
Imaging with Coherent X-rays



Review: Optical Coherence

Temporal Coherence

Spatial Coherence

Ability of a light beam to form fringes with a delayed version of itself

Ability of spatially separated points in a wavefront to form fringes.



Temporal Coherence

nm4.20 =λ

Example

We have an undulator with N = 55 periods, and we tune it to 2.4 nm.

55

11

0

==
∆

Nλ
λ

Recall that spectral bandwidth is proportional to the number of periods 

in the undulator N:

Temporal Coherence

Ability of a light beam to form fringes with a delayed version of itself.



Electric field of a quasimonochromatic x-ray 

pulse with finite bandwidth

Add all spectral contributions from λ0–∆λ/2 to λ0+∆λ/2, 

assuming equal amplitude A(l) for all wavelengths (in 

actuality closer to Gaussian).  Phases φ are constant 

since the radiation is coming from a single electron.
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What does the electric field look like from a single electron radiator?  

Assume it is a perfect point source.
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Temporal Coherence and the Michelson 

Interferometer

Temporal coherence has to do with the ability of the light pulse to 

form fringes with a delayed version of itself.  A common way to do 

this is to use a Michelson interferometer.

Figure from Goodman, 

Statistical Optics, p159

Translate one arm of the 

interferometer to change 

the optical path difference 

between the two beams.

Fringes form within the 

temporal coherence length 

of the beams.



Measured intensity fringes and temporal 

coherence time
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Normalized units of coherence time
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Interfering this beam with a 

time shifted version of itself 

(like in the Michelson 

interferometer) results in the 

following intensity fringes:
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Typical Temporal Coherence Lengths

Undulator, N = 55,       

∆λ/λ = 1/55 λ=2.4 nm
Lcoh ≈ 132 nm

Source + Monochrometer, 

∆λ/λ = 1/3000, λ=2.4 nm
Lcoh ≈ 7.2 µm

Source + Monochrometer, 

∆λ/λ = 1/10000, λ=2.4 nm Lcoh ≈ 24 µm

FEL Source (LCLS)                          

∆λ/λ = 1/350, λ=0.25 nm
Lcoh ≈ 86 nm
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Spatial Coherence

Spatial Coherence

Ability of spatially separated points in a wavefront to form fringes. 



Obtaining spatial coherence from an 

undulator using spatial filtering



Imaging Applications Using Coherent X-rays

• Lenses

• Holography 

• Coherent diffractive imaging



Scattering, Diffraction, and Refraction



Lens-based imaging

Lens (usually diffractive 

lenses called zone plates)

CCD

A direct image of the object can be obtained using a lens and CCD.



Holography

Holography is performed by adding a pinhole near the object and 

recording the interference pattern from the two.  The recorded pattern 

needs to then be reconstructed (oftentimes something simple, like a 

Fourier transform) to form an image.



Coherent Diffractive Imaging

Coherent diffractive imaging involves 

recording an oversampled diffraction pattern 

directly from an object onto the CCD.  The 

image is then reconstructed using 

computationally intensive algorithms which 

recover the phase information.



Lens-based imaging

Zone plates lenses are usually used for direct imaging of samples.  

However, constructing an x-ray microscope using coherent x-rays 

and a zone plate will lead to imaging with aberrations.



Lens-based imaging with coherent x-rays
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Visible light ….

X-rays …. We notice that the Fraunhofer diffraction pattern 

(which generates a Fourier transform) scales as λ.

Difficult to make phase plates like this 

in soft x-ray region due to lack of 

materials that give appropriate phase 

shift with adequate transmission and 

difficult to align.

If we make the focal length of the lens greater or 

equal to the distance Z needed for diffraction in the 

Fraunhofer regime, AND we have the appropriate 

imaging geometry, we can combine the lens and 

filter into one structure and perform imaging.
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Spiral phase contrast
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Spiral zone plate

SZP charge 1

SZP charge 2

∆r = 72 nm

N = 301 zones

f = 2.3 mm @ λ=2.73 nm

Magnitude PSF Phase PSF

PSF consists of a doughnut-shaped 

spot with rotating phase



Edge enhanced imaging using a 

spiral zone plate

1 micron pinhole at λ =2.73 nm



Holography

Holography is performed by adding a pinhole near the object and 

recording the interference pattern from the two.  The recorded pattern 

needs to then be reconstructed (oftentimes something simple, like a 

Fourier transform) to form an image.



Fourier transform holography

Slides from Bill Schlotter, currently at DESY

Eisebitt, et. al. Nature 2004 

Multiple reference holography improves 

signal to noise and resolution.

Single pinhole reference holography



Signal to noise limits resolution in Fourier 

transform holography

With a URA 

(uniformly redundant 

array) coded 

aperture reference

Low resolution 

or noise

High resolution 

& low noise

Fourier transform holography simulation

using the same number of photons

Courtesy of Stefano Marchesini

With a single pinhole 

reference



Massively parallel holography

S. Marchesini , et. al. Nature Photonics 2008



Coherent Diffractive Imaging

Coherent diffractive imaging involves 

recording an oversampled diffraction pattern 

directly from an object onto the CCD.  The 

image is then reconstructed using 

computationally intensive algorithms which 

recover the phase information.



Coherent Diffraction Imaging

2. Phase-retrieval 3. Fourier inversion

Phase

Diffraction Pattern (Magnitude)

Magnitude
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1. Record diffraction pattern from non-crystalline 

sample illuminated by coherent x-rays



CDI: Obtaining a diffraction pattern

Coherence requirements
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Oversampling (Sayre, Bates) 

Sampling at a frequency greater 

than that of the Bragg frequency
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a is object size, d is desired resolution

Resolution

- Determined by signal to noise 

in diffraction pattern

- Limited by source and/or 

radiation damage

Not oversampled

O=2

O=1



CDI: Phase Retrieval and Fourier Inversion

Step 2: Phase information recovered using phase-retrieval algorithms

Step 3: Object recovered by Fourier inversion

Hybrid Input Output Algorithm (Fienup)

Satisfy Fourier 

Modulus

Detect Negatives, 

Form New Input
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CDI Examples

Synchrotron CDI with Aerogel

particle (E 750 eV, res 15 nm)

Barty, et. al. PRL 2008

Synchrotron CDI with dried 

yeast cell (E 750 eV, res 30 nm)

Shapiro, et. al. PRL 2005

Synchrotron CDI with 3D 

distribution of Au particles  (E 

750 eV, res 10 nm)

Chapman, et. al. JOSA A 2006



CDI: Examples

Synchrotron CDI with single 

unstained virus (E 5 keV, res

22 nm)

Song, et. al. PRL 2008

Synchrotron CDI with Au 

particle (E 15 keV, res 5 nm)

Schroer, et. al. PRL 2008

HHG CDI with artificially fabricated 

pattern (E 43 eV, res 45 nm)

Sandberg, et. al. PNAS 2008

FELCDI with artificially 

fabricated pattern (E 38 eV, 

res 32 nm)

Chapman, et. al. Nat. Phys 

2006



Holography and CDI can be used together 

in imaging

Hologram:  Provides more constraints in the reconstruction 

algorithm, helping it converge more rapidly

CDI:  Extends the resolution of the holographic image



Keyhole coherent diffractive imaging

B. Abbey, K. Nugent, G. Williams, et. al. Nature Physics 2008

- Limited coherence area of beam would limit sample size since it requires a finite 

support .

- This technique overcomes this:

- Support formed using zone plate focus

- Extended sample can be used and scanned with zone plate focus



Zone plate focusing for CDI at FLASH FEL

Array of ~200 zone plates

35 nm outermost zone width

100 micron diameter

0.5 mm focus at 7 nm wavelength



The zone plate should achieve about 2 orders of 

magnitude greater intensity than the beamline optic

22 µm beamline optic

zone plate, in focus, 

10% efficient  

Courtesy of Henry Chapman



Comparison of Techniques

Lens-based

- Direct imaging

- Resolution limit 

determined by smallest 

feature size in lens 

- Use with coherent light 

often involves operating in 

an off-axis configuration

Holography

- Indirect imaging, but 

reconstruction not 

terribly complicated

- Resolution limit 

determined by smallest 

feature size in reference 

and signal to noise (last 

item can be overcome by 

using multiple references 

or massively parallel 

coded aperture 

refrences)

CDI

- Indirect imaging, and 

reconstruction is 

complicated

- Resolution limit 

determined by detector 

resolution, as well as 

signal to noise

Use of these techniques in conjunction with one another …. 



FLASH FEL

http://flash.desy.de/





Workshop report 

http://repositories.cdlib.org/lbnl/LBNL-1034E/



Major scientific thrusts with a soft x-ray FEL


