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X-ray ptychotomography in the near-field regime is a promising technique for high-resolution, quan-
titative, and nondestructive investigations in materials science, paleontology, and biomedicine. X-ray
near-field ptychography has been previously demonstrated in projection and tomography mode, but the
quantitativeness of the reconstructed data has never been discussed in detail. Here, we use measure-
ments of a sample made of aluminum and nickel microparticles to evaluate the quantitativeness of the
volumetric mass-density data. Moreover, we propose an algorithm (VortRem) for the removal of phase
vortexes, a type of artifact that frequently occurs in holographic methods. VortRem and the results pre-
sented here may be fundamental for extending the applicability of this emerging technique to quantitative
three-dimensional characterization studies of light as well as dense samples down to the nanoscale.

DOI: 10.1103/PhysRevApplied.14.064078

I. INTRODUCTION

Three-dimensional (3D) quantitative characterization
of samples at submicrometer resolution plays an impor-
tant role in various disciplines such as nanotechnol-
ogy, medicine, paleontology, and the life sciences. Yet
achieving high-fidelity quantitative nanotomographic data
remains a challenging task.

As opposed to other methods [1–4], lens-less phase
imaging with hard x rays offers the necessary penetration
depth, resolution, and sensitivity to obtain 3D mass-density
mapping at the nanometer scale.

Standard far-field ptychography is a robust and well
established quantitative technique based on the collec-
tion, for each projection, of numerous far-field diffraction
patterns from localized areas in the sample [5–7]. It has
found important applications in several fields, from hard-
tissue biological imaging [8] to integrated circuits [9]
and carbon-fiber characterization [10], among the most
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recent publications. The resolution depends on the scatter-
ing properties of the sample and can now reach better than
20 nm in three dimensions [9]. However, the tomographic
scan time still reaches several hours, as tens of thousands
of diffraction patterns need to be collected. This also limits
the maximum size of the sample that can be imaged with
far-field ptychography.

Tomography from hard-x-ray holograms (holotomogra-
phy) yields 3D data of high quality in much shorter times
[11–13] and allows for the spatial resolution and the field
of view to be tuned depending on the experimental needs.
Compared to far-field ptychography, the spatial resolution
is typically lower but holotomography is less affected by
the finite dynamic range of x-ray detectors. The main lim-
itations of holotomography come from the assumptions
used for phase retrieval, which in general cause a loss of
the quantitative information. Moreover, the image qual-
ity might be affected by background inhomogeneities and
strong density variations in the sample [14].

Recently, near-field ptychographic methods have been
developed in which a ptychographic reconstruction
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algorithm is adapted to data collected in the holo-
graphic regime [15,16]. Near-field ptychography merges
the advantages of far-field ptychography and holotomog-
raphy, as it combines a tunable field of view and relatively
short scan times together with direct density measure-
ments as well as the possibility to fully decouple the
incident beam from the transmission function of the sam-
ple. While “longitudinal near-field tomography” necessi-
tates measurements at different transverse and longitudi-
nal positions of the sample [16], the method used for
this experiment and introduced in Ref. [15] only requires
scanning of the sample orthogonally to the x-ray beam
direction.

In previous experiments, the potential of near-field
ptychography has been demonstrated on projections
of materials-science specimens [17] and subsequently
extended to three dimensions [18,19]. Phase vortexes have
been described for projection data of optically thick spec-
imens (see Ref. [15]) and are known to affect the quan-
titativeness of the results. However, a correction to this
type of artifact, which also occurs in other holographic
methods, has never been proposed. Furthermore, the quan-
titative character of the phase measurements obtained with
near-field ptychography on reference materials has never
been discussed.

In this work, we use near-field ptychographic measure-
ments on a microparticle sample made of known materials
to present an algorithm for phase-vortex removal and
study the quantitativeness and sensitivity of the phase data
obtained with near-field ptychography.

II. THE EXPERIMENT

The phantom sample used for this experiment is made
by particles of Al (99% purity) and Ni (99.5+% purity)
contained in a glass capillary. The smaller aperture of the
capillary has diameter 20 μm. The nominal maximum size
of the particles is 15 μm and 45 μm for Al and Ni, respec-
tively [20]. This object resembles samples of materials
used for a variety of purposes, including energy storage
or catalyst research.

The experiment is performed at the ID16A beam line of
the European Synchrotron Radiation Facility in Grenoble,
France, at 185 m from the undulator source. The x rays,
with a photon energy of 17.05 keV, are focused upstream
of the sample by Kirkpatrick-Baez mirrors on a spot of
size approximately 20(h)×40(v) nm2. The distance of the
detector from the focal spot is 0.337 m and the sample
is located 20.2 mm downstream of the spot. The high-
resolution detector with a 0.8448-μm pixel size is lens
coupled to a FreLoN CCD camera with 2048 × 2048 pix-
els. Considering the geometrical magnification of 16.66,
the pixel size at the sample plane is 50.7 nm.

During the ptychography scan, 17 diffraction patterns
are captured [21] in the plane perpendicular to the opti-
cal axis (see Fig. 1). The exposure time per frame is 0.5
s, while the acquisition time for the ptychographic scan is
less than 2 min. An example of one of these holograms
is shown in Fig. 1. In total, 800 ptychography scans are
performed for different and evenly spaced angular orienta-
tions of the sample over 180◦. The precision of the rotation
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FIG. 1. A schematic representation of the setup used for near-field ptychography. (a) The scanning pattern used for each projection.
(b) A hologram of Al and Ni particles in the glass capillary. The horizontal and vertical stripes in the image are caused by wave-
front variation produced by the multilayer-coated Kirkpatrick-Baez mirrors. (c)–(f) The same sample detail at different scan positions
[regions of interest (ROIs) of 300 × 300 pixels], where the displacement of the sample image with respect to the background features
can be appreciated. The nonhomogeneous background combined with the scanning procedure provides the necessary information to
reconstruct the transmission function of the sample and the illuminating wave front.
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FIG. 2. The (a) phase (in radians) and (b) amplitude (in arbi-
trary units) of the illumination function retrieved with the near-
field ptychographic algorithm. The features of the mirrors used
for focusing the beam are clearly visible in both images.

stage used for tomography corresponds to approximately
0.2% of a pixel.

III. DATA ANALYSIS

Prior to the ptychographic reconstructions, the raw
images are corrected for geometric distortions introduced
by the detector and deconvolved with the theoretical
point-spread function of the detector. The analog-to-digital
detector units are also converted into the number of x-ray
photons in each pixel. For each projection angle, a cross-
correlation algorithm is applied to the set of raw images to
retrieve the exact displacements of the sample during the
ptychographic scan.

Each ptychographic data set is reconstructed indepen-
dently, using an early version of the PTYPY software
[22]. An initial reconstruction is obtained with 500 itera-
tions of the difference-map (DM) algorithm [23] and the
illumination function retrieved at this point is shown in
Fig. 2.

After the DM reconstructions, approximately 15% of the
reconstructions exhibit phase vortices, which are singular-
ities in the phase part of a two-dimensional (2D) complex

(a) (a)

(c)

FIG. 3. (a) The phase part of the transmission function of
the sample after 500 iterations of the DM algorithm. (b),(c)
Enlargements of areas containing vortices.

(a) (b)

(c)

FIG. 4. The numerical curl of the phase map shown in Fig. 3,
as computed with Eq. (1).

field [24]. An example of a phase reconstruction affected
by vortices is shown in Fig. 3.

These reconstructions are corrected using an auto-
matic phase-vortex detection and cancellation algorithm
(“VortRem”), described in the following.

Locating phase vortices amounts to identifying the
points at which the curl of the phase gradient (modulo 2π )
is nonzero. With the phase defined on a 2D grid, a vortex is
found at position (i + 1/2, j + 1/2) if the numerical curl,

∇ × [∇φ]2π = [
φi+1,j − φi,j

]
2π

+ [
φi+1,j +1 − φi+1,j

]
2π

+ [
φi,j +1 − φi+1,j +1

]
2π

+ [
φi,j − φi,j +1

]
2π

,
(1)

is nonzero. Here, [φ]2π = (φ + π (mod 2π)) − π keeps
the phase wrapped in the interval (−π , π ]. Normally, the
curl is zero at all but just a few points, where the values
are ±2π , corresponding to negative or positive topological
charges.

Figure 4 shows the curl of the phase map from Fig. 3.
For the complete data set, we find that phase maps contain

(a) (b)

(c)

FIG. 5. The low-pass filtered version of the numerical curl.
Neighboring vortices of opposite charge are seen to mostly can-
cel each other, so that after thresholding, a single vortex, centered
in (c), is left to be corrected.
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(a) (b)

FIG. 6. Vortex cancellation using a naive antivortex (a) pro-
duces strong gradients in the areas known to be uniform (b).

many dozens of vortices. However, most of them are seen
to be part of close vortex-antivortex pairs located along
sharp edges in the sample, where sudden phase jumps
are common. Although they are artifacts, these vortices
are found to cause few difficulties in the data-processing
pipeline.

A low-pass filter applied on the numerical curl (see
Fig. 5) is used to artificially merge vortex pairs and,
through proper thresholding, detect only vortices that are
isolated at the scale set by the filter (50 pixels in our
analysis).

Given the list of relevant vortices, cancellation merely
amounts to multiplying each vortex with a synthetic vor-
tex of opposite charge. When vortices are far from each
other or when the total charge of the image is nonzero, this
cancellation operation can lead to spurious phase gradients
and offsets in the reconstruction. This effect can be seen
in Fig. 6. While these nonphysical gradients can be cor-
rected by running further iterations of the ptychographic
reconstruction algorithm, we devise a heuristic to reduce
their impact, by forcing the cancellation phase to concen-
trate the gradient in regions where transmission is lower,
as shown in Fig. 7.

To allow the reconstruction to adjust back to the data
model after the nonphysical phase gradients introduced by

(a) (b)

FIG. 7. (a) An antivortex map corrected using the absorption
part of the reconstruction. (b) No global gradient or offset is
introduced in the highly transmissive area of the sample.

the VortRem algorithm, 500 more DM iterations are per-
formed. This step is followed by 1000 iterations of the
maximum-likelihood (ML) algorithm [25], which is found
to improve the quality of the reconstruction substantially.

Any phase ramp that may have accumulated is then
removed via a bilinear fit of the background region for
each of the reconstructed projections. The phase is then
unwrapped, using a quality map method [26], and the pro-
jections realigned for the sample shift that occurs during
the full tomographic scan. Only a drift in the vertical direc-
tion is detected via image registration of an amount of
approximately 10 pixels.

The tomographic reconstruction is performed from
the phase projections using the filtered-back-projection
algorithm.

The quantity reconstructed in the phase tomogram is the
real part of the refractive-index decrement δ, which, at the
photon energy used, is proportional to the electron density
ρe. The mass density ρ of the specimen can be calculated
from this electron density [27]:

ρ = A
Z

1
NA

× ρe = A
Z

1
NA

× δ
2π

λ2r0
, (2)
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FIG. 8. (a) The phase projection of Al and Ni particles in a capillary obtained with the near-field ptychographic and VortRem
algorithms. The profile taken along the dashed line can be seen superimposed on the figure. The dashed-square area at the bottom left
of the image is used to determine the phase sensitivity. (b) A sagittal slice of the reconstructed value, with an axial slice through the
same volume as an inset. The scale bar in (a) and (b) is the same. (c) A combined histogram of the density values measured in the full
volume. The result of the fit of the histogram peaks with squared-Lorentzian functions is used to determine the refractive-index and
mass-density values of the materials of the sample. The blue vertical lines represent the tabulated values for pure materials.
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where A is the molar mass and Z is the number of electrons
in the molecule. NA is the Avogadro number, λ is the wave-
length of the x rays, and r0 is the classical electron radius.
The ratio A/Z is 2.10 for Ni and 2.08 for Al.

IV. RESULTS

The final phase projection in Fig. 8(a) shows the edges
of the glass capillary, the smaller Al particles, and the
denser Ni particles. The maximum phase shift measured
in this projection is 26.3 rad and the standard deviation is
8 × 10−3, as calculated in the region of 200 × 200 pix-
els indicated by the dashed square in Fig. 8(a). From
these values, we conclude that the contrast-to-noise ratio
(CNR)—in other words, the effective dynamic range—is
above 3000, as illustrated by the profile plot in Fig. 8(a).

A sagittal slice through the reconstructed phase tomo-
gram is shown in Fig. 8(b), with an axial slice from
the same volume as an inset. The density resolution is
measured in a volume of 100 × 100 × 100 pixels in the
background (air) and gives a value of 4.5 × 10−8 for δ, cor-
responding to 0.06 g/cm3 [28]. Figure 8(c) shows the his-
togram of the electron density of the full volume, where the
peaks represent the different materials forming the sample.
All peaks are found to match a squared-Lorentzian curve
well. The values for the center and standard deviation of
each peak are extracted from these fits.

The comparison of the histogram-based values with the
theoretical values for pure elements extracted from the
NIST database [29] are compiled in Table I. While the
particles might have impurities or be partly in an oxi-
dation state, we compare our results with the theoretical

TABLE I. A comparison of the refractive-index decrements δ

and densities ρ extracted from the histogram of the whole vol-
ume, compared with tabulated data (NIST database). The errors
on the measured values are the standard deviations derived from
the fitted width of each peak.

δ (×10−6) ρ (g/cm3)

Measured Theory Measured Theory

Al 1.78 ± 0.08 1.87 2.58 ± 0.12 2.70
Ni 5.97 ± 0.17 6.14 8.75 ± 0.26 8.91

values for pure materials to provide an upper limit to the
underestimation from near-field ptychography. An under-
estimation of the refractive-index measurements, by 4.8%
and 2.8% for Al and Ni, respectively, can be observed.
The measured density of the borosilicate pipette is 2.15 ±
0.08 g/cm3, underestimated by 3.5% with respect to the
nominal value of 2.23 ± 0.02 g/cm3. The underestimation
will be discussed further below.

The spatial resolution for this measurement is estimated
using the edge-spread function from the edge of the con-
tainer in the axial slices shown in the inset of Fig. 8(b).
The width of the edge-spread function of 1.86 pixels, cor-
responding to 94.3 nm, can be taken as an estimation of the
3D spatial resolution of our data.

Due to the high quality of the density volume, segmenta-
tion of the microparticles in the sample is straightforward.
Both Al and Ni particles are found through thresholding of
the volume inside the capillary. Particles are then labeled
using a watershed segmentation of the distance transform.
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FIG. 9. (a)–(c) Segmentation of the microparticles, color coded according to their size, measured here by means of the equivalent
diameter. The top row [i.e., panels (b) and (d)] shows the rendering and measurements of the Al particles, while the bottom row [i.e.,
panels (c) and (e)] shows the corresponding data for the Ni particles. (d),(e) Scatter plots illustrating the values of the δ measurements
of the segmented particles as a function of their volume. The measurements for the full particles are plotted with blue diamonds, while
the measurements for the same particles where 10 pixels have been removed from their edges are plotted with orange diamonds.
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Neighboring domains sharing a large fraction of their sur-
face are subsequently merged. Segmentation and labeling
are conducted on a volume downsampled by a factor of
2 to increase the computing speed and reduce the mem-
ory requirements. Figures 9(a)–9(c) show the results of
the segmentation, in which the particles are color coded
according to their material and size. These renderings
allow visualization of the particle size distribution within
the glass capillary and show that many particles are far
from their nominal spherical shape.

The segmentation is used to evaluate the effects of the
size of the particles on the measurements of their refrac-
tive index. A total of 34 Ni particles and 554 Al particles
are considered in this study, with an average volume of
727.0 μm3 and 36.8 μm3 for Ni and Al, respectively. The
scatter plots of Figs. 9(d) and 9(e) display the average
δ values of each of these particles as a function of their
volume (blue diamonds). Not surprisingly, the density of
the smaller particles shows a stronger scatter than for the
larger ones. Yet δ is systematically underestimated even for
large particles. The agreement with the tabulated values
improves dramatically when all particles are eroded (i.e.,
a 10-voxel-thick shell is removed from their segmented
volume). The resulting δ values are shown in Fig. 9 as
orange diamonds. The largest four Al and Ni particles give,
after erosion, an average value for δ of 1.82 × 10−6 and
6.03 × 10−6, respectively, reducing the underestimation to
2.3% (Al) and 1.7% (Ni) and indicating that the density
decreases closer to interfaces. The precise origin of this
effect is currently unknown. A physical origin is possi-
ble, since the density of an object is most prone to differ
from its pure-material value at the interface—because of
oxidation, for instance. However, reconstruction artifacts
are also more likely to appear along sharp edges, because
the broad spectrum of spatial frequencies required to repre-
sent a sharp edge can be affected by various experimental
limitations, leading to a loss of signal.

V. DISCUSSION AND CONCLUSIONS

Near-field ptychography allows high-sensitivity mea-
surements of the refractive index and mass density of
microstructures in the investigated sample and also when
the features have a large difference in refractive index
[30], which might be a challenging condition for other
holographic techniques. Even though it cannot be directly
compared because of the difference in dose used in the two
measurements, we note that the δ sensitivity of this exper-
iment evaluated as 4.5 × 10−8 is one order of magnitude
smaller than that obtained with far-field ptychography with
a similar pixel size [6].

The underestimation of δ observed for Al is 5.3% from
the histogram but decreases to 2.3% when considering only
the bulk of the material, while the underestimation for Ni

is around 2% with both analysis methods. The highest dis-
crepancy for Al is partly due to the fact that the Al particles
are smaller in size and we find that the refractive-index
measurements become more accurate for larger features.
Our results are comparable with those obtained by Diaz et
al. [6], who have reported an underestimation of 2% for
the refractive index measured in a volume of interest in the
bulk of a SiO2 sphere.

For near-field ptychography, the underestimation might
be due to a combination of effects including partial coher-
ence of the x-ray beam and an imperfect theoretical
estimation of the point-spread function of the detector.
These might be improved by using a more sophisticated
reconstruction [31].

The spatial resolution in three-dimensions, here of
approximately 2 pixels, can be tuned depending on the
experimental needs by changing the geometry of the setup
and the effective pixel size at the sample plane and is
ultimately limited by the size of the x-ray source.

Our phase-vortex-removal algorithm (VortRem) described
in this work may be of benefit for future phase-contrast
experiments that are prone to this type of artifact, espe-
cially when features with high density differences are
present in the investigated sample.

These results may be fundamental for the application
of near-field ptychography and the interpretation of the
quantitative data provided by this technique in its future
extensive use at high-brilliance sources for a large variety
of applications.
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