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Introduction
Synchrotron radiation provides a number of outstanding features 

that are highly valuable for X-ray imaging and tomography. One of 
them is the partial coherence of the radiation, which is explored at 
the X-ray Imaging and Coherence beamline (I13) at Diamond Light 
Source. The variety of methods employed at the beamline offer imag-
ing with the highest quality. We discuss the benefi t of imaging with 
coherent radiation and describe methods and applications available at 
Diamond’s I13 beamline.

Coherent radiation at the I13 beamline
Diamond Light Source is a third-generation synchrotron light source 

using a 3 GeV electron storage ring to produce light for 28 operational 
beamlines. I13 is located in one of the long, straight sections of Dia-
mond. The beamline I13 has two independently operated branchlines, 
and the experimental stations are located more than 200 m from the 
source. One station is dedicated to imaging in real space and called “Di-
amond Manchester Imaging branchline” because of the close collabora-
tion and fi nancial support provided by Manchester University (Figure 
1, bottom, left side of graph; Figure 2, lower leg). The coherence branch 
applies imaging with a fully coherent beam and records data in recipro-
cal space (Figure 1, bottom, right side of graph; Figure 2, upper leg). 

The I13 long, straight section has been modifi ed to the so-called 
“mini-beta” layout (Figure 1). The long section is divided into two 
shorter parts by focusing magnets in the center of the section. The ver-
tical electron beam size, which is proportional to beta function, is re-
duced signifi cantly so that two insertion devices can be operated with a 
small gap (about 5 mm instead of 13 mm). The design provides about 
one order of magnitude higher photon fl ux compared to the original lay-
out when used in combination with a shorter magnetic period insertion 
device (23 mm instead of 28 mm). The horizontal electron beam size 
and beta function are chosen to focus in a virtual point. For the coher-
ence branch, this virtual source point is located in the front end of the 
branchline. Slits are implemented at this location so that the horizon-
tal source size can be adjusted to the experimental needs. The slits are 
typically closed to a size of 50 µm; the lateral coherence length in the 
experimental hutch about 200 m away has been measured to be larger 
than 300 µm in both the horizontal and vertical directions. 

To optimize the coherent fl ux for the coherence branch, optics such 
as mirrors and the monochromator are horizontally defecting to elimi-
nate vibrations in the highly coherent vertical direction. The horizon-
tal lateral coherence length is—as mentioned earlier—adaptable with 
slits installed in the front end. The coherent fraction of the radiation 
is selected by a set of slits in front of the experiment. The longitudinal 
coherence length can be adapted with the four-bounce monochromator, 
containing a set of Si(111) and Si(311) crystals corresponding to 0.6 
µm and 5 µm longitudinal coherence length at 8 keV. The longitudi-
nal coherence length can be fi ne-tuned by detuning the crystal pairs to 
each other. The coherent fl ux is about 1010 photons per second at 8 keV 
photon energy. The optical layout of the coherence branchline makes 
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Figure 1: Scheme of “mini-beta” layout (top) and beta functions in a divid-
ed straight section (bottom). The βx and βy functions are proportional to 
the horizontal and vertical electron beam size. The green bars correspond 
to the length of the insertion devices. 
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it especially suitable for advanced imaging methods, and a series of 
explorative coherent optical experiments [1–5] have been conducted at 
the Coherence branchline of the I13 beamline.

For the Imaging branchline, the requirements for coherence are less 
stringent since only partial coherent radiation, if at all, is required for 
most experimental techniques; more details about the beamline can be 
found in [6].

Introduction of imaging with coherence
Conventional radiography is based on measuring the absorption of 

an object consisting of a given material with a thickness x and an ab-
sorption coefficient µ. The refractive index of the material describes 
absorption and phase shift of X-rays transmitted though the material. In 
the energy range around 20–30 keV, both absorption and phase shift in 
general are very small, but the value corresponding to the relative phase 
shift is about two orders of magnitude larger than the relative absorp-
tion. For this reason, it is very rewarding to exploit the phase informa-
tion. The contrast may be significantly increased and therefore the radi-
ation dose may be significantly reduced. This is not only very valuable 
for biomedical applications, but also for other scientific areas where, for 
example, imaging with temporal resolution is required. Information on 
both phase and amplitude are explored when imaging with the highest 
spatial resolution with coherent diffractive imaging (CDI) techniques, 
such as Bragg-CDI and ptychography. For most scientific applications 
at I13, the imaging methods make use of the phase information and the 
coherence of the radiation.

The I13 beamline at Diamond aims for imaging on micro- and nano-
lengthscales in the energy range of 6–30 keV. The unique feature of the 
beamline is that both imaging in real and reciprocal space is available, 
covering a large range of spatial resolution. The coherence of the radia-
tion is employed especially for imaging objects with features of weak 
contrast. The science addressed covers a large field of applications, in-
cluding materials science, biomedical applications, and environmental 
science.

Imaging with coherent radiation on the I13 beamline 
Examples of recent scientific studies showcasing the specific fea-

tures of the two independently operated branchlines, Diamond-Man-
chester Imaging branchline and Coherence branchline, are described. 

Diamond-Manchester Imaging branchline 
In-line phase contrast imaging is the most commonly used method, 

mainly because of its ease of use. It requires partial coherent light and 
is based on the edge enhancement of weakly absorbing features in the 
near field. The resolution is given by the detector, which consists of a 
scintillation screen, coupled through a visible microscope to the CCD/
CMoS chip of the detector, and is in the micron range. Single-distance 
phase retrieval is applied [7] when assuming some prior knowledge 
about the material components and their respective refractive index.

Both phase and amplitude information can be measured in the near 
field with methods under development at the beamline [9, 10]. The 
information is accessible by retrieving the disturbance caused by an 

Figure 2: Schematic overview of the Diamond beamline I13.
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object on a partial coherent wavefront. This is either detected in the 
interference pattern generated by a grating (grating interferometry) 
or using objects such as sandpaper (near-fi eld speckle). The quality 
of the reconstructed images is impressive and provides much ease for 
the segmentation using the histogram of the phase information. Fig-
ure 4 shows such a dataset recorded with grating interferometry and 
providing great ease for data segmentation using the phase-histogram 
[10].

Exploring the phase information does not necessarily require coher-
ent radiation, which is the case for the full-fi eld microscope, currently 
installed as a prototype at the beamline [11]. The instrument is primar-
ily aiming for imaging in the 8–12 keV range with 50–100 nm spatial 
resolution a fi eld of view of about 100 µm and 100 ms exposure time. 
An imaging method used at the Imaging branchline is the Zernike phase 
contrast method, which enhances contrast by manipulating the phase of 
diffracted (1st order) and undiffracted light (0th order) [12]. 

 

Figure 3: Image of bee head showing the area of the ocelli (left) and detailed 3D imaging achieved with in-line phase contrast 
microtomography (right) at I13L [8].

In-‐line	  phase	  contrast	  imaging	  is	  the	  most	  commonly	  used	  method,	  mainly	  because	  of	  its	  ease	  of	  
use.	  It	  requires	  partial	  coherent	  light	  and	  is	  based	  on	  the	  edge	  enhancement	  of	  weakly	  absorbing	  
features	  in	  the	  near	  field.	  The	  resolution	  is	  given	  by	  the	  detector,	  which	  consists	  of	  a	  scintillation	  
screen,	  coupled	  through	  a	  visible	  microscope	  to	  the	  CCD/CMoS	  chip	  of	  the	  detector,	  and	  is	  in	  the	  
micron	  range.	  Single-‐distance	  phase	  retrieval	  is	  applied	  [8]	  when	  assuming	  some	  prior	  knowledge	  
about	  the	  material	  components	  and	  their	  respective	  refractive	  index.	  	  
	  

Both	  phase	  and	  amplitude	  information	  can	  be	  measured	  in	  the	  near	  field	  with	  methods	  under	  
development	  at	  the	  beamline	  [9,	  10].	  The	  information	  is	  accessible	  by	  retrieving	  the	  disturbance	  
caused	  by	  an	  object	  on	  a	  partial	  coherent	  wavefront.	  This	  is	  either	  detected	  in	  the	  interference	  
pattern	  generated	  by	  a	  grating	  (grating	  interferometry)	  or	  the	  other	  objects	  such	  as	  sandpaper	  
(near-‐field	  speckle).	  The	  quality	  of	  the	  reconstructed	  images	  is	  impressive	  and	  provides	  much	  ease	  
for	  the	  segmentation	  using	  the	  histogram	  of	  the	  phase	  information.	  Figure	  2	  shows	  such	  a	  dataset	  
recorded	  with	  grating	  interferometry	  and	  providing	  great	  ease	  for	  data	  segmentation	  using	  the	  
phase-‐histogram	  [10].	  

 

 

	  
Figure	  3:	  Image	  of	  bee	  head	  showing	  the	  area	  of	  the	  ocelli	  (left)	  and	  detailed	  3D	  imaging	  achieved	  

with	  in-‐line	  phase	  contrast	  microtomography	  (right)	  at	  I13L	  [1].	  

Figure 4: Experimental set-up for grating interferometry (top right), reconstructed slices and sections of mouse embryo 
(left), and phase-histogram for data segmentation (bottom right) [10].
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While the methods on the Imaging branchline operating in the near 
fi eld and with partial coherent light are limited in resolution, either by 
the detector or the X-ray optics, on the Coherence branchline highest 
spatial resolution is achieved using fully coherent light.

Coherence branchline
The Coherence branchline hosts a large number of coherence-related 

experiments, exploring the unique radiation properties available at the 
beamline. Many of these experiments are explorative, while ptychogra-
phy and Bragg-CDI (coherent diffractive imaging) are implemented as 
standard techniques for user operation. 

Coherence experiments
The experiments span from correcting lens aberrations with correc-

tive optics [3], to advanced optics testing with the Ronchi method [4], 
and tomography with a novel beam tracking method [13]. Nano-scan-
ning instrumentation was tested jointly with the HXN team at NSLSII, 
providing a 13 nm × 33 nm spot with multilayer laue lenses (MLL) 
for the study of chromosomes [14, 15]. The large lateral coherence 
length also provides new opportunities for holographic imaging [16]. 
We have tested new methods with variable reference objects. Current 
exposure times are in the order of minutes with spatial resolution of a 
few microns. With the proposed Diamond II machine upgrade, the ex-
posure times will be signifi cantly reduced and help holography become 
relevant for user-oriented methods. Other, more application-oriented 
experiments were carried out in collaboration with other facilities; for 
example, shearing in soft colloidal liquids was measured using a rhe-
ometer with photon correlation spectroscopy (XPCS) [17].

Ptychography and Bragg-CDI
For both ptychography and Bragg-CDI, either Fresnel zone plates 

(FZP) or Kirkpatrick-Baez (KB) mirrors system can be used. The use-
able spot size ranges from about 150 nm to 10 µm. The maximum use-

Figure 5: Full-fi eld microscopy at 8.3 keV with absorption contrast (a) and phase contrast imaging in positive (b) and negative (c) Zernike mode [11].

Figure 6: Instrumentation on the coherence branch: Robot arms for Bragg-CDI (left) and Diamond/STFC developed 
EXCALIBUR detector (right) (see [18–20]).
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able hutch length is about 15 m for ptychography and up to 8 m for 
Bragg CDI, for working in the far field over a large range of beam spots.

Currently, the sample stage is shared for ptychography and Bragg-
CDI imaging, consisting of highly precise lift and tilt stages, a low run-
out air-bearing rotation stage, and X-Y-Z scanning stages on the top 
[18]. The current ptychography and tomography capabilities are being 
expanded to increase the current scanning speed from 10 Hz in to 100 
Hz in the near future and beyond. For detecting the diffraction pattern 
photon counting, devices such as the in-house-developed MERLIN de-
tector or the EXCALIBUR detector, developed in collaboration with 
STFC [19, 20], are used. The EXCALIBUR detector consists of a 6 × 8 
array of 256 × 256 pixel MediPix3/3RX chips, with a 55 µm pixel size 
and 12-bit readout at 100 Hz continuous mode and up to 1 kHz in burst 
mode. In single bit mode, useful for XPCS (X-ray photon correlation 
spectroscopy), the detector can be operated up to 30 kHz. The arrange-
ment of three panels with two rows of eight MediPix chips is shown in 
Figure 6 (right). In addition to the coherent diffraction imaging method 
used, it is also possible to record the fluorescence signal with a separate 
detector to identify chemical elements. 

Ptychography experiments
The long hutch of the Coherence branchline permits using mi-

cro- and nano-beams while still satisfying the far-field condition for 
ptychography experiments. These experiments embrace the overarch-

ing theme of the I13 beamline—imaging on the micro- to the nano-
lengthscales with coherent radiation. Many scientific applications re-
quire multi-lengthscale capability, including studying battery materials, 
environmental samples, and crack propagation in bones and materials. 
We are currently developing a scientific program for ptychography with 
scientific applications stemming from the imaging branch experiments 
and requiring this multi-scale capability. 

In the early phase of the branchline development, we explored the 
boundaries for ptychography. While currently operating primarily with 
a monochromatic beam, pink beam will increase the flux by at least 
one order of magnitude. The recorded data need to be decomposed into 
different coherent “modes” [21, 22]. Further, it turns out that under- 
sampled data, not satisfying the Nyquist condition, can be recovered for 
ptychographic scans [23, 24] (Figure 7). Moreover, we investigated the 
influence of a “diffuser” on the data quality and resolution [25]. Today, 
the spatial resolution achieved is 30 nm for 2D projections and more 
than 100 nm for tomographic data, and will be further improved in the 
near future. The knowledge gained from these studies will be imple-
mented for an optimized set-up in time.

Bragg-CDI experiments
Stress and deformation of nano-crystalline samples are investigated 

with Bragg-CDI. For acquiring three-dimensional information, the 
sample is scanned around a Bragg peak under coherent illumination. 

Recent Soft X-ray Monochromator project 

 Soft and Hard X-ray 
Monochromators 

 Mirror and KB Systems 
 Beam Monitors 
 Front End Components 
 End Stations 
 Complete Beamlines 
 XFEL Monochromator 

and Mirror Systems 
 XFEL Beam Monitors 
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Data are recorded with the EXCALIBUR or the MERLIN detector, 
which, in turn, is positioned by a robot arm. It can reach a vertically 
defl ected angle of 55° with a 2 m vacuum pipe in front, and is extend-
able to up 8 m. The pipe is held by a second robot arm; the movement 

of both arms is coordinated with third-party software. The drift of the 
system is under thermally stable conditions (now 0.1°C) in the order of 
several microns and only a fraction of a pixel in size [18]. The down-
stream view of the robot arm system is shown in Figure 6 (left). 

In	  the	  early	  phase	  of	  the	  branchline	  development,	  we	  explored	  the	  boundaries	  for	  ptychography.	  
While	  currently	  operating	  primarily	  with	  a	  monochromatic	  beam,	  pink	  beam	  will	  increase	  the	  flux	  by	  
at	  least	  one	  order	  of	  magnitude.	  The	  recorded	  data	  need	  to	  be	  decomposed	  into	  different	  coherent	  
“modes”	  [18,	  19].	  Further,	  it	  turns	  out	  that	  undersampled	  data,	  not	  satisfying	  the	  Nyquist	  condition,	  
can	  be	  recovered	  for	  ptychographic	  scans	  [20,	  21]	  (Figure	  7).	  Moreover,	  we	  investigated	  the	  
influence	  of	  a	  “diffuser”	  on	  the	  data	  quality	  and	  resolution	  [22].	  Today,	  the	  spatial	  resolution	  
achieved	  is	  30	  nm	  for	  2D	  projections	  and	  more	  than	  100	  nm	  for	  tomographic	  data,	  and	  will	  be	  
further	  improved	  in	  the	  near	  future.	  The	  knowledge	  gained	  from	  these	  studies	  will	  be	  implemented	  
for	  an	  optimized	  set-‐up	  in	  time.	  

	  

Figure	  7:	  Ptychographic	  reconstructions,	  with	  magnified	  inlays,	  from	  a	  set	  of	  undersampled	  
diffraction	  patterns.	  Images	  C	  and	  D	  show	  the	  reconstructions	  from	  the	  raw	  data	  shown	  in	  A	  (typical	  
frame	  from	  the	  set)	  without	  and	  with	  the	  upsampling	  algorithm	  (sPIE),	  respectively.	  B	  shows	  the	  
outputted	  forward	  model	  of	  A	  after	  the	  sPIE	  processing,	  with	  fringe	  visibility	  restored.	  Adapted	  with	  
permission	  from	  [21].	  ©American	  Physical	  Society.	  
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Figure 7: Ptychographic reconstruc-
tions, with magnifi ed inlays, from 
a set of undersampled diffraction 
patterns. Images C and D show the 
reconstructions from the raw data 
shown in A (typical frame from the 
set) without and with the upsampling 
algorithm (sPIE), respectively. B 
shows the outputted forward model 
of A after the sPIE processing, with 
fringe visibility restored. Adapted 
with permission from [21]. © Ameri-
can Physical Society.

Bragg-‐CDI	  experiments	  

Stress	  and	  deformation	  of	  nano-‐crystalline	  samples	  are	  investigated	  with	  Bragg-‐CDI.	  For	  acquiring	  
three-‐dimensional	  information,	  the	  sample	  is	  scanned	  around	  a	  Bragg	  peak	  under	  coherent	  
illumination.	  Data	  are	  recorded	  with	  the	  EXCALIBUR	  or	  the	  MERLIN	  detector,	  which,	  in	  turn,	  is	  
positioned	  by	  a	  robot	  arm.	  It	  can	  reach	  a	  vertically	  deflected	  angle	  of	  55°	  with	  a	  2	  m	  vacuum	  pipe	  in	  
front,	  and	  is	  extendable	  to	  up	  8	  m.	  The	  pipe	  is	  held	  by	  a	  second	  robot	  arm;	  the	  movement	  of	  both	  
arms	  is	  coordinated	  with	  third-‐party	  software.	  The	  drift	  of	  the	  system	  is	  under	  thermally	  stable	  
conditions	  (now	  0.1°C)	  in	  the	  order	  of	  several	  microns	  and	  only	  a	  fraction	  of	  a	  pixel	  in	  size	  [23].	  The	  
downstream	  view	  of	  the	  robot	  arm	  system	  is	  shown	  in	  Figure	  6	  (left).	  	  

A	  typical	  study	  is	  the	  investigation	  of	  multiferroic	  materials,	  exhibiting	  coupling	  between	  
ferroelectric	  and	  magnetic	  properties.	  They	  are	  of	  considerable	  importance	  for	  technological	  
applications	  and	  are	  also	  interesting	  from	  a	  fundamental	  standpoint.	  Bismuth	  ferrite	  (BiFeO3)	  is	  one	  
such	  material	  with	  room-‐temperature	  anti-‐ferromagnetic	  and	  ferroelectric	  ordering.	  Exciting	  the	  
material	  with	  a	  laser	  induces	  tensile	  strain	  beyond	  8x10-‐2	  predominantly	  at	  the	  surface	  of	  the	  
nanoscale	  crystal	  [24].	  

	  
	  

	  

	  
	  
Figure	  8:	  Experimental	  scheme	  for	  Bragg-‐CDI	  experiment	  on	  multiferroic	  bismuth	  ferrite	  (BiFeO3)	  
(left).	  Representation	  of	  tensile	  strain	  on	  the	  crystal	  tensile	  strain	  at	  different	  stages	  of	  laser	  
excitation	  (right).	  Adapted	  with	  permission	  from	  [24].	  
	  

Summary	  and	  outlook	  

Coherent	  radiation	  provides	  unique	  opportunities	  for	  high-‐resolution	  imaging,	  revealing	  weakly	  
absorbing	  structures,	  achieving	  the	  highest	  spatial	  resolution,	  and	  even	  recording	  data	  at	  a	  rapid	  
pace.	  The	  I13	  beamline	  exploits	  coherence	  in	  a	  suite	  of	  methods	  applicable	  over	  a	  large	  range	  of	  
lengthscales.	  In	  the	  operating	  energy	  range	  of	  6-‐30	  keV,	  in	  situ	  and	  in	  operando	  measurements	  can	  
be	  performed,	  taking	  advantage	  of	  the	  highly	  sensitive	  phase	  information.	  Radiation	  damage	  can	  be	  
limited,	  which	  is	  particularly	  beneficial	  for	  biomedical	  applications.	  The	  experimental	  techniques	  will	  

Figure 8: Experimental scheme for Bragg-CDI experiment on multiferroic bismuth ferrite (BiFeO3) (left). Representation of tensile strain on the crystal 
tensile strain at different stages of laser excitation (right). Adapted with permission from [24].
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A typical study is the investigation of multiferroic materials, exhib-
iting coupling between ferroelectric and magnetic properties. They are 
of considerable importance for technological applications and are also 
interesting from a fundamental standpoint. Bismuth ferrite (BiFeO3) is 
one such material with room-temperature anti-ferromagnetic and fer-
roelectric ordering. Exciting the material with a laser induces tensile 
strain beyond 8 × 10-2 predominantly at the surface of the nanoscale 
crystal [26].

Summary and outlook
Coherent radiation provides unique opportunities for high-reso-

lution imaging, revealing weakly absorbing structures, achieving the 
highest spatial resolution, and even recording data at a rapid pace. The 
I13 beamline exploits coherence in a suite of methods applicable over 
a large range of lengthscales. In the operating energy range of 6–30 
keV, in situ and in operando measurements can be performed, taking 
advantage of the highly sensitive phase information. Radiation damage 
can be limited, which is particularly benefi cial for biomedical appli-
cations. The experimental techniques will improve further, including, 
but not limited to, studies in wet environments and with higher spa-
tial resolution. The upgrade of synchrotron sources to lower emittance 
machines is of obvious benefi t for coherence-related imaging. The 
higher brilliance of the proposed Diamond-II will enable the Coher-
ence branchline sub-10-nm resolution imaging, and on the Diamond 
Manchester Imaging branchline visibility of the data will be increased. 
Furthermore, the possibility of holography might become a method for 
standard user experiments [16]. Reducing the gap for insertion devices 
below 5 mm and shorter ID magnetic periods will provide signifi cantly 
more fl ux and will be further enhanced with an upgraded insertion de-
vice with cryo-technology. 
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