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X-ray phase contrast imaging enables the measurement of the electron density of a sample with

high sensitivity compared to the conventional absorption contrast. This is advantageous for the

study of dose-sensitive samples, in particular, for biological and medical investigations. Recent

developments relaxed the requirement for the beam coherence, such that conventional X-ray sour-

ces can be used for phase contrast imaging and thus clinical applications become possible. One of

the prominent phase contrast imaging methods, Talbot-Lau grating interferometry, is limited by the

manufacturing, alignment, and photon absorption of the analyzer grating, which is placed in the

beam path in front of the detector. We propose an alternative improved method based on direct

conversion charge integrating detectors, which enables a grating interferometer to be operated

without an analyzer grating. Algorithms are introduced, which resolve interference fringes with a

periodicity of 4.7 lm recorded with a 25 lm pitch Si microstrip detector (GOTTHARD). The feasi-

bility of the proposed approach is demonstrated by an experiment at the TOMCAT beamline of the

Swiss Light Source on a polyethylene sample. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4948584]

X-ray grating interferometry (GI) is capable of provid-

ing simultaneously three complementary contrasts: absorp-

tion, differential phase, and small-angle scattering.1–3 The

differential phase signal can reveal differences between

materials with similar absorption properties since it is highly

sensitive to the electron density variations of the sample.

The small-angle scattering signal, also known as dark-field,

is able to access unresolved structural variations of the sam-

ple in the (sub) micrometer scale which are beyond the reso-

lution capability of the imaging modality. Both the

differential phase and the dark field signals have been dem-

onstrated to be capable of providing valuable information

additional to the traditional absorption contrast in medical

imaging,4–6 material science, and non-destructive testing.7

Early phase contrast imaging (PCI) techniques were

developed for synchrotron facilities due to the required high

beam coherence.8,9 It was not until the development of the

Talbot-Lau grating interferometer (GI)10 and later the coded

aperture11 that measuring phase signals with conventional X-

ray tubes became feasible. The Talbot-Lau grating interfer-

ometer consists of three gratings: an absorption grating G0

placed close to the source that intends to increase the spatial

coherence of the source, a phase grating G1 that produces an

interference pattern at a certain distance downstream (Talbot

effect), and finally, a second absorption grating G2 which is

placed at a selected Talbot distance right in front of the de-

tector to sample the periodic signal with a sub-pixel spatial

frequency. When a sample is introduced into the beam, it

will cause distortions to the interference pattern due to X-ray

absorption, refraction, and small-angle scattering. These dis-

tortions can be sensed by the so-called phase stepping

procedure1 in which G2 is scanned step by step for one or

more periods. At each step, an image is recorded which

results in an intensity curve at each pixel. The absorption,

differential phase, and small-angle scattering signals can be

extracted from two phase stepping curves obtained with and

without the sample. Although the utilization of G2 decouples

the sensitivity of the interferometer from the detector resolu-

tion, it comes at the price of a lower system dose efficiency

due to the photon absorption it introduces. Additionally,

phase stepping introduces extra mechanical complexity to

the system and increased scanning time. Finally, a strict set

of requirements concerning G2 renders the successful manu-

facturing challenging.12,13 Specifically, the two limiting fac-

tors at the moment are the area and the aspect ratio of the

gratings. Medical applications require large imaging field of

views (hundreds of square centimeters) which means that

dense microstructures have to be produced over a large area

with a high uniformity in terms of depth, duty cycle, and pe-

riod. Nonetheless, to meet the criteria for high phase sensi-

tivity at higher energies, the aspect ratio of the absorbing

structures increases dramatically. All of these indicate that a

G2-less interferometer has the potential to increase the

applicability of PCI.

In this letter, we show that G2 can be omitted (G2-less)

when using a charge integrating direct conversion detector

where inter-pixel interpolation can be performed (works

only for small pitches) and therefore the PCI setup can be

significantly simplified. Our approach renders the phase step-

ping procedure unnecessary and results in a single shot PCI

method.14–21 Compared to other single shot grating based

PCI methods,22,23 ours does not compromise the system sen-

sitivity as it exploits much smaller fringe pitch (smaller than

the physical detector pixel size). The chosen detector,a)M. Kagias and S. Cartier contributed equally to this work.
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GOTTHARD, is a microstrip detector with a strip pitch of

25 lm and single photon sensitivity down to �2.7 keV pho-

ton energy.24 It is possible to resolve the fringes produced by

G1 down to a 4.7 lm pitch directly. This is accomplished by

single photon detection and appropriate analysis of the gen-

erated charge values which allows the estimation of the pho-

ton position beyond the detector channel size.25 However,

the achievable resolution is spatially modulated within each

channel pair; for this reason, we developed a phase retrieval

algorithm exploiting the Hilbert transform (HT) which

allows the analysis of such signals. The proposed method

was demonstrated experimentally at the synchrotron.

A G2-less grating interferometer consists of a phase gra-

ting (G1) placed directly after the sample and a strip detector

placed downstream at a Talbot distance (see Fig. 1). By scan-

ning the sample vertically through the X-ray beam, it is pos-

sible to acquire a two-dimensional image. To enhance the

image resolution in the scanning direction, the beam is colli-

mated by a 2lm tungsten slit in front of the detector.

The GOTTHARD detector uses direct conversion sensors,

in which X-ray photons are absorbed in the sensor (typically

silicon) and produce electron-hole pairs in the semiconductor

with a conversion coefficient of 1 e�/3.62 eV.26 The sensor is
biased, such that the electrons drift toward the read-out elec-

trodes, where the signal is collected, amplified, and then

integrated in the read-out chip of the detector. The initial

point-like electron cloud produced at the point of interaction

broadens during the transport through the sensor and has an

average diameter of 176 3lm (Ref. 27) at the collection sur-

face of a 320lm thick silicon sensor. The charge generated

from one absorption event is collected by more than one chan-

nel for small channel sizes (i.e., in the order of the electron

cloud diameter), which is known as charge sharing.28 If the

photon flux is low compared to the frame rate, meaning that

the detected photons during the acquisition of a frame are very

few, single photon absorption events are separable and can be

analyzed individually by evaluating the signal height of adja-

cent channels. In this single photon regime, the charge inte-

grating circuit allows to determine the energy of the absorbed

photon and the interaction position can be retrieved down to a

few microns. Repeating this process for many photons allows

the acquisition of a high resolution image.25

The G2-less PCI experiment consists of three measure-

ments: the blank measurement (no G1, no sample) for

position reconstruction calibration, the grating measurement

(with G1 only) as a reference for the phase retrieval algo-

rithm and the sample measurement, where both G1 and the

sample are present in the beam. The blank measurement and

the grating measurement just need to be done once if the

setup and measurement parameters do not change.

After acquisition, the frames containing single photon

events are post processed to extract photon hits and to deter-

mine their positions. Each channel is divided into several vir-

tual channels and the extracted photon hits are assigned to

the virtual channels according to their position.

The first step of post-processing is the dark image cor-

rection, where a base signal is subtracted from the captured

frames accounting for leakage current flowing through the

sensor during acquisition. After that, the absorption events

are identified if the signal value of a pair of channels exceeds

a threshold. For each event n, the adjacent channels’ pulse

height denoted Ln (left neighbour) and Rn (right neighbour)

and the channel index of the left channel c (identifying the

channel couple) are extracted. The sum of Ln and Rn is pro-

portional to the photon energy, and the ratio between the val-

ues is a non-linear representation of the photon absorption

position. To linearise the absorption position, we use the g

algorithm, a method first used in particle physics29 and later

demonstrated with X-rays in direct conversion detectors.25,30

The gn value for each event n is defined as Rn/(LnþRn). The

distribution dN/dg of the g values is calculated from the

blank measurement, where N is the total number of detected

events. For each event of the sample measurement or the gra-

ting measurement, the interpolated position of the absorption

location is calculated by

xc gnð Þ ¼ p

ðgn

�1

dN

dg
dg

ð1

�1

dN

dg
dg

; (1)

where p is the size of a detector channel. The reconstructed

high resolution intensity signals of the grating measurement

and sample measurement (denoted by IcgðxÞ and Ics ðxÞ) corre-
spond to the distribution dN=dxc of events in the x-dimension

of the channel pair c. The intensity signals IcgðxÞ and Ics ðxÞ are
sampled with the number of virtual channels Nx and a uniform

spatial sampling rate of Nx/p as illustrated in Fig. 2.

The aim of the proposed phase retrieval method is to

extract the differential phase value for each channel pair. This

task exhibits two major challenges when compared to stand-

ard single shot Fourier based phase retrieval methods.22,23

First, under general imaging conditions, the physical size of a

detector channel p (25lm in our case) will not be a multiple

of the projected fringe period, which is a limitation for

Fourier based methods. Second, the resolution enhancement is

not uniform between two detector channels due to non-linear

charge sharing, and this results in a spatial modulation of the

visibility of the recorded fringe as seen in Fig. 2. Therefore,

more elaborate phase retrieval methods are required. We pro-

pose an algorithm that is able to determine the average phase

shift of the most prominent frequency in a channel couple.

The recorded interference fringe of the channel pair c can be

approximated by

FIG. 1. Setup of the G2-less grating interferometer. The microstrip detector

is placed at a distance of zt¼ 15 cm downstream of G1. The microstrips have

a length of several mm, and therefore, the beam is additionally collimated

by a 2 lm tungsten slit directly in front of the sensor.
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IcðxiÞ ¼ acðxiÞ þ bcðxiÞrcðxiÞ cosð2pf1xi � /cðxiÞÞ; (2)

where xi is the position of the virtual channel i, i 2N with

1� i�Nx, f1 is the main frequency of the fringe, ac(xi) is the

sample absorption, and bc(xi) and /cðxiÞ represent the scat-

tering factor and phase shift. The sample-independent term

rc(xi) is used to model the non-uniform resolution of a chan-

nel pair c. Specifically, it takes into account the localized vis-

ibility reduction (contrast loss) of the interference fringe as

seen in Fig. 2. Assuming the absorption term is constant

within a channel pair (i.e., Ac ¼ 1
Nx

PNx

i¼1 IcðxiÞ), we can

determine the dc-offset corrected signal

~I
cðxiÞ ¼ IcðxiÞ � Ac ¼ bcðxiÞrcðxiÞ cosð2pf1xi � /cðxiÞÞ:

(3)

We obtain the complex analytical signal by adding the

Hilbert transformed signal as the imaginary part

Î
cðxiÞ ¼ ~I

cðxiÞ þ iH ð~IcðxiÞÞ: (4)

Î
cðxiÞ encodes the instantaneous phase of the fringe /cðxiÞ as
the angle and the modulated instantaneous scattering factor

bcðxiÞrcðxiÞ as the magnitude. For each channel couple c, the

differential phase can be extracted from Î
c

f ðxiÞ and Î
c

sðxiÞ

Pc ¼
X

Nx

i¼1

w xið Þarg
Î
c

s xið Þ
Î
c

g xið Þ

( )

; (5)

where wðxiÞ is a weighting function accounting for the non-

uniform resolution of the reconstruction method with
PNx

i¼1 wðxiÞ ¼ 1. In our case, wðxiÞ was chosen as a Gaussian

curve with r ¼ 1=
ffiffiffi

2
p

lm.

The presented experiments were performed at the

TOMCAT beamline at the Swiss Light Source, Villigen,

Switzerland.31 The Si(111) monochromator was set to

16.7 keV. The beam was attenuated by a 50% filter and a

350lm aluminum sheet to enter the single photon regime. A

silicon p/2 phase grating (produced at the Laboratory for

Micro and Nanotechnology (LMN) of the Paul Scherrer

Institute, Villigen, Switzerland) with a pitch of 4.7lm was

placed behind the sample of investigation. The GOTTHARD

detector was mounted at the first Talbot distance (15 cm)

behind the phase grating. The 1280 microstrips of the read-out

chip of the detector were coupled to an equally segmented

320 lm thick silicon sensor, which gives a detection effi-

ciency of 59% at the X-ray energy of 16.7 keV. GOTTHARD

can readout a selected region of 256 strips at 140 kHz frame

rate. In the experiment, a region of 31 strips with a pitch of

25lm was used. This corresponds to a field-of-view of

775lm. Each channel was subdivided into 64 virtual chan-

nels. The investigated sample was a polyethylene (PE) sphere

(Cospheric LLC, Santa Barbara, CA 93160, USA) with a di-

ameter of 625lm mounted on the tip of a steel needle. Two-

dimensional image data were acquired by scanning the object

vertically through the beam in 30 steps of q¼ 25lm. Fifty

millions frames of an exposure time of 1ls were acquired per

measurement, resulted in a total scan time of about 3 h per

image. This very long exposure time is mainly given by the

long dead time determined by the low flux required by the de-

tector to perform interpolation on single photons.

After the position interpolation, the sample intensity

curve (i.e., Ics ðxÞ) and the grating intensity curve (i.e., IcgðxÞ)
were obtained for each channel pair c. The absorption and

differential phase values were then calculated by using the

proposed algorithm for each channel couple individually.

The final images have a size of 30� 30 pixel2 (Figs. 3(a) and

3(b)). The theoretical differential phase value for slice w and

channel c (depicted in Fig. 3(c)) can be calculated by

FIG. 2. Reconstructed intensity signals for a channel couple c. The exact

channel is marked in yellow in Fig. 3(a). The detector resolution depends on

the inter-channel position x and is in theory highest at the boundary between

two channels. The high resolution region (and also the region with the high-

est fringes amplitude) is shifted to the left due to the potential misalignment

of the detector with respect to the beam direction.

FIG. 3. Polyethylene sphere of 625lm diameter acquired with the proposed

method. (a) Absorption signal Ac, (b) differential phase signal Pc, and (c)

calculated differential phase signal. (d) Comparison of experimental and the-

oretical signal calculated using (6) of the line profile indicated in (b) and (c).
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Pt c;wð Þ ¼ 4p
dzt

g1

cp� 30p=2ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2 � cp� 30p=2ð Þ2 � wq� 30q=2ð Þ2
q ;

(6)

where d ¼ 8:1631� 10�7 for polyethylene at 16.7 keV, zt is

the distance between the phase grating and the detector, g1 is

the pitch of the phase grating, and r is the radius of the

sphere. Fig. 3(d) compares the measured and theoretical dif-

ferential phase profile calculated using Equation (6) for one

image line, indicating that the proposed method can retrieve

the differential phase information quantitatively.

Unfortunately, the photons absorbed in the center of a

strip cause no or little charge sharing, and therefore, the reso-

lution on their positions is worse than the grating’s spatial

frequency. This reduces the detection efficiency for the phase

shift, but not for absorption. A more effective exploitation of

all photons for detecting the phase shift and increase in the

maximum spatial resolution can be achieved by enhancing

the charge sharing, which is larger at lower energies (with

the disadvantage that the radiation dose is increased as well)

or can be obtained by an optimization of the detector by

using smaller strip pitches, thicker sensors (which also

increases the absorption efficiency), or the use of lower bias

voltages to the sensors.32 These last expedients will increase

the diffusion time for the charge generated by the photons

absorbed closer to the backplane, but will not affect the ones

absorbed deeper in the sensor bulk, which are still a consid-

erable amount at the energy used in our experiment. Spatial

resolution is also affected by the alignment of the sensor

compared to the X-ray beam due to the parallax given by the

different depth of absorption of the 16.7 keV photons

through the 320 lm silicon sensor (�300 nm per 1 mdeg

misalignment).

In summary, we experimentally show that a single shot

phase contrast imaging without the utilization of the analyzer

grating (G2) can be achieved by using a charge integrating

direct conversion detector. We show that it is possible to

retrieve quantitative differential phase information albeit the

interference fringe is sampled in a less optimal way com-

pared to the phase stepping method. As next steps, we plan

to quantitatively measure the dose reduction in comparison

with a conventional Talbot-Lau grating interferometer, test

the performance of our method on conventional X-ray tubes,

and extend to two-dimensional detector and two-dimensional

gratings.
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