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The progress of tomographic coherent diffractive imaging with hard X-rays at

the ID10 beamline of the European Synchrotron Radiation Facility is presented.

The performance of the instrument is demonstrated by imaging a cluster of Fe2P

magnetic nanorods at 59 nm 3D resolution by phasing a diffraction volume

measured at 8 keV photon energy. The result obtained shows progress in three-

dimensional imaging of non-crystalline samples in air with hard X-rays.
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1. Introduction

Modern third-generation synchrotron radiation sources

produce intense spatially coherent X-ray beams several orders

of magnitude higher than previously available. This has

opened possibilities for development of new X-ray scattering

techniques such as coherent diffraction imaging (CDI)

(Chapman & Nugent, 2010). CDI is a lensless imaging method

in which a coherent X-ray beam, transmitted through or

reflected by an isolated object, freely propagates to a two-

dimensional (2D) detector where its far-field diffraction

pattern is registered (Chapman & Nugent, 2010). The idea of

image reconstruction from coherent diffraction can be traced

back to the work of Sayre (Sayre, 1952) in 1952, who discussed

the effect of a finer-than-crystallographic sampling of a

diffraction pattern. The missing phase can be recovered from

the measured Fourier amplitude by phase-retrieval algorithms

(Fienup, 1982; Elser, 2003) when the speckle pattern in one,

two and three dimensions is oversampled by at least a factor of

2, 21=2 and 21=3 in each dimension, respectively (Miao et al.,

1998). The first experimental proof for X-rays dates back to

1999 (Miao et al., 1999).

CDI has the potential of imaging objects with a spatial

resolution limited by the wavelength of the probe. In practice,

the resolution is restricted by the maximum scattering vector

where the intensity is still reliably detected, and for biological

specimens it is ultimately limited by radiation-induced damage

(Howells et al., 2009). CDI can provide images with higher

resolution than that offered by physical optics (Chao et al.,

2005; Mimura et al., 2010). So far the highest achieved reso-

lution in CDI is around 11 nm in 2D (Nelson et al., 2010) and

11–15 nm (Chapman et al., 2006; Barty et al., 2008) in 3D with

soft X-rays, and 2 nm (Takahashi et al., 2010) in 2D and 17–

60 nm (Miao et al., 2006, 2002; Jiang et al., 2010) in 3D with

hard X-rays. The main motivation to use hard X-rays stems

from its high penetrating power. The absorption becomes

negligible and the validity of the Born approximation can be

extended for thicker objects or specimens with higher electron

density. The structural complexity of thick objects (<10 mm)

can only be revealed in 3D. Moreover, utilization of hard

X-rays for CDI does not require a vacuum environment,

facilitating sample manipulation, which is well suited for

imaging biological samples with cryo-protection requiring a

cold gas stream (Lima et al., 2009).

The coherent hard X-rays are also successfully used in

Bragg geometry for characterization of strain distribution in

nanocrystalline materials (Robinson & Harder, 2009). Nano-

crystals are inorganic particles made of a few hundred up to a

few thousand atoms. They are available as semiconductors,

oxides, metals and magnetic alloys and can be used for the

design of complex architectures constructed by self-assembly

(Murray et al., 2000; Rogach et al., 2002). This so-called

‘bottom up’ approach is a key concept in fundamental

research used to organize individual units into nanoscale

materials that could have novel chemical and physical prop-

erties in comparison with those of individual atoms or bulk.

The main focus of research concerning the assembly of

colloidal nanocrystals, considered as building blocks, has so far

been directed toward their organization in ordered (or with a

high degree of order) superstructures, either promoted by self-

assembly processes or by means of external perturbations

deliberately driving nanoparticle organization (Rogach, 2004;

Shevchenko et al., 2006, 2005; Carbone et al., 2007; Baranov et

al., 2010; Miszta et al., 2011). An alternative to periodically

ordered self-assembled structures can be recognized in the

end-to-end assembly of nanocrystals of controlled shapes
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(Figuerola et al., 2009). The vast variety of possible self-

assembled structures requires a thorough investigation.

The structural characterization of the self-assembled

nanoparticles is important for understanding both their

collective properties and the self-assembly mechanism. X-ray

scattering techniques, such as X-ray diffraction (XRD), small-

angle X-ray scattering (SAXS), grazing-incidence XRD and

grazing-incidence SAXS, are frequently used to study self-

assembled periodic and more complex structures (Renaud et

al., 2009). They provide ensemble average structural infor-

mation from the scattering volume and very often require

modeling and simulations for the interpretation of the

measured spectra. On the other hand, X-ray imaging such as

transmission X-ray microscopy (Chao et al., 2005) or CDI

(Chapman & Nugent, 2010) can provide a high-resolution

real-space image of a sample to visualize the non-periodic

microscopic structure.

A successful CDI can be, however, difficult to obtain due to

limited coherent flux available, low signal-to-noise ratio in the

measured diffraction pattern, and computational complexity

of phasing such data. Special care has to be exercised to

deliver a high-quality coherent beam on a sample and to

measure the diffraction pattern that brings a successful phase

retrieval. In this paper we present the technical details of

hard X-ray CDI in forward-scattering geometry. While the

previously reported works used CCD detectors, here we used

a 2D pixel X-ray detector with high dynamic range that

simplifies the data acquisition and subsequent post-processing.

The instrument performance is demonstrated by imaging of a

non-periodic assembly of Fe2P nanorods in three dimensions

in air. The image of the object was reconstructed directly from

the 3D diffraction pattern assembled from the 2D data sets

measured at different angular tilts of the sample as done

in early works (Miao et al., 2002; Chapman et al., 2006; Barty

et al., 2008). Alternatively, the equally sloped tomographic

reconstruction method is used (Miao et al., 2006; Jiang et al.,

2010) but it was not applied here.

2. Experimental details

The CDI experiment was conducted on the beamline ID10C at

the European Synchrotron Radiation Facility. The beamline

was built for small-angle X-ray scattering of coherent beams

and X-ray photon correlation spectroscopy (XPCS). Because

CDI relies on a plane-wave illumination, it is more sensitive to

the quality of the beam in terms of coherence preservation

than XPCS and the instrument has to be optimized accord-

ingly (Lima et al., 2009). A sketch of the optical scheme used in

the experiment is shown in Fig. 1. An 8 keV X-ray beam from

an undulator source was focused by two Be compound

refractive lenses of radius 200 mm in nearly 1 :1 geometry at

the sample position 60 m downstream from the source. The

X-ray beam was monochomatized by a water-cooled pseudo-

channel-cut Si(111) monochromator (��/� = 1.4 � 10�4)

diffracting in vertical geometry and situated at 56.5 m from the

source. The monochromator was made of a highly polished

single Si crystal cut into two pieces that are mounted on an

invar holder to mimic the behaviour of a real channel-cut

monochromator. The beam after the monochromator was

cleaned from the high-order reflections by using two Si mirrors

reflecting at a grazing-incidence angle of 0.2�. The beam-

defining roller-blade slits of 10 mm � 10 mm opening placed

500 mm from the sample ensured the coherent illumination of

the object with an estimated flux of 3 � 109 photons s�1. The

diffraction from the beam-defining slits was cleaned by the

second roller-blade guard slits and finally by the Si blade guard

slits. The roller-blade slits and Si mirrors are kept under

vacuum with 15 mm-thick mica exit window. The mono-

chomator, mirrors and mica window are key optical elements

that can degrade the coherence of the beam. To minimize the

loss of coherence, these elements were positioned in corre-

spondence to the cleanest areas by monitoring the spatial

homogeneity of the unfocused beam on a fluorescent screen at

the sample position with an on-axis microscope. Once the

optimal positioning was found, the lenses were inserted into

the beam. The sample was placed on a high-precision goni-

ometer rotating in the horizontal plane equipped with the on-

axis microscope for sample localization and alignment on the

rotation axis. The sample stage, the on-axis microscope and

the Si blade guard slits are kept in air. Such a set-up is

favorable for imaging frozen-hydrated biological specimens

under cryostream (Lima et al., 2009). X-rays scattered off the

sample propagate to the detector through a vacuum flightpath.

The flightpath’s entrance window is 500 nm-thick Si3N4
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Figure 1
Sketch of the optical scheme used at the ID10 beamline (distances in meters).



membrane and the exit window is 50 mm-thick Kapton film.

An L-shape beamstop blocking the direct beam is mounted in

vacuum at the end of the flightpath in front of a detector. The

diffraction patterns were measured by a Maxipix 2�2 chip

detector (Ponchut et al., 2011) placed at 3.54 m from the

sample. The detector has 516 � 516 pixels with 55 mm pixel

size and zero readout noise. A high frame rate of 350 Hz and

high counter depth (11180 counts) allow a high dynamic range

of 2 � 105 counts s�1 pixel�1 with 20% dead time. There is no

need to take multiple exposures to increase the dynamic range

as is done with CCD cameras. Instead, the measurement of a

diffraction pattern is performed in an accumulation mode

where individual 50 ms exposures are taken and added toge-

ther by a device server to make one single image of the

required exposure time.

To demonstrate the performance of the instrument we

imaged a cluster made of magnetic Fe2P nanorods deposited

on a 100 nm-thick Si3N4 membrane (Fig. 3a). The Fe2P

nanorods (38 � 12 nm/4 � 1 nm, length/diameter) were

synthesized by a slightly modified protocol from Park et al.

(2004) and characterized by SQUID magnetometry (see

supporting information1). The cluster was formed from a drop

of the diluted colloidal suspension under spontaneous drying

and self-assembly with a resultant random density variation.

The diffraction patterns and the background were accumu-

lated for 300 s each at two different detector positions to

recover the intensities in the gaps between the chips. An

inhomogeneous efficiency between individual pixels was

corrected by the flat-field, and the pixels with high intensity

were corrected for detector dead-time. The total duration of

the measurements for 73 2D diffraction patterns taken for the

sample tilts between �72� and +72� with a step of 2� lasted

24 h. The diffraction patterns for the sample tilts between

�64� and +72� are centrosymmetric as shown in Figs. 2(b) and

2(c). We used this property to fill the pixels with missing data

behind the beamstop with its centrosymmetric counterparts.

The other two quadrants were averaged centrosymmetrically

to improve the signal-to-noise ratio. The diffraction patterns

for the sample tilts between �72� and �66� show a slight

deviation from the centrosymmetry (Fig. 2a) and no centro-

symmetric treatment was applied. At these angles the object

attains its highest optical thickness. The specimen starts

departing from the criteria for the weak-object approximation

(Nugent, 2010) which causes slight non-centrosymmetry of

the diffraction patterns. Finally, the 3D speckle pattern was

combined using nearest-neighbor interpolation. Because the

linear oversampling ratio was �2.85, we did not use binning

to increase the signal-to-noise ratio. The original data are

reported in Fig. S1 of the supporting information, plotted

every 12�.

3. Result and discussion

Self-assembly is widely used in the fabrication of nanoscaled

2D and 3D structures. Depending on experimental conditions

one can obtain well ordered arrays of nanoparticles or clusters

from a random particle distribution. The latter case applies

to the cluster studied here. The disordered character of the

sample, as shown by the scanning electron microscopy (SEM)

image (Fig. 3a), its size and composition make it the ideal

object for 3D imaging by hard X-rays.
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Figure 3
SEM of the Fe2P cluster (a) and a 2D projection of the reconstructed
image (b).

Figure 2
Diffraction patterns taken at �72, 0 and 72� sample tilts. The insets are zooms of the small part of the pattern. The bottom inset is rotated by 180� for
comparison with the top inset. (a) The diffraction pattern shows small deviation from the centrosymmetry; (b,c) the diffraction patterns are
centrosymmetric.

1 Supporting information for this paper is available from the IUCr electronic
archives (Reference: GB5019).



To retrieve a 3D image of the object we applied the hybrid

input–output phase-retrieval algorithm (Fienup, 1982) to the

3D diffraction pattern consisting of 420 � 420 � 420 voxels.

The 3D data set contains several regions with undefined

intensities. The information in the central 12 � 12 � 12 voxels

is missing due to the beamstop blocking the direct beam. The

limited range of the sample tilts results in a missing wedge of

36�, beyond �72�. Finally, a discrete angular sampling with 2�

does not cover all voxels at large q values. The full coverage of

voxels at the corners of the diffraction pattern requires a 0.2�

angular increment. In the presented case 90% of the voxels in

the diffraction volume are missing. Nevertheless, the available

10% of intensity is sufficient for the successful phase-retrieval

process. The algorithm searches for the lost phase iterating

between the Fourier and real spaces using a 3D fast Fourier

transform (FFT). The convergence to the right solution

is achieved by imposing known constraints. Starting from

the initial guess, i.e. a 90 � 90 � 90 voxels cube of random

density �jðx; y; zÞ, we calculate the FFT to obtain the Fourier

amplitude Ajðqx; qy; qzÞ and the phase ’jðqx; qy; qzÞ. The

Fourier amplitude is replaced by the measured amplitude

½Iðqx; qy; qzÞ�
1=2, and the new density � 0j ðx; y; zÞ is calculated by

the inverse FFT of ½Iðqx; qy; qzÞ�
1=2 exp½i’jðx; y; zÞ�. The density

for the next iteration is generated by

�jþ1ðx; y; zÞ ¼
� 0j ðx; y; zÞ; ðx; y; zÞ 2 S;
�jðx; y; zÞ � �� 0j ðx; y; zÞ; ðx; y; zÞ 62 S;

�
ð1Þ

where � is the feedback parameter (here � = 0.9) and S is the

object support. The object support represents points in real

space that confine the object and is not known a priori.

However, it was refined during the reconstruction process

using the shrinkwrap method (Marchesini et al., 2003). The

convergence of the algorithm was monitored by the error

function

E ¼

P
Ajðqx; qy; qzÞ � ½Iðqx; qy; qzÞ�

1=2
�� ��2P

Iðqx; qy; qzÞ
: ð2Þ

The image reconstruction was obtained after 1500 iterations.

The final image is the result of averaging 33 aligned recon-

structions with the smallest error E obtained from random

starting densities. To align the images, the image offsets were

estimated using 3D FFT and then corrected accordingly with a

pixel precision. The 2D projection of the resulting image is

shown in Fig. 3(b). It is in very good agreement with the SEM

in Fig. 3(a), which allows us to check the fidelity of the

reconstruction process. The reconstructed 3D image of the

cluster is shown in Figs. 4 and 5 and in Fig. S2 of the supporting

information.

The principal attractiveness of the CDI technique is the

ability of high-resolution imaging. In practice, the actual

resolution is limited by the detector active area, the quality of

the diffraction patterns and finally the beam damage of the

sample. For a known object the resolution of the reconstructed

image is determined from the line scan through a sharp

feature. Because the fine structure of our object is not known

a priori, the quality of the reconstruction is quantified using

the phase-retrieval transfer function (PRTF) (Chapman et al.,

2006),

PRTFð f Þ ¼
P

f ¼ const

Að f Þ
. P

f ¼ const

Ið f Þ½ �
1=2: ð3Þ

The PRTF is the ratio of the Fourier amplitude of the recon-

structed image Að f Þ to the measured ½Ið f Þ�1=2 as a function of

the spatial frequency f or equivalently of the half-period

resolution. We used a conservative estimate of the resolution

given by PRTF = 0.5. The function is shown in Fig. 6. In the

experimental configuration used, the maximum theoretical

resolution that could be achieved is 24 nm, the real-space

voxel size. However, the estimated half-period resolution of

the reconstructed image is around 59 nm. There could be

many factors that degrade the resolution. The Maxipix is

considered as a noise-free detector; the signal-to-noise ratio
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Figure 4
Top view of the cluster using 3D semi-transparent iso-surface rendering.
Continuous arrows show several voids; dashed arrows point to the high-
density aggregates.

Figure 5
Side view of the cluster using 3D semi-transparent iso-surface rendering.
Dashed arrows point to the high-density aggregates.



(SNR) of the measured data is largely determined by the shot

noise. If we use a threshold of SNR = 3, as adopted by crys-

tallographers (Acharya & Lloyd, 2005), then we can expect a

resolution of 59 nm. In addition, the large angular increment

used does not allow the full 3D data sampling at high spatial

frequencies. Indeed the 0.2� angular increment is required for

a full data sampling instead of the 2� used. Moreover, the

missing wedge, due to the restricted sample tilts, degrades

resolution along the beam propagation direction (Chapman et

al., 2006). Recently, a technique that takes into account the

noise during the phase-retrieval procedure (Martin et al.,

2012) was demonstrated for experimental diffraction data with

high linear oversampling ratio (>8). However, when the linear

oversampling ratio is small (<6), the method is not efficient

(Martin, 2012) and we could not apply it to our data.

Achieving 10–20 nm resolution should be possible by using a

more intense incident beam, finer angular increments, and a

detector with a larger number of pixels.

The image resolution is not sufficient to resolve the indi-

vidual nanorods but we can easily identify the dense aggre-

gates and voids in Fig. 4 as indicated by dashed and continuous

arrows, respectively. We remark that the density in the cluster

is distributed randomly and not at the bottom of the cluster, as

one would expect for sedimentation. It can be assumed that

some of the dense aggregates existed in the original dilute

suspension but others were formed during the solvent

evaporation. Also the paramagnetic nature of the nanorods at

room temperature (see magnetic characterization reported in

the supporting information) cannot play an important role in

self-assembly. The formation of voids and high-density areas

on the top and in the middle of the cluster is driven by

complex fluid hydrodynamics in the evaporating sessile drop.

4. Summary and conclusions

In this work we have presented details of the instrumentation

for conducting hard X-ray tomographic CDI on non-crystal-

line microscopic objects. The performance of the set-up has

been demonstrated by imaging a Fe2P nanorods assembly at

59 nm 3D resolution. The image reconstruction has been

obtained using an iterative phase-retrieval algorithm applied

to the sample’s 3D diffraction pattern that was assembled

from 73 measured 2D diffraction data. The reconstructed

electron density distribution of the Fe2P cluster in three

dimensions points to the complex hydrodynamic effects

governing the cluster formation. To improve resolution down

to the sub-20 nm range an increase in coherent X-ray flux and

a detector with at least 1200 � 1200 pixels are needed. Utili-

zation of hard X-rays for CDI does not require a vacuum

environment, facilitating sample manipulation, which is well

suited for imaging biological samples with cryo-protection

requiring a cold gas stream (Lima et al., 2009). The high-

resolution 3D imaging of biological and buried objects is

expected to become a well established technique in the near

future.
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Figure 6
PRTF of the reconstructed image (blue line). The horizontal line
corresponds to PRTF = 0.5. The vertical line at 59 nm corresponds to cut-
off frequencies at 0.5 PRTF and that at 24 nm indicates the real-space
voxel size.
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