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Three-dimensional imaging with single orientation is a potential and novel technique. We successfully demonstrate
that three-dimensional (3D) structure can be determined by a single orientation diffraction measurement for a phase object
of double-layer Mie-scattering silica spheres on a SizN4 membrane. Coherent diffraction pattern at high numerical aperture
was acquired with an optical laser, and the oversampled pattern was projected from a planar detector onto the Ewald sphere.
The double-layered spheres are reconstructed from the spherical diffraction pattern and a 2D curvature-corrected pattern,
which improve convergence speed and stability of reconstruction.
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1. Introduction

Coherent diffraction microscopy is an important quantita-
tive imaging technique to reveal and characterize microstruc-
ture in materials science and biology.!!! In combination with
principles of optics, some new and modified methodologies
based on coherent diffraction imaging (CDI) have emerged

[2-5] The basic principle of these techniques is

continuously.
that the oversampled coherent diffraction pattern from the ob-
ject is measured and then directly phased to obtain an image
with iterative algorithms. Since the first experimental demon-
stration, CDI has been applied to imaging a wide range of
materials and biological specimens such as nanoparticles and
cells by using synchrotron radiation and x-ray free electron
lasers. [6-101

The 3D imaging is crucial to provide an insight
into structure of matter. Up to now, to achieve the
aim, acquiring multiple-orientation measurements or multi-
ple thin section scanning is needed for traditional microscopy

s.[1=131 However, it is difficult to obtain simulta-

technologie
neously temporal and spatial information of samples by these
3D imaging schemes. For instance, when using an x-ray
free electron laser, the sample will be damaged after a sin-
gle shot.l*15] Recently, a new 3D imaging with single sam-
ple orientation has provided a promising approach to solve the
problem. (%17 The basic principle of the imaging method is
as follows: when a finite object is illuminated by a coherent
beam, for a high numerical aperture microscope, a diffrac-
tion pattern on the Ewald sphere constitutes a 3D structure

in Fourier space. If the oversampling satisfies 2 times of the
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Nyquist condition, the 3D image of the object could be re-
constructed using an iterative phase retrieval algorithm. This
technique has some advantages of investigating dynamic phe-
nomena of materials, simplifying the process of getting ex-
perimental data. However, in comparison to the conventional
CDI, 3D image reconstruction with this method becomes more
challenging for larger and thicker objects.[!”]

For high numerical aperture diffraction imaging with
laser or soft x-ray, it is easy to achieve oversampled diffrac-
tion patterns with high signal-to-noise ratio at the CCD
detector.'"®191 As the CCD is a 2D planar detector, the solid
angle subtended by each CCD pixel varies with the diffrac-
tion angle. From the center to the edge of CCD, the oversam-
pling ratio of diffraction pattern is nonlinear. The diffraction
pattern on the planar CCD is significantly distorted at high
diffraction angles. To get linear oversampling and to remove
the distortion, the diffraction pattern has to be projected onto
the Ewald sphere for image reconstruction. '8 In this letter, we
demonstrate 3D imaging of a double-layered phase object with
a single orientation by optical laser diffraction. We suggested
a combination of spherical diffraction pattern and 2D planar
curvature-corrected diffraction pattern for 3D reconstruction,
which could improve the stability and efficiency of reconstruc-
tion.

2. Experiment

The coherent diffraction imaging experiment was carried
out with a laser diffraction microscope, as shown in Fig. 1. A
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He—Ne laser with a wavelength of 543 nm (energy ~ 1 mW,
and divergence ~ 1.5 mrad) was collimated by a compound
lens system (lenses 1 and 2), which consists of two converg-
ing lenses with a 50 cm (lens 1) and 150 cm (lens 2) radius
of curvature, respectively. Through the two converging lenses,
a parallel beam was condensed with a diameter of ~ 600 pum.
To ward off unnecessary scattering from the lenses, a couple of
apertures were placed between and downstream of the lenses.
A shutter of the CCD detector was mounted before the sample.
To perform 3D imaging of a large phase object, we prepared
a sample of double-layered silica spheres, which have wide
applications in many fields such as atmospheric physics and

oceanography. 20211
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Fig. 1. (color online) Schematic of a laser diffraction microscope.

As shown in Fig. 2, the sample used for the image is
on both sides of a 100-nm-thick SizN4 membrane. A letter
‘C’, which is composed of six silica spheres, is supported on
one side of the membrane. A letter ‘T is on the other side
of the membrane. Some spheres in two letters partially over-
lap and form a double layer structure, which can be observed
in the optical micrographs (Figs. 2(b) and 2(c)). The trans-
verse sizes of the sample is within 100 pm and the thickness
is about 32 um (each sphere has a diameter of about 16 pm).
The sample was mounted on a sample stage and illuminated
by the laser beam. Coherent diffraction patterns from the sam-
ple were measured by a liquid-nitrogen-cooled CCD detector
with pixel size of 20 um x 20 wm in a 1300 x 1340 array. A
beamstop was placed just in front of the CCD to block the di-
rect beam. To achieve a good spatial resolution, the CCD was
placed as close to the sample as possible, which increases the
numerical aperture of the microscope. By optimizing experi-
mental setup, the distance between the sample and the detector
was reduced to 27 mm. To further enhance the spatial resolu-
tion, the CCD detector was moved both horizontally and ver-
tically to acquire more data at a high angle position. Then all
diffraction patterns were tiled together to form one high spatial
resolution diffraction pattern. To obtain a small missing cen-
ter (due to the beamstop), the CCD was moved downstream at
a distance of 203 mm to the sample. Subsequently, low spa-
tial resolution diffraction patterns were measured by moving

the beamstop from first-quadrant to third-quadrant in order to
further decrease the missing center. To remove the background
scattering, we measured two sets of diffraction patterns at each
position with and without the sample in the laser beam. The
acquisition time for each sample pattern was 1 s/exposure with
300 exposures, and for each background pattern was about
1 s/exposure with 100 exposures. The high and low spatial res-
olution diffraction patterns after background subtraction were
merged to one diffraction pattern of 2001 x 2001 pixels with a
small missing center as shown in Fig. 3. Then the diffraction
pattern was binned to a 501 x 501 array by numerically inte-
grating 4 x 4 pixels into 1 pixel, which not only enhanced the
signal-to-noise ratio of the diffraction intensity, but also ex-
pedited subsequent image reconstruction. To obtain a precise
diffraction pattern, the binned diffraction intensity was then

deconvolved.[?2!

(a) (b) (c)

Fig. 2. (color online) (a) Schematic of double-layer silica spheres on a
SizN4 membrane. Optical micrographs showing front (b) and back (c)
views of the double-layered sample. The scale bars denote 10 pm.

3. Results

Figure 3(b) shows the oversampled diffraction pattern
with a diffraction angle of about 36.5°. At high angles, be-
cause the degree of oversampling is no longer the same as
that of low angles (i.e., the approximation of sin6 =~ 6 is no
longer valid), the diffraction pattern on the planar CCD will
be distorted, which affects image reconstruction. To get linear
oversampling and remove the distortion, according to previ-
ous study,['8] we interpolated the diffraction pattern from a
plane onto a spherical surface. Figure 4(a) shows the pla-
nar diffraction pattern with 401 x 401 pixels after field cur-
vature correction. Due to absorption and scattering of light
by the sample of silica spheres, the diffraction pattern is non-
centrosymmetric, resulting in the complex density of dielec-
tric polarizability. To retrieve a 2D image of the sample from
the curvature-corrected diffraction pattern, we used the hybrid
input-output (HIO) algorithm together with a rectangular sup-
port. Figure 4(b) shows the magnitudes of the reconstructed
image. The circle regions in the projected image represent sil-
ica spheres of the sample. Due to the double-layered structure
of the sample, the regions indicated with white arrows corre-
spond to the overlapped spheres, which is in excellent agree-
ment with the optical micrographs shown in Fig. 2. However,
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the structure of the sample along the propagation direction of
beam cannot be achieved from the 2D image.

(a)

-
-

Fig. 3. (color online) 2D diffraction patterns from the sample recorded by a
planar CCD detector with low (a) and high (b) spatial resolution.

Fig. 4. (color online) (a) 2D diffraction pattern after curvature correction.
(b) 2D image reconstructed from (a). (c) Schematic of cross-section of a
planar curvature-corrected diffraction pattern and spherical diffraction pat-
tern on the Ewald sphere. (d) Front view of an oversampled diffraction
pattern on the Ewald sphere. (e) Front view of curvature-corrected pattern
and spherical diffraction pattern on a 3D Cartesian grid.

In order to obtain a 3D image, according to previous
studies,!!®!7] the planar diffraction pattern measured by CCD
can be normalized and then projected onto the surface of the
Ewald sphere on a 3D Cartesian grid. Figure 4(d) shows
the front view of an oversampled diffraction pattern on the
Ewald sphere. The array size of the 3D Cartesian grid is
401 x 401 x 135 voxels with a diffraction angle of 36.5°.
Due to non-centrosymmetry of the diffraction intensity for the
phase object, there is only one spherical pattern in the array.
As the 3D imaging technique requires sufficient diffraction in-
tensities with a large oversampling degree, reconstruction with
only one single spherical pattern becomes more challenging
for larger and thicker objects.

To obtain 3D reconstruction from limited data, additional
constraints are needed to facilitate the reconstruction. Ac-
cording to our experience, enforcing an appropriate support,
a region within which the sample image is confined, is impor-
tant in 3D reconstruction. By using field curvature correction,
2D planar reconstruction provides a projection of the sample,

which can form a cylindrical support along the beam direc-
tion and used as initial loose support for 3D reconstruction.
In addition, based on the Fourier slice theorem, the 2D re-
constructed projection corresponds to a Fourier slice through
the center of 3D Fourier space of the object. According to
the principle of conventional 3D CDI and tomography,?*! as
shown in Fig. 4(c), one can build up a new 3D array in recip-
rocal space by combining the spherical diffraction pattern and
the 2D planar diffraction pattern after curvature correction at
the same sample orientation. Our numerical simulations have
indicated that inserting the curvature-corrected pattern, as a
strong constraint, significantly enhanced 3D reconstruction of
larger objects and improved convergence speed. Figure 4(e)
shows the front view of the curvature-corrected pattern and

spherical diffraction pattern on a 3D Cartesian grid.

For 3D reconstruction of the sample, an iterative phase
retrieval was carried out back and forth between reciprocal
and real space with HIO algorithm. In real space, the voxel
value outside the support and the negative voxel value inside
the support were slowly pushed close to zero. In reciprocal
space, the Fourier magnitudes on the Ewald sphere and the
central slice remained the initial values in each iteration, and
the other magnitudes were set as unknowns. After 1000 times
iteration, we carefully used the shrink-wrap method to deter-
mine a new support by convolving the reconstruction.”*! For
the large object, the convergence speed was slow. A final 3D
reconstruction was obtained after 10000 iterations.

Figures 5(a)-5(c) show the 3D reconstruction of ampli-
tude and phase of the double-layered spheres from the diffrac-
tion pattern in Fig. 4(e). The 3D spatial resolution can be
calculated from the diffraction pattern based on the geomet-
rical construction and Bragg’s law, which is determined by
dyy =A/sin(28) and dz = A /(2sin® 8), where 1 is the wave-
length, and 28 is the diffraction angle.!'®! In this experiment,
the resolution along the direction perpendicular and parallel to
the incident beam was estimated to be ~ 0.9 um and ~ 2.8 pum,
respectively. As shown in Figs. 5(a) and 5(b), the rendering of
the 3D amplitude reconstruction indicates the double-layered
spheres, which has excellent fidelity with the optical micro-
graph. The overlapped spheres with relatively low-amplitude
values can be recognized. The changes in amplitude arise
from the scattering and absorption of light. The reconstructed
phase of the sample in Fig. 5(c) shows the same structure.
Although there are still some differences between the current
reconstructed image and the real object, the experimental er-
ror can be caused by the noise from CCD, optical path, and
diffraction data processing. In order to evaluate the quality of
the reconstructions, an error function R can be defined by
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Fig. 5. (color online) (a), (b) Rendering of 3D amplitude reconstruction of
the double-layered spheres from the diffraction pattern in Fig. 4(e). (c) 3D
phase reconstruction from the diffraction pattern in Fig. 4(e). (d) 3D ampli-
tude reconstruction from the spherical diffraction pattern alone in Fig. 4(d).
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Fig. 6. (color online) (a) Line scans along the dashed lines across two
overlapped spheres in Figs. 5(a) and 5(b), and Fig. 4(b). The inset shows
average amplitudes of scan lines at different regions. Region II (cyan)
represents overlapped area of the two spheres perpendicular to the beam
direction. (b) Two line scans along the same dashed line in the 3D
phase reconstruction, showing the phase variation across the overlapped
spheres.

comparing amplitude of the measured and calculated diffrac-
tion patterns.!'!! In addition, to compare the quality of recon-
struction using this method, we performed another reconstruc-
tion of the sample from the spherical diffraction pattern alone
in similar conditions. The result shown in Fig. 5(d), indicates
that the 3D amplitude reconstruction is much worse and the
doubled layer structure cannot be observed. To quantify the
reconstruction, we performed line scans along the dashed lines
across the two overlapped spheres in Fig. 5(a) (or Fig. 5(b)),
and the corresponding spheres in the 2D reconstructed image
(Fig. 4(b)). The results obtained are shown in Fig. 6. Region 11
(cyan) represents the overlapped area of the two spheres per-
pendicular to the direction of beam. Due to the oscillation of
amplitude in Fig. 6(a), we calculated the average amplitudes
of scan lines at different regions (the inset of Fig. 6(a)). In the
overlapped region, the average amplitude is obviously lower
than the other object regions. The amplitude changes are be-
cause of the absorption and scattering of light by the spheres.
Figure 6(b) shows that the phase shift along the same dashed
line is very small.

4. Conclusion

In summary, we experimentally demonstrated 3D imag-
ing of a large phase object of double-layer Mie-scattering
spheres with single-orientation optical laser diffraction. By us-
ing a combination of diffraction pattern on Ewald sphere and
planar curvature-corrected diffraction pattern, the convergence
speed and reliability of reconstruction can be significantly im-
proved. With the strong constraint, the double-layered struc-
ture of the object was well reconstructed, which is in good
agreement with the optical micrograph. This work provides a
potential approach for investigating dynamic 3D structure of
phase objects. With a large CCD or multiple CCD structure
used for femtosecond light sources, detection of some tem-
poral phenomena of materials and cells with high spatial res-
olution is feasible in future. In addition, optical lasers with
different wavelengths and even soft x-ray can be used for this
imaging technique, as long as diffraction patterns have small
missing data and sufficient oversampling. Therefore, multiple-
wavelength CDI experiments can be carried on in future to
increase the amount of information in Fourier space and to
further improve the quality of the reconstructed image.

References

[1] Miao J, Charalambous P, Kirz J and Sayre D 1999 Nature 400 342

[2] Willianms G J, Quiney H M, Dhal B B, Tran C Q, Nugent K A, Peele
A G, Paterson D and de Jonge M D 2006 Phys. Rev. Lett. 97 025506

[3] Rodenburg J M, Hurst A C, Cullis A G, Dobson B R, Pfeiffer F, Bunk
0, David C, Jefimovs K and Johnson I 2007 Phys. Rev. Lett. 98 034801

[4] Newton M C, Leake S J, Harder R and Robinson I K 2010 Nat. Mater.
9120

[5] Putkunz C T, Clark J N, Vine D J, Williams G J, Pfeifer M A, Balaur
E, McNulty I, Nugent K A and Peele A G 2011 Phys. Rev. Lett. 106
013903

094201-4


http://dx.doi.org/10.1038/22498
http://dx.doi.org/10.1103/PhysRevLett.97.025506
http://dx.doi.org/10.1103/PhysRevLett.98.034801
http://dx.doi.org/10.1038/nmat2607
http://dx.doi.org/10.1038/nmat2607
http://dx.doi.org/10.1103/PhysRevLett.106.013903
http://dx.doi.org/10.1103/PhysRevLett.106.013903

Chin. Phys. B Vol. 24, No. 9 (2015) 094201

(6]

(71

[8]

[9]

[10]

[11]

[12]
[13]

[14]

Jiang H, Xu R, Chen C C, YangW, Fan J, Tao X, Song C, Kohmura Y,
Xiao T, Wang Y, Fei Y, Ishikawa T, MaoWL and Miao J 2013 Phys.
Rev. Lett. 110 205501

Fan J D and Jiang H D 2012 Acta Phys. Sin. 61 218702 (in Chinese)
Yang W, Huang X, Harder R, Clark J N, Robinson I K and Mao H k
2013 Nat. Commun. 4 1680

Nam D, Park J, Gallagher-Jones M, Kim S, Kim S, Kohmura Y, Naitow
H, Kunishima N, Yoshida T, Ishikawa T and Song C 2013 Phys. Rev.
Lert. 110 098103

Kimura T, Joti Y, Shibuya A, Song C, Kim S, Tono K, Yabashi M,
Tamakoshi M, Moriya T, Oshima T, Ishikawa T, Bessho Y and Nishino
Y 2014 Nat. Commun. 5 3052

Jiang H, Song C, Chen C C, Xu R, Raines K S, Fahimian B P, Lu C H,
Lee T K, Nakashima A, Urano J, Ishikawa T, Tamanoi F and Miao J
2010 Proc. Natl. Acad. Sci. USA 107 11234

Suzuki A, Furutaku S, Shimomura K, Yamauchi K, Kohmura Y,
Ishikawa T and Takahashi Y 2014 Phys. Rev. Lett. 112 053903
Godden T M, Suman R, Humphry M J, Rodenburg J] M and Maiden A
M 2014 Opt. Express 22 12513

Chapman H N, Barty A, Bogan M J, et al. 2006 Nat. Phys. 2 839

[15]
[16]

[17]

(18]

[19]

[20]
[21]
[22]

[23]
[24]

094201-5

Seibert M M, Ekeberg T, Maia F R N C, et al. 2011 Nature 470 78
Raines K S, Salha S, Sandberg R L, Jiang H, Rodriguez J A, Fahimian
B P, Kapteyn H C, Du J and Miao J 2010 Nature 463 214

Chen C C, Jiang H, Rong L, Salha S, Xu R, Mason T G and Miao J
2011 Phys. Rev. B 84 224104

Sandberg R L, Song C, Wachulak P W, Raymondson D A, Paul A,
Amirbekian B, Lee E, Sakdinawat A E, La-O-Vorakiat C, Marconi M
C, Menoni C S, Murnane M M, RoccaJ J, Kapteyn H C and Miao J
2008 Proc. Natl. Acad. Sci. USA 105 110

Seaberg M D, Adams D E, Townsend E L, Raymondson D A, Schlotter
W F, Liu Y, Menoni C S, Rong L, Chen C C, Miao J, Kapteyn H C and
Murnane M M 2011 Opt. Express 19 22470

Loh N D, Hampton C Y, Martin A 'V, et al. 2012 Nature 486 513

Seo K W, Byeon HJ and Lee S J 2014 Opt. Lett. 39 3915

Song C, Ramunno-Johnson D, Nishino Y, Kohmura Y, Ishikawa T,
Chen C C, Lee T K and Miao J 2007 Phys. Rev. B75 012102

Miao J, Forster F and Levi O 2005 Phys. Rev. B 72 052103

Marchesini S, He H, Chapman H N, Hau-Riege S P, Nov A, Howells
M R, Weierstall U and H J C 2003 Phys. Rev. B 68 140101


http://dx.doi.org/10.1103/PhysRevLett.110.205501
http://dx.doi.org/10.1103/PhysRevLett.110.205501
http://dx.doi.org/10.7498/aps.61.218702
http://dx.doi.org/10.1038/ncomms2661
http://dx.doi.org/10.1103/PhysRevLett.110.098103
http://dx.doi.org/10.1103/PhysRevLett.110.098103
http://dx.doi.org/10.1038/ncomms4052
http://dx.doi.org/10.1073/pnas.1000156107
http://dx.doi.org/10.1103/PhysRevLett.112.053903
http://dx.doi.org/10.1364/OE.22.012513
http://dx.doi.org/10.1038/nphys461
http://dx.doi.org/10.1038/nature09748
http://dx.doi.org/10.1038/nature08705
http://dx.doi.org/10.1103/PhysRevB.84.224104
http://dx.doi.org/10.1073/pnas.0809004106
http://dx.doi.org/10.1364/OE.19.022470
http://dx.doi.org/10.1038/nature11222
http://dx.doi.org/10.1364/OL.39.003915
http://www.ncbi.nlm.nih.gov/pubmed/17155748
http://dx.doi.org/10.1103/PhysRevB.72.052103
http://dx.doi.org/10.1103/PhysRevB.68.140101

	1. Introduction
	2. Experiment 
	3. Results
	4. Conclusion
	References

