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Abstract: ~ An alternative method for quantitative phase retrieval in a
transmission X-ray microscope system at sub-50-nm resolution is presented.
As an alternative to moving the sample in the beam direction in order to
analyze the propagation-introduced phase effect, we have illuminated
the TXM using X-rays of different energy without any motor movement
in the TXM system. Both theoretical analysis and experimental studies
have confirmed the feasibility and the advantage of our method, because
energy tuning can be performed with very high energy resolution using a
double crystal monochromator at a synchrotron beam line, and there is zero
motor error in TXM system in our approach. High-spatial-resolution phase
retrieval is accomplished using the proposed method.

© 2011 Optical Society of America

OCI S codes: (340.7440) X-ray imaging; (340.7460) X-ray microscopy; (110.5086) Phase un-
wrapping.

References and links

1

2.

. W. B. Yun, P. J. Viccaro, B. Lai, and J. Chrzas, “Coherent hard x-ray focusing optics and applications,” Rev. Sci.

Instrum.63(1), 582-585 (1992).

E. Di Fabrizio, F. Romanato, M. Gentili, S Cabrini, B. Kaulich, J. Susini, and R. Barrett, “High-efficiency multi-

level zone plates for keV X-rays,” Natud®1, 895-898 (1999).

. Y. Wang, W. Yun, and C. Jacobsen, “Achromatic Fresnel optics for wideband extreme-ultraviolet and X-ray
imaging,” Nature424, 50-53 (2003).

. W. Chao, B. D. Harteneck, J. A. Liddle, E. H. Anderson, and D. T. Attwood, “Soft X-ray microscopy at a spatial
resolution better than 15 nm,” Natu485, 1210-1213 (2005).

. G. C.Yin, M. T. Tang, Y. F. Song, F. R. Chen, K. S. Liang, F. W. Duewer, W. Yun, C. H. Ko, and H. P. D.
Shieh,“Energy-tunable transmission x-ray microscope for differential contrast imaging with near 60 nm resolu-
tion tomography,” Appl. Phys. Let88, 241115 (2006).

. A. Sakdinawat and Y. Liu, “Soft-x-ray microscopy using spiral zone plates,” Opt.32¢ft8), 2635-2637 (2007).

. Y. S. Chu, J. M. Vi, F. De Carlo, Q. Shen, W. K. Lee, H. J. Wu, C. L. Wang, J. Y. Wang, C. J. Liu, C. H.
Wang, S. R. Wu, C. C. Chien, Y. Hwu, A. Tkachuk, W. Yun, M. Feser, K. S. Liang, C. S. Yang, J. H. Je, and
G. Margaritondo, “Hard-x-ray microscopy with Fresnel zone plates reaches 40 nm Rayleigh resolution,” Appl.
Phys. Lett92, 103119 (2008).

#133204 - $15.00 USD Received 10 Aug 2010; revised 28 Oct 2010; accepted 2 Dec 2010; published 4 Jan 2011
(C) 2011 OSA 17 January 2011/ Vol. 19, No. 2/ OPTICS EXPRESS 540



8. M. D. de Jonge, B. Hornberger, C. Holzner, D. Legnini, D. Paterson, I. McNulty, C. Jacobsen, and S. Vogt,
“Quantitatve Phase Imaging with a Scanning Transmission X-Ray Microscope,” Phys. Rev10G;t163902
(2008).

9. G. B. Kim, Y. J. Yoon, T. J. Shin, H. S. Youn, Y. S. Gho, and S. J. Lee, “X-ray imaging of various biological
samples using a phase-contrast hard X-ray microscope,” Microsc. Res7I(2h.639-643 (2008).

10. J. Chen, C. Wu, J. Tian, W. Li, S. Yu, and Y. Tian, “Three-dimensional imaging of a complex concaved cubocta-
hedron copper sulfide crystal by x-ray nanotomography,” Appl. Phys. 82t233104 (2008).

11. J. Andrews, E. Almeida, M. C.H. van der Meulen, J. S. Alwood, C. Lee, Y. Liu, J. Chen, F. Meirer, M. Feser, J.
Gelb, J. Rudati, A. Tkachuk, W. Yun, and P. Pianetta, “Nanoscale X-Ray Microscopic Imaging of Mammalian
Mineralized Tissue,” Microsc. Microanal6, 327-336 (2010).

12. S. Rehbein, S. Heim, P. Guttmann, S. Werner, and G. Schneider, “UltrBeigtiution Soft-X-Ray Microscopy
with Zone Plates in High Orders of Diffraction,” Phys. Rev. L&3, 110801 (2009).

13. W.Li, N. Wang, J. Chen, G. Liu, Z. Pan, Y. Guan, Y. Yang, W. Wu, J. Tian, S. Wei, Z. Wu, Y. Tian, “Quantitative
study of interior nanostructure in hollow zinc oxide particles on the basis of nondestructive x-ray nanotomogra-
phy,” Appl. Phys. Lett95, 053108 (2009).

14. C. Patty, B. Barnett, B. Mooney, A. Kahn, S. Levy, Y. Liu, P. Pianetta, J. C. Andrews, “Using X-ray microscopy
and Hg L3 XANES to study Hg binding in the rhizosphere of Spartina cordgrass,” Environ. Sci. Te48nol.
7397-7402 (2009).

15. K. A. Nugent, “Wave field determination using three-dimensional intensity information,” Phys. Rev6&ett.
2261-2264 (1992).

16. S.W. Wilkins, T. E. Gureyev, D. Gao, A. Pogany, and A. W. Stevenson, “Phase-contrast imaging using polychro-
matic hard X-rays,” Natur884, 335-338 (1996).

17. Y. Hwu, W. Tsai, A. Groso, G. Margaritondo, and J. Ho Je, “Coherence-enhanced synchrotron radiology: simple
theory and practical applications,” J. Phys. D Appl. PI3g.R105, (2002).

18. F. Zhang, G. Pedrini, and W. Osten, “Phase retrieval of arbitrary complex-valued fields through aperture-plane
modulation,” Phys. Rev. A5, 043805 (2007).

19. V. Liu, B. Chen, E. Li, J. Wang, A. Marcelli, S. W. Wilkins, H. Ming, Y. Tian, K. A. Nugent, P. Zhu, Z. Wu,
“Phase retrieval in x-ray imaging based on using structured illumination,” Phys R&;. 023817 (2008).

20. D. Chapman, W. Thomlinson, R. E. Johnston, D. Washburn, E. Pisano, i, @nZhong, R. Menk, F. Arfelli,
and D. Sayers, “Diffraction enhanced x-ray imaging,” Phys. Med. Bi&12015-2025 (1997).

21. Y. Liu, P. Zhu, B. Chen, J. Wang, Q. Yuan, W. Huang, H. Shu, E. Li, X. Liu, K. Zhang, H. Ming, and Z. Wu, “A
new iterative algorithm to reconstruct the refractive index,” Phys. Med. BRIL5-L13 (2007).

22. A. Momose, “Phase-sensitive imaging and phase tomography using X-ray interferometers,” Opt. Ekpress
2303-2314 (2003).

23. P. Franz, T. Weitkamp, O. Bunk, and C. David, “Phase retrieval and differential phase-contrast imaging with
low-brilliance X-ray source,” Nat. Phy&, 258-261 (2006).

24. Ya.l. Nesterets and S. W. Wilkins, “Phase-contrast imaging using a scanning-doublegrating configuration,” Opt.
Expressl6(8), 5849-5867 (2008).

25. G.Yin, F. Chen, Y. Hwu, H. D. Shieh, and K. S. Liang, “Quantitative phase retrieval in transmission hard x-ray
microscope,” Appl. Phys. Let@0, 181118 (2007).

26. R. W. Gerchberg and W. O. Saxton, “A practical algorithm for the determination of the phase from image and
diffraction plane pictures,” Opti85, 237 (1972).

27. J. R. Fienup, “Phase retrieval algorithms: a comparison,” Appl. 2pR2758 (1982).

28. M. Born and E. Wolf, Principles of Optics, 7th ed. (Cambridge University Press, Cambridge, 1999).

1. Introduction

Thanksto the availability of Fresnel zone plates designed for use at X-ray wavelengths [1-3],
Transmission X-ray Microscopy (TXM) is currently in use at many facilities all over the world
[4-12]. Different research areas ranging from material science [10,13] to biomedical studies
[11,14] have benefitted from this technique. In cases that investigate weakly absorbing samples
(mainly with low Z elements), phase contrast imaging (PCIl) and, subsequently, quantitative
phase retrieval are especially important.

Many different methods have been proposed to achieve quantitative phase retrieval in X-ray
imaging, including propagation-based PCI [15-17], structured-illumination based PCI [18,19],
differential enhanced imaging [20,21] and grating interferometer based PCI [22—-24]. Quantita-
tive phase retrieval in a TXM system was accomplished by Yin et al. [25] using a propagation-
based scheme (collection of multiple images at different sample positions along the optical
axis) in order to extract quantitative phase information. In this contribution, we present a dif-
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Fig. 1. Schematic experimental setup of the Transmission X-ray Microscopy installed at
beamline6-2c of Stanford Synchrotron Radiation Lightsource.

ferent strategy to perform phase retrieval in a TXM system by tuning the energy of the incident
X-ray for illumination instead of moving any motors in the TXM optical system. With images
recorded at different energies, a modified hybrid input-output (HIO) algorithm [26,27] is uti-
lized to recover the phase and amplitude map iteratively. Tuning of the X-ray energy is easy to
do at a synchrotron beam line and can be done with very fine energy resolution. Therefore, our
method is capable of high-spatial-resolution phase retrieval.

2. Beamline and microscope arrangement

The X-ray transmission images with sub-50 nm resolution were recorded using the TXM
system installed at beam line 6-2 of Stanford Synchrotron Radiation Lightsource [11]. The
schematic experimental setup is demonstrated in Fig. 1. The X-ray generated from a 56 pole
0.9 Tesla wiggler passes through a vertically collimating mirrog)(Mllowed by a monochro-
mator, and a toroidal mirror (M to focus the beam to a spot with size down to a few hun-
dreds of microns (about 2p@n x 500um at 5.4 keV), which acts as the virtual source for
the microscope. The monochromator installed at BL6-2 is a liquid-Nitrogen-cooled double-
Si(111)-crystal system, which selects a narrow band pass from the incident broad-band spec-
trum (AE/E ~5x 107%). It operates over a 2.1 keV-17.0 keV range while vertically offsetting
the beam 6.39 mm to 19.9 mm. For stabilizing the beam, a mirror pitch feedback (MPF) system
is install to monitor the micron-level beam movement and to adjust the toroidal mirsQra@v
cordingly. The beam line is operated through the SSRL control software known as "SUPER”.
The TXM makes use of a Fresnel zone plate with 200 micron diameter and 30 nm outermost
zone width to achieve a magnification factor of around 50. A 202848 pixels Peltier-cooled
charge-coupled device (Qlmaging Retiga-4000RV CCD) is used to collect the projection im-
ages. The field of view (FOV) at the objective plane is approximatelyn32 32um depending

on the incident energy configuration. A TXM image of a Siemens calibration standard with 30
nm minimum features is shown in Fig. 2(a). As shown in the blowup [Fig. 2(b)], the 30 nm
features are clearly resolved, confirming the spatial resolution of the TXM system. It should be
mentioned that the pixel size in the projection image is about 15.6 nm, however the resolution
of TXM imaging system is limited by the objective zone plate.

3. Experimental strategy and phaseretrieval algorithm
The focal lengthf of a Fresnel zone plate is a function of the energy of the incident X-ray as
given by Eq. (1).
£ 2-R- Doutermost B
h-¢/Eincident

In Eq. (1),Ris the radius of the Fresnel zone plafg;iermog iS the outermost zone width
of the zone plateh is the Planck’s constant;is the speed of light; anBingigent IS the energy
of the incident beam. When tuning the incident energy, the recorded images are equivalent
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Fig. 2. TXM image of a Siemens calibration standard with 30 nm minimum features.
Panel (b) is the magnified view of the highlighted area in panel (a). Scale bar in panel (a)
is 5 microns.

to those taken at a sample position that is out of focus under the corresponding energy. The
distortion effect of the image is similar to that from the propagation-based phase effect. In this
contribution, we propose to perform phase retrieval by tuning the energy of the incident X-ray
without moving the sample in the beam direction. Fresnel number [given in Eq. (2)] is used to
determine the experimental parameters.

2 2 -
a a Eincident @)

F = = .
L-A 2-R- Doutermost AEincident

In Eq. (2),ais the feature siz€l. is the distance of propagation; is the wavelength of the
X-ray; AEincident IS the energy tuning range in the experiment. The size of the feature under
investigation is typically at least one order of magnitude larger than the spatial resolution limit
(30 nm). In order to keep the Fresnel approximation valid=(R), the energy tuning range
should satisfyAEingident < Eincident - 102 = 54€V . The lower limit of the energy tuning range

is estimated by submitting the spatial resolution as the feature size in Eq. (2) and calculating the
energy range which satisfiés= 1. As a result, in theory, energy tuning range should be larger
than 1 eV and smaller than 54 eV. In reality, there are a few more factors that would affect the
performance of the phase retrieval when the selected energy points are too close to (or too far
away from) each other, such as the variation of the zone plate efficiency versus energy change,
the spatial coherence and the temporal coherence which may lead to a point spread function,
blurring the fringe-like pattern and complicating the phase retrieval.

In our simulation and experiment, projection images were acquired using TXM at 5.39 keV,
5.40 keV and 5.41 keV, while maintaining the focus position optimized for 5.40 keV, satisfying
the condition given above. In this case the Fresnel diffraction formula [28] is a good approxi-
mation for simulating the phase effect. It should be noted that the magnification factor changes
while the incident energy is tuned. Thus, in our calculation, cubic interpolation was applied for
magnification factor correction prior to any further phase retrieval calculations.

The proposed algorithm for extracting phase information can be described using Eq. (3).

Bt =135, (iFresnel (1 (Fresel (', 1, f) — ) A, By — T2 )) 3)

In Eqg. (3),E' denotes the estimated wave field afitéterations;|2,, represents for the am-
plitude correction function, i.e. replacing the amplitude of the estimated wave field using the
experimentally measured data under the illumination of X-rays with wavelehgtresnel
andiFresnel are the functions of forward and backward Fresnel diffraction calculations respec-
tively; andf, is the focal length of the Fresnel zone plate under the illumination of X-rays with
wave lengthA. As indicated in Eq. (3), in theory, images taken at two different energy points
are sufficient for phase retrieval. However, in our experiment and calculation, we make use of
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Fig. 3. Computer simulation for the proposed experimental scheme and the phase retrieval
algorithm.The distribution of the real and imaginary part of the refractive index are pre-
sented in panels (a) and (b) respectively. Panels (c) and (d) are the intensity distributions
at the detector plane under X-ray illumination at 5390 eV and 5410 eV respectively. The
retrieved phase map and amplitude map are shown in panels (e) and (f).

images recorded at three different energy values for better convergence of the iterative phase
retrieval algorithm.

4, Resultsand discussion

Computer simulation was performed using test patterns, with the real part of the refractive index
decrement [Fig. 3(a)] ranging from 0 to 1®and the imaginary part [Fig. 3(b)] ranging from

0 to 1078, for evaluating the proposed experimental scheme and algorithm. The sample size
was set to 3gm x 32um with a thickness of 10m. The spatial resolution for our calculation

was set to 15nm. The calculated intensity distribution recorded with illuminations of 5390 eV
and 5410 eV X-rays are demonstrated in Fig. 3(c) and Fig. 3(d) respectively. The image taken
at 5400 eV is not shown because it is identical to the distribution of the absorption coefficient
[Fig. 3(b)]. Refining on Fig. 3(b), Fig. 3(c) and Fig. 3(d), both the phase map and the amplitude
map are recovered successfully using the algorithm described by Eg. (3), and are presented in
Fig. 3(e) and Fig. 3(f) respectively.

Al,O3 balls were used as test samples for the experimental study of the proposed phase
retrieval scheme. The TXM system was optimized for imaging at 5.4 keV and transmission
images were recorded at 5.40 keV, 5.39 keV, and 5.41 keV [as shown in Figs. 4(a), 4(b) and
4(c)]. Applying the modified HIO algorithm [Eq. (3)] to these recorded intensity distributions,
an amplitude map and a phase map at the exit plane of the sample were retrieved [Fig. 4(d) and
Fig. 4(e)].

The energy tuning at a synchrotron beam line can be performed at very high resolution. The
finest energy tuning step at beam line 6-2 of SSRL is better than 0.05 eV. Submitting this value
in Eq. (1), the resolution of the focal length while tuning the incident energy is finer than 0.16
microns. This is much better than the repeatable movement of the motors installed for the TXM
system (around 1 micron). The beam movement caused by the tuning of the monochromator is
compensated by the Mirror Pitch Feedback system and the reference image correction proce-
dure. With all the optical elements in the microscope fixed, including the sample, motor errors
in TXM system are eliminated completely in our approach.

One concern about our approach for phase retrieval is that the refractive index of a given
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Fig. 4. TXM imaging results for quantitative phase retrieval. Raw data collected at 5.40
keV, 5.39 keV, and 5.41 keV are presented in panels (a) (b) and (c), respectively. The
retrieved amplitude map and phase map are demonstrated in panel (d) and (e). The scale
bar in panel (e) is 3 microns.

material is actually a function of the X-ray energy. When tuning the incident energy, the wave
field at the exit plane of the sample may be slightly different due to the variation of the refractive
index. However, considering that the energy is tuned within a relatively small range (+10 eV),
the variation of the refractive index is very small (the refractive index variation of th@HAl

balls is around 1% in the presented experiment) as long as we are working at an energy which is
NOT close to the absorption edge of the material under study. Typically, phase contrast methods
and phase retrieval studies are applied to soft material with low Z elements. The absorption
edges of these low Z elements are much lower than the energy of the X-ray that were utilized
for illumination (5.4 keV). Furthermore, our method can be applied straightforwardly to TXM
imaging experiments performed at higher X-ray energy. The variation of the refractive index
will be even smaller when working at a higher X-ray energy.

5. Conclusion

In conclusion, we have presented a novel experimental scheme for quantitative phase retrieval
in a TXM system by illuminating with X-rays of differing energy. Using a modified HIO al-
gorithm, both the phase map and the amplitude map have been retrieved successfully. Without
any motor motion in the TXM system, the proposed phase retrieval method can be done easily
and accurately.
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