IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Partial coherence effects on the imaging of small crystals using coherent x-ray diffraction

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
2001 J. Phys.: Condens. Matter 13 10593
(http://iopscience.iop.org/0953-8984/13/47/305)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 171.66.16.226
The article was downloaded on 16/05/2010 at 15:11

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/13/47
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

INSTITUTE OF PHYSICS PUBLISHING JOURNAL OF PHYSICS: CONDENSED MATTER

J. Phys.: Condens. Matter 13 (2001) 1059310611 PII: S0953-8984(01)25635-5

Partial coherence effects on the imaging of small
crystals using coherent x-ray diffraction

I A Vartanyants' and I K Robinson

Department of Physics, University of Illinois, 1110 West Green Street, Urbana, IL 61801, USA

Received 8 June 2001
Published 9 November 2001
Online at stacks.iop.org/JPhysCM/13/10593

Abstract

Recent achievements in experimental and computational methods have opened
up the possibility of measuring and inverting the diffraction pattern from a
single-crystalline particle on the nanometre scale. In this paper, a theoretical
approach to the scattering of purely coherent and partially coherent x-ray
radiation by such particles is discussed in detail. Test calculations based on the
iterative algorithms proposed initially by Gerchberg and Saxton and generalized
by Fienup are applied to reconstruct the shape of the scattering crystals. It is
demonstrated that partially coherent radiation produces a small area of high
intensity in the reconstructed image of the particle.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Even in the early years of x-ray studies [1-4] it was already understood that the diffraction
pattern from small perfect crystals is directly connected with the shape of these crystals
through Fourier transformation. Of course, in a real diffraction experiment on a ‘powder’
sample, where many particles with different shapes and orientations are illuminated by an
incoherent beam, only an averaged shape of these particles can be obtained. For example, the
simple Scherrer formula is the exact result for particles of spherical shape [3]. Until recently, it
has not been possible to obtain the diffraction pattern from just one particle, let alone to invert
the intensity data (with the loss of all phase information) into a real image of a particle shape.

New developments in experimental and computational methods have opened up the
possibility of solving this problem. Current advances in experimental facilities (ESRF, APS,
SPRING-8) provide high-energy, high-brightness x-ray beams with high degrees of coherence.
The coherence lengths achievable with these synchrotron radiation sources are in the range of
a few microns. Illuminating a particle of nanometre scale with such a highly coherent beam
has allowed the observation of continuous interference diffraction patterns using modern 2D
CCD detectors [5]. The diffraction from such nanocrystals is no longer comprised of sharp
Bragg peaks, but is now a complicated intensity distribution centred at each reciprocal-lattice
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point. This continuous function can be measured on an arbitrarily fine scale in the vicinity of
one of the Bragg peaks.

During the last few decades a number of efforts have been made to evolve theoretical
and computational methods in optics and electron microscopy for inverting images from the
scattered object to real space in the case where they are connected simply by the Fourier
transform (FT). Various iterative procedures were proposed first by Gerchberg and Saxton [6]
and then developed further by Fienup [7]. The basic idea of these methods is the following.
Measured amplitudes and random phases are inverse Fourier transformed to obtain an initial
estimate of the real-space structure of a complex-valued object. This is then updated by
applying an appropriate real-space constraint and back-transformed. The type of constraint
can vary depending on what supplementary information is available about an object. Typically,
for a complex-valued object it is desirable to have real-space amplitude information [8, 9] and
conversely, if we are seeking the amplitudes, its phases have to be known. This requirement
also follows from the need to make a change in real space every cycle; otherwise the inverse FT
simply reverses the forward FT. However, in some situations this information is not enough for
obtaining a unique solution in reasonable computation time. As was shown in recent studies
[10-12], an oversampling of diffraction data—more than twice the Nyquist frequency—was
found to increase the convergence of this iteration procedure.

In most of the previous tests and applications of the iterative algorithms it was tacitly
assumed that the incoming radiation is purely coherent. This assumption immediately led to
a simple connection between the object shape and its scattered intensity via the FT. However,
in a real experimental situation with modern synchrotron sources providing high degrees of
coherence, this condition can be violated. In a number of recent papers, the influence of partial
coherence of x-ray radiation on diffraction patterns was studied theoretically [13, 14] and
experimentally [15]. The purpose of our study presented in this work is to investigate the effects
of the partial coherence of the incoming radiation on the reconstructed image of the object.

The paper is organized as follows. Section 2 recalls the important aspects of the diffraction
theory on small strained particles with coherent illumination. Section 3 gives a general
formalism of scattering of partially coherent radiation by the same particles. Section 4 treats
the influence of this partially coherent radiation on the reconstructed shape of small crystal
objects.

2. Diffraction from a small particle with coherent illumination

It is well known (see for example [16, 17]) that the scattering amplitude A(q) of coherent
monochromatic radiation from an infinite crystal in the kinematical approximation is equal to

Alg) = / p(re " dr e)
where p(r) is an electron density at the pointr, ¢ = ks — k; is the momentum transfer, k; and
k ¢ are the incident and scattered wave vectors (|k;| = |k¢| = 2 /A, A is the wavelength), the

notation a - b is used for a scalar product of two vectors a and b and the integration extends
over the whole volume of the crystal. The electron density can be put in the form of a sum of
terms corresponding to individual atoms:

N S
p(r) =" puj(r = Ryj — u(Ry)))

n=1 j=I1

where R,; = R, +r;,R, is the position of the nth unit cell in a perfect lattice, r; is the
coordinate of atom j in this unit cell and u(R,;) is the displacement from this ideal lattice
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point. Substituting this expression for the electron density into (1) and changing variables in
each term, the scattering amplitude can be written as an infinite sum over the unit cells:

N
Alg) =) Fa(ge 1" ®Ie 0t @
n=1
where
S .
Fug) =) ful@e ™"
j=1

is the structure amplitude of the nth cell and
Juj (@) = / pnj ()47 dr’

is the atomic scattering factor of an atomj in the unit cell n. Here we are assuming that all atoms
in the unit cell are displaced uniformly: u(R,;) = u(R, +r;) = u(R,). It is important to note
here that equation (2) is also valid for the more general case allowing different displacements
of atoms in different unit cells but with another definition of structure amplitude F,(q) [18].
In general the structure factor F),(q) is a complex function.

Now we will consider the scattering of x-rays by a crystal with finite size. Introducing
the finite dimensions leads to ‘spreading’ of the §-type intensity distributions characterizing
an infinite crystal. The scattering amplitude A(q), equation (2), can now be conveniently
calculated by means of the approach originally proposed by von Laue [1], which reduces the
sum over the points of the ideal lattice within the volume of the finite crystal to an integral
over all space. According to this approach (see also [16, 18]), equation (2) can be equivalently
rewritten in the form

Alg) = F(g) / Poo(P)S(r)e " dr 3)

where it is assumed that the structure factors of the different cells are identical (F,,(q) = F(q))
and integration is carried out over the whole space. In this equation

poo(r) =) 8(r = Ry)
n=1

is a periodic function with summation over n carried out over all points of an infinite ideal
lattice. In the integral (3), this function is multiplied by a complex function

S(r) = s(r) exp(—iq - u(r))
with an amplitude s(r) equal to unity inside the volume of the crystal and zero outside (the
so-called Ewald function [4]) and the phase ¢ (r) = q - u(r). What is important to note here is
that we do not have any restrictions on the shape of the crystal and deformation field.

From the theory of the Fourier transformations, the integral in (3) can be calculated in the
form of a convolution of the Fourier integrals of the factors:

F(q)
A@ = =2 [ pu(@)Sa— ) df @
(2m)
where S(q’) is the Fourier integral of S(r):
S(q) = / Sre 9" dr = / s(r)e I Peia T gy (5)

and the integration over dg’ and that over dr are carried out over the whole space. If the particle
is unstrained, #(r) = 0 and we have for the FT (5)

s(q) = / s(rye T dr. (6)
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It can easily be shown that for an ideal crystal lattice the Fourier integral of the function
Poo () reduces to the sum of §-functions

po@ = [ e 07 ar = 127 /01 Y0 ~ )

where v is the volume of the unit cell, k, = 2w H,,, the H,, being the reciprocal-lattice vectors,
and the summation is carried out over all the reciprocal-lattice points. Taking all of this into
account, we obtain for the amplitude (4)

F
A@ =LY g~ ™)

with A,(q — h,) = S(q — h,). From this expression we can see that the scattering amplitude
is directly connected with the FT of the complex ‘shape’ function S(r), and its phase for the
fixed reciprocal-lattice point £ is a sum of phases of the structure factor F (k) and the function
S(q)-

For a crystal of microscopic dimensions, the function S(g) has appreciable values only
for small ¢ , much smaller than the reciprocal-lattice parameters. Thus according to (7) and
neglecting the small cross-terms, the intensity of the scattering by crystals of finite dimensions
will be determined by a sum over reciprocal-lattice points:

N 2 [F(q) |2 2
@) =1A@P === A — Il ®)
In the vicinity of the reciprocal point h, = h, ¢ >~ h and we have for the intensity distribution
|F(h))?
1@ = ——4@F ©)
where Q = ¢ — h and
An(Q) = / s(r)e huwei0T qp. (10

Some general properties of this distribution should be outlined. For any arbitrary form of
the crystal, the intensity distribution (8) as a function of ¢ is a periodic function. For the special
case of unstrained particles (u(r) = 0), the intensity distribution is locally centrosymmetric
around every h, and has the same shape for every reciprocal-lattice point k,. It takes its
maximum value of |F (h,)|*V?/v? if the scattering vector is exactly equal to ¢ = h, and
this point is the centre of symmetry of the intensity distribution /(g) (since according to (6),
s(—q) = s*(q)). This reproducibility of the distribution is a characteristic of the broadening
effect associated with the finite size of the crystal; effects associated with strain u(r) lead to
different distributions near different reciprocal-lattice points. The possibilities of mapping
this strain field directly from the intensity measurements during coherent illumination of the
particles in 1D, 2D and 3D cases are discussed in recent papers [19, 20].

Equation (8) corresponds to the situation where one particle is illuminated by a coherent
beam. In the case where two or more crystallites are located at some distance apart and are
illuminated by the same coherent beam, interference terms will appear in the expression for
the intensity (8). An especially interesting intensity distribution can be obtained in the case
where a small particle is separated sufficiently from a big one and illuminated by the same
coherent beam. This is similar to the principles of Fourier holography, where the object can
be found as one term in the autocorrelation [21].
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As follows from the previous analysis, the simplest picture of identical repeated
distributions with dimensions of the order of the reciprocal dimensions of the crystal arises
in unstrained crystals of any arbitrary shape. The detailed 3D shape of this distribution is
determined by the Fourier components of the function (10) with u(r) = O (in this case,
Ap(Q) = s(Q) from equation (6)). Calculations of s(Q) for crystals of different shapes, in
particular for polyhedra with arbitrary crystallographic boundaries, are givenin [1,2,22]. The
shapes of the intensity patterns detected by a 2D detector (such as a CCD camera) depend also
on the Bragg angle and on the departure from the exact Bragg condition (the detector plane is
always perpendicular to the k s-vector). If the z-axis in reciprocal space is directed along the
k ¢s-vector and the detector itself is exactly at a Bragg point, then we have from (6)—(10) the
following distribution of the amplitude:

F(h . .
A0x, 0,) = % f 5.0r, )e 00N 4y dy (1n)

where s, (x, y) = f dz s(x, v, z). So the inverse FT of the amplitude distribution (11) at the
Bragg point gives the projection of the crystal shape on the (x, y) plane. In figure 1, calculations

Figure 1. Projection of the different crystal shapes on the plane perpendicular to ks and the
corresponding diffraction pattern calculated at the exact Bragg position.
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(© (d)

Figure 2. The cross-section of the reciprocal space of the diffraction pattern produced from the
crystal shape shown in the insets of figure 1 for different g,-values: ¢, = 0, g; = 0.357 gp,
q. = 0476 gp, q. = 1.19 gp. Here gp corresponds to the fringe spacing: gp ~ 2mw/D. The
intensity in the figure is rescaled for clarity.

of the amplitude (11) for different crystal shapes are presented. Cuts of the reciprocal space
for values of Q. other than Q. = 0 can also be calculated using the 2D FT (11) with the
change of the real function s,(x, y) to a complex-valued function:

5.(xy, Q) = /dz $(xs v, 2) exp(iQ:2).

Examples of such calculations for different values of Q, and one of the crystal shapes from
figure 1 are presented in figure 2.

As was proposed by von Laue [1], applying Green’s theorem to (6) the volume integral
can be transformed to an integral with the integration taken over the external surface of the
crystal:

@)= / (q-me™" do (12)
q= Js

where the unit vector r is an outward normal to the crystal surface. The maximum of this
distribution for the flat surface is along directions normal to the surface and gives the origin of
the crystal truncation rod distribution [23] or asymptotic Bragg diffraction [24] widely studied
in diffraction from surfaces. In the case of the crystal with a centre of symmetry and with a
pair of identical opposite faces, we have from (12)

s(q) = 2(qq.2n) / sin(q - r) do. (13)
s
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If the distance between faces is equal to D, then for the direction of ¢ perpendicular to the
faces, we obtain for this distribution

s(q) = 25 sin(gD/2). (14)

As follows from this result, in the case of two opposite faces and coherent illumination we
immediately obtain an inferference pattern for the intensity distribution rather than the smooth
g~ '-decrease of amplitude for one surface. The integral width of this intensity distribution in
reciprocal space is equal to §g = 27/ D. This leads to a rod-like shape intensity distribution
for crystals shaped like a compressed disc. Such behaviour was for example observed in [25],
where thin films (with thickness 2000 A) of the binary alloy CusAu were illuminated by a
coherent x-ray beam. Due to its antiphase domain structure the superstructure Bragg diffraction
from these films produces a speckle image on the CCD detector. As was demonstrated in
[25], these speckles are highly elongated in reciprocal space along the normal to the surface
of the CuzAu film due to the small thickness of the film. In the case of a flat surface, the same
Green’s theorem can be applied once more to equation (12), transforming the surface integral
to an integral around the boundary of the face S and producing additional fringes for a pair of
opposite flat edges.

In conclusion, we can see that any pair of opposite faces and corresponding edges of an
unstrained crystal in a coherent beam will produce an interference pattern with the maximum
distribution along the normal to the face and perpendicular to the opposite surface edges (see
figure 1).

3. Partially coherent radiation

In the previous section the case of totally coherent incident radiation was considered. Now
we will assume that the incoming beam is partially coherent. The general properties of
partially coherent radiation are discussed in detail in a number of textbooks [26-28]. The
comprehensive theory of scattering of a partially coherent x-ray wave-field in both Fresnel
and Fraunhofer limits was given by Sinha, Tolan and Gibaud [13]. We will reformulate this
general results for the special case of scattering of partially coherent x-ray radiation by small
crystalline particles. The whole problem will be divided into two parts. In the first part we
consider scattering of radiation with an arbitrary state of coherence by a small crystal particle
and in the second the special form of the incoherent source with Gaussian distribution of the
intensity will be considered.

We will take the incident radiation in the form of a quasimonochromatic wave with only
one polarization state of the electric field:

Ein(r,t) = Ajy(r, tyelkir—iot (15)

where |k| = 27 /A and X, @ are the average wavelength and frequency of the beam. The
amplitude A;, (r, t) is a slowly varying function with spatial variations much bigger than the
wavelength A and timescales much larger than 1/@. Then, according to the standard Huygens—
Fresnel principle [26], in the limits of kinematical scattering, the amplitude of the wave-field
E,u: (v, t), after scattering from the sample to position v on the detector (figure 3(a)), can be
written as’

Ain I —Tr) g o
Eoui(v, 1) = /drp(r)%elk,r io(t—1,) (16)

2 In this expression and below, we will omit all inessential integral prefactors.



10600 I A Vartanyants and I K Robinson

()

L,
(b)

Figure 3. Definition of the notation used for the scattering geometry in the calculation of the
scattering of the partial coherent radiation. (a) The x-ray beam is scattered by a small crystal
particle and the intensity is measured at a distance L, from the sample by a 2D detector (CCD
camera). (b) A synchrotron source produces an incoherent beam at the distance L from the sample.

where [, is the distance between points r and v with the origins at the sample centre and in the
detector plane respectively, t, = [, /c is the time delay for the radiation propagation between
the same points and c is the speed of light. In this expression for the scattered wave-field we
have neglected absorption in a small sample and set the obliquity factor as x & 1.

We will define the amplitude of scattering A(v, ) in the usual way:

Eou(v.1) = A0, 1) (442/Ly) &7

Then assuming that the distance from the object to the detector L, > D, where D is a typical
size of an object, we would have the usual expansion in the limits of the paraxial approximation
for the distance I, between points r and v:

l, ~Ly—ns-r+(v—r?/(2Ly)

where ny = ky/lks|. Here we also assumed that the detector plane is perpendicular to k.
Substituting this expansion into equation (16) we obtain for the scattering amplitude

Ay, t) = /dr pA;,r t — 1) P, (v — r)e 4r (17)

where Pp,(v —r) is the Green’s function (or propagator) that describes the propagation of
radiation in free space. In the framework of the same theory this function is equal to

1 . )
P (v—r) = —lk/2L)(v=n)" "
L. ) ilL, (18)
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We will be interested in the far-field (or Fraunhofer) limit of equation (17), where the condition
kD?/(2L,) < 1 is satisfied. For a typical coherent x-ray experiment with radiation energy
E, ~ 8 keV and a detector at a distance L, =~ 3 m, this condition limits the size of the
particles: D <« 10 um. In this limit we can neglect the (k/2L,)r? term in the exponent (18)
and have for the propagator

Pr,(v—r) — (1/iALy) exp [i(k/2L)v*] exp(—ig, - r)
lim(kD?)/L,—0

where g, = (k/L»)v. So, in the far field we obtain for the amplitude (17)
Aq, 1) = /drp(r)Am(r, t—1)e " 19)

where ¢’ = ¢q + q,. Here we omit the phase term exp[i(k/2L,)v?] before the integral because
it will cancel while calculating intensities at the same point v in the detector plane. We would
like to note here that this expression coincides with the coherent amplitude of equation (1) in
the limit A;, (r,t — 7,) — 1. Now, we will consider the case where the scattering particle is a
crystalline sample with a periodic electron density function and the amplitude A;,(r, t — t,)
is a slowly varying function of the size of the unit cell. Under these conditions, performing
the same transformations as in the previous section, we finally obtain

;. Flg) .
A(g, 1) = Y En An(q —hy, 1) (20)
where

A(g.t) = /drs(r)Am(r,t —1,)e ", 2D

Here, as before, s(r) is a shape function of the crystal and for simplicity we are assuming
that the crystal is unstrained. However, this result can be generalized also for the case of the
strained crystal by adding the exponential factor exp[—iq - u(r)] to the integral (21).

The intensity of the scattered radiation measured at the position v of the detector near one
of the Bragg points &, = h, according to (20), (21), is equal to

= - _Fm)P )
1Q) = (AQ.NA" Q. D)r = — 57— 1Ak(Q. 1]
2
_ |F1<Ji;>| / / A dr' 5T (o AT)E— 0T .

whereQ =¢q¢ —h=¢q,+q—h, At = (I, — l,)/c is a time delay and
Lin(r, 1, 7) = (Ain(r, DA}, (F 1 + 7)1 (23)

is the mutual coherence function. Averaging in (22) and (23) is carried out for time 7 much
longer than the time of fluctuation of the x-ray field and it is assumed that the incoming
radiation is ergodic and stationary. For the case of cross-spectral pure light we can write the
mutual coherence function as a product [27,28]:

Cin(r,r', 1) = VIOV I ) yin 0, 1) F (7) (24)

where I(r) = (|A;j,(r, t)|*)7 and I (') = (|A;,,(r, 1)|*)7 are the averaged intensities of the
incoming radiation at points r and ¥/, y;,, (r, r’) is a normalized mutual coherence function or
complex degree of coherence and F (7) is the time autocorrelation function.

We will make some more simplifying assumptions so as to obtain an explicit form for the
mutual coherence function (24). We will assume that the incident radiation is coming from a
planar incoherent source with a Gaussian distribution of intensity located at a distance L; from
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the sample (figure 3). This will be an approximation for the actual 3D electron ‘bunch’ source
from the synchrotron storage ring. We will also consider the distance L; to be much larger
than both the size of the particle D and an average size of the source S. In the same limit of the
paraxial approximation, the complex degree of coherence y;, (r, ') can be obtained according
to the van Cittert—Zernike theorem [26, 27]:

Yinr — 1) = <e“” /ds I(s)f:“"“‘””“)/(/ ds I(s)) (25)

where the phase factor ¥ = (k/2L;)(r> — r'?), I(s) is the intensity distribution of the
incoherent source and integration is performed over the whole area of the incoherent source. It
is interesting to note here that, for an incoherent source, expression (25) is exact up to second-
order terms in s. For the typical CXD experiment on a synchrotron source with distance from
source to sample L1 2~ 40 m and energy E,, > 8 keV, the far-field conditions kD?*/Q2L)) <« 1
can be easily satisfied, giving the upper limit for the size of the particle D < 40 um. In this
far-field limit we can neglect in equation (25) the phase prefactor exp[iy’]. For the same model
of incoherent source and far-field limit, the intensity of incoming radiation at points r and r/
of a sample can be easily calculated as

1) ~1G) =1y = (L/L)? / 1(s) ds.

It is usual to describe the intensity distribution of the synchrotron source by the Gaussian
function

I (252252
I(sv.5,) = s H (8ot /o) 6)
’ 2mo,0o,
where o, and o, are the halfwidths of the intensity distribution in the x- and y-directions. Due
to the fact that (25) is a FT we also get a Gaussian form for the complex degree of coherence:

ro—r))? (x—x) (—y)?
Vinlrs =) = e’q’(_lzsiil) B exp(‘ 2w g ) @D

Here r) andr| are projections of r and r across the beam propagation direction and
&,y = L1/(koy,,) are usually defined as the two transverse coherence lengths. For typical
parameters of the APS source [29,30], o, 2 350 um, o, > 50 um, therefore, for the distance
L; =40 m and radiation E, = 8 keV, we obtain §; >~ 3 um and &, >~ 20 um.

We will further assume that the time autocorrelation function F(7) in (24) has a pure
exponential form:

F(t) = Fyexp(—1/1)) (28)

which is an exact result for a Lorentzian power spectral density of the source [28]. The
characteristic time 7 of the decay of the time autocorrelation function defines the longitudinal
correlation length & = ctj. It can easily be shown [26-28] that the correlation length &
is determined by the bandwidth (AX/A) of the incoming radiation, and for an exponential
autocorrelation function F(7) it is equal to §| = (2/m)(X?/AX). For a Si(111) double-crystal
monochromator with AA/A ~ 3 x 107 and the wavelength A ~ 1.5 A, we get for the
longitudinal coherence length & 2~ 0.32 pm.
In the far-field limit we have for the time autocorrelation function F(At)

F(At) = F(lry — 1) = Foexp(—|l, — I|/&) = Foexp(—|r) —r||/&) (29)

where r| and |, are the components of  and r’ along the beam direction and we have neglected
the small perpendicular contribution.
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Substituting expressions (23)—(29) into (22) we now get for the intensity

1(Q) =

F(h)|? . )
XL [ ar @ st~ Fan —ripe e (30)

where the complex degree of coherence y;, (r. —r/, ) is defined by (27) and the autocorrelation

function F ([rj —r|[) by (29). This expression can be further simplified by changing variables:
( )I2

1(Q) = /drwn(r))/m(n)F(Irul)e er (€19

where
o1 (r) = /d/ s@)s@ +r)

is the autocorrelation function of the shape function s(r).

In the coherent limit, the transverse and longitudinal coherence lengths &, & become
infinite and that simultaneously leads to the limits for the normalized complex degree of
coherence y;,(r1) — 1 and the autocorrelation function F'(|r;|) — 1. In this case we get for
the intensity of the coherently scattered radiation

|F ()|
v2

Leon (@) = / dr o1 (Fe 27 = |AQ) 32)

where
AQ) = (F(h)/v) / dr s(r)e 12"

is a kinematically scattered amplitude from the crystal with shape function s(r). This result
completely coincides with the coherent limit of equations (9), (10) discussed above.

Using the properties of the Fourier transform, the intensity /(Q) in equation (31) can be
written in the form of a convolution of two functions:

1(Q) = /dQ Lon(@)T(@Q — @) (33)

1
@n)?
where I, (Q) is the intensity of coherently scattered radiation (32) and F(Q) is the Fourier

transform
rQ = f dr yin (r ) F(Iry))e 2. (34)

Now we will consider the same choice of orthogonal coordinates with the z-axis along
the diffracted beam propagation direction and the x-, y-axes perpendicular to this direction as
in the previous section. In this coordinate system, for the exact Bragg position (¢ = k and
0 = q,) we can write the intensity distribution (31) in the detector plane as

F(h)|?
g = E®!

/ dx f, (xX)yin (x)e 4" (35)

where x is a 2D vector x = (x, y) and

o1 @) = /dZ @11(r) exp(—Iz|/§)).

Itis interesting to note that the intensity distribution (35) can also be calculated as a convolution
of the FT of ¢f,(¢g) and y;,(¢q) (see equation (4)). For the case of large longitudinal length
& > D, the function ¢, (x) gives just the projection of the 3D autocorrelation function on
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Figure 4. The complex degree of coherence y;, (x, y) (left column) used for calculations of diffrac-
tion intensity patterns (central column). Reconstructed real-space images are shown in the right col-
umn. For comparison, in the top row we show the case of coherent illumination with the coherence
lengths &,, &, = co. The values of the coherence lengths in the other rows are, from the top down:
& = 91 pixels, &, = 367 pixels; &, = 45 pixels, &, = 183 pixels; &, = 22 pixels, &, = 91 pixels.

the plane x. Smaller values of & < D reduce the real-space volume of the scattering object
along the propagating beams that contribute coherently in the diffraction pattern.

In figure 4 we present calculations of 2D diffraction patterns obtained from equation (35)
for the crystal shape of figure 1 with different values of the transverse coherence lengths &,, &,,.
For simplicity we have assumed here that the longitudinal coherence length is big enough,
& > D, and it will not be considered in our further study. It is readily seen from this figure
that decreasing the values of the parameters &,, &, leads to a decrease in the contrast of the
diffraction pattern. In the next section we will see how this will affect the reconstructed image
of the crystal.



The imaging of small crystals using coherent x-ray diffraction 10605

P} mmyy A=A explita)] |

Satisfy Object Satisfy Reciprocal
Domain Constraints Space Constraints

FA @) ﬂ AW@)= Togl@) explidi(@)]

Figure 5. A sketch of iteration procedure used in the reconstruction of the diffraction patterns.

4. Reconstruction of the shape of small crystal objects

Inverse problems arise frequently in physics, and are fundamentally important for optics and
crystallography. The magnitude of the FT of some function (in general, complex valued) is
measurable, but its phase is not. Various iterative algorithms [6, 7, 10—12, 31] have been
applied to solve this problem. Most of them are based on the idea of the Gerchberg—Saxton
(GS) algorithm [6] that was originally proposed to solve the problem of retrieving the phase
from intensity measurements made in two domains: in real (object) space and reciprocal
(experimental data) space. The generalized version of the GS algorithm—the so-called error-
reduction (ER) algorithm proposed by Fienup [7]—can be applied to a more general problem,
in which partial constraints (in the form of measured data or information known a priori),
apply in each of the two domains. One simply transforms back and forth between the two
domains, satisfying the constraints in one before returning to the other (see figure 5).

For the most general problem the ER algorithm consists of the following four steps
(figure 5). In the first step some estimate for an object s (x) is Fourier transformed:

Ar(@) = |Ak(@)|e @ = Fls(x)].

Here x = (x, y) and ¢ = (gx, qy) are 2D vectors. Then changes are made in Ax(q), to satisfy
the reciprocal-space domain constraints to form Aj(g). For the problem of one intensity
measurement in reciprocal space, this reduces to the replacement of the modulus of the
resulting computed FT by the measured Fourier modulus

AL () = /1xp (@)@,

In the next step, the inverse FT of A} (¢) is calculated:
sp(x) = |sp (0] = F AL (@)].

Then the minimum changes are made in the resulting computed image s; (x) to satisfy the
object-domain constraints to form sy (x), a new estimate for the object. In our case the fourth
and final step can be formulated as

- DAEY) xes 36)
Sk (X) =
k+1 0 ¥ ¢ S
where the support region S is defined as the region in which s; (x) conforms with the prior
knowledge (or estimate) of the size of the object.

To avoid the stagnation problems characteristic of the ER algorithm, it was proposed
[7,10] that the fourth step be modified in such a way that, when the constraint conditions in
the real-space domain are not satisfied, the output is pushed in the direction towards satisfying
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these conditions. This is called the hybrid input—output (HIO) algorithm. The fourth step now
looks as follows:

sp(x) ler(x) —s5,(0)| < ¢

, (37)
sp(x) + Bler(x) — 5. (x)] ek — s, (x)] > ¢

Ske1(X) =

where the parameter B can take values in the range 0 < S < 1 and ¢ is a parameter which
allows a small tolerance around the exact constraint. In our tests we found the best values of
the parameters 8 and ¢ for convergence and fidelity to be § = 0.8-0.9 and ¢ = 0.01; these
are in good agreement with the previous tests of the algorithm [7, 10]. In the same tests of
the iterative algorithms, it was reported that the best strategy for achieving convergence to the
desired solution while fitting is to switch between ER and HIO algorithms.

We have gained some experience in applying these methods for reconstruction of the
crystal shape s(r). We consider that the 2D detector cuts the 3D intensity distribution in
reciprocal space perpendicular to the scattered vector k ; exactly through the Bragg position.
According to (11) this 2D intensity distribution in the case of coherent illumination is directly
connected by the FT with the projection of the crystal shape on the plane perpendicularto k.

The test crystal, shown in figure 1, was taken to have the form of a polyhedron with eight
111 facets and two additional 100 and 100 facets. The origin was taken as the centre of the
symmetry of the crystal. The distance from the origin to the 111 facets was equal to 15 pixels
and that to the 100 facets was 20 pixels. This crystal shape was then rotated by 40° around the
x-axis and —70° around the y-axis and projected on the (x, y) plane as shown in figure 1. There
is uniform density in the middle of the projection and fast changes at the borders. The FFT
of this projection shape was calculated with N, = 400 and N, = 700 pixels to produce the
diffraction pattern shown in figure 1. This is a typical size for the FFTs used for the diffraction
images measured by CCDs in CXD experiments [5].

This diffraction pattern was inverted into a real image by applying the iteration procedure
described before. For the problem of reconstruction of the particle projection shape, it is
natural to adopt the following constraint conditions for both ER and HIO algorithms: s, (x) is
real and positive and it lies in the estimated object size Sypjec;:

cr = Isp(x)| cosf; and ¢ =0 ifx € Sopjecr and |5 (x)| cos6; > 0

cr(x) = (38)

cp,=0andc¢; =0 ifx & Sopject OF |5, (x)| cos6;, < 0.

Schematically, this constraint is shown on the complex c¢;-plane in figure 6. A good estimate
of the size of the particle in the case of coherent illumination can be obtained from the fringe
spacing of the diffraction pattern according to (14). The support region was taken in the form of
arectangular box with lateral size 100 x 100 pixels which is larger than the size of the particle.
The estimated area of the object (support region) Syp;.. was compared with the area of the
whole image (FFT region) S;,q¢. to give the oversampling ratio 0 = Siuage/Sobjecr = 28.
In this specific case we can easily satisfy the oversampling condition [11] o > 2, which is
important for the convergence of the iterative algorithm.

In atypical fitting, we started by generating a real-space complex-valued image sy (x) with
amplitude |so(x)| equal to the support region and random phases 6y(x). Then we applied the
ER algorithm for 100 cycles alternating with the HIO algorithm for several tens of iterations.
This procedure of switching between the HIO and ER cycles was repeated several times. Then
calculations were repeated with another set of random phases, and after a number (10-15) of
fits, the results were sorted according to increasing value of the residuals, and the best results
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Figure 6. A schematic view of the constraint used in the reconstruction algorithm on the complex
space. The left-hand figure corresponds to the situation where the calculation is made within the
estimated object size area (the small black box in the middle). The right-hand figure corresponds
to the calculation outside this area (the grey area inside the big box).

kept. The error metric in the reciprocal domain was used to monitor the convergence of the
algorithm to the solution:

Ex = Z[|Ak(qx,qy>|—\/Iexp(qx,qry)]2 / > lep(@r ) | - (39)

x4y G-y
The typical behaviour of the error metric E4, in the calculations is shown in figure 7(a).

We have found that convergence of the iteration procedure for the most successful fits was
already happening after 150 to 200 cycles with the drop of E 4, to 1 x 107, After 200 to 250
iterations we often obtain four or five totally converged images from ten attempts with different
starting random phases. It is interesting to note that when a solution was found (usually in the
HIO mode), it was maintained in the further cycles of the algorithm; however, switching to
the ER mode would result in jumping of the error metric values E4, upto 1 x 107",

As is clear from our previous discussion, the main assumption of the iterative approach
described is that two domains (image and intensity) are directly connected by the FT. However,
in the real experimental situation it is difficult to calculate or measure with high accuracy the
coherency properties of the incoming x-ray beam. In this situation it is desirable to understand
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Figure 7. The behaviour of the error metric E4 as a function of the number of iterations. (a)
Reconstruction from a pure coherent diffraction image and a small crystal shape. (b) The same

case as in (a) but with a twice bigger crystal shape. (c)Reconstruction from a partial coherent
diffraction image and a big crystal shape.



The imaging of small crystals using coherent x-ray diffraction 10609

Table 1. Results of reconstructions for big particle shapes. Here &, , are the values of the
transverse correlation length in pixels, E 4 min 18 the best value of the error metric (39), AE 4 is the
difference in this error metric between the best three fits, X ,(BG) and X, (BS) are the sizes of
the background and the bright central spot in pixels.

Sx %‘y E A min AEA/EAmin E’((BG) Ey (BG) N (BS) E\(BS)
[e'9) ] — — 107.5 127.5 90 92.5

91 367 2,12 x 107 0.11 107.5 127.5 72.5 75

45 183 371 x 1073 0.25 112.5 127.5 42.5 72.5
22 91 1.98 x 1077 0.535 75 125 25 60

11 45 3.9 x 1076 0.72 45 115 15 42.5

what the effect of partial coherence on the reconstructed shape of the images would be if no
special corrections to compensate for these effects were applied to the diffraction patterns.

To test the effects of partial coherence on the reconstructed shape of the 2D objects,
we have used the simulated diffraction patterns from figure 4. Each intensity pattern was
calculated according to the theory presented in the previous section with progressively lower
values of the transverse coherence &, , &,. These intensity distributions were used to reconstruct
the sample shape, applying the iterative algorithms described above.

The results of these tests, shown in figure 4, led to the following observations. First, for
the same number of cycles as in the previous tests the error metric E 4, never dropped below the
value of 5 x 107°. The value of E,, was becoming even higher, 2 x 107>, for lower values of
the coherence length. Typical behaviour of E4, is shown in figure 7(c). Another observation
was that for different fits with different choices of random phases, the variation of the error
metric £ 4, at the end of each fit was bigger than in the case of a purely coherent diffraction
pattern. Unlike in the coherent case, the error metric dropped mainly during ER and not HIO
cycles. The last observation is the most interesting. For big coherence lengths &, , > D,
the reconstructed object has a uniform distribution of intensity corresponding to the initial
projection of the crystal shape. However, when &, , ~ D, the maximum intensity region was
becoming smaller as well. In the limit of &, , <« D, the densest region had narrowed to a
single ‘hot’ spot. The hot spot in the reconstructed image became narrower as the assumed
coherence length &, , was reduced and the error metric became progressively worse. It is
not known why the hot spot was shifted from the centre of the real-space image. The same
behaviour was observed recently [5] in the reconstruction of experimentally measured CXD
patterns for Au particles.

Tables 1 and 2 summarize the results. The reconstructed images have been characterized
as a broad background feature (BG), roughly the size of the original object, below a narrower
bright spot (BS). In the first two columns of these tables the values of the transverse coherence
lengths &, &, are given in pixels. In the next column the quantity AE,/E 4, where E, is the
best error metric (39) obtained in the reconstruction and AE 4 is the difference in this error
metric between the best three fits, is given. In the next two columns the sizes of the background
(X,,y(BG)) and of the bright central spot (X, ,(BS)) in pixels are reported. It is clearly seen
from these tables that as soon as the values of the coherence lengths &, &, start becoming
smaller, the size of the bright spot in the centre also starts shrinking—it is in fact of the order
of the coherence lengths. At the same time, the background level shows more stability with
the reduction of the coherence length.

The appearance of the hot spot can be understood in the following qualitative way. The
partial coherence enters equation (33) in the form of a convolution between the ideal intensity
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Table 2. Results of reconstructions for small particle shapes.

Sx %‘y E A min AEA/EA min DN (BG) Ey (BG) N (BS) Ey (BS)
00 00 — — 52.5 62.5 45 45

91 367 3.48 x 107¢ 2.85 52.5 62.5 40 40

45 183 2.79 x 1073 0.99 52.5 62.5 35 35

22 91 431 x 107 0.18 52.5 62.5 225 27.5

11 45 1.72 x 1073 1.05 425 60 15 30

distribution /., (Q) (perfectly coherent) due to the shape of the object and the Fourier transform
of the mutual coherence function I:(Q), which can be assumed to be Gaussian. A compact
object, such as a small crystal, will in general have an intensity function with sinusoidal
fringes (14). When the fringes are convolved with a Gaussian their amplitude becomes
reduced systematically and a smooth broad background appears underneath; this is just the
same as the optical diffraction case [26].

In real space, the image of the object becomes multiplied by the complex degree of
coherence as seen in equation (31). There are reasons for expecting this complex degree of
coherence to have several components arising from optical elements in the experimental set-
up. These will therefore be imaged along with the object under investigation. In the limit of
small correlation lengths &, , < D in the expression for the scattered intensity / (g, ), equation
(35), we can take the autocorrelation function ¢, (x) out of the integral, obtaining

1(q,) ~ ¢1,(0) / dx yin(x)e 4%,

It is clear that inversion of this expression just gives the complex degree of coherence y;, (x)
with the typical size of the area with the maximum intensity &, x &,. It was just this effect
that was observed in our test calculations (see tables 1 and 2).

In this paper we have discussed coherent x-ray diffraction for strained crystals under
conditions of purely coherent illumination. We have shown how this picture needs to be
modified in the case of partially coherent incoming radiation. Different iterative algorithms
for reconstruction of this intensity distribution to real-space images were discussed. We
have demonstrated and suggested how partial coherence can produce a ‘hot’ spot on the
reconstructed image of a nanocrystal.
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