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With the development of fourth-generation synchrotron sources, coherent

diffractive imaging (CDI) will be a mainstream method for 3D structure

determination at nanometre resolution. The partial coherence of incident

X-rays plays a critical role in the reconstructed image quality. Here a wave optics

model is proposed to analyze the effect of partial coherence on CDI for an

actual beamline layout, based on the finite size of the source and the influence of

the optics on the wavefront. Based on this model, the light field distribution

at any plane, the coherence between any two points on this plane and CDI

experiments can be simulated. The plane-wave CDI simulation result also shows

that in order to reconstruct good image quality of complex samples the visibility

of the interference fringes of any two points in the horizontal and vertical

directions of the incident light field at the sample needs to be higher than 0.95.

1. Introduction

Coherent X-ray diffraction imaging (CDI) is a coherent

scattering technique where the far-field diffraction intensity

is used to reconstruct the 2D or 3D structure of samples by

phase iterative algorithm (Miao et al., 2015; Chapman &

Nugent, 2010). Since the first experimental demonstration by

Miao et al. (1999), CDI has been used to obtain structures of

nanocrystalline and polycrystalline materials (Pfeifer et al.,

2006; Ulvestad et al., 2015; Yau et al., 2017), non-crystalline

specimens (Miao et al., 2006; Jiang et al., 2013; Song et al., 2014;

Kim et al., 2017) and extended samples (Dierolf et al., 2010;

Diaz et al., 2015; Holler et al., 2017) with X-ray synchrotron

radiation or X-ray free-electron lasers (XFELs). The resolu-

tion for inorganic samples is about 10 nm (Miao et al., 2015),

and that for biological samples is about tens of nanometres

(Song et al., 2014; Kim et al., 2017). Therefore, there is still

room for improvement of the resolution. The resolution d

mainly depends on the maximum scattering angle # by Bragg’s

law: 2dsin# = �, where � is the wavelength. With increasing

scattering angle the diffraction intensity I (i.e. photons per

pixel) and signal-to-noise ratio (SNR) decrease. Thus, the

resolution is limited by the SNR; for example, I > 5, SNR =

I/�I > 2 (Huang et al., 2009; Shen et al., 2004; Neutze et al.,

2000). With the construction of fourth-generation synchrotron

radiation sources, the coherent flux will be increased by at

least two orders (Advanced Photon Source, 2017; ESRF,

2015), and the signal-to-noise ratio can be improved by one

order (Shen et al., 2004), which could highly increase the

resolution of CDI.

The reconstruction quality of CDI depends on the contrast

of the diffraction pattern, which is affected by many factors.
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Partial coherence, for example, is one

of the most important factors to be

considered (Williams et al., 2007;

Whitehead et al., 2009). At present, a

commonly used method to consider

the effect of partial coherence is via

the mutual coherence function (MCF)

or mutual optical intensity (MOI)

(Nugent, 2010; Clark et al., 2012). Based

on this theory, the intensity of the

diffraction pattern in reciprocal space is

the convolution of the Fourier trans-

form of the normalized MCF and the

fully coherent diffraction intensity, which is obtained through

the usual Fourier transform of the exiting light field. In order

to analyze the effect of partial coherence on CDI, it is

necessary to calculate the MOI at the sample in the actual

beamline. MOI analysis of the partial coherence on a single

optical device has been performed (Meng et al., 2017).

However, since the wave from the source will go through a

series of optics with errors in order to reach the sample

(determined by the optical layout), which strongly increases

the amount of computation of the MOI convolution, MOI

analysis of the partial coherence effect on CDI is complicated

to perform.

In this paper, a wave propagation model is developed to

analyze the partial coherence effect on CDI for an actual

beamline, the Hard X-ray Coherent Scattering beamline of the

High Energy Photon Source (HEPS), Beijing, China. In this

model, the source is simulated as a composition of indepen-

dent point sources, and the Fresnel–Kirchhoff integral is used

to calculate the wave propagation. The spatial partial coher-

ence of the light wave is controlled by the propagation

distance from the secondary source to the sample. The visi-

bility of double-slit interference is used to measure the partial

coherence. By performing the CDI simulation under incident

X-rays with different partial coherence, the reconstruction

quality of the diffraction pattern and the partial coherence

are related.

2. Model description and numerical analysis

In general, a multi-electron Monte Carlo simulation, such as

Synchrotron Radiation Workshop (SRW; Chubar & Elleaume,

1998) or X-Ray Tracer (XRT; Klementiev & Chernikov, 2014),

is used to simulate the wave optics of a beamline. However,

the huge amount of computation involved in the multi-elec-

tron Monte Carlo simulation is beyond the ability of most

desktop computers. Thus, in this model, the source is simu-

lated as the composition of independent point sources. The

weight of each point source is determined by the intensity

distribution of the source, which is Gaussian, and the phase

of each point source is set randomly. The spherical wave

produced by a single point source propagates through the

optics in the beamline.

As shown in Fig. 1, the optical layout of the Hard X-ray

Coherent Scattering beamline of HEPS is used in this wave

optics model. The locations of optical devices have been

labeled in the figure. A point source s at the source plane

generates a spherical wave that propagates to the incident

plane of the first optics,

U i
s x1; y1ð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I x0; y0ð Þ

p
exp j’ x0; y0ð Þ

� � exp jkrð Þ

r
; ð1Þ

where I(x0, y0) obeys a Gaussian distribution, ’(x0, y0) is a

random phase, k is the wavenumber and r is the distance

between (x0, y0) and (x1, y1). The complex amplitude distri-

bution at the output surface of the first optics is as follows,

Us x1; y1ð Þ ¼ U i
s x1; y1ð Þ exp iM x1; y1ð Þ

� �
; ð2Þ

where M(x1, y1) is the wavefront modulation function of the

focusing optics (i.e. ideal lens in Fig. 1).

After passing through the first optics, the wavefront

propagates to the downstream optics through the Kirchhoff

diffraction integral,

Us xn; ynð Þ ¼
1

j�

ZZ
Us xn�1; yn�1ð Þ

exp jkrn�1; n

� �
rn�1; n

� cos �n�1; n

� �
dxn�1 dyn�1; n � 2; ð3Þ

where rn�1, n is the distance between (xn�1, yn�1) and (xn, yn),

and �n�1, n is the angle between rn�1, n and the optical axis.

The intensities of these propagated waves are summed up at

the plane of interest (sample, for example) to generate the

total intensity,

I xn; ynð Þ ¼
X

s

Us xn; ynð Þ
�� ��2: ð4Þ

Young’s double-slit interference is used to measure the

coherence of the light field. The double-slit was placed at

different locations, with the screen 1 m behind them. By

calculating the visibility of the interference at different loca-

tions with equations (3) and (4), the partial coherence is

characterized. Then, the double-slit is replaced by a two-

dimensional complex sample to perform a simulation of the

CDI experiment. For the CDI simulation, a fast Fourier

transform (FFT) is used to calculate the diffraction pattern.

The scattering intensity corresponding to a one-point source

s is
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Figure 1
Schematic layout of the Hard X-ray Coherent Scattering beamline of HEPS.



Is Qx;Qy

� �
¼

���Us Qx;Qy

� ����2

¼

���
ZZ

Us xn; ynð ÞT xn; ynð Þ

� exp j Qxxn þQyyn

� �� �
dxn dyn

���2; ð5Þ

where Qx and Qy are reciprocal space variables, Us(xn, yn) is

the complex amplitude distribution at the sample plane, and

T(xn, yn) is the transmission function of the sample, located at

z3 in our beamline layout. The total scattering intensity is

generated by the summation of all scattering intensity

produced by every weighted point source,

I Qx;Qy

� �
¼
X

Is Qx;Qy

� �
: ð6Þ

The above model can be used to simulate our beamline. The

parameters of the light source are as follows. The energy of the

source is 12.4 keV. The intensity distribution of the source is

Gaussian with �horizontal = 9.5 mm and �vertical = 3.1 mm. The

following propagation is simulated by equations (1) to (6).

Assuming the focusing optics is an ideal lens, it can be easily

expressed as a wavefront modulation function as appeared

in equation (2),

M x1; y1ð Þ ¼ ’convergent x1; y1; z1; z2ð Þ � ’divergent x1; y1; z1ð Þ

¼ �
2�

�
x2

1 þ y2
1 þ z2 � z1ð Þ

2
� �1=2

�
2�

�
x2

1 þ y2
1 þ z2

1

� �1=2
; ð7Þ

where ’convergent(x1, y1, z1, z2) and ’divergent(x1, y1, z1) are,

respectively, the phase of the convergent spherical wave at the

output surface of the focusing optics and the phase of the

divergent spherical wave at the incident surface of the

focusing optics, and z1 and z2 are the locations of the ideal lens

and the focus spot (Fig. 1). In addition, it is convenient to

add the error of the ideal lens in the following work. The

secondary source (Fig. 2) is obtained by the compound

refractive lens (ideal lens), the aperture of which is 600 mm.

The vertical and horizontal FWHM is 6.6 mm and 17.5 mm,

respectively, which is consist with the theoretical value of

8.2 mm and 17 mm. In order to make the horizontal and

vertical coherence close to each other at the sample, the

secondary source aperture (SSA) in the horizontal direction is

set to 10 mm, with no SSA in the vertical direction.

Young’s experiment is performed along both horizontal and

vertical directions. The spacing of the double-slit is 20 mm. The

double-slits are placed at 2.7 m, 5.4 m and 10.8 m after the

secondary source; and the detector is placed 1.0 m after the

double-slit with a pixel size of 0.1 mm � 0.1 mm. As shown

in Fig. 3, the visibility of interference

fringes increases with the distance from

the double-slit to the secondary source.

The visibility of the interference fringes

is used to characterize the partial

coherence (0 for incoherent, 1 for

total coherence). Thus, the coherence

decreases with decreasing distance and

the effect of partial coherence increase,

which reduces the visibility of the

interference.

Then the double-slit at different

locations is replaced by a two-dimen-

sional complex sample. Thus, for

samples at different locations, the

partial coherence of the incident light
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Figure 2
The secondary source and the profiles along the horizontal and vertical
directions.

Figure 3
The (a) horizontal and (b) vertical double-slit interference results at 2.7 m, 5.4 m and 10.8 m. The
responding visibilities at different locations are labeled.

Figure 4
Standard Lena and Koala figures are used as the amplitude and phase,
respectively, of the two-dimensional complex sample, with a size of
20 mm � 20 mm (128 � 128 grids).



field is modulated by the distances. For CDI simulation,

standard Lena and Koala figures are used as the amplitude

and phase, respectively, of the sample shown in Fig. 4, the size

of which is 20 mm � 20 mm (128 � 128 grids). The locations of

the sample are the same as the double-slit used above (2.7 m,

5.4 m and 10.8 m). To satisfy the oversampling condition

of CDI, the diffraction patterns are 512 � 512 grids. The

diffraction pattern of the sample at 2.7 m is shown in Fig. 5(a).

The profiles along the horizontal direc-

tion are taken to compare the contrast

of diffraction pattern. As shown in

Fig. 5(b), with the decrease of coher-

ence, the contrast decreases because of

the convolution effect of partial coher-

ence. The complex sample is recon-

structed using the Hybrid Input–Output

algorithm (HIO) and Error Reduction

method (ER) (Fienup, 1982) for each

diffraction pattern, as shown in Fig. 6.

The following briefly shows how the

reconstruction algorithm is applied

(Fienup, 1982). First, a random phase is

used to create the primary complex-

valued distribution of the scattered

wavefront (F). Then, Fourier transfor-

mation is applied to create the complex-

valued distribution of the object (G).

The generated G is modulated by the

support of object.

For the ER algorithm,
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Figure 5
(a) The simulated diffraction pattern of the sample at 2.7 m. (b) The profiles along the horizontal direction at 2.7 m, 5.4 m and 10.8 m. The result of the
plane wave corresponding to the full coherence case is also shown. The details of the diffraction pattern at (c) high and (d) low spatial frequency.

Figure 6
Amplitude (upper) and phase (lower) of the reconstructed complex sample at (a) 2.7 m, (b) 5.4 m
and (c) 10.8 m.



Gkþ1ðx; yÞ ¼
Gk x; yð Þ; if ðx; yÞ 2 �;
0; if ðx; yÞ =2 �:

�

For the HIO algorithm,

Gkþ1ðx; yÞ ¼
Gk x; yð Þ; if ðx; yÞ 2 �;
G 0k x; yð Þ � �Gkðx; yÞ; if ðx; yÞ =2 �;

�

where G 0 is the former generated complex-valued distribution

of the object and � is a constant.

From the reconstruction results, in order to obtain good

reconstruction quality, the visibility of the interference fringes

of any two points in the horizontal and vertical directions of

the incident light field at the sample may be required to be

greater than around 0.95. However, as revealed above, the

SNR will limit the resolution of the imaging result. Therefore,

the total coherent flux and coherence should be balanced for

beamline design. As shown in Fig. 7, the intensity of the

incident X-ray at the sample plane is also calculated, and the

structure of the light field distribution is clearly revealed.

3. Conclusion

In this paper, a wave optics model is proposed to analyze the

influence of partial coherence on CDI, which is based on the

finite size of the source and the effect of optics on the light

field. Software has been developed to perform this process

using Python (alpha version; Zhou & Han, 2020). Thus,

compared with SRW, a semi-quantitative method for beamline

simulation is provided to verify different layouts of the

beamline. The Hard X-ray Coherent Scattering beamline of

HEPS is taken as an example whose partial coherence is

analyzed by the visibility of double-slit interference. Then

the double-slit is replaced with a complex sample and the

diffraction patterns corresponding to different partial coher-

ence are calculated, whose contrast decrease as the coherence

decreases with the distance between secondary source and

sample. Finally, the structures are reconstructed by phase

iteration algorithm. According to the reconstruction results, in

order to obtain good image quality of the complex sample, the

visibility of the interference fringes of any two points in the

horizontal and vertical directions of the incident light field at

the sample might be around 0.95. At the distance of 10.8 m,

the coherent length is calculated as 0.44L�/S = 88 mm, where L

is the distance from the secondary

source to the screen (10.8 m), � is the

wavelength (1 � 10�10 m), and S is

the FWHM of the secondary source

(8.2 mm). Therefore, the visibility

observed using the flux accepted in a

one-coherent length aperture is about

0.5; if the visibility is more than 0.95,

only 1/19 of coherent flux will be used.

The model can easily add more optics

(such as a white beam mirror, mono-

chromator, Kirkpatrick–Baez mirror,

etc.) and take into account the influence

of errors. Partial coherence analysis on

the real beamline would be possible.
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Figure 7
The intensity of the incident X-ray at the sample plane at the location of (a) 2.7 m, (b) 5.4 m and
(c) 10.8 m.
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