Coherent imaging by near and far-field diffraction

Ursula, Scanpaint26

500

yellow protein. - -
ps Laue pattern -.
www.esrf.fr

50 100 15 200 250 900 860 400 460 60D 560 1. Whyx_ray imaging ?

2. The phase problem
3. How to: the far-field (CDI)
4. How to: the near-field

Tim Salditt, Institut fir Rontgenphysik (propagation imaging)

Universitat Gottingen, UXSS 2011 5. From synchrotron to FEL



Imaging with x-rays- advantage No.l: transparency

I_(z)

— |
_ Va’z z
I(z)=T,e™

absorption coefficient p~g3 ZzZ#
look into biomaterials
(bulk information)



X-ray advantage No.2:
(a) quantitative contrast and weak scattering cross section

index n=1-0+i 8 , o0, =10°10°
close to 1.

— reduced reflections at internal interfaces
no multiple scattering
(look through foam of beer, R.W. Pohl 1939)

ki
—
kO
S eIKO
alkoT — elkor +f(N)
f(Q) amplitude, [f(Q)] = ,scattering Iength i
f=2.8210% m

(Born Approx.)




advantage No.3: small wavelength — high resolution

X-ray nobel prizes:

Laue, Bragg, Debey, Perutz&Kendrew, Hodgkin, Watson&Crick,
Deisenhofer, Huber & Michel, Agre, McKinnon,

electron density !

And many more (> 25 scientists !)

Q=Y o

Laue 1912

Film, detector

crystal
ca. 0,1 mfh

150 ps Laue, 7-11 keV,

Photo active Yellow protein, wva.ESRF.fr
\ X-ray tube




short pulses -- the spatio-temporal map

Standard
optical
microscopy

ble
and near IR
spectral ranges

in visi
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2Nnsin a
>500 nm
Conventional
light microscopy
,,,,,,, is limited by diffraction.
> 200 nm

Conventional

X-ray microscopy
| is limited by diffraction
Structures.

lens / zone plate

lateral




Fresnel Zone Plate (FZP) X-ray energy / eV

based x-ray microscopy 0 500 1000

10.0 S

X-rays

1/u
(water)

electrons

_ — ==~ " T(protein)
-— -

penetration depth 1/ in pm
o

G. Schmahl, D. Rudolph,

Univ. Géttingen 0 p\?)

off-axis transmission
plane mirror ~ ZOhe plate

S
—

200 300 400
electron energy / k

from J. Kirz et al.

ﬁ rotating plane mirrors zonhe plate
@ - object objective
undulator @»/J — \ — \ A

plane mirror plane mirror, — /

GGD

’/ IL detector

tomography stage



Interference of two point scattering centers

Phase difference

:ZA—77 opt.Weg:277 1 (EO_El): (EO_El)lj'e = qls

0

elastic ko = /\’1



Interference: from two points to a crystal ...

Atoms (Molecules) on a lattice :

‘F = rl‘a+ n26+ nSC n =123..

simplification: f,=1

= iqld,
Superposition S(q) _ Z fne

In the far-field

N, _
S(q)— Ze’q@ — Ze/q[thla+nzb+n3c _[Ze/nqu] (Zemqu})[zei’qu]

nynyN3

Z] (b =27r

N __,[a
inqla —

2e L)

M sin—\q [d _
2 qld =271s

Continuous electron densities: Z ' J‘d‘%r n, (7) el = f (El)
the form factor Y



CDI : a simple far-field diffraction experiment

1l

. K,
Beamstop
Object Scattering potential Observed intensity at Fraunhofer plane
_ . T _ e K
0(X) = ep(x):)|—2(1— n?(x)) (@) O 1, Jo(q)

= 1, if Plo & Jexp(rrimmx) dY‘z

2T () on s e
=== (0% +i5(x)
as Born and projection approximation valid ...

277 . :
:A_ZAn(x) with
ox (x¥9= B e (% y2)=[ o(xy.z)dz

Klaus Giewekemep@r



Lenseless (diffractive) imaging with coherent x-rays

Probe Scattering Object Detector plane

d z > d

d » d »
<« Ll | »

P(r) U(r) = P(r+ (0,0.d)) - O(r) F (V) [? =|F (Py) x F(O)|?

projection approximation, multiplicity of P and O

measured intensity is given as a convolution of object and probe function

transversal coherence length must be larger than sample

Use iterative algorithm to retrieve O from its modulus squared Fourier transform

Separate P and O either experimentally or theoretically
) Klaus Giewekemeyer



The phase problem

Augustin Jean Fresnel, 1788-1827 Wilhelm Conrad Rontgen, 1845-1923












Phase Problem

Problem
J.o()Y)exp(ZiTi [§ X) dx TC but I(g) U1, q]_[o()?)exp(zm [§ [X) d?z IR
J ,2Half* of the information, the phase is lost!
> Howto get d'X) = eo(X) then?

Real data: problem is discretized:

with

2

X; = JAX; ]=1.N
y; = JAy; ] =1.N

I(g!,q!") =

ij=1

. Wk +q" [y,
ZO(X/ryj)eXp{zﬂiqu 9 B/Jj

:ZCX’X-(q_) o(x) Lo *(x") qS(J))/ = qu; J =1..N

Is there a way to reconstruct o(x,y) from I(q) from this nonlinear system of equations?



,Oversampling“ a strategy to render the problem unique ?

real space OF0O  reciprocal space
2

I(q) 0

Z p/jeia@
i,J

“Oversampling”

1 ?
J.Miao et al., J. Opt. Soc. Am. '98 Informat'on theory (Shannon) ’

J.Fienup, Appl. Opt. 21, 2758 (1982) really more information
J.Miao, J. Kirz & D. Sayre, Acta Cryst. D 56, 1312 (2000)



More unknowns than equations ?

1N-
(G) = Fla) F (@) =33 2, e @ ) ki, j=0.N -1
i

N2 (2D) unknowns p;, e
but only N2/2 independent equations Flq)=F (=q)

=0 out t!
p(r) =0 out of suppor N2 (2D) unknowns p;;,

If support is half the size of 4 N2 .equations |
the field of view in both both dimensions: 2 N? independent equations

But how to solve this set of independent equations ?

Fienup 1978, Miao 1999, Elser 2000-



Solution of the phase probelm by iterative algorithms

object plane

wave function

estimate
y(xy)

real-space
constraint

updated estimate

V'(xy)

forwardpropagation
>
FFT
2
FFT ™
backpropagation

coherent scattering patte

detection plane

Ylxy) =|Pxy)e’

fourier-space
constraint

reconstructed image

Piaa(r) =

pi(r) rOS n p,(r)>0
p.(r)=Bp(r) r0S0 p, <0

J. Miao et al., Nature 400, 342 (1999)



PRL 102, 018101 (2009) PHYSICAL REVIEW LETTERS 0 IANUARY 5009
5

Three-Dimensional Visualization of a Human Chromosome Using Coherent X-Ray Diffraction

freeze dried Chromosomes from HELA cells

Flux: 1019 cps in 33um (5 keV)

accumulation time: 2700s per projection

56 projections

resolution of 2D projection image: ~ 30nm
resolution of the 3D reconstruction: ~ 120 nm
radiation dose (tomography) : 2 10 190Gy
results: chromatin, heterochromatin in centromere



The Mimi virus: single shot biological imaging with an FEL

Nature | Letter

Single mimivirus particles intercepted and imaged with an X-ray laser
Seibert et al. (2011)

LCLS, Haidu Chapman collaborations



outlook:Single particle (molecule) crystallography

Imaging Atomic Structure and Dynamics with
Ultrafast X-ray Scattering

K. J. Gaffney, et al.

Science 316, 1444 (2007);



Ptychography Technigue

X-ray pinhole
source aper‘tu re

sample Fraunhofer diffraction diffraction
) plane pattern 4 pattern 1

diffraction diffraction
pattern 3 pattern 2

Rodenburg et al. PRL 98, 034801 (2007},

Without probe retrieval: Ptychographic Iterative Engine (PIE) 1

Nellist, P.D., McCallum, B.C. and Rodenburg, J.M. Nature 374, 630 (1995)
Rodenburg et al. PRL 98, 034801 (2007)]

With probe retrieval: Scanning X-ray Diffraction Microscopy or Ptychographic CDI

Thibault, P. et al. Science 321, 379 (2008)
Guizar-Sicairos M., and Fienup, J.R. Optics Express 16, 94330 (2008)



reconstruction of object and illumination function

Giewekemeyer et al., PNAS (2010)

6.2 keV 500 nm Ta test sample Resolution (FWHM) 50 nm, fluence 5.1-:10° ph/um?
Measured phase and amplitude change: 0.34p and 0.86 (expected: 0.34p and 0.88)

U(r) = P(r+ (0.0,d))-O(r)  |F(U)]>=|F(Py) x F(O)

2 diffraction diffraction
pattern 4 \ pattern 1

< > < > \ FFT
~ #r) < —
d z > d —

o)

e \\ -

|ff;lact|o§ dlff{:;ﬂo;
pattern pa
P(r) detector
object
|”um|nat|0n Thibault, P, Dierolf, M, Menzel, A, Bunk, O, David, C, and Pfeiffer, F High-

resolution scanning X-ray diffraction microscopy. Science 321:379-382 (2008).



Ptychography - Principle



Ptychography - Principle

O



Ptychography - Principle

@)

Klaus Giewekemeyer



DNA packing in nucleoids: Deinococcus Radiodurans

* Among most radiationresistant organisms on earth, can survive 15 kGy of ionizing radiation

¢ Very effective DNA repair mechanism, DNA packing debated f [rad]

TEM-slices, Os-stained chromatin
Levin-Zaidman, Science (2003)

Left: Scanning X-ray Microscopy Right: super-resolution by phasing the 2x3 Bm size, tetrad morphology
DPC / dark field coherent diffraction pattern 4 identical copies of the genome

e Freeze-dried, unstained and unsliced cells
¢ Overall phase shift of single cell 0.25-0.3 rad (< 10% p), consistent with simulations

e 2500 iterations of SXDM algorithm, averaged over each 5t iterate, starting at 2000

Giewekemeyer et al., PNAS (2010)



Far-field and near-field diffraction patterns !

coherent farfield diffraction pattern

2w i
< t { . ™
»
\ P . CSAXS, Pilatus

6.2 keV, Pinhole W
D=1.4 um, 20 um

slit \ Y, \beamstop

Missing low-q components  pracnel diffraction pattern

ID22NI, Medipix,
17.5 keV, KB focus
bond WG 30x 10nm?

:<j[.,

waveguide

40

3
23

o
1



1.1 wave equations: a sequence of seperations

v+ oy =o

C

Yir,t)=ul(x,y,z)exp(—iat)

‘u(x,y,z)+ku=0

u(x,z ) =A(x,z) exp(ik,z)



Parabolic wave equation

Ansatz

u(x,z )= A(x,z) exp(ik,z)

insert in Helmholtz-Equation

0°A .
+ 21k
ox> ° 9z

neglecting second order variation along optical axis

0A 9°A
+

ZZ

+k,’[n%(x,z)-1JA =0

0°A _. 0A _
_ +2/k0$+k0 [n*(x,z)—1]JA=0

0x
and in free space

2
TA 12k, 2 =0
10)4 0z




Justification of parabolic wave equation for small paraxial angles

plane wave in homogeneous media u(x,z) =u, expli(k x +k,z)]
with k,=nk,sina and k,=nk,cosa, we have

A(X,z) =u, exp[ink,(sina)x]exp[ik,{(ncosa) -1 z]

A(x,z) varys slowly with z ! For the derivatives

2

gx—lj = -n?%k,’(sina)*u =0(a’k,u) = O(&k, u)

2. OA _ 2 _ 2 * 1 2 _ 2
ik, re -2k, (ncosa -1)A = -2nk, ((1-9) (1—50' )—-DA=0(XK, A)

k,(N? =DA =k,”(1- 25+ % -1u =0O(k, A)
0°u

57 " —k,*(ncosa —1)?u =0O(d%k,"A)
z

last term smaller by factor 6<<1 and can be neglected



Kirchhoff diffraction integral

«derive diffraction integral (by use of Greens formula) from Helmholtz eq.

*Object plane z=0 with complex transmission t(X,y)

* illumination with plane wave, wavelength A

Ty Efx-r} Ty .
v v
. )
{x.¥) i=1f

einfallende Welle

o

W

=l Wy

=0

o 155 1 . 1+cos(nlf
E(x,y',z) :a _[ JE(x,y)Fexp(lkr) 2( )dxdy

—00—00

Field in object plane E(X,y)= t(X,y)E;(X,y),
«Source point (x,y,0) emitts spherical wave (Huygens)
sSuperposition of emitted waves E(x',y‘,z) in image plane



how the object comes in (Born approximation)

Eout(x’y) - Ein (X’y) T(X’y)

Z object+¢

T(xY)=Exp[-k  [dz (B(x,y,2) +i(x,y,Z)]

Z object-¢

T(%Y) =4Tu(xy) €90 T =T (xy) @(xy)=argT



paraxial approximation

cos(nr) =1

(X=X =y L X=X)° (Y YY)

r=4(X'=x)*+(y' - 2+22:z\/1+
JX =X +(y' -y) ~ : - -

E(\y'2)= exia(;kz) [ E(x,y)exr{g [ =% +y' - y)z]j dxdy

exp(ikz)  [.7m, .. ., T, ., (X Ly
s GX{IE(X +y )} I j E(x,y)exp(E(x +y )jexp_ Zm()\zXJr)\zyﬂdXdy

I

C(x.y',2) ” E(x,y)ex E(x2+y2) exp 2T (X +Ly dxdy
Az A\ z z

. im, 2_ X'y
Cx\y,z) FT {E(x,y)exr{ﬂ(x +y )M Y’ Azyj

X and y
Az Az

2D Fouriertrans.in

I

” E(x,y)exp(l)\—z (x* + yz)j exp[i (g x+ qyy)] dxdy q, = 27ﬂtan9 ~ 27”)(;)



Fraunhofer approximation

I I I I i7T .
E(Xy'2)=C(Xy.2) || E(xy)exp(E(xz + yZ)j expli(a,x +q,y)] dxdy
for large distances compared to object x*,y* << Az  (Fraunhofer diffraction)

E(xy\2)= C(X.y'2) [ E(xy) expli(a,x+a,y)]dxdy

definition of Fresnelnumber : F =a? /Az
size of object (aperture): a



Computation of the FK integral

By, )= =P

0 EOA,

[]E0 y)exp(;—’: (o =37 +(y =y ]) dxdy

withFresnelpropagator

hx,y exp(/kz) p(—(x 4y j

E(X,y',z)=FT* [FTIE(x v (ETTA, (x,y)]]

FTIh,(x,y)]= exp(ikz)exp(— ime(v,” +v,’ ))
alternatiwely

. Z 2 .2 i’ L’
E' [ FT{E(x,y)exp[Az(x +y )ﬂ()tz Azyj

2DFouriertrans.iniandL
Az Az



Propagation imaging

illumination wavefront distorted wave front detector

phase opject

X-rays /

X interference of
reference and object wave
4
phase shift Ag=kAd(1-n) free space propagation
slab with index n
e|kz > elkZ-Df

Dd

v

\ 4

P. Cloetens et al. et al. ,1999; S.Wilkins et al., 2000-2004



Imaging formation: Fresnel diffraction integrals

1+cos(ﬁD‘)dX

WXy, 2 = [ [ @le,y,0)explike)

—00 —00

dy  Ylx,y,0)=¢,1(x,y)

object with complex transmission w (Z) =FT _1[ exp[ iz \/kz - ki - k; ] FT [l// (O)]]
function B(x,y)
AP 7= A7 absorption & phase
Absorption Phase
only

absoption »direct” contrast hologram



3D-Visualisation: cochlea, basilamm@mbm@ne. and cochlkostomy

@
X

Density in 3D : resolution AND contrast matter !

& Cochlea: Phase contrast vs. Absorption contrast

M.Bartels et al., unpublished

JuLiA @ IRP Optique Peter Cam,
(2 min exposure
FOV: 3,05 mm x 3,05 mm

GEeXplore Locus @ MPI



absorption versus phase contrast

n=1-0+i[

E .(x,y)=E, (x,y) T(x,y) x-ray index of refraction
z+d
T(x,y) =exp[—k jdz (B(x,y,z)+10(x,y,2)] 5=10%..10°
g B=107.. 1013
Absorption length p ]
0,1 optical indices for C

delta

e - beta
Phase shift 2k O e
Ag=kAd(1—n)
slab with index n e
eIkZ > eIkZ-A(p lE:9 . . . . . _
| Ad > 1(I)0 10I00 10(I)00

Photon energy [eV] www.cxro.lbl.gov

0 >> b for low Z elements and high photon energies —> phase contrast



weakly scattering object (Born approximation)

Eout(x1y) - Ein (X’y) T(X’y)

z+d

T(xy) =Exp[-k [dz (B(x,y,2) +id(x,y,2)]

r(x,Y) = T (6 y) €9 1 =[r(y) g(xy)=arg(r)

r(X,y):=EXp[I o(x,y)d — u(x,y)d /2]



Contrast transfer function

f(z,y) = exp(ikt) x explid(z,y) — pu(z,y)/2]

T

=T7(x,y) complex object transmission function

Tz, y) = explid(z,y) — plr,v) /2] = L+ iz, y) — pwlz,u)/2.

Ey(ve,vy) = Th, ~ (dp(ve. vy) + io(ve, vy) — fi(ve,vy)/2)

- e - -.l P
exp(ikz) exp [—imAz(v,” +15,°)] .

f[um V,) = 0p(Ve, vy,) + 2.:;5(1!& V) siny — fi(v,, 1, ) cos x
oscillatory CTF

PR 2 2 _ _
X =7 A"?’(I’II + I, ) dependence on spatial frequencies



contrast transfer function

Contrast transfer function (CTF)

0.5

05}

i
f IIL !
\ If i ‘l
Y i IIL ,r
“ ; 11 ;
\ T [
L . 1 / \ !
| |[-- amplitude \ ! vy
1
I
- |— phase U Vo
- | A\ ! ) J
! 1 1 L 1 TR
0 0.5 1 1.5 2
. 12
(Az) v

f(z,y) = exp(ikt) x explidp(z,y) — p(z,y)/2]

=7(x,y) complex object transmission function

Op(Ve, vy) + 201, vy, ) sin Y — fi(V,, 1) COS X
weak object approximation

— N, 2 2 - . . .
X = 7 AE(FI + I, ) -> oscillations as function of spatial frequencies



Fresnel scaling theorem:

an equivalence between parallel and

point source illumination

hologram recorded with the point
source corresponds to a hologram
recorded with a plane wave at an
effective defocusing distance

Z.Z
Z — 1<2
eff

magnified by

v = 4tZ
Z,

—>magnification allows for a spatial
resolution below detector pixel size!

—>plane wave setup used for
simulations and reconstruction

Zl+22

N=1-5+i8

plane wave

/
$

. Ag¢g =& Ad
Phase shift . _
elkz d eIkZ+DF
> Dd >
/ /
/7/
//
point source sample
sy
\x
< Z > % >\
/ /
sample .

A



Entrance Guard Sample  CCD!
aperture aperture 2DWG u

sample:

AP

Absorption Phase

Absoption & Phase

only
Absoption Jdirect“ contrast hologram



Zeros of phase contrast transfer (CTF):
inversion of contrast

radii of zero CT

50+

100+

150

200+

250

300

350+

400+

450+

500

550-

Source

| l 1 l 1 l
100 200 300 400 500 600

hologram of Siemens star

|
700

calibration pattern X50-30-2m, X-radia, h=180nm Au

ID22NI/ESRF, pink undulator beam, E=17.5 keV
Beam size: 146 x160 nm? 10! cps

Mirror

Physical Review B 2009

CCD

KB mirrors - >>>> D)Dﬂ

T. Salditt, K. Giewekemeyer, S. Kriiger , R. Tucoulou, P. Cloetens,

— 1200-
£
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Nano-focused coherent x-ray beams for imaging ...

-1000

-500

x [nm]

500

1000

-1000

z[pm]



Improved algorithms for holographic imaging

ID 22Nl

35 x 35 nm crossed WG
17.5 keV

8.3 mm defocus

Giewekemeyer et al, PRA, 2011



transformation from spherical to parallel beam, normalisation of the measured
z-> 2, M magnified coordinate system intensity | by empty beam

f(_:ﬂ* y] EE |L~]IID?¢'H [X{T 9’}] |J,"rJ|L‘m|j
= |Dslxlz,y)]1”.

Hz,y) = |D.g[tVix(z, 9)]]* = [VinD.[x(z,y)]]*

recording: reconstruction:
hologram hologram

Objekt S) > S) > < <S|

>  — >
y4 Y4 Y4

\ 4
1
1
~
~
\

.— reference beam signal

x(Xy)=1+7(Xy) «— conjugated wave

~win image*

4 DBZH f: DZ[T]
(6, Y) OL+T =1+ 7+ +[7|" /

4

recon

r = D_Z[l+%~+%~* +‘?‘2]:1+1’+1’*+D_Zh?‘2]



object plane detection plane

wave function forwardpropagation |
esti(ma’ge P P(xy) =[Py
XS
WYXy Dz
A
real-space /DS p fourier-space
constraint D D constraint
-Z
v
backpropagation

updated estimate
v (xy)

< P(xy) =yIxy)e’

Propagator D, = FFT "' expl iz \|k* - kZ - kZ] FFT

P, :'projector' in detector plane
P, : projector in sample plane

Xoer(X,¥)| =

Bty == 2)Tx,y)

X, 069 = Bilx, (x,y) =1 NCAPRPk
. anny
— arg(Xn)_yarg(Xn) I]()(I)/)I]‘S 2_1 ~ 2 - 22
arg( X, (x,y)) ={ mtarg( 1’00 D(x,y)0S d = 2 (T o = o)

S support (from holographi creconstruc tion) D =,/2/<1,> noise



Non destructive imaging ?

Howells et al., 2009
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