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Noninterferometric quantitative phase imaging
with soft x rays
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We demonstrate quantitative noninterferometric x-ray phase–amplitude measurement. We present results
from two experimental geometries. The first geometry uses x rays diverging from a point source to produce
high-resolution holograms of submicrometer-sized objects. The measured phase of the projected image agrees
with the geometrically determined phase to within 67%. The second geometry uses a direct imaging micro-
scope setup that allows the formation of a magnified image with a zone-plate lens. Here a direct measure of
the object phase is made and agrees with that of the magnified object to better than 610%. In both cases the
accuracy of the phase is limited by the pixel resolution. © 2000 Optical Society of America
[S0740-3232(00)01710-5]
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1. INTRODUCTION
X rays were discovered serendipitously, and their great
penetrating power was confirmed by an image of the in-
ternal structure of a hand.1 X-ray imaging has been the
subject of intense development ever since. Until re-
cently, the principal contrast mechanism was the absorp-
tion of the radiation. In medical applications, this leads
to the ability to observe the projected density distribution
in the object. In soft x-ray microscopy, the differential
absorption contrast between oxygen and carbon is ob-
served if radiation in the so-called water window is used.2

Soft x-ray microscopy with use of absorption contrast
subjects the object to massive doses of radiation, leading
to possible structural changes. There has therefore been
considerable interest in the development of phase-
contrast soft x-ray microscopy3 that utilizes the x-ray
phase contrast between elements in regions of relatively
low absorption.4,5 This work was of interest in both im-
aging microscopy6 and soft x-ray holography.7 Moreover,
it can be readily observed that, away from absorption
edges, the phase-contrast mechanism becomes increas-
ingly dominant as the photon energy, E, increases (ab-
sorption contrast scales approximately as E23, while
phase contrast scales as E21). For very energetic x rays,
objects may show negligible absorption contrast while
showing substantial phase contrast.8

The importance of phase-contrast mechanisms has
been accentuated by the development of third-generation
x-ray sources. These devices, which can produce copious
quantities of coherent x rays by virtue of their very high
brilliance,9 have permitted phase-contrast imaging to be-
come an extremely simple and standard imaging
technique.10–14 Phase-contrast tomography has also be-
come possible.15,16 The ideas developed in the synchro-
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tron community have now been shown to have a role in
high-brilliance laboratory sources.12 Although these
sources have a much lower brilliance than a synchrotron
source, phase effects in the object can still lead to en-
hanced contrast and the observation of, for example, soft
tissue features.

For these reasons, phase determination remains an ac-
tive field of study. Early x-ray phase imaging took its
lead from scanning transmission electron microscopy and
utilized quadrant detectors for phase analysis.17,18

Quadrant detectors have since been used in scanning
transmission x-ray microscopy,19 and a similar technique
has been used in light microscopy.20 A major advantage
of this method is its spatial resolution, which is governed
by the focal spot size of the scanning apparatus. The dis-
advantage is the time required to acquire a high-
resolution image. Alternatively, whole image detection,
for example with Shack–Hartmann arrays,21 is instru-
mentally complex and provides only limited spatial phase
resolution. Whole-image phase analysis in x-ray micros-
copy was also considered by use of Wigner deconvolution
techniques. This is very computationally intensive, as it
requires four-dimensional data sets.22 Multiple defocus
methods, a procedure related to that used here, have also
been developed.23,24 Various other iterative algorithms
have appeared that successively approximate the phase
through the development of propagated intensity between
spatially separated planes.25–27 The appeal of the
method presented in the present work is that it directly
(noniteratively) retrieves spatially accurate, quantitative
phase by means of a computationally efficient algorithm
and uses standard x-ray microscopy techniques. More-
over, existing techniques frequently intermix phase with
absorption contrast. In this paper we explore the ability
2000 Optical Society of America
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to measure phase quantitatively and separate it out from
the absorption contrast in the sample. The deterministic
phase-retrieval technique of this paper uses the transport
of intensity approach,28,29 which has been used
elsewhere,30 though a flexible solution procedure is a
more recent development.31 This work is an extension of
our earlier experimental8 and theoretical32 work in which
the absorption had to be minimized for phase recovery.

We begin in Section 2 with a brief review of our theo-
retical approach. In Section 3 we go on to describe our
experimental arrangement. We consider two experimen-
tal configurations. The first one that we describe is a ho-
lographic setup in which our test objects are illuminated
from a diverging point source, the focus of a zone plate.
These results are presented in Section 4. An alternative
arrangement that will permit phase information to be ob-
tained is that of an imaging microscope.33 We present
results from this configuration in Section 5. In Section 6
we draw together our results and conclude the paper.

2. THEORETICAL BASIS FOR THE PHASE
RECOVERY
The flow of optical energy must obey the continuity equa-
tion for energy conservation to be obeyed. For a time-
invariant, statically stationary coherent wave the conti-
nuity equation has the form,

¹ • @I~r!¹f~r!# 5 0, (1)

where I(r) is the probability density and f(r) is the
phase of the x radiation. With an appropriately defined
phase,31 Eq. (1) is also valid for partially coherent radia-
tion. It can be shown that, under most conditions, this
equation may be uniquely solved for the phase, given a
knowledge of the three-dimensional intensity. In other
words, the intensity and phase are coupled in a unique
manner, and knowledge of one determines the other. A
concrete example of this is the action of a perfectly trans-
mitting lens. The lens changes the phase of the incident
wave, but not its amplitude, with the consequent change
in intensity distribution as the light is focused upon fur-
ther propagation. The direction of propagation is per-
pendicular to the wave (phase) front.

In the case of an x-ray synchrotron beam, the direction
of propagation of the radiation is at only a small angle to
the average beam direction. That is, it satisfies the
paraxial approximation.34 In this case, Eq. (1) may be
rewritten in the form of the so-called transport of inten-
sity equation (TIE),28,29

k
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for a wave AI(r) exp@if(r)#, with irradiance I(r) and
phase f(r). Here, r 5 r' 1 z, where z is the longitudi-
nal optic axis and r' (5x 1 y) is the plane normal to the
optic axis, so that the gradient operator ¹' acts in the
plane of r' , k is the wave number, and ]I(r)/]z is the lon-
gitudinal intensity derivative. In the paraxial case, if the
intensity and its longitudinal derivative are known over a
plane, the phase of the wave in that plane can be found
without recourse to interferometry.

Although we have assumed paraxial propagation in ob-
taining Eq. (2), we note that it also holds for a spherical
incident wave under a suitable scaling of variables.35

The noninterferometric, propagation-based phase-
retrieval procedure with the TIE has already been suc-
cessfully applied to visible light,33 x rays,8 and
electrons.36 Our previous work in the x-ray regime as-
sumed that the absorption was negligible. In this paper
we extend this work to a range of new geometries and to
objects that display substantial absorption.

In particular, we consider two distinct arrangements.
The first we term holographic geometry, wherein soft x
rays diverge from a diffraction-limited zone-plate focus.
The diverging radiation is then used to image
micrometer-sized objects with high magnification. The
second geometry uses a zone-plate lens to form a magni-
fied image of the object from which the phase and ampli-
tude are retrieved in what we term imaging geometry.
In each case, the accuracy of the phase retrieved is deter-
mined by the accuracy to which the experimental dimen-
sions are known.

Before describing in detail the experiments and the re-
sults, we describe the beam line used in these experi-
ments.

3. SOFT X-RAY BEAM LINE
The experimental results presented in this paper were ob-
tained at Sector 2 Insertion Device Branch Beamline
(known as 2-ID-B) at the Advanced Photon Source,
Argonne National Laboratory. The beamline forms part
of the Synchrotron Radiation Instrumentation—
Collaborative Access Team (known as SRI-CAT) and is
operated as a zone-plate microfocus source devoted to
high-resolution imaging, coherent scattering, and inter-
ference studies with soft x rays.37

The undulator source provides a coherent flux
1010–1012 photons/s/0.1% BW) of x rays in the range
of 0.5–7.0 keV. A series of slits, multilayer mirrors, and
a spherical grating monochromator selects a collimated,
monochromatic (102 –104 E/dE), 1.5 mm2 3 0.5 mm2

(FWHM) beam of x rays in the range 0.5–4.0 keV and di-
rects them onto a zone plate some 60 m downstream from
the undulator source.

With 1.8-keV x rays, the 90-mm diameter, 110-nm-thick
Ni zone plate with an outer zone width of 45 nm results in
a 2.5% efficient first-order focal beam waist of 60 nm at
the microprobe focus approximately 6 mm from the zone
plate.

In the work described here, we use this beam line for
the two separate configurations. One uses the zone plate
to produce a sharp pointlike source of light, and the sec-
ond uses the zone plate as an objective lens in a simple
single-lens microscope.

4. HOLOGRAPHIC MICROSCOPY
A. Experimental Setup
In the first experiment the zone-plate focus is simply used
as a 60-nm real point source of x rays. The geometry is
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that of Gabor in-line holography,38 but with point-source
illumination and is shown in Fig. 1. This geometry re-
tains the aberration-free imaging system (not requiring
objective lenses) of in-line holography, but in a magnify-
ing mode. We term this projection-imaging-geometry ho-
lographic microscopy.39

In the experiment, a collimated beam of 1.83 keV
(0.682 nm) x rays is focused by the zone plate to a point
5.978 mm downstream of the zone plate. A 5-mm order-
sorting aperture is placed within a few hundred microme-
ters of the focal spot to collect the first-order flux and re-

Fig. 1. Schematic of the point-source-projection, holographic ge-
ometry, noninterferometric phase-imaging experiment. The
zone plate forms a first-order focus approximately 6 mm down-
stream. A 5-mm order-sorting aperture placed just before the fo-
cus masks other focal orders. The focus acts as a real point
source and illuminates the sample placed less than 2 mm away.
The projected image is detected by the CCD 530 mm further
downstream. Images in closely spaced planes are taken by
translating the CCD along the beam axis.
move that of higher focal orders, as well as to cut down on
the direct (zeroth-order) incident beam flux.

The sample, mounted on a rotation stage and a series of
translation stages, is centered in the beam 1–2 mm down-
stream from the zone-plate focus. X rays diverge from
the focus, through the sample, and enter an evacuated
beam path (to minimize beam absorption); then they are
detected by a soft x-ray CCD camera a further 500 mm
downstream of the sample.

The CCD is thinned and backside-illuminated, with
1024 3 1024 pixels, each of which is 24 mm square.
The focus-CCD to focus-sample distance ratio allows pro-
jection magnifications of up to 5003 and spatial resolu-
tion down to 50 nm. The CCD sits on a translation stage
oriented longitudinally along the propagation axis, and
moving the camera permits the acquisition of intensity
images in three closely spaced planes.

In the experiment, intensity images were taken at
5-mm intervals in a range of up to 40 mm so that the in-
tensity difference could be optimized over a range of sepa-
rations. The middle (in-focus) image of the set of three
projected images represents the intensity distribution
I0(r) for which the phase is being sought. The intensity
difference between the outer bracketing pair of (defo-
cused) images is used to approximate the intensity de-
rivative, ]I(r)/]z. Numerical inversion of the TIE [Eq.
(2)] then provides the required phase.

The flux in the zeroth-order beam is four orders of mag-
nitude times greater than the first-order focused beam se-
lected by the order-sorting aperture, and so a ‘‘finger’’
Fig. 2. Holographic geometry images of the aligned flat-field (sample-free) intensity distribution: (a) under-focused and (b) (magnified)
over-focused intensity distribution, (c) intensity difference, (d) retrieved phase, and (e) rendered surface plot of the retrieved phase.
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beam stop at the CCD is used to mask the direct beam in-
tensity. Even with the beam stop, the intensity of the
zeroth-order beam is still sufficiently high at the beam
stop edges to cause ‘‘blooming’’ (overflow of charge into
neighboring wells) on the CCD array. This overflow has
spurious effects on the intensity distribution and hence
on the intensity derivative and ultimately on the re-
trieved phase and so is later further masked in software.
Another reason for masking the direct beam in software is
that the direct and the first-order beams expand at differ-
ent rates. Consequently, the direct beam adds intensity
to proportionally smaller areas of the first-order distribu-
tion as the propagation distance increases and would
therefore represent a conflicting flow of optical energy to
the expanding first-order beam. An example of the zone-
plate defocused intensity distribution is shown in Fig.
2(a). The ‘‘finger’’ beam stop is seen entering the circular
distribution from the bottom, and the rectangular mask
added in software to remove the zeroth order and inten-
sity blooming is seen at the center of the distribution.

B. Experimental Results
The wave-front incident on the sample will clearly con-
tain some residual phase distortions from the experimen-
tal apparatus. To examine these effects, it is important
that we characterize the incident beam. As a test of our
approach, we retrieved the phase of a nominally spherical
wave front. To do this, we take advantage of the fact
that the incident beam will be essentially spherical in
form, with a radius of curvature determined by the geom-
etry of the experiment. Figures 2(a) and 2(b) show a pair
of 512 3 512-pixel projected intensity distributions at
distances of 510 and 550 mm from the point source. Ow-
ing to the spherical wave front, they are different sizes at
the CCD, a difference made obvious by the dark border to
the intensity difference [Fig. 2(c)].

With the TIE, a spherical phase front was retrieved
[Figs. 2(d) and 2(e)]. The recovered phase excursion
across the spherical distribution is 1.60 3 105 rad. Geo-
metrically, the expected phase excursion is 1.53 6 0.06
3 105 rad; the 4% error is due to uncertainties in length
measurements and lateral misalignment between the two
images used for the intensity difference. A circular

Fig. 3. Profile through the spherical phase distribution (points),
with circular fit (solid curve).
Fig. 4. Holographic geometry images of the scaled and aligned flat-field (sample-free) intensity distribution: (a) (scaled) under-focused
and (b) over-focused intensity distribution, (c) intensity difference, (d) retrieved phase, and (e) rendered surface plot of the retrieved
phase.
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Fig. 5. Holographic geometry images of the scaled and misaligned flat-field (sample-free) intensity distribution: (a) (vertically shifted)
under-focused and (b) over-focused intensity distribution, (c) intensity difference, (d) retrieved phase, and (e) rendered surface plot of the
retrieved phase.
fit to a profile through this phase front is shown in Fig. 3,
indicating excellent sphericity of the correct magnitude
and thus quantitative phase recovery.

Scaling the two images to the same size with image
processing software is equivalent to the use of collimated
illumination (as in previous experiments8,33,36) and conse-
quently removes the wave-front sphericity from the recov-
ered phase signal. An example of this process is seen in
Fig. 4. Figure 4(a) is Fig. 2(a) scaled to the size of Fig.
2(b) [in this case, Fig. 4(b)]. This leaves the beam stop as
the most notable feature of the intensity derivative [Fig.
4(c)]. The retrieved phase distribution is relatively flat,
as seen in Figs. 4(d) and 4(e). The rendered surface of
Fig. 4(e) has been plotted to the same scale as that of Fig.
2(e).

Besides the spherical phase front that is due to expan-
sion, there is phase (wave-front) tilt that reflects a trans-
verse motion of the wave field. Therefore any misalign-
ment between the outer image pair, due, say, to lateral
motion of the CCD when translated longitudinally, is re-
trieved as a tilt in the phase image. As an example, the
consequence of a lateral misalignment is shown in Fig. 5.
In this case Fig. 5(a) has been deliberately shifted up by
10 pixels (240 mm) from Fig. 2(b) [5 Fig. 5(b)], which gives
a shadowed effect to the intensity derivative [Fig. 5(c)].
The resultant tilt added to the phase is shown in Figs.
5(d) and 5(e). Again, the rendered surface of Fig. 5(e) is
plotted on the same scale as Fig. 2(e) for comparison.

From these sample-free images, the obvious first step
in performing the phase retrieval involves optimizing the
scaling and alignment of the three images (in software) to
remove spherical and tilt phase artifacts from the desired
phase effects of the sample. Next, to limit the effects of
the zeroth-order intensity (as discussed above), it is
masked out in software. The additional air path for the
longer propagation distances leads to extra absorption,
independent of the sample; so to ensure conservation of
flux, the three images are normalized to the same inte-
grated flux. The appropriate (also normalized) flat-field
intensity distribution (a sample-free image taken with
the same experimental conditions) is then divided, or
equivalently subtracted in the case of intensities with
small fluctuations, from each of the bracketing images.
This step removes any phase structure of the illuminating
beam itself. Finally, we emphasize that the solution to
Eq. (2) does not require that the sample be nonabsorbing.
As an alternative to aligning all three projected intensity
images with the inherent scaling and alignment errors,
the intensity distribution in the central plane is approxi-
mated as the average of the two bracketing images. This
is advantageous for weak phase objects, for which align-
ment phase effects can dominate the sample phase ef-
fects.

The experimental optimization of the phase-retrieval
procedure is sample dependent, as it depends most
strongly on the phase gradient in the sample. The sys-
tematic phase errors introduced by incorrect scaling and
alignment may be determined geometrically, and the sta-
tistical accuracy is determined by count rates. There-
fore, in the absence of knowledge about the object, the
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data are best collected over a range of separations and ex-
posure times. This is the approach used in this work.

We illustrate the quantitative nature of the phase-
retrieval process, this time by considering the retrieved
phase of micrometer-sized aluminum spheres. A pro-
jected intensity distribution of four approximately 2-mm
aluminum spheres is shown in Fig. 6(a). The shadows
cast by the balls indicate considerable absorption (95%) at
their centers. The light–dark border at the edge of each
sphere represents the transverse flow of optical energy
from the dark regions to light regions, indicative of phase
effects (diffraction) from the spheres. Also visible in the
image is a vertical fold in the substrate (100 nm of form-
var), which displays phase distortion but minimal absorp-
tion. The corresponding flat-field (sample-free) distribu-
tion is seen in Fig. 6(b), and, to highlight the effects of the
sample on the illumination, their difference is shown in
Fig. 6(c).

Unfortunately, the microspheres moved relative to
each other during the sequence of exposures, which
meant that we could align only to an individual sphere of
the set. This unwanted motion was attributed to Cou-
lomb repulsion between the spheres. Originally, the
spheres were fixed electrostatically to the insulating
formvar substrate, but the passage of the intense, soft
x-ray beam generated further charge on the micro-
spheres, increasing their repulsion and eventually lead-
ing to motion.

In this instance, alignment (to fractional pixel resolu-
tion) was performed around the aluminum microsphere
Fig. 6. Holographic geometry images of aluminum microspheres, scaled and aligned: (a) in-focus with microspheres and (b) in-focus
flat-field intensity distribution, (c) intensity distribution flat-field subtracted, (d) intensity difference between defocused images, (e) re-
trieved phase, and (f ) rendered surface plot of the retrieved phase.
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on the fold to achieve the intensity difference shown in
Fig. 6(d). The effect of the aligned sphere on the inten-
sity derivative is minimal, while large intensity oscilla-
tions are seen for the others. Such large oscillations in-
dicate large relative misalignment between these balls
and appear as large phase tilts in the retrieved phase
[Fig. 6(e)]. In contrast, the aligned ball is barely discern-
ible in the phase distribution. Horizontal and vertical
profiles through the retrieved phase distribution of the
aligned ball are shown in Figs. 7(a) and 7(b), respectively.
The phase distribution of the aluminum ball appears on a
tilted phase background owing to the misalignment of the
background illumination, that is, owing to the relative
motion of the sample and the illuminating beam. The ef-
fects of the fold in the formvar can be seen as additional
phase structure in the horizontal phase profile. Fits to
these profiles, after removal of the phase tilt, indicate a
spherical phase excursion of 1900 6 100 rad over a dis-
turbance of radius 0.45 6 0.05 mm. Geometrically, this
corresponds to a diameter of 1.7 6 0.5 mm at the sample
plane. If the sphere is considered as a point source of
spherical waves 528 mm from the CCD, then the phase
excursion across the spherical phase front in the imaging
plane is 1770 6 200 rad, in agreement with the re-
trieved phase.

Fig. 7. (a) Horizontal and (b) vertical profiles through the phase
images of the aluminum balls. The solid line and curve repre-
sent a linear fit to the phase tilt and a circular fit to the ball and
indicate highly spherical phase objects. The phase effects of the
fold in the substrate can be seen in the horizontal profile.
The phase so retrieved represents the phase in the im-
age plane and not the phase at the sample position. This
is an important point. To retrieve the phase (of the
sample) back at the sample plane, the intensity and
phase from the image plane must be backpropagated (in
software) to the sample plane by use of the Fresnel (or
equivalent) propagator (diffraction integral). This proce-
dure has been implemented40 and represents a solution to
the twin-image problem in holography.41

5. IMAGING GEOMETRY
There exist major drawbacks with projection-geometry
holographic microscopy. First, while it does allow phase
retrieval in a plane downstream of the sample, this phase
must then be backpropagated to the sample plane to
achieve the phase map of the actual sample. Second, the
presence of the zeroth-order beam contaminates the de-
tected illumination and hence the retrieved phase. And,
third, the different image sizes collected over the range of
longitudinal translations led to a spherical wave front
(background phase) in the retrieved phase.

To circumvent these problems, we performed a second
set of phase-retrieval experiments in imaging geometry,
wherein the zone-plate lens was used to form an in-focus,
real, magnified image of the object. This meant that the
phase retrieved in the plane of the focused image is the
phase of the image, a magnified version of the actual ob-
ject, and therefore requires no backprojection. Addition-
ally, this geometry removed the zeroth-order beam from
the image and eliminated any need for rescaling due to
different image sizes, as will now be discussed.

A. Experimental Setup
The imaging setup contains many of the same elements
as in projection mode, and a schematic is shown in Fig. 8.
In this case, the sample is illuminated by a collimated,
1.83-keV x-ray beam from a 20-mm pinhole, with both the
pinhole and the sample being placed upstream of the zone
plate. The 20-mm beam of x rays strikes the zone plate
off axis so that when the first-order, real image is formed
at the CCD, it lies outside the zeroth-order beam, as seen

Fig. 8. Schematic of the imaging geometry, noninterferometric
phase-retrieval experiment. A 20-mm aperture (defining the
beam dimensions) and the sample are placed upstream of the
zone plate and off center to its axis. An in-focus image of the
sample that is clear of the zeroth-order beam is formed at the
CCD 980 mm further downstream. Images in closely spaced
planes are achieved by translating the zone plate along the beam
axis.



Allman et al. Vol. 17, No. 10 /October 2000 /J. Opt. Soc. Am. A 1739
Fig. 9. Flat-field intensity distribution in imaging geometry. (a) The in-focus first-order image is seen to be well clear of the zeroth-
order direct beam. (b) A logarithmic scale image is displayed that shows the central zeroth-order beam and beam stop, the in-focus 11
and out-of-focus 12 orders (upper left), and the out-of-focus 21 and 22 orders (lower right).
in Fig. 8. The lateral offset of the image is less than 1%
of the propagation distance. Under these paraxial condi-
tions, image aberrations are minimal.

An image of the first-order illuminating beam, free of
any zeroth-order contamination and beam stop, is shown
in Fig. 9(a). The most notable feature of the image is the
diffraction rings of the aperture, indicating good coher-
ence properties from the synchrotron source and condi-
tioning optics. The circular arcs that appear in the im-
ages are artifacts of the zone-plate structure. In fact, the
larger, logarithmic-scale image shown in Fig. 9(b) dis-
plays the central zeroth-order beam, beam stop, and
higher-order beams. The in-focus 11 and out-of-focus
12 order images are to the upper left, and the out-of-focus
21 and 22 order images are to the lower right of the im-
age. To maximize magnification, the CCD (with a longer
evacuated path) is now placed further downstream (980
mm) from the zone plate. Placing the sample just out-
side the (upstream) focal length of the zone plate forms a
magnified real image on the 256 3 256-pixel CCD.
When the single-lens formula was applied to this geom-
etry, magnifications of 1643 were possible. We note,
given the CCD pixel size, that this limited the resolution
of the system to 146 nm, which is somewhat less than the
resolution of the zone plate.

In this geometry, the three closely spaced images were
achieved by translations of the zone plate along the beam
(optic) axis. It is important to note that translating the
zone plate left the alignment of the sample and beam-
defining aperture fixed. Once again for experimental op-
timization of the intensity difference, the zone plate was
translated in steps of 50–100 mm over a range of 0.5–2
mm, with a longitudinal translation stage. These small
intervals meant that there was only a 0.2% change in size
of the imaged intensity at the CCD. This effectively
eliminated any spherical background phase contamina-
tion. However, translating the zone plate also inadvert-
ently shifted it transverse to the beam axis, thereby intro-
ducing a phase tilt to the circular arcs of the zone plate
within the illuminated region, even though the boundary
to the region and sample remained fixed with respect to
each other.

B. Experimental Results
As a standard phase object for calibration purposes, the
2-mm aluminum spheres were imaged first. The images
(over-focused, in-focus, and under-focused) in the three
closely spaced planes are shown in Figs. 10(a), 10(b), and
10(c), respectively. The same analysis procedure is fol-
lowed as before, whereby the images are aligned and the
effects of the illuminating intensity are removed (sample-
free image subtracted) in calculating the intensity differ-
ence of the outer pair [Fig. 10(d)]. The retrieved phase is
given in Figs. 10(e) and 10(f ). Removal of the back-
ground phase with a high-pass filter qualitatively im-
proves the prominence of the microspheres, as seen in
Fig. 10(g) [plotted to the same scale as Fig. 10(f )].

The size of the aluminum sphere shadow (85% absorp-
tion) in Fig. 10(b) in the image plane is 360 6 24 mm,
corresponding to 2.2 6 0.1-mm objects. At 1.83-keV
x-ray energy, a thickness of 4.574 mm of aluminum is re-
quired to achieve a 2p-phase shift. Accordingly, the alu-
minum microspheres should have a phase excursion of
3.0 6 0.2 rad. The retrieved phase, after being scaled
by the longitudinal magnification mL (5mT

2, transverse
magnification squared), has an excursion of 3.1 6 0.5
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Fig. 10. Imaging geometry phase retrieval. (a) Under-focus, (b) in-focus, and (c) over-focus intensity images for the aluminum micro-
spheres sample. (d) The intensity difference is used to retrieve (e) the phase and (f ) rendered view. (g) A high-pass filter highlights the
spheres while removing the low-frequency background signal.
rad, in excellent quantitative agreement with the known
result. A vertical profile through the retrieved phase dis-
tribution of the middle microsphere of the three is shown
in Fig. 11. The phase distribution of the sphere again ap-
pears on a tilted phase background owing to the misalign-
ment of the illuminating beam. A circular fit to the pro-
file, after removal of the phase tilt, indicates a spherical
phase distribution, as expected.

Examples of phase retrieved from other samples, in a
similar manner, were a curved section of a polycarbonate
optical fiber and a length of spider web silk, shown in the
image series of Figs. 12 and 13, respectively. In each
case, the sequence of images displayed is the three closely
spaced intensity images, the intensity difference, the re-
trieved phase, and the rendered phase, labeled (a)
through (f ), respectively. The optical fiber is ;20% ab-
sorbing and has been cropped to remove as much beam-
Fig. 11. Vertical profile through the phase image of the middle
aluminum sphere of the three. The solid line and curve repre-
sent a linear fit to the phase tilt and a circular fit to the sphere
and indicate a highly spherical phase object.
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Fig. 12. (a) Under-focus, (b) in-focus, and (c) over-focus intensity
images for a length of polycarbonate optical fiber that has been
folded back on itself. (d) The intensity difference is used to re-
trieve (e) the phase. (f ) The rendered view gives the best visual
impression of the large phase excursion from the projection
through the fiber overlaying itself.
phase artifact as possible. Approximating the (undoped)
polycarbonate fiber by a carbon cylinder of the same di-
ameter (3.70 6 0.15 mm), we expect a phase excursion of
4.95 6 0.20 rad. The phase retrieved for the optical fi-
ber is 4.4 6 0.6 rad. The length of spider web silk is
1.76 6 0.15 mm in diameter, and, again approximating
this as a carbon cylinder, its phase excursion is
2.35 6 0.20 rad. The retrieved phase is 2.5 6 0.4 rad,
again in excellent agreement.

6. DISCUSSION AND CONCLUSION
In this paper we have described quantitative x-ray
phase–amplitude imaging with two different geometries:
holographic microscopy and imaging microscopy. The
first of these showed, in principal, better resolution and
will be of most utility where imaging geometries are not
possible, such as with hard x radiation. However, this
approach is able to recover the phase and amplitude only
in the plane of observation; a true image of the object it-
self will be more difficult and will require the develop-
ment of robust numerical wave-propagation procedures.
This is the subject of ongoing work. The second geometry
used an imaging microscope and is rather better suited to
direct imaging problems. However, the resolution will
not always be as high as is possible with the projection
approach.
Both of the experimental configurations used here
showed excellent quantitative agreement between the re-
trieved and the actual (estimated) phase excursion of the
samples tested. Many of the measurements presented
here are simply not possible with alternative approaches.
For example, phase measurements are conventionally
performed with interferometry. However, it is difficult to
make very-high-resolution phase measurements at these
wavelengths, particularly if the phase shifts are varying
very rapidly over short-distance scales such as was the
case, for example, with the spherical wave.

In summary, we have shown that propagation-based,
noninterferometric phase retrieval allows the simulta-
neous collection of x-ray intensity and phase information.
We have used two geometries to provide sample magnifi-
cations in the range of 150–500 times, achieving quanti-
tative intensity and phase images with resolution near
the 50-nm diffraction limit of the zone-plate lens used. It
is hoped therefore that the techniques demonstrated here
will find utility in a range of applications in materials sci-
ence and biology.
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