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The unique strengths of x-ray microscopy are high penetration depth and near-edge resonances that

provide chemical information. We use ptychography, a coherent diffractive imaging technique that disposes

of the requirement for isolated specimens, and demonstrate resonant imaging by exploiting resonances near

the oxygen K edge to differentiate between two oxygen-containing materials. To highlight a biological

system where resonant ptychography might be used for chemical mapping of unsliced cells, reconstructions

of freeze-dried Deinococcus radiodurans cells at an energy of 517 eV are shown.

DOI: 10.1103/PhysRevLett.107.208101 PACS numbers: 87.59.�e, 42.30.Rx, 78.70.Dm

Because of their ability to penetrate matter, x rays allow
high-resolution imaging of whole, unsliced cells, i.e.,
samples which are too thick for electron microscopy.
Sudden changes in the photon absorption cross section at
elemental absorption edges also provide chemical sensitiv-
ity. Especially in the water window, at photon energies
between the K absorption edges of carbon and oxygen,
biological specimens in their natural aqueous environment
can be imaged with high contrast [1]. Experimental com-
plications introduced by x-ray lenses (e.g., photon absorp-
tion in optical elements and loss of contrast) can be
overcome if they are discarded and iterative algorithms
are used to restore real-space object information from
recorded (oversampled) diffraction patterns [2,3]. This,
however, shifts problems from the experimental setup to
the computational side, where sampling requirements do
also have experimental implications.

Importantly, this approach of coherent diffractive imag-
ing (CDI) is able to extract phase and amplitude properties
of the sample from a single data set. Since many speci-
mens, in particular, biological samples, may not absorb
strongly but apportion much of their interaction with x rays
to phase changes, information about both the real and
imaginary part of the local complex refractive index pro-
vides essential knowledge about a sample. The first CDI
phase retrieval algorithms required the specimen to be
sufficiently well isolated [4–6], which impedes imaging
of many biological samples like tissues and other extended
objects. Imaging of extended samples which are not com-
pactly supported became possible after introducing algo-
rithms based on the overlap constraint [7,8], on multiple,
overlapping positions of the sample in the known and
illuminating x-ray beam.

More recently, a ptychographic algorithm was intro-
duced [9] which allows us to retrieve both the complex

object and the (initially unknown) complex illumination
function at the same time. This algorithm has since proven
its applicability to visible light [10] and as a promising
x-ray technique [9,11–15], allowing reconstructions of
strongly and weakly scattering samples.
The increasing availability of high-brilliance synchro-

tron radiation sources has made x-ray imaging appealing to
more and more applications, including chemical mapping
of samples using a combination of near-edge x-ray-
absorption fine structure spectroscopy (NEXAFS) and
x-ray microscopy techniques [16–19] and element specific
resonant imaging [20] with conventional x-ray diffraction
microscopy.
Here we report on a previously undemonstrated appli-

cation of ptychography to distinguish and spatially resolve
two oxygen-containing materials, polymethylmethacrylate
(PMMA) and silicon dioxide (SiO2), at different photon
energies based on their photon absorption cross section
differences in NEXAFS spectra near the oxygen K edge.
We demonstrate that ptychography can provide chemical
resolution in heterogeneous specimens, with both absorp-
tion and phase as possible contrast mechanisms.
Experiments were realized at the Berlin electron storage

ring BESSY II at the undulator beam lines U49/2-PGM1
and UE52-SGM. For ptychographic imaging, the incident
beam impinged on pinholes which were drilled by focused
ion beam milling in gold foils of 1:86 �m thickness. The
gold foils were previously evaporated onto Si3N4 mem-
branes using chromium as adhesion promoter. The x-rays
passing through the pinhole were scattered at samples
placed 0.7–1 mm behind the aperture. The resulting dif-
fraction images were recorded using a CCD detector
(back-illuminated Andor DX436, 2048� 2048 pixels,
13:5 �m pixel size, Peltier cooled to �60 �C), placed
18 cm (U49/2-PGM1) or 28 cm (UE52-SGM) downstream
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from the sample plane. Next to the CCD chip a photodiode
has been mounted which can be moved into the beam to
record transmission spectra of dedicated spectroscopy
samples.

As a model system for chemical contrast in mixed-
compound samples, we exploited spectral differences of
PMMA and SiO2 near the oxygen K edge. The carbonyl
group in PMMA shows a prominent C ¼ O peak at about
531.5 eV [21] that can be used to distinguish PMMA from
SiO2, which does not show significant preedge absorption
changes [22]. To achieve a sufficiently thin and homoge-
neous spectroscopy sample, a 1 �m thick layer of PMMA
was spun cast onto a 100 nm Si3N4 membrane. A trans-
mission spectrum was recorded between 520.0 and
545.0 eV with a step size of 0.1 eV, by remotely tuning
the beam line’s grazing incidence monochromator. For
every energy position the photocurrent was measured. A
complete spectrum was recorded in less than 15 min, while
a similar scan without any sample between aperture and
photodiode was used for normalization. This measurement
was performed at beam line UE52-SGM immediately prior
to ptychographic scanning, to determine the precise ener-
gies for the resonant experiment. The x-ray absorption
behavior of a material, described by the imaginary part
of the complex refractive index usually written as ncðEÞ ¼
1� �ðEÞ � i�ðEÞ, is easily accessible through transmis-
sion measurements. However, light absorption and disper-
sion are coupled, and the real-part dependent phase shift �
can be connected to the extinction coefficient � through
the Kramers-Kronig relations, which reflect that the real
and imaginary parts of a complex response function of a
linear, causal system are linked as Hilbert transform pairs.
To numerically calculate the dispersion spectrum of
PMMA, Hilbert transforms were applied to the recorded
data.

PMMA and SiO2 particles with a diameter of 2 �m used
as objects for resonant imaging were prepared by dispers-
ing a mixture of microspheres in purified water onto a 50
nm Si3N4 membrane and subsequent air drying. An iso-
lated group of nine beads consisting of five PMMA and
four SiO2 beads was scanned at 18� 15 (h� v) positions,
with one illumination per position. We used a 2 �m pin-
hole and a scanning step size of 800 nm. Five scans were
performed: one at the absorption maximum measured at
532.0 eV, two at surrounding near-baseline energies (530.8
and 533.4 eV), and two more at the greatest slopes of the
C ¼ O peak, corresponding to the energies where the
smallest and largest phase shifts were expected (531.5
and 532.6 eV). All reconstructions were obtained using
the algorithm introduced in [9]. The innermost 512� 512
pixels of the diffraction images [Fig. 1(a)] were binned by
a factor of 2 and evaluated, corresponding to a pixel size
in the object plane of 96 nm. Figure 1(b) shows the
reconstruction of the illumination function at 530.8 eV
after 210 iterations and back propagation of the wave field

into the plane of the aperture. It corresponds well to a
scanning electron microscopy (SEM) image of the pinhole
[Fig. 1(c)].
Whenever matter shows a strong interaction with the

incoming beam, which is especially the case in the soft
x-ray range, reconstructions may display unphysical phase
jumps in regions where phase changes >� are induced by
the specimen. Such discontinuities can be corrected by
applying unwrapping routines to the phase reconstructions
[12]. Reconstructions of amplitude and (unwrapped) phase
of the five recorded ptychographic data sets are shown in
Fig. 2 and compared to the changes in absorption and phase
expected from spectroscopy data of PMMA. An estimate
of the spatial resolution in the reconstructions is provided
by comparing a line scan across the amplitude and phase
reconstruction of a bead to the convolution of the expected
amplitude and phase distribution, respectively, of a spheri-
cal particle with a Gaussian point spread function (PSF)
[Fig. 2 inset]. If two PSFs with a full width half maximum
(FWHM) of 0.5 and 1.5 image pixels are compared to the
line scan profiles, a resolution in the range of one pixel
(96 nm) seems reasonable. For the SiO2 beads, the recon-
structions of the complex object function show no signifi-
cant change in absorption. A monotonic decrease of the
phase shift is observed with increasing energy from 530.8
to 533.4 eV. This phase behavior corresponds to the large
changes in � theoretically expected near the absorption
edge. Because of preedge resonances, PMMA shows a
completely different absorption and dispersion behavior
in the same energy range. The phase reconstruction at
532.0 eV reveals a high noise level in regions where the
beam is absorbed strongly by PMMA, with low photon
transmission providing insufficient information about
these regions during reconstruction. The absorption and
phase shift in the ptychographic reconstructions corre-
spond to the experimental absorption spectra and the cal-
culated phase shift of PMMA. Obviously, the difference is
large enough for easy discrimination of PMMA from SiO2.
Note that through the availability of phase information in
ptychography, chemical compounds of one element can be

FIG. 1 (color online). (a) Central 512� 512 pixels of one
of the 270 diffraction patterns at 530.8 eV (logarithmic
intensity scale) used in the ptychographic reconstruction.
(b) Backpropagation of the reconstructed wave field at
530.8 eV into the exit plane of the aperture over a distance of
0.68 mm. The scale bar indicates a length of 1 �m. (c) SEM
image of the 2 �m pinhole (downstream side).
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discriminated even when absorption images show similar
contrast at different energies. In our case, this effect is
especially striking at 531.5 and 532.6 eV, where PMMA
can be distinguished from SiO2 through a phase shift
difference of PMMA of about 2.5 radians between both
energies, while the SiO2 beads, despite their same approxi-
mate thickness, show only a phase change of about 0.3
radians.

As the presented resonant imaging experiment can be
interesting for chemically resolved imaging in biological
applications, freeze-dried Deinococcus radiodurans cells
were used for ptychography. D. radiodurans are bacteria
which became famous due to their unusually high (and
eponymous) resistance to ionizing radiation. Mechanisms
leading to this resistance might be associated with the
specific way the DNA is compacted and thus stabilized,
or the accumulation of protective manganese complexes
[23,24]. To demonstrate ptychography as an imaging
method that in the future may help elucidate morphological
and other factors contributing to this radioresistance, D.
radiodurans cells have already been successfully subjected
to ptychographic imaging in the hard x-ray regime at
6.2 keV, with low absorption preventing reconstruction of
the real-valued amplitude, and phase shifts being of the

order of 0.3 radians [14]. In the soft x-ray regime, absorp-
tion and phase shift can be expected to be much greater,
alleviating ptychographic reconstruction of the complex
object function. A sample consisting of freeze-dried D.
radiodurans cells on a Si3N4 membrane was scanned at
517 eV at 22� 24 positions, using a 1 �m pinhole and a
step size of 600 nm. This data set was acquired in about
60 min (dominated by detector readout), with a total ex-
posure time to x rays of 79 s. A subsection of 15� 19
positions was selected for reconstruction with 2000 itera-
tions. Figure 3 shows amplitude and phase of the obtained
complex-valued object function. The general appearance is
consistent with the optical microscopy picture [Fig. 3(a)].
The cells show a tetrad morphology, a known feature of D.
radiodurans cells [23]. If the cell volume is assumed to be
filled to a third with a model protein H50C30N9O10S1, with
a density of the cell subunits between 0.5 and 1:1 g=cm3

[14], the observed phase shift with a maximum value of
about 5 rad corresponds to a cell thickness of about
1–2 �m. As expected for soft x-rays, the order of this
phase shift exceeds phase changes measured in D. radio-
durans cells at 6.2 keV, which were in the range of
0.25–0.3 rad [14].
In summary, we have shown that ptychographic data sets

on and off resonant with NEXAFS edges allow us to
discriminate and to spatially resolve different chemical
compositions in amplitude and phase. The phase distribu-
tion in the sample provides important chemical informa-
tion and can be used as a contrast mechanism that is not (or
at least not as readily) available in other microscopy tech-
niques (e.g., scanning transmission x-ray microscopy).
Even if absorption images at two different energies are
similar in contrast (e.g., before and after an absorption

FIG. 2 (color). Reconstructions of amplitude and unwrapped
phase (in radians) of five ptychographic data sets recorded at
different energies around the measured C ¼ O absorption peak
of PMMA. The sample, a mixture of five PMMA beads and four
SiO2 beads each 2 �m in size, shows absorption and phase shift
behavior that allows for easy discrimination of the two chemical
compounds, corresponding to the experimental absorption spec-
trum and the calculated phase shift of PMMA. Inset: Resolution
estimation via a line scan profile across amplitude and phase
reconstruction of a bead (black curve), compared to the con-
volution of the thickness function of a 2 �m sphere and
Gaussian point spread functions with FWHMs of 0.5 pixels
(red curve) and 1.5 pixels (blue, dashed curve).

FIG. 3 (color). D. radiodurans cells. (a) Bright field micros-
copy image of a part of the specimen. Marked is the area of the
ptychographic scan used for reconstruction. (b) Reconstructed
amplitude of the cells. (c) Unwrapped phase shift of the cells and
(d) detailed view.
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peak) and thus may not provide significant information
about the distribution of chemical compounds, the phase
shift at those energies might be substantially different. The
resolution of the bead reconstructions was estimated to be
in the range of one image pixel (96 nm). While the main
focus of our experiment was to demonstrate resonant pty-
chographic CDI, the ultimate goal of wavelength-limited
resolution in the soft x-ray range may pose some experi-
mental challenges (some of which have already been dis-
cussed in [15]). Also, due to higher wavelengths in the soft
x-ray range, the curvature of the Ewald sphere can no
longer be neglected if the resolution is increased. At a
resolution of roughly 100 nm, however, the Ewald sphere
curvature does not need to be taken into account for objects
thinner than about 8:5 �m [25].

Images of freeze-dried D. radiodurans cells at a photon
energy of 517 eV are the first example of a biological
specimen imaged by ptychography in the water window.
Phase changes of up to 5 rad introduced by the cells are a
consequence of the strong interaction of soft x rays with
matter. Our results suggest future resonant ptychographic
imaging of whole cells, in which changes in phase and
amplitude contrast around NEXAFS absorption peaks are
predestined to be exploited. The important transition to 3D
(tomographic) imaging of biological cells relies on the
validity of the projection approximation and the Fourier
slice theorem, just as in plane wave CDI or in lens based
x-ray microscopy. The different reconstructed exit waves
can be identified with the sample projections only if the
projection approximation is valid. In other words, diffrac-
tion within the sample has to be negligible. While this is
also the case for plane wave CDI, the collimated probe in
ptychographic CDI may suffer diffraction over the path
through the sample even if the sample is very weakly
scattering. However, in practical cases the illuminating
wave will be more extended than the resolution element,
and therefore the depth of focus limitation will be domi-
nated by wavelength and the numerical aperture on the exit
side (towards the detector). We hope that this work inspires
efforts towards a successful extension of resonant ptychog-
raphy to unstained, unsliced, vitrified specimens in the
water window.
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