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Effect of Distorted Illumination Waves on Coherent Diffraction Microscopy
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Coherent diffraction microscopy requires plane wave illumination on a specimen. In
practice, a small pinhole or a focused beam is often used to reduce the illumination area,
which unavoidably distorts the illumination wave. This effect causes artifact in the phase
retrieval of the specimen. One way to minimize the effect is to place the specimen in the
extreme proximity of the pinhole. However, the 3D observation of the specimen is generally
extremely difficult in this case. The property of Fresnel illumination from pinhole is
dependent on the Fresnel number [r*/(AL)] where A is the wavelength and L is the distance
between the pinhole and the specimen. By using computer simulations, we quantitatively
studied the quality of the phase retrieval as a function of the Fresnel number and alignment
error of the specimen.

A plane wave of 8 keV X-ray (A = 1 A) was assumed to illuminate a circular pinhole
with a radius of 25 um. The wave field with complex amplitude downstream of the pinhole
was calculated using the Fresnel-Kirchhoff integral. As a specimen, silicon clusters in a
random network structure was assumed, consisting of 2.821x10'" atoms. Since the scattering
factor of each silicon atom is a constant, we did not consider the nonuniqueness problem due
to complex electron density.

Electron density of the specimen was retrieved from the simulated diffraction pattern
using the iterative hybrid input/output error-reduction algorithm, developed by Gerchberg,
Saxton and Fienup (GSF algorithm).>® The quality of the reconstruction was examined by an
R-factor.

R=y" [Z(po(x)-p (X)) /E(Po(X)+p(x))?]

xES XES (D
where p, is the original image and p; the reconstructed one. The convergence of the
reconstruction was examined by the reconstruction error defined as*



Er=/" [Z(lpx)P)/Z(|px)P)]
x§S = V)

where S represents the region inside the support. The reconstruction error is the ratio between
the summation of electron density outside the support and inside. In the error reduction
algorithm, the oversampling ratio (G) is an important parameter defined as*

o=[area(electron density region)+area (no density region)]/area(electron density region) (3).
A total illumination area of 2048 X 2048 pixels in both real and reciprocal space was
simulated. The support was chosen to be a tight one with size of 88 X 88 pixels, which
coincides with the size of the specimen (Fig.1). Thereby the oversampling ratio was fixed to
be ¢ =23 X 23. This ratio is large enough for fast convergence using the oversampling
method.* All the diffraction images were centrosymmetrized before iterations. The
convergence curves were averaged five reconstructions with different initial seeds after the
same number of 4500 iterations. The effects due to the Fresnel illumination conditions were
examined without consideration of the missing center problem.**

Figures.1 & 2 shows the assumed specimen and the results of the reconstruction for
different Fresnel number (Fy). The best convergences was observed for the case of Fy =1000
(extreme proximity case). Good convergence was observed with Fy= 1, especially with Fy =1.
As the uniformity of the illumination wave becomes poor with Fy =2-100, the reconstructions
were not satisfactory. Fresnel number is equal to the square of the ratio between the pinhole
radius and the first Fresnel zone radius. For Fy =2-100, the opening of the pinhole contains a
number of zones interfering destructively’ and results in the inhomogeneity of the phase and
amplitude of the wave field at the near-axis specimen. Aside from the extreme proximity case
(Fx =1000), the most reliable phase retrieval was achieved for the case of Fy =1.
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Fig.1 Silicon number distribution of (a) the model specimen, of the reconstructed image for (b) Fy =1 and (c) Fy

=10. The sample size and the pixel size are 4.4x4.4um’ and 50 nm.
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Fig.2 Reconstruction error as a function of the number of iterations. The convergence of 4500 iterations is shown

for Fy =0.5, 1, 2, 10 and 1000 with pinhole and for a plane wave illumination, respectively.

The reconstruction accuracy is also dependent on the alignment of the specimen, i.e.
offset of the specimen from the optical axis. Simulations were done with the position of the
specimen (shown in Fig.1) offset from the optical axis horizontally in the positive direction.
The Fresnel number to be 1. When the alignment error is larger than 5 pm (corresponding to
0.2 times the pinhole radius, or 1.25 times the specimen size), the quality of reconstruction
degraded severely (see Figs.3 & 4). Figures 3 & 4 shows that the reconstruction with 10 um
offset is even much worse than that with 5 um offset.

Fig.3 Reconstructed density distribution after 4500 iterations with the specimen position (a) 5 pm and (b) 10 um

offset from the optical axis.
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Fig.4 The reconstruction error as a function of the number of iterations.

As a conclusion, the experimental setup with Fresnel number of around 1 realized a
small reconstruction error without the unnecessary enlargement of the beam and was found to
be suitable for 3D observation. The result will be of practical use for the design of coherent
diffraction microscopes for 3D characterization of nanoscale materials and biological systems
using the - generation synchrotron radiation and future X-ray free electron lasers.
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SA. =Ty MEABOE T E—AHFMITEOE WV I0ms THDH GEEOV 71 b2 bt 10us T
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WABETIIEEE 52 0OREBASFED S 5 —DOFETH 5, BITEIX 400Hz TAFZIT-> TS, 1REIOA
%ﬂ“f“lOOmA LW O B — 7 &% 100ns DA RS 72012, 7o horOERBERIZ3A L5, KAy o
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Machine parameters
1) e-Energy [MeV] 6 6 6 6 20 100
2) Orbit radius [m] 0.15 0.15 0.15 0.15 0.15 0.15
Beam size | 3) Horizontal width [m] |1.20E-02 |1.20E-02 |1.20E-02 |1.20E-02 |1.20E-02 |1.20E-02
4) Vertical width [m] 1.00E-03 |1.00E-03 |1.00E-03 |1.00E-03 |1.00E-03 |1.00E-03

5) Bunch length [m] 9.00E-03 |9.00E-03 |9.00E-03 [9.00E-03 |9.00E-03 |9.00E-03
6) Beam area [mz] 3.77E-05 |3.77E-05 |3.77E-05 |3.77E-05 |3.77E-05 |3.77E-05
7) Harmonics 8 8 8 8 8 8
8) RF frequency 2.45E+09 [2.45E+09 [2.45E+09 [2.45E+09 [2.45E+09 |2.45E+09

Target parameters
lumé 10umé 27umé lumé lumd lumd

9) Target materials and shape C-wire | W-wire Pb-rod W-rod W-rod W-rod

10) Target thickness/turn [m] 1.00E-03 |1.00E-05 |1.00E-04 |1.00E-03 |5.00E-03 |1.00E-02
11) Target width [m] 1.00E-06 |1.00E-05 |1.00E-05 |1.00E-06 |1.00E-06 |1.00E-06
12) Interaction area [m?] 1.00E-09 |1.00E-08 |1.00E-10 |1.00E-12 |1.00E-12 |1.00E-12
13) Target area/Beam area ratio 2.65E-05 |2.65E-04 |2.65E-06 |2.65E-08 |2.65E-08 |2.65E-08

Circulating beam current

21) Injection rate [Hz] 400 400 400 400 400 400
22) Injector peak current [A] 0.10 0.10 0.10 0.10 0.10 0.10

23) Efficiency*Effective pulse width | 9.00E-08 |9.00E-08 |9.00E-08 |9.00E-08 |9.00E-08 |9.00E-08
24) Circulating beam current [C/s] 2.63E+01 |3.36E-01 [2.10E+00 [2.67E+00 [2.72E+00 |2.75E+00

25) Charge lost by target [C/s] 1.40E-01 |2.42E+00 |6.61E-01 |8.69E-02 |4.09E-02 |6.14E-03
X-ray brilliance and total flux
26) Radiation angle(=1/y ) [mrad] 85 85 85 85 25 5

27) Brightness [/s,mrad’,0.1%band] 3.54E+08 |4.49E+09 [1.50E+09 |1.61E+10 |5.62E+11 |5.63E+12
28) Brilliance [/s,mrad”,mm’,0.1%band][3.54E+11 [4.49E+11 [2.63E+12 [2.05E+16 |7.16E+17 [1.17E+18
29) Total photons [/s,0.1%band] 8.06E+12 |1.02E+14 [3.42E+13 |3.67E+14 |1.15E+15 |4.62E+14
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Samples
(material, thickness)

@ Pb  0.027mm

{b)Pb  0.2mm () SUS 0.4mm
©)Pb  0.5mm () Almesh 0.5mm
(dPb  3mm ) Almesh 1.0mm
fe) Cu  0.5mm () Al 1.56mm

() Cu  1.5mm A 30
{mPFE&mmiﬂm K e

(h) PTFE 1.0mm
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ZAIWIZEDFEG (KTAET) E~vAF AT RICEDH%EGE (KPE L) 235058 L TR T D
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fcﬁéo oty N7y T, EPTRA (~ TWSRE YT d) X 2 pm ThDH, TNEFERT —F
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HERE O DN T TR G O FUEI S Th B, D 7-012, 1 412, R UH > 72wk -E i &
v b7 TTHNE LT & X OFESREE RS (BN 4(b) & R UESICFHY), ME 25 &
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X-ray Prism
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FRERANERR ST T 4 —EZ D LICERNDH D L O IR TE T,
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1. [XLC®IZ

X ARBEMEEIC X DRI E I3, ERB & d W iR BE TRLEE T X DR DIS TR
TENHED HILTWD, KR, KO HXBRIERER (2.3~4.3nm) TiE, Bkx e XHHE
BIED TRIZE » TEROMEERIE (~20nm) b AFEIC/ > Tk, HITTIE. CT OJFHE
X ARSI H Lz 3 WOtk EbRHICER L TWD, LnLRns, o
DOEEETIX, W= b7 2 MR/ WKHE, B RZ DREEOESITHIBRA AT, b
AR VR (~10 mPL ) OBIENRKREEC /e, TIZiE, RE=EOBMLERE O
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ZHORBRCELORE S ZRRT 5 FEROUE S L LT, HEIEBROEWERE
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TOFEEAREHET,
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R ETHDL, V== FE RICELS L2 INH0 0 KoL, £1 KOt ER-TL
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WIZ, V=7 L= M HAEL I 50 pm FBRET 5 L7z,
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BRI O — 7L —MNZP-A) 2 = H H B 175 pm
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7L —MIASTDHEEIZ L T TR iR e b, o, Rffii)ae—L U MRV Y=
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