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X-ray ptychographic computed tomography has recently emerged as a nondestructive characterization tool for

samples with representative sizes of several tens of micrometers, yet offering a resolution currently lying in but not

limited to the 100-nm range. Here we evaluate the quantitativeness of this technique using a model sample with a

known structure and density, and we discuss its sensitivity as a function of resolution. Additionally, we show an

example application for the determination of the mass density of individual 2-µm-sized SiO2 microspheres with

a relative error of 2%. The accuracy and sensitivity demonstrated in this paper will enable quantitative imaging,

segmentation, and identification of different phases in complex materials at the nanoscale.

DOI: 10.1103/PhysRevB.85.020104 PACS number(s): 68.37.Yz, 81.70.Tx, 87.57.Q−, 42.30.Rx

Quantitative three-dimensional (3D) mass density mapping

at the nanoscale is relevant in many fields of research such as

colloidal science, medicine, and the development of advanced

materials. However, not many methods can provide a measure-

ment of the mass density of a specimen with submicrometer

resolution. Absorption contrast full-field x-ray microscopy

can achieve 50-nm resolution.1 Yet x-ray absorption contrast

does not provide quantitative measurements of the electron

density unless measurements at two different wavelengths are

performed,2 and other x-ray phase contrast modalities such as

Zernike microscopy are quantitative only for specimens with

small phase contrast and negligible absorption.3

Similarly to holotomography,4 x-ray coherent diffractive

imaging (CDI) provides quantitative high-resolution phase

images of a specimen with both phase and absorption

contrast.5,6 Using phase retrieval algorithms,7 CDI recon-

structs the complex wave front past the specimen from

coherent diffraction patterns measured in the far field. Unlike

other microscopy techniques, CDI does not require a lens to

produce an image, and its resolution is only limited by the

angular spread of the scattered intensity by the specimen.

X-ray ptychography8,9 has been developed as a variant of

CDI in which a pinhole or a focusing element is used to

define a confined and coherent illumination onto the sample,

and diffraction patterns are recorded for overlapping regions

of the specimen. The redundancy in the data arising from

the overlapping areas allows the procedure to reconstruct

simultaneously the specimen and the illumination function,10

providing a robust reconstruction of the complex wave field

past the specimen. The combination of many ptychographic

reconstructions at different incidence angles of the x-ray beam

can be used for the tomographic rendering of the 3D electron

density distribution of the specimen on the nanoscale.11

Compared to other CDI techniques, ptychography has

the advantage of imaging extended samples of arbitrary

size.8,9 This opens the possibility of quantitatively imaging

representative volumes of a specimen at the nanoscale, which

can be of relevance, for example, for simulations of hydration

processes of cement on the nanoscale,12 or for the study of bone

mineralization density distributions.13 The demonstration of

the quantitativeness of the technique is a necessary step toward

the realization of these relevant studies. Here we validate

the quantitativeness of ptychographic tomography and we

analyze its sensitivity as a function of resolution using a test

object with known density and structure. We also demonstrate

the application of the technique for the determination of the

density of individual SiO2 microspheres with 2-µm diameter.

By solving the phase problem, ptychography retrieves

the complex transmission function of the object, providing

both amplitude and phase contrast. The phase is particularly

relevant for quantitative imaging. It is defined as the shift of

the incident wave-field phase as it passes through the object

and can be expressed as

φ(x,y) = −
2π

λ

∫
δ(r)dz, (1)

where δ(r) is the difference from unity of the real part of

the refractive index distribution within the object, λ is the

wavelength of the radiation, and z is the propagation direction.

A tomographic reconstruction from many projections such as

Eq. (1) taken at different rotation angles of the sample with

respect to the incident beam leads to the 3D distribution of the

refractive index δ(r). Away from the absorption edges, the 3D

electron density distribution can be readily obtained by

ne(r) =
2πδ(r)

λ2r0

, (2)

where r0 denotes the classical electron radius. Therefore, x-ray

phase tomography provides directly the 3D electron density

distribution of the specimen. The relation between electron

density and mass density ρ depends on the atomic species

ρ =
neA

NAZ
, (3)

where A is the molar mass, Z is the total number of electrons

in a molecule and NA is Avogadro’s number. It follows that

knowledge of the chemical composition of the specimen allows

an accurate measurement of the mass density distribution.14

Our experiments were performed at the cSAXS beamline

at the Swiss Light Source, Paul Scherrer Institut, Switzerland,

with 6.2-keV radiation. We used a 2.5-µm pinhole to define

a coherent illumination onto the sample, which was placed
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(a)

(b) (c)

FIG. 1. (Color online) (a) Sketch of the experimental setup for

ptychographic tomography. At each incidence angle coherent diffrac-

tion patterns are recorded and the projected complex transmission

function can be reconstructed. Example of amplitude (b) and phase

(c) of a single projection of a test sample consisting of two spheres.

2.5 mm downstream of the specimen, as shown in Fig. 1(a).

The sample was mounted on a 3D piezo stage in such a way

that translations with nanometer resolution were possible in

all directions. Below, a rotation stage was used to change the

incident angle of the beam onto the sample over a range of

180◦. Coherent diffraction patterns were acquired with a zero

read-out noise and single-photon counting detector15 placed

7.2 m downstream. A He-filled flight tube in between reduced

air scattering and absorption.

The first sample consisted of a 22.5-µm-diam BaTiO3

sphere16 and a 10-µm-diam polystyrene sphere17 attached on

top. A layer of Pt of about 0.5-µm thickness was deposited on

a part of the BaTiO3 sphere surface, in which several letters

were milled with a focused ion beam (FIB). The smallest

features in the milled pattern were smaller than 200 nm. The

densities of the spheres were stated by the manufacturers to be

1.05 g/cm3 for the polystyrene and 4.2 g/cm3 for the BaTiO3.

Ptychographic scans of the sample were performed in a circular

grid18 with a spacing of 1.5 µm between the circular shells and

a field of view of 30 µm × 20 µm in the horizontal and vertical

directions, respectively, resulting in a total of 213 points per

scan. At each scanning point a coherent diffraction pattern was

acquired with 0.4-s exposure time, spanning an angular range

of 0.26◦ on the detector. The total acquisition time required for

a single projection was about 1.5 min, which corresponded to a

total of 6 × 108 photons incident on the sample, and estimated

absorbed doses of 4 and 47 kGy for the polystyrene and BaTiO3

spheres, respectively.

Ptychographic reconstructions with phase retrieval were

performed using a difference map algorithm as described

elsewhere.10 We show in Figs. 1(b) and 1(c) the reconstructed

amplitude and phase, respectively, of one of the projections.

The reconstruction pixel size was 43.6 nm. The amplitude

shows the upper part of the BaTiO3 sphere with a high contrast

ranging from 1 in air to 0.1 in the thicker part of the sphere. The

phase shows the same sphere with less noise and additionally

reveals the polystyrene sphere, which is practically invisible

(c) (d)

(b)

(a)

FIG. 2. (Color online) (a) 3D isosurface representation of the

tomographic reconstruction of a test sample. (b) 2D slice of the

tomogram in (a), scale bar 5 µm. (c) Spherical slice of the tomogram

in (a) showing a region with milled letters on the surface of the sample.

(d) SEM image of the same region shown in (c). Scale bars in (c) and

(d) are 1 µm.

in absorption contrast. A phase range larger than 4π and

a zero value of the phase in air were obtained after phase

unwrapping19 and removal of an offset.11,20 In the amplitude

image we observe a significant amount of artifacts, as it has

been reported in previous studies.11

Identical scans were recorded at 360 different incidence

angles from −90◦ to 89.5◦ in steps of 0.5◦. After postprocess-

ing and alignment20 the phase projections from all incidence

angles were used in a filtered back projection tomographic

reconstruction to obtain the 3D refractive index distribution

δ(r) of the test sample. Figure 2(a) shows an isosurface

representation of the measured δ(r) at a value close to the

refractive index of polystyrene. On the surface of the large

sphere we clearly observe the letters milled with the FIB.

Figure 2(b) shows a two-dimensional (2D) slice through the

reconstructed volume in a plane that passes close to the

centers of the two spheres, where the gray scale indicates

the refractive index. In this slice it is possible to resolve a

high-density layer of a few hundred nanometer thickness on

top of the BaTiO3 sphere arising from the Pt deposition. The

resolution of the tomogram is about 150 nm, estimated from

a cut perpendicular to a sharp edge in the sample. This can

be confirmed with a spherical slice of the BaTiO3 sphere at

a region with milled structures, as shown in Fig. 2(c), where

the milled letters are clearly resolved. In Fig. 2(d), a scanning

electron microscopy (SEM) image shows the same region of

the specimen at its surface, revealing a remarkable agreement

with the tomographic data shown in Fig. 2(c).

To estimate the precision in the reconstructed density, we

selected a volume of 64 × 64 × 64 voxels in the polystyrene

sphere, indicated by a square in Fig. 2(b), corresponding to

a volume of approximately (2.8 µm)3. The histogram of the

reconstructed voxel values, shown in Fig. 3(a), fitted very well

a Gaussian distribution, indicated by a line. The center of

the distribution, δ0 = 6.09 × 10−6, and the standard deviation,

σ = 0.29 × 10−6, were used to determine the average electron

density within the selected volume and its error by means

of Eq. (2). We note that the standard deviation was very

similar to the one obtained from a volume of identical size

020104-2
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(a) (b)

FIG. 3. (Color online) (a) Histogram of a region in the sample of

approximately (2.8 µm)3 size marked with a square in Fig. 2(b). (b)

The circles show the relative error of the histogram σr as a function

of the voxel side length r , obtained by binning the voxels within this

region. The line shows a fit to the data (see text for details).

within a region in air σ air
= 0.36 × 10−6, confirming that the

chosen area on the sphere is homogeneous. The knowledge

of the chemical composition of this material revealed a mass

density of (1.05 ± 0.05) g/cm3, which agreed very well with

the expected mass density given by the manufacturer. The

error of this measurement corresponds to a measurement

on a single voxel, but binning the density in the selected

volume reduces the spread of the distribution σ . This effect

is shown in Fig. 3(b), where the relative error σr = σ/δ0

is plotted as a function of the voxel size. We observe that

the error decreases as r−0.55, as indicated by the fitted line.

Assuming uncorrelated noise in the data, one would expect

a faster decay of σ as r−1.5. The slower decay of the

relative error in our measurement arises from correlated noise

introduced by the filtered back projection reconstruction21

and from the ptychographic reconstructions. By choosing

a binning of 323 voxels, corresponding to a voxel size of

approximately (1.4 µm)3, the measured density on that region

is 1.048 ± 0.008 g/cm3. This value actually provides a very

close match with the value of the density of single polystyrene

particles reported by Grover et al.22

An analysis on a volume of the same size within the BaTiO3

sphere revealed a histogram with a standard deviation σ =

1.4 × 10−6, significantly larger than the one found in air or

in the polystyrene sphere. We attribute this to a lower degree

of homogeneity within this sphere. Nevertheless, the average

density within this volume was 4.14 ± 0.10 g/cm3 using a

binning of 323 voxels, in agreement with the value given by

the manufacturer.

Ptychographic tomography has further been applied to

measure the mass density of individual microspheres. In

order to illustrate this application, we show in Fig. 4(a) a

3D tomogram of a sample of SiO2 microspheres of 2-µm

diameter23 confined in a SiO2 microcapillary. As expected,

the tomogram revealed a homogeneous density within the

particles, especially visible in a line across one of the

microspheres, shown in Fig. 4(d). A quantitative analysis

over a 1-µm3 volume within this particle revealed a mass

density of (1.91 ± 0.04) g/cm3, and similar values have been

obtained for the other particles in the sample. The measured

values were significantly smaller than expected for bulk SiO2.

Silica microspheres can have significantly different densities

than their corresponding bulk materials, and it is usually not

straightforward to determine the exact mass density when

(a)

(b) (c) (d)

FIG. 4. (Color online) (a) 3D rendering of the ptychographic

tomogram of a sample consisting of 2-µm-diam SiO2 microspheres

in a glass capillary. We show in yellow (dark gray) an isosurface

representation of the microspheres, while the capillary is shown in a

semitransparent light gray color. (b) 2D section through the tomogram

shown in (a). (c) 2D section of the same tomogram perpendicular

to the section shown in (b) at the position of the line. (d) Line

profile indicated by a dashed line in (c) reveals the refractive index

distribution within a particle and the capillary wall.

limited amounts of sample are available.24 Even though the

recently developed techniques based on the nanomechanical

resonators25 used for the assessment of the densities of

single cells and single particles22 currently exhibit density

resolution superior to ptychographic tomography, they are

intrinsically limited to the provision of densities of the entire

entities. Therefore, these techniques, unlike ptychographic

tomography, cannot provide the internal density maps, which

will prove very useful for the assessment of the phases of

multicomponent particles, such as core-shell colloidal spheres.

In conclusion, we have shown that ptychographic tomogra-

phy yields accurate quantitative mass density values whenever

the specimen’s chemical composition is known. The sensitivity

of the density measurements has also been studied as a

function of the binning of the 3D data, which can decrease

statistical errors down to 1% in homogeneous samples. We

have further demonstrated the technique as a method to

measure the mass density of SiO2 microspheres with a relative

error of 2%. In this study the resolution is limited to 150

nm by mechanical stability and thermal drifts. However, the

resolution is fundamentally limited only by the wavelength

and the detector angular extent. In practice, other limiting

factors are an effective depth of focus related to the specimen’s

020104-3
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thickness,9,26 and multiple scattering effects, also related to

the specimen’s thickness.27 With the coherent flux produced

at third-generation synchrotron sources, and a dedicated

nanotomography sample stage with improved mechanical

stability, we believe that (20 nm)3 resolution for specimens

up to 100-µm size will be possible in the near future. The

method of quantitative tomography described here requires

that the field of view at each projection is larger than the lateral

extension of the specimen and that the full angular range from

0◦ to 180◦ is accessible. For cases where these conditions

are not fulfilled, other methods for quantitative tomographic

reconstructions should be investigated and validated.

Our results demonstrate the feasibility and reliability of

high-resolution measurements of density distributions with a

resolution below 200 nm, even in cases where representative

sample volumes exceed many thousands of cubic micrometers.

Such measurements already provide unique insight into ad-

vanced materials such as carbon fibers, where it can be crucial

to determine graphite distribution within the bulk carbon

matrix, both differing in mass density, but not in chemical

composition. The method’s accuracy, as demonstrated in this

paper, facilitate highly specific segmentations in granular

media even if different constituents of phase display a large

degree of similarity. We expect this method of quantitative

measurement of density distributions to find many applications

in life and materials science.
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