-18296.
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Making ptychography colorful

*» Combination of Ptychography & Fluorescence

Cryogenic
Zone plate Sample, STXM
objective raster scanned DPC

Ptycho

Undulator /ﬁ_ < I

«, Order Sorting
M Monochromator Aperture Pixelated area
m Detect. detector

J. Deng, et al. PNAS 112, 2314-2319 (2015)
* Frozen-hydrated samples: closer to natural state, reduce
radiation damage

* Fluorescence: quantitative elemental composition
= Ptychography: structure information with high resolution

65 Argonne &
Courtesy Dr. Junjing Deng (APS)



J. Deng, et al. Sci. Rep. (accepted)

Frozen-hydrated Chlamy. Alga

Ptychographic image resolution: ~18 nm

Fluorescence image resolution:~ 100 nm
Complementary information helps with sample analysis

66 Argonne &
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J. Deng, et al. Sci. Rep. (accepted)

Frozen-hydrated Chlamy. Alga

Ptychographic image resolution: ~18 nm

Fluorescence image resolution:~ 100 nm
Complementary information helps with sample analysis
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Extended to 3D

@°

,O

. @

68 (In preparation)
Courtesy Dr. Junjing Deng (APS)



s Ptychographic spectroscopy
-- like STXM XNEAS analysis, but with higher resolution and more

Information (both absorption and phase) from refractive index

— Fa¥*PO,
— LIFe2*PO,

Absorbance (a.u.)

l L1 L L1 l L L1 l L L L1
700 705 710 715
Photon energy (eV)

e = |
LiFePO, FePO,

Adapted from D. Shapiro, et al. Nat. Photon. 8, 765 (2014)
Argonne &
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GDFE LAYERED MAGNETIC FILMS

Stray field

Domain Wall

— Sperimagnet

x 101

' 1
Lo = / [ Cop(m) + eqp(m) — jigHex - M+ —pHZ | dV

N——

2xchange — anisolrop: ext. field
exchange sotropy I stray field

A. Tripathi, 0.S. et al., Proc Natl Acad Sci USA 108, 13393 (2011)  Aeene®



MAGNETIC CONTRAST MECHANISM

Off-resonance: ® a) ; 6d Ms edge On-resonance: ®

1180 1190
Energy [eV]

SNSSS Bkl e a
.S. et al., Proc Natl Acad Sci USA 108, 13393 (2011) Argene



REAL SPACE RECONSTRUCTION
RN ' Iteration #10

Magneftic structure  Tllumination Function
exit wdelripathi, O.S. et al., Proc Natl Acad Sci USA 108, 13393 (281EF
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Magnetic structure Tllumination Function
(exit wave)
A. Tripathi, O.S. et al., Proc Natl Acad Sci USA 108, 13393 (XEF
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INCREASING FIELD

Applied Field (mT)
0 20 40 60 80

10k

06

M/M,

02bL

0.0

96.5 mT
A. Tripathi, O.S. et al., Proc Natl Acad Sci USA 108, 13393 {20t8




anoscale Strain in SiGe
ilm devices

Yi004)

Detector

Incident x-ray
wave vector k;

%
X

Zone Plate

©)

T Py

Film edge region

Exit wave

vector k, Ptychography

scan points

SiGe film
SOl film

Film Reconstruction

Amplitude 200 nm

------------------------------------------

-----------------------------------------

Wiy

THE:

Hruszkewycz, S. O., Holt, M. V., et al.

(2012). Nano Letters, 12(10), 5148-5154.
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URFACE DIFFRACTION COHERENT IMAGING

» 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.....

(p) recon. phase

- =

=5
o

(b)

Lo

-
(=]

-
1
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8

Pt microcrystal

n
(o

samy (um)

8

i f % (d) : ’g 0ss

6 ‘ |

5 i 1 S8 ;; z:s

: 'ii 40F .‘_“ 0.2

i ' ¥ 0.15 :

.2 “E% ﬁ 45 0.1 P

1 M 0.05 0 “--rr‘

2 3 4 ‘ 5 024 1 2 3

labx (um) laby (um) samx (um) labx (um) |abx (um)

C. Zhu, et al. Applied Physics Letters, vol. 106, no. 10, p. 101604, Mar. 2015.
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Email: Ross Harder rharder@aps.anl.gov
https://wiki-ext.aps.anl.gov/s34idc/index.php/34-1D-C

Bragg Ptychography

Incident x-ray Zone Plate
wave vector k,

Exit wave
vector k,

‘

SiGe film

SOl film
Film edge region

Email: Martin Holt mvholt@anl.gov
https://wiki-ext.aps.anl.gov/s26id/index.php/26-1D

APPLY FOR COHERENT IMAGING BEAMTIME @ APS!

Email: Junjing Deng junjingdeng@aps.anl.gov
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