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A New(ish) Imaging Technique: The Why of 
Coherent Imaging with Ultrashort Pulses

! Structure of a molecule -> function

! Structure allows, eg, Rational Drug 
Design, Understanding of human 
biochemistry.

! Photons (X-rays) allow depth 
information from intact systems.

! Coherent Diffraction Imaging (CDI) 
seeks to image molecules and 
structures unable to be imaged by other 
means. These are structures < microns.

3

Influenza virus 
structure - A 
protein from the 
influenza virus

J. Varghese et al, 
CSIRO Health 
Sciences & 
NutritionReview: A. P. Mancuso, et al, J. Biotechnol. 149 (2010) 229–237
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Non-crystalline material scatters fewer x-rays 
than crystalline material 4

Scattered x-rays are proportional to N2
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(~ a lot less less than above)
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Non-crystalline material scatters fewer x-rays 
than crystalline material 4

Scattered x-rays are proportional to N2

One guy scatters like... 1
(~ a lot less less than above)

Conclusion: Need a lot more x-rays to see a single particle

First guess solution: Just leave the x-rays on for longer!
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The problem of radiation damage

! M.R. Howells, et al, Journal of Electron Spectroscopy and Related Phenomena 170 (2009) 

5



Wednesday, 25 January, 2011, Single Particles, clusters and Biomolecules (SPB) Instrument of the European XFEL
Adrian Mancuso, Leading Scientist: Single Particles, clusters and Biomolecules, European XFEL GmbH

Single Particles, clusters and Biomolecules (SPB) Instrument of the European XFEL: Conceptual Design

The problem of radiation damage

! M.R. Howells, et al, Journal of Electron Spectroscopy and Related Phenomena 170 (2009) 

5



Wednesday, 25 January, 2011, Single Particles, clusters and Biomolecules (SPB) Instrument of the European XFEL
Adrian Mancuso, Leading Scientist: Single Particles, clusters and Biomolecules, European XFEL GmbH

Single Particles, clusters and Biomolecules (SPB) Instrument of the European XFEL: Conceptual Design

The problem of radiation damage

! M.R. Howells, et al, Journal of Electron Spectroscopy and Related Phenomena 170 (2009) 

5



Wednesday, 25 January, 2011, Single Particles, clusters and Biomolecules (SPB) Instrument of the European XFEL
Adrian Mancuso, Leading Scientist: Single Particles, clusters and Biomolecules, European XFEL GmbH

Single Particles, clusters and Biomolecules (SPB) Instrument of the European XFEL: Conceptual Design

The problem of radiation damage

! M.R. Howells, et al, Journal of Electron Spectroscopy and Related Phenomena 170 (2009) 

5



Wednesday, 25 January, 2011, Single Particles, clusters and Biomolecules (SPB) Instrument of the European XFEL
Adrian Mancuso, Leading Scientist: Single Particles, clusters and Biomolecules, European XFEL GmbH

Single Particles, clusters and Biomolecules (SPB) Instrument of the European XFEL: Conceptual Design

Overcoming Radiation Damage 6

! R. Neutze, et al., Nature (2000) 406, 752
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Overcoming Radiation Damage 6

! R. Neutze, et al., Nature (2000) 406, 752

“...experiments using very high X-ray dose rates and ultrashort exposures may provide 
useful structural information before radiation damage destroys the sample...”
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Overcoming Radiation Damage 6

! R. Neutze, et al., Nature (2000) 406, 752

“...experiments using very high X-ray dose rates and ultrashort exposures may provide 
useful structural information before radiation damage destroys the sample...”

If we can illuminate these biomolecules with very bright and 
ultrashort pulses of x-rays, we might just be able to image them.
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The Canonical CDI Experiment 7

K.J. Gaffney and H.N. Chapman, Science, 316, 1444 (2007)
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The 3 Canonical SPB-type Experiments 8

! N. Loh and V. Elser, 
Phys. Rev. E, 80, 
026705 (2009)

A B C
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A B C

! Measured diffraction 
pattern produced 
from a nanocrystal 
(CFEL)
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Figure 2. Results of the coherent imaging experiment. (a) CXDI experiment.

The sum of ten accumulated (30 s each) diffraction patterns measured at

fundamental 8 nm wavelength. (b) The same as (a) for a single FEL pulse

measurement with streaks and beamstop removed (see the appendix for details).

(c) In-line holography diffraction pattern accumulated for 8 s. (d) Diffraction

pattern measured at the third harmonic of the fundamental wavelength (2.66 nm)

accumulated for 300 s. A nonlinear color scale is used to display these data.

Logarithmic scale is used in (a, b, d).

power per pulse in the fundamental. Diffraction data were recorded using single pulses of

the fundamental FEL radiation scattered from a diatom, Navicula perminuta. Diatoms are

unicellular algae in which the protoplast is encased in a silica cell wall (see the appendix).

An average of 9 × 10
9

photons per pulse (estimated by ray tracing) was delivered to a focal

spot of 50 µm full width at half maximum (FWHM) in a dedicated vacuum chamber (see the

appendix). About 2.5 × 10
8

photons per average pulse are then incident on the 10 × 5 µm
2
-

sized sample. In similar experiments [19], we have observed that the coherence length in the

focal plane was significantly greater than 10 µm, which is sufficient to coherently illuminate

our sample. Fifty different single-pulse diffraction patterns were recorded from the same

diatom. A movie of these diffraction patterns is included in the supplementary material,

available from stacks.iop.org/NJP/12/035003/mmedia. Additionally, a series of ten multiple

pulse measurements, each of 30 s duration, was recorded. The sum of these exposures (1500

pulses in total) is shown in figure 2(a). A typical diffraction pattern collected using a single

pulse is shown in figure 2(b). The high contrast in these diffraction patterns indicates sufficient

New Journal of Physics 12 (2010) 035003 (http://www.njp.org/)

! A. P. Mancuso et al, 
New J. Phys. (2010)

A B C

! Measured diffraction 
pattern produced 
from a nanocrystal 
(CFEL)
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A B C

Weakly scattering Nanocrystal Not so weakly
scattering

! Measured diffraction 
pattern produced 
from a nanocrystal 
(CFEL)
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power per pulse in the fundamental. Diffraction data were recorded using single pulses of

the fundamental FEL radiation scattered from a diatom, Navicula perminuta. Diatoms are

unicellular algae in which the protoplast is encased in a silica cell wall (see the appendix).

An average of 9 × 10
9

photons per pulse (estimated by ray tracing) was delivered to a focal

spot of 50 µm full width at half maximum (FWHM) in a dedicated vacuum chamber (see the

appendix). About 2.5 × 10
8

photons per average pulse are then incident on the 10 × 5 µm
2
-

sized sample. In similar experiments [19], we have observed that the coherence length in the

focal plane was significantly greater than 10 µm, which is sufficient to coherently illuminate

our sample. Fifty different single-pulse diffraction patterns were recorded from the same

diatom. A movie of these diffraction patterns is included in the supplementary material,

available from stacks.iop.org/NJP/12/035003/mmedia. Additionally, a series of ten multiple

pulse measurements, each of 30 s duration, was recorded. The sum of these exposures (1500

pulses in total) is shown in figure 2(a). A typical diffraction pattern collected using a single

pulse is shown in figure 2(b). The high contrast in these diffraction patterns indicates sufficient

New Journal of Physics 12 (2010) 035003 (http://www.njp.org/)

! A. P. Mancuso et al, 
New J. Phys. (2010)

A B C

Weakly scattering Nanocrystal Not so weakly
scattering

! Measured diffraction 
pattern produced 
from a nanocrystal 
(CFEL)

And of course many more...
 FCDI
 In-line Holography
 FTH
 Small angle scattering
 etc
 Pump-probe version of all these
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Requirements imposed by the 3 canonical 
experiments

! Maximum flux to sample (A, B, C)
! Wavefront preserving (or characterisable) (A, B*, C)
! Spot size(s) comparable to sample size(s) (A, B, C)

! Single photon counting detector (A)
! High dynamic range detector (B, C)
! Large number of pixels in detector (B, A*, C*)

! Single shot beam diagnostics (A, B, C)

9



Wednesday, 25 January, 2011, Single Particles, clusters and Biomolecules (SPB) Instrument of the European XFEL
Adrian Mancuso, Leading Scientist: Single Particles, clusters and Biomolecules, European XFEL GmbH

Single Particles, clusters and Biomolecules (SPB) Instrument of the European XFEL: Conceptual Design

SPB @ SASE1 10

1. Introduction

The task of the X-ray beam transport systems at the European XFEL is to deliver X-

ray radiation from undulators to experiments. Located in underground tunnels, the up 

to 1 km long X-ray transport systems have to separate the X-ray free-electron laser 

beam from its high energetic radiation background, bring it to a usable size, and – for 

some of the experiments – limit its bandwidth by monochromators. A layout of the 

photon beam systems of the European XFEL is shown in Figure 1. Acronyms for 

buildings and experiments are explained in Section 9. Abbreviations and acronyms.

Figure 1: Layout of photon beam systems at the European XFEL. The X-ray beam 

transport systems are located in the parts of the facility marked in orange. 

X-ray laser beams consist of extremely intense pulses of femto-second duration. A 

single FEL pulse can melt the surface of copper or tungsten in the upstream end of 

the beam transport systems within a few picoseconds. Therefore, all parts of the X-

ray optics that can be exposed to the FEL beam have to be made of light-weight and 

high-melting materials like diamond and boron carbide. Exceptions are metal coated 

X-ray mirrors that can work under grazing incidence geometry in the experiment 

stations or – under restricted operational conditions – in the beam transport system. 

The capability that sets the European XFEL facility apart from all other hard X-ray 

lasers is the megahertz repetition rate of FEL pulses in trains of up to 2700 pulses. 

For the X-ray optics this means up to several 10 kW heat load per mm2 on some 

optical elements for the duration of a pulse train. The average heat load is on the 

other hand comparable or lower than that at the 3rd generation synchrotron sources. 

For some X-ray optics like crystal monochromators or X-ray lenses this leads to a 

maximum number of allowed pulses per pulse train before the monochromators gets 

detuned or a lens gets too hot and thermal damage might occur. For mirrors, time 

CDR X-Ray Optics and Beam Transport  3
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CDR X-Ray Optics and Beam Transport  3

SASE1 undulator and beam transport deliver photons ! 3 keV

XFEL.EU delivers 2700 pulses / train (27 000 pulses / s)
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Photon beam parameters at SASE 1
(at saturation) 11
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Table 6: Hard X-ray (SASE1 and SASE2) FEL radiation parameters for selected settings. 

Parameter Unit Value 

Photon energy keV 7.75 12.4 15.5 20.7 24.8 24.8 

Radiation wavelength nm 0.16 0.10 0.08 0.06 0.05 0.05 

Electron energy GeV 14 14 14 14 14 17.5 

Bunch charge nC 0.02 0.25 1 0.02 0.25 1 0.02 0.25 1 0.02 0.25 1 0.02 0.25 1 0.02 0.25 1 

Peak power GW 46 37 24 35 24 12 29 15 9 21 11 7 15 8 5 25 13 8 

Average power W 2 23 69 2 15 34 1 9 27 1 7 19 1 5 15 1 8 23 

Source size (FWHM) µm 31 39 46 29 37 49 29 35 54 28 39 60 27 42 64 25 36 55 

S. divergence (FWHM) µrad 2.8 2.3 1.9 1.9 1.5 1.3 1.5 1.3 1.0 1.2 1.0 0.8 1.0 0.8 0.6 1.1 0.9 0.7 

Spectral bandwidth 1E-3 2.3 1.9 1.4 1.9 1.4 1.0 1.6 1.3 0.8 1.3 0.9 0.6 1.1 0.7 0.5 1.3 0.9 0.6 

Coherence time fs 0.16 0.20 0.27 0.13 0.17 0.23 0.12 0.15 0.23 0.11 0.16 0.24 0.11 0.17 0.26 0.09 0.13 0.20 

Coherence degree   0.96 0.96 0.91 0.95 0.91 0.71 0.96 0.84 0.57 0.94 0.69 0.40 0.89 0.58 0.30 0.94 0.71 0.42 

Photons/pulse 1E11 0.6 7.0 20.7 0.3 2.8 6.4 0.2 1.4 4.0 0.1 0.7 2.1 0.06 0.5 1.4 0.11 0.8 2.2 

Pulse energy µJ 76 864 2570 58 549 1260 49 347 991 35 248 708 26 196 558 42 302 863 

Peak brilliance 1E33* 2.38 2.41 1.96 3.54 3.17 1.6 4.26 2.46 1.6 5.01 2.69 1.48 5.15 2.75 1.39 7.57 4.05 2.29 

Average brilliance 1E23* 1.1 15.1 56.8 1.6 19.9 46.4 1.9 15.5 46.2 2.3 16.9 42.9 2.3 17.3 40.1 3.4 25.4 66.3 

* In units of photons/(mm2 mrad2 0.1% bandwidth s) Table: T. Tschentscher, XFEL.EU TN-2011-001
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Table 6: Hard X-ray (SASE1 and SASE2) FEL radiation parameters for selected settings. 

Parameter Unit Value 

Photon energy keV 7.75 12.4 15.5 20.7 24.8 24.8 

Radiation wavelength nm 0.16 0.10 0.08 0.06 0.05 0.05 

Electron energy GeV 14 14 14 14 14 17.5 

Bunch charge nC 0.02 0.25 1 0.02 0.25 1 0.02 0.25 1 0.02 0.25 1 0.02 0.25 1 0.02 0.25 1 

Peak power GW 46 37 24 35 24 12 29 15 9 21 11 7 15 8 5 25 13 8 

Average power W 2 23 69 2 15 34 1 9 27 1 7 19 1 5 15 1 8 23 

Source size (FWHM) µm 31 39 46 29 37 49 29 35 54 28 39 60 27 42 64 25 36 55 

S. divergence (FWHM) µrad 2.8 2.3 1.9 1.9 1.5 1.3 1.5 1.3 1.0 1.2 1.0 0.8 1.0 0.8 0.6 1.1 0.9 0.7 

Spectral bandwidth 1E-3 2.3 1.9 1.4 1.9 1.4 1.0 1.6 1.3 0.8 1.3 0.9 0.6 1.1 0.7 0.5 1.3 0.9 0.6 

Coherence time fs 0.16 0.20 0.27 0.13 0.17 0.23 0.12 0.15 0.23 0.11 0.16 0.24 0.11 0.17 0.26 0.09 0.13 0.20 

Coherence degree   0.96 0.96 0.91 0.95 0.91 0.71 0.96 0.84 0.57 0.94 0.69 0.40 0.89 0.58 0.30 0.94 0.71 0.42 

Photons/pulse 1E11 0.6 7.0 20.7 0.3 2.8 6.4 0.2 1.4 4.0 0.1 0.7 2.1 0.06 0.5 1.4 0.11 0.8 2.2 

Pulse energy µJ 76 864 2570 58 549 1260 49 347 991 35 248 708 26 196 558 42 302 863 

Peak brilliance 1E33* 2.38 2.41 1.96 3.54 3.17 1.6 4.26 2.46 1.6 5.01 2.69 1.48 5.15 2.75 1.39 7.57 4.05 2.29 

Average brilliance 1E23* 1.1 15.1 56.8 1.6 19.9 46.4 1.9 15.5 46.2 2.3 16.9 42.9 2.3 17.3 40.1 3.4 25.4 66.3 

* In units of photons/(mm2 mrad2 0.1% bandwidth s) Table: T. Tschentscher, XFEL.EU TN-2011-001
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Table 6: Hard X-ray (SASE1 and SASE2) FEL radiation parameters for selected settings. 

Parameter Unit Value 

Photon energy keV 7.75 12.4 15.5 20.7 24.8 24.8 

Radiation wavelength nm 0.16 0.10 0.08 0.06 0.05 0.05 

Electron energy GeV 14 14 14 14 14 17.5 

Bunch charge nC 0.02 0.25 1 0.02 0.25 1 0.02 0.25 1 0.02 0.25 1 0.02 0.25 1 0.02 0.25 1 

Peak power GW 46 37 24 35 24 12 29 15 9 21 11 7 15 8 5 25 13 8 

Average power W 2 23 69 2 15 34 1 9 27 1 7 19 1 5 15 1 8 23 

Source size (FWHM) µm 31 39 46 29 37 49 29 35 54 28 39 60 27 42 64 25 36 55 

S. divergence (FWHM) µrad 2.8 2.3 1.9 1.9 1.5 1.3 1.5 1.3 1.0 1.2 1.0 0.8 1.0 0.8 0.6 1.1 0.9 0.7 

Spectral bandwidth 1E-3 2.3 1.9 1.4 1.9 1.4 1.0 1.6 1.3 0.8 1.3 0.9 0.6 1.1 0.7 0.5 1.3 0.9 0.6 

Coherence time fs 0.16 0.20 0.27 0.13 0.17 0.23 0.12 0.15 0.23 0.11 0.16 0.24 0.11 0.17 0.26 0.09 0.13 0.20 

Coherence degree   0.96 0.96 0.91 0.95 0.91 0.71 0.96 0.84 0.57 0.94 0.69 0.40 0.89 0.58 0.30 0.94 0.71 0.42 

Photons/pulse 1E11 0.6 7.0 20.7 0.3 2.8 6.4 0.2 1.4 4.0 0.1 0.7 2.1 0.06 0.5 1.4 0.11 0.8 2.2 

Pulse energy µJ 76 864 2570 58 549 1260 49 347 991 35 248 708 26 196 558 42 302 863 

Peak brilliance 1E33* 2.38 2.41 1.96 3.54 3.17 1.6 4.26 2.46 1.6 5.01 2.69 1.48 5.15 2.75 1.39 7.57 4.05 2.29 

Average brilliance 1E23* 1.1 15.1 56.8 1.6 19.9 46.4 1.9 15.5 46.2 2.3 16.9 42.9 2.3 17.3 40.1 3.4 25.4 66.3 

* In units of photons/(mm2 mrad2 0.1% bandwidth s) Table: T. Tschentscher, XFEL.EU TN-2011-001

*

Measured at LCLS. See Vartanyants, Singer, Mancuso, et al, Phys. Rev. Lett. (2011).
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Table 6: Hard X-ray (SASE1 and SASE2) FEL radiation parameters for selected settings. 

Parameter Unit Value 

Photon energy keV 7.75 12.4 15.5 20.7 24.8 24.8 

Radiation wavelength nm 0.16 0.10 0.08 0.06 0.05 0.05 

Electron energy GeV 14 14 14 14 14 17.5 

Bunch charge nC 0.02 0.25 1 0.02 0.25 1 0.02 0.25 1 0.02 0.25 1 0.02 0.25 1 0.02 0.25 1 

Peak power GW 46 37 24 35 24 12 29 15 9 21 11 7 15 8 5 25 13 8 

Average power W 2 23 69 2 15 34 1 9 27 1 7 19 1 5 15 1 8 23 

Source size (FWHM) µm 31 39 46 29 37 49 29 35 54 28 39 60 27 42 64 25 36 55 

S. divergence (FWHM) µrad 2.8 2.3 1.9 1.9 1.5 1.3 1.5 1.3 1.0 1.2 1.0 0.8 1.0 0.8 0.6 1.1 0.9 0.7 

Spectral bandwidth 1E-3 2.3 1.9 1.4 1.9 1.4 1.0 1.6 1.3 0.8 1.3 0.9 0.6 1.1 0.7 0.5 1.3 0.9 0.6 

Coherence time fs 0.16 0.20 0.27 0.13 0.17 0.23 0.12 0.15 0.23 0.11 0.16 0.24 0.11 0.17 0.26 0.09 0.13 0.20 

Coherence degree   0.96 0.96 0.91 0.95 0.91 0.71 0.96 0.84 0.57 0.94 0.69 0.40 0.89 0.58 0.30 0.94 0.71 0.42 

Photons/pulse 1E11 0.6 7.0 20.7 0.3 2.8 6.4 0.2 1.4 4.0 0.1 0.7 2.1 0.06 0.5 1.4 0.11 0.8 2.2 

Pulse energy µJ 76 864 2570 58 549 1260 49 347 991 35 248 708 26 196 558 42 302 863 

Peak brilliance 1E33* 2.38 2.41 1.96 3.54 3.17 1.6 4.26 2.46 1.6 5.01 2.69 1.48 5.15 2.75 1.39 7.57 4.05 2.29 

Average brilliance 1E23* 1.1 15.1 56.8 1.6 19.9 46.4 1.9 15.5 46.2 2.3 16.9 42.9 2.3 17.3 40.1 3.4 25.4 66.3 

* In units of photons/(mm2 mrad2 0.1% bandwidth s) Table: T. Tschentscher, XFEL.EU TN-2011-001

*

Measured at LCLS. See Vartanyants, Singer, Mancuso, et al, Phys. Rev. Lett. (2011).
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Table 6: Hard X-ray (SASE1 and SASE2) FEL radiation parameters for selected settings. 

Parameter Unit Value 

Photon energy keV 7.75 12.4 15.5 20.7 24.8 24.8 

Radiation wavelength nm 0.16 0.10 0.08 0.06 0.05 0.05 

Electron energy GeV 14 14 14 14 14 17.5 

Bunch charge nC 0.02 0.25 1 0.02 0.25 1 0.02 0.25 1 0.02 0.25 1 0.02 0.25 1 0.02 0.25 1 

Peak power GW 46 37 24 35 24 12 29 15 9 21 11 7 15 8 5 25 13 8 

Average power W 2 23 69 2 15 34 1 9 27 1 7 19 1 5 15 1 8 23 

Source size (FWHM) µm 31 39 46 29 37 49 29 35 54 28 39 60 27 42 64 25 36 55 

S. divergence (FWHM) µrad 2.8 2.3 1.9 1.9 1.5 1.3 1.5 1.3 1.0 1.2 1.0 0.8 1.0 0.8 0.6 1.1 0.9 0.7 

Spectral bandwidth 1E-3 2.3 1.9 1.4 1.9 1.4 1.0 1.6 1.3 0.8 1.3 0.9 0.6 1.1 0.7 0.5 1.3 0.9 0.6 

Coherence time fs 0.16 0.20 0.27 0.13 0.17 0.23 0.12 0.15 0.23 0.11 0.16 0.24 0.11 0.17 0.26 0.09 0.13 0.20 

Coherence degree   0.96 0.96 0.91 0.95 0.91 0.71 0.96 0.84 0.57 0.94 0.69 0.40 0.89 0.58 0.30 0.94 0.71 0.42 

Photons/pulse 1E11 0.6 7.0 20.7 0.3 2.8 6.4 0.2 1.4 4.0 0.1 0.7 2.1 0.06 0.5 1.4 0.11 0.8 2.2 

Pulse energy µJ 76 864 2570 58 549 1260 49 347 991 35 248 708 26 196 558 42 302 863 

Peak brilliance 1E33* 2.38 2.41 1.96 3.54 3.17 1.6 4.26 2.46 1.6 5.01 2.69 1.48 5.15 2.75 1.39 7.57 4.05 2.29 

Average brilliance 1E23* 1.1 15.1 56.8 1.6 19.9 46.4 1.9 15.5 46.2 2.3 16.9 42.9 2.3 17.3 40.1 3.4 25.4 66.3 

* In units of photons/(mm2 mrad2 0.1% bandwidth s) Table: T. Tschentscher, XFEL.EU TN-2011-001

3-16 keV
at SPB

*

Measured at LCLS. See Vartanyants, Singer, Mancuso, et al, Phys. Rev. Lett. (2011).
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Table 6: Hard X-ray (SASE1 and SASE2) FEL radiation parameters for selected settings. 

Parameter Unit Value 

Photon energy keV 7.75 12.4 15.5 20.7 24.8 24.8 

Radiation wavelength nm 0.16 0.10 0.08 0.06 0.05 0.05 

Electron energy GeV 14 14 14 14 14 17.5 

Bunch charge nC 0.02 0.25 1 0.02 0.25 1 0.02 0.25 1 0.02 0.25 1 0.02 0.25 1 0.02 0.25 1 

Peak power GW 46 37 24 35 24 12 29 15 9 21 11 7 15 8 5 25 13 8 

Average power W 2 23 69 2 15 34 1 9 27 1 7 19 1 5 15 1 8 23 

Source size (FWHM) µm 31 39 46 29 37 49 29 35 54 28 39 60 27 42 64 25 36 55 

S. divergence (FWHM) µrad 2.8 2.3 1.9 1.9 1.5 1.3 1.5 1.3 1.0 1.2 1.0 0.8 1.0 0.8 0.6 1.1 0.9 0.7 

Spectral bandwidth 1E-3 2.3 1.9 1.4 1.9 1.4 1.0 1.6 1.3 0.8 1.3 0.9 0.6 1.1 0.7 0.5 1.3 0.9 0.6 

Coherence time fs 0.16 0.20 0.27 0.13 0.17 0.23 0.12 0.15 0.23 0.11 0.16 0.24 0.11 0.17 0.26 0.09 0.13 0.20 

Coherence degree   0.96 0.96 0.91 0.95 0.91 0.71 0.96 0.84 0.57 0.94 0.69 0.40 0.89 0.58 0.30 0.94 0.71 0.42 

Photons/pulse 1E11 0.6 7.0 20.7 0.3 2.8 6.4 0.2 1.4 4.0 0.1 0.7 2.1 0.06 0.5 1.4 0.11 0.8 2.2 

Pulse energy µJ 76 864 2570 58 549 1260 49 347 991 35 248 708 26 196 558 42 302 863 

Peak brilliance 1E33* 2.38 2.41 1.96 3.54 3.17 1.6 4.26 2.46 1.6 5.01 2.69 1.48 5.15 2.75 1.39 7.57 4.05 2.29 

Average brilliance 1E23* 1.1 15.1 56.8 1.6 19.9 46.4 1.9 15.5 46.2 2.3 16.9 42.9 2.3 17.3 40.1 3.4 25.4 66.3 

* In units of photons/(mm2 mrad2 0.1% bandwidth s) Table: T. Tschentscher, XFEL.EU TN-2011-001

3-16 keV
at SPB

*

Measured at LCLS. See Vartanyants, Singer, Mancuso, et al, Phys. Rev. Lett. (2011).
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The primary reference: SPB Workshop
(and a little knowledge gleaned since then) 12

Participants of the inaugural SPB Workshop in Uppsala, 
Sweden (November 2008)
A. P. Mancuso and H. N. Chapman, Report from “International workshop on 
science with and instrumentation for ultrafast coherent diffraction imaging of 
Single Particles, clusters and Biomolecules (SPB) at the European XFEL”, (2008), 
http://www.xfel.eu/events/workshops/2008/spb_workshop_2008/

http://www.xfel.eu/events/workshops/2008/spb_workshop_2008/
http://www.xfel.eu/events/workshops/2008/spb_workshop_2008/
http://www.xfel.eu/events/workshops/2008/spb_workshop_2008/
http://www.xfel.eu/events/workshops/2008/spb_workshop_2008/
http://www.xfel.eu/events/workshops/2008/spb_workshop_2008/
http://www.xfel.eu/events/workshops/2008/spb_workshop_2008/
http://www.xfel.eu/events/workshops/2008/spb_workshop_2008/
http://www.xfel.eu/events/workshops/2008/spb_workshop_2008/
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Goals of the Optical Layout
! The maximum number of photons are delivered to the 

samples in spot sizes comparable to the sample sizes 

! Focal spots to match samples of different sizes, as outlined 
in the SPB Workshop summary (ie ~1 µm & 100 nm)*

! A minimally perturbed wavefront in the focal plane is 
delivered.

13
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* On the recommendation of the 
Advisory Review Team (ART) we 
presently also consider larger (few 
micron) beam’s feasibility.
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! The maximum number of photons are delivered to the 

samples in spot sizes comparable to the sample sizes 

! Focal spots to match samples of different sizes, as outlined 
in the SPB Workshop summary (ie ~1 µm & 100 nm)*

! A minimally perturbed wavefront in the focal plane is 
delivered.
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Constraints
" ~930 m source to interaction region distance

# Large (~mm) beam at focusing optics
" Limited exp. hall length (hutch length)
" XFEL fluences

* On the recommendation of the 
Advisory Review Team (ART) we 
presently also consider larger (few 
micron) beam’s feasibility.
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! A minimally perturbed wavefront in the focal plane is 
delivered.
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Constraints
" ~930 m source to interaction region distance

# Large (~mm) beam at focusing optics
" Limited exp. hall length (hutch length)
" XFEL fluences

* On the recommendation of the 
Advisory Review Team (ART) we 
presently also consider larger (few 
micron) beam’s feasibility.
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Outline of the SPB instrument 14
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Choice of focusing technology

! Mirror technology has been chosen here for a variety of reasons 
that satisfy the requirements outlined above. Mirrors are:

" Efficient, reflecting the vast majority of radiation incident on 
them, provided their graze angles are respected.

" Damage resistant (for appropriate fluences)

" Wavefront preserving (if length and figure error specifications 
are achieved)

" Achromatic, making for simple (and hence faster) alignment of 
the instrument

! Mirrors need to be long enough to transmit most of the beam and 
avoid diffraction effects from aperturing the beam

15
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Required mirror lengths 16

3 keV 8 keV 12 keV 18 keV

C coating 1087 mm 1260 mm 1339 mm 1485 mm

Pd coating 652 mm 756 mm 803 mm 891 mm

Pt coating 481 mm 558 mm 593 mm 658 mm

Minimum mirror length for a vertical KB mirror that collects 4" of the beam in the experimental 
hall as a function of mirror coating.Table taken from [Sinn, XRBT, 2011].
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Required mirror lengths 16

3 keV 8 keV 12 keV 18 keV

C coating 1087 mm 1260 mm 1339 mm 1485 mm

Pd coating 652 mm 756 mm 803 mm 891 mm

Pt coating 481 mm 558 mm 593 mm 658 mm

Minimum mirror length for a vertical KB mirror that collects 4" of the beam in the experimental 
hall as a function of mirror coating.Table taken from [Sinn, XRBT, 2011].

The calculated deposited energy per atom for Palladium coated KB mirrors at angles 
between 2.3 and 5 mrad has, in all cases, a deposited energy per atom of less than 10 
meV/atom/mJ in simulations that neglect the cooling effect of photo-electron transport.
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Experimental Layout 17

! 10 m propagation distance limits sample size to ~1 µm (sampling)
! To deliver 1 µm spot, optics are located as far upstream as possible on exp. floor
! Depth of focus is excellent (see later modeling)
! Distance between 100 nm optics and interaction region very comfortable at > 1 m
! Beam size varies considerably over the length of the hutch
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The SPB Modelling Program:
Informing the SPB design (and more)

! Modeling will help inform the conceptual & technical design of the instruments. 
A modeling program for SPB has been started that aims to achieve these goals through 
simulating the different stages of the experiment
" starting with the generation of the radiation, 
" modeling its transport to the interaction region, 
" modeling the photon-matter interaction between the FEL beam and a model sample, 
" the propagation of the radiation to the 2D detector system and it’s measurement in that 

detector system 
" and finally the interpretation of the measured data. 

! This ambitious program is modular in design with modules focusing on each of the above 
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Figure 7. (a) Schematic image of virus particles injected into a focused FEL beam and its diffraction pattern produced from a single-pulse
FEL radiation. The virus explodes after the pulse has interacted with it. Note the low photon count in a diffraction pattern produced by a
single pulse of 1012 photons focused on a 100 nm spot size. (b) Schematic of coherent diffraction from a 2D crystal.

(a) (b) (c)

Figure 8. (a) Far-field diffraction data measured from a single train of 21 pulses from the FEL. The white dot indicates the centre of the
incoming beam. (Inset) Enlarged region of the diffraction pattern. (b) The final reconstructed image. (c) Scanning ion micrograph (SIM) of
the manufactured sample. Images and figures from [45].

3. Coherent-pulse 2D crystallography at FLASH

One of the most exciting proposals to make use of these
ultrabright, highly coherent FEL pulses is to determine the
3D structure of single biological molecules to sub-nanometre
resolution [6, 7], which is a resolution beyond the conventional
radiation damage limit. A single molecule, however, can
produce only a very weak signal from even the brightest
of FEL pulses [25] (see figure 7(a)). One idea is based
on imaging many copies of reproducible biological samples,
which are injected into the ultra-short pulses of the FEL beam
in a random orientation (see figure 7(a)). By classifying and
orienting many 2D diffraction patterns, a single 3D diffraction
pattern may be composed and reconstructed to give a 3D
representation of the sample investigated. Recent simulations
suggest that this method of interpreting the data is feasible [40,
41]. In particular, new algorithms have been developed [42,
43] that explicitly address low photon counts in individual
2D diffraction patterns. Another way to circumvent this
limitation is to use 2D or 3D periodic sample arrays to increase
the signal diffracted from each unit for a given single-pulse
photon flux. Membrane proteins are a particular example of
proteins that more readily form 2D crystals rather than 3D
crystals [44].

We show 2D finite crystallography [45] by using an
artificial 2D crystal that was manufactured with FIB milling
to produce 5 × 5 units of repeated larger, 500 nm diameter
apertures (representing a ‘heavy’ atom in conventional
crystallography) and smaller, 200 nm diameter aperture
(representing a ‘light’ atom) features in a gold palladium
substrate. This structure was illuminated with one single pulse
train of FEL radiation at FLASH.

The diffraction data were measured at FLASH on the
PG2 monochromator beamline with a fundamental wavelength
of 7.97 nm. The schematic of the experiment is shown in
figure 7(b). As incident radiation, we used a pulse train
consisting of 21 pulses, each of approximately a few tens
of femtoseconds duration. A 0.2 s exposure time was used to
collect a series of single-pulse train data from our sample
with a coherent flux on the sample area of 1.5 × 1010

photons per train due to the beamline transmission and the
over-illuminated sample size. A typical single train data set
is shown in figure 8(a). The diffraction pattern as measured
contains signal up to the edge of the detector, corresponding to
a feature size of 220 nm (figure 8). We note that the expected
features of a finite, crystalline structure are observed. Bragg
peaks, due to the periodicity of the array, are easily visible, as
are the oscillations between the Bragg peaks resulting from
the finite extent and coherent illumination of our sample.

6
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Figure 8. (a) Far-field diffraction data measured from a single train of 21 pulses from the FEL. The white dot indicates the centre of the
incoming beam. (Inset) Enlarged region of the diffraction pattern. (b) The final reconstructed image. (c) Scanning ion micrograph (SIM) of
the manufactured sample. Images and figures from [45].

3. Coherent-pulse 2D crystallography at FLASH

One of the most exciting proposals to make use of these
ultrabright, highly coherent FEL pulses is to determine the
3D structure of single biological molecules to sub-nanometre
resolution [6, 7], which is a resolution beyond the conventional
radiation damage limit. A single molecule, however, can
produce only a very weak signal from even the brightest
of FEL pulses [25] (see figure 7(a)). One idea is based
on imaging many copies of reproducible biological samples,
which are injected into the ultra-short pulses of the FEL beam
in a random orientation (see figure 7(a)). By classifying and
orienting many 2D diffraction patterns, a single 3D diffraction
pattern may be composed and reconstructed to give a 3D
representation of the sample investigated. Recent simulations
suggest that this method of interpreting the data is feasible [40,
41]. In particular, new algorithms have been developed [42,
43] that explicitly address low photon counts in individual
2D diffraction patterns. Another way to circumvent this
limitation is to use 2D or 3D periodic sample arrays to increase
the signal diffracted from each unit for a given single-pulse
photon flux. Membrane proteins are a particular example of
proteins that more readily form 2D crystals rather than 3D
crystals [44].

We show 2D finite crystallography [45] by using an
artificial 2D crystal that was manufactured with FIB milling
to produce 5 × 5 units of repeated larger, 500 nm diameter
apertures (representing a ‘heavy’ atom in conventional
crystallography) and smaller, 200 nm diameter aperture
(representing a ‘light’ atom) features in a gold palladium
substrate. This structure was illuminated with one single pulse
train of FEL radiation at FLASH.

The diffraction data were measured at FLASH on the
PG2 monochromator beamline with a fundamental wavelength
of 7.97 nm. The schematic of the experiment is shown in
figure 7(b). As incident radiation, we used a pulse train
consisting of 21 pulses, each of approximately a few tens
of femtoseconds duration. A 0.2 s exposure time was used to
collect a series of single-pulse train data from our sample
with a coherent flux on the sample area of 1.5 × 1010

photons per train due to the beamline transmission and the
over-illuminated sample size. A typical single train data set
is shown in figure 8(a). The diffraction pattern as measured
contains signal up to the edge of the detector, corresponding to
a feature size of 220 nm (figure 8). We note that the expected
features of a finite, crystalline structure are observed. Bragg
peaks, due to the periodicity of the array, are easily visible, as
are the oscillations between the Bragg peaks resulting from
the finite extent and coherent illumination of our sample.
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Focal properties 

! Modelled both focii for 12 keV & 5 keV radiation

! Model contains some simplifying assumptions

! Produces 1 µm focal spot with high transmission

! Produces 100 nm focal spot with lower, but still relatively high 
transmission
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Nanofocusing optic example:
For a 250 pC bunch charge with the accelerator operating at 14 GeV electron energy, one 
expects to produce about 1.3×1012 photons / pulse at 5  keV [Schneidmiller & Yurkov]. 
Assuming no further losses than those considered in the model (apertures, height errors), 
this amounts to about 2.6×1011 photons / pulse in a 100 nm focal spot.
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Nanofocusing optic example:
For a 250 pC bunch charge with the accelerator operating at 14 GeV electron energy, one 
expects to produce about 1.3×1012 photons / pulse at 5  keV [Schneidmiller & Yurkov]. 
Assuming no further losses than those considered in the model (apertures, height errors), 
this amounts to about 2.6×1011 photons / pulse in a 100 nm focal spot.

Simulations: L. Samoylova, European XFEL
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Expected beam profile @ 12 keV along the focus 20

Longitudinal profile of the nominally 1 µm focal spot for 
12 keV radiation and Pd-coated mirrors. The longitudinal 
dimension is 14.5 mm. Note the extremely long depth of 
focus (even longer than shown here), which is of great 
benefit for the coherent imaging of injected samples. 
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Expected beam profile @ 12 keV along the focus 20

Longitudinal profile of the nominally 1 µm focal spot for 
12 keV radiation and Pd-coated mirrors. The longitudinal 
dimension is 14.5 mm. Note the extremely long depth of 
focus (even longer than shown here), which is of great 
benefit for the coherent imaging of injected samples. 
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Expected beam profile @ 12 keV along the focus 21
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Longitudinal profile of the nominally 1 µm focal spot for 
12 keV radiation and Pd-coated mirrors. The longitudinal 
dimension is ~200 mm. Note the extremely long depth of 
focus (~4 cm), which is of great benefit for the coherent 
imaging of injected samples. 
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Expected beam profile @ 12 keV along the focus 22

Longitudinal profile of the nominally 100 nm focal spot 
for 12 keV radiation and Pd-coated mirrors. The 
longitudinal dimension is 1 mm. Note again the long 
depth of focus
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The three key ways of getting the sample to the 
interaction region

! Liquid Jet

! Aerodynamic Jet

! Fixed target

23

Short Conclusion
! Sample injection speeds are compatible with European XFEL pulse rate
! The XFEL.EU’s 27,000 pulses per second improves the data rate and 

minimises sample waste compared to other facilities
! There are cases where fixed target samples will also be necessary

(samples requiring orientation, samples for beam characterisation, etc)
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nitrogen gas. This gas produced most of the load on the micro-
scope’s pumping system. Typical flow rates were between 10!4

and 10!3 l/s for theN2 gas and E1 ml/min for the liquid. Higher gas
flow rates and lower liquid flow rates produce smaller jets.

The tip of the injectorwas held in the environmental chamber of
the TEM between the pole pieces, approximately 1 mm from the
interaction region of the liquid jet with the electron beam. The TEM
holder with the injector installed is shown in Fig. 1. The liquid
supply line passes as a single continuous fiber from the injector
nozzle, through lead shielding in the body of the holder, and
through a standard KF25 vacuum-feedthrough flange, where it can
be connected to a sample reservoir through an in-line 2 mm filter.
Standard 10-32 HPLC fittings and ports cut into the KF flangemake
an airtight connection at the holder entrance. Water, isopropyl
alcohol (IPA) and gold nanoparticle solutions were examined.

The ETEM used is a FEI Tecnai F20with a modified differentially
pumped sample chamber. Three levels of differential pumping span
a range from 1 Torr at the sample to better than 10!9 Torr in the
gun chamber. Pressure limiting apertures on the sample chamber
limit scattering to 50 mrad or 0.05 nm resolution for 200 keV
electrons. A more detailed description of the microscope may be
found elsewhere [6].

3. Results

Using nitrogen as the sheath gas, the gas and liquid loads were
compatible with the ETEM vacuum requirements. Helium sheath
gas typically makes smaller jets than nitrogen when used as an
accelerating gas; however the pumping speed for helium was too
low and did not allow the high sheath gas pressures needed to
produce usable liquid jets. Some trial and error was necessary with
nitrogen; of the 20–30 nozzles tested only two produced jets below
800 nmwhile keeping the pressure in the environmental chamber
below 1 Torr. The vapor pressure of the flowing liquid—either
water or IPA—was not significant (not measurable) compared to
the N2 gas load.

An environmental SEM image of a water jet produced from a
40 mm nozzle is shown in Fig. 2. A tapering liquid stream labeled
‘‘b’’ can be seen exiting the liquid feed tube (‘‘a’’) in the top left
corner. The liquid flows diagonally from the top left of the figure
and eventually breaks up into a slightly thicker streamof individual
drops at point ‘‘c’’. Fig. 3 shows TEM images of much smaller jets
exiting the nozzle. The liquid stream still tapers down and
accelerates as it leaves the nozzle and eventually breaks up into
droplets. The droplet streammoves too fast for individual drops to
be imaged and so appears fainter and roughly twice the diameter of
the continuous column, in accordance with Rayleigh’s original
theory [7]. Diffraction patterns were obtained from the thinnest
part of the jet just before breakup. Higher flow rates for the sheath
gas produce higher final liquid speed and therefore thinner jets.
Perhaps due to the instability of the jet, the jet edges appear less
well defined at higher gas flow rates, as can be seen from the
600 nm and 350 nm jets also shown in Fig. 3.

Liquid jets of water, IPA and gold nanoparticle solution
(45"15 nm rods in water) were examined. Elastic scattering

due to atomic spacing in the liquids was visible only for jets with
diameters less than 800 nm. Thick jets produced toomuch inelastic
scattering for diffraction rings to be visible. The scattered intensity
from IPA and the gold/water solution are shown in Fig. 4. The scale
shown is defined as s¼1/d for an object size d. The beam stop (black
shadow) is used to block out the most intense part of the direct
beam, but some of the direct beam is still visible (the bright disk at
the center). No diffraction was visible from the gold nanorods,Fig. 1. TEM liquid jet holder completely assembled and with catcher cap removed

(inset) showing nozzle.

Fig. 2. ESEM image of injector nozzle (upper left corner) showing: (a) outer housing,
(b) liquid jet and (c) droplet stream.

Fig. 3. TEMmicrographs of a liquid jet. Left—low-magnification image of water jet
showing transition from unbroken jet to droplet stream; middle—high-magnifica-
tion image of IPA jet, 600 nm diameter and right—high-magnification image of IPA
jet, 350 nm diameter.

Fig. 4. Scattering from IPA (left) with camera length 490 mm, and gold/water
solution (right) with camera length 300 mm.
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X-ray tomographic microscopy can probe the 3D structure of in-
dividual inorganic nanoparticles on a substrate (Chapman et al.
2006b; Miao et al. 2006; Zahiri et al. 2008) but many aerosols
are composed of radiation sensitive soft matter, limiting the
resolution due to the long x-ray exposure time necessary as ob-
served in biological imaging (Shapiro et al. 2005). Moreover,
when applied to aerosols this method also requires transfer of
the particles from air to a solid support. In its current state,
knowledge of PM2.5 morphology and dynamics gained from
airborne single particle measurements is incomplete, requiring
a completely new approach to determine key relationships be-
tween morphology, mobility, aggregation, catalytic properties,
and light scattering (Friedlander and Pui 2004).

These limitations in the analysis of PM can now be overcome
by the realization of the first ultrafast soft x-ray free-electron-
laser, FLASH (Ackermann et al. 2007), and the demonstration of
its use for femtosecond diffractive imaging beyond the damage
limit (Chapman 2009; Chapman et al. 2006a). Iterative trans-
form phase retrieval techniques (Fienup 1982; Marchesini 2007)
enable direct imaging of individual particles illuminated by soft
x-ray FLASH pulses using the resultant diffraction pattern alone.
(Bogan et al. 2008). The reconstructed electron density is essen-
tially a 2D image qualitatively similar to electron microscopy
images used to measure PM2.5 morphology (Dye et al. 2000).
Previous imaging experiments at FLASH were limited in reso-
lution to about 60 nm by the scattering geometry and the use of
wavelengths longer than 13 nm (Bogan et al. 2008). For these
studies on PM2.5 in flight, we extended the resolution of single
particle diffractive imaging to 35 nm by capturing single-shot 2D
images of PM2.5 in flight using 7 nm FLASH pulses. We also
apply shape analysis methods used in electron microscopy to
interpret the particle morphology from the reconstructed elec-
tron density. Two types of PM2.5 with complex morphology
were investigated: aggregates of spherical polystyrene nanopar-
ticles (carbon cenosphere analogues) and dry powder-dispersed
carbon nanofibers (asbestos fiber analogues).

Figure 1 shows a schematic of the ultrafast single shot x-ray
diffraction experiment used to image PM2.5. To begin, we cali-
brated our soft x-ray camera (Bajt et al. 2008) with a test aerosol
of polystyrene spheres of known size generated by electrospray-
ing a dilute suspension of the particles. The aerosol is delivered
into the x-rays using a differentially pumped aerodynamic lens
stack (Benner et al. 2008; Bogan et al. 2008). Upon coincident
arrival of a particle and x-ray pulse with camera readout, the
pattern of diffracted photons was recorded. Convenient separa-
tion between sample and detector ensures appropriate sampling
of the angular diffraction distribution. In this lensless diffrac-
tion geometry the image resolution is defined in principle by the
maximum momentum transfer recorded, while the image field
of view, and hence the maximum size of the object that can be
studied, is inversely proportional to the angular sampling pe-
riod of the detector. The detector angular extent to reach 20 nm
resolution can be achieved with a very convenient separation be-
tween sample and detector of 5 cm, and the 2048 × 2048 pixels

FIG. 1. FLASH diffraction of aerosols in situ. Aerosols delivered through
a differentially pumped aerodynamic lens stack are converted into a particle
beam that is steered into the x-ray interaction region. FLASH is operated at
5 Hz in multi-bunch mode with 100 pulses per bunch separated by 10 µs. Upon
coincident arrival of a particle and X-ray pulse with readout of an X-ray sensitive
area detector, a diffraction pattern containing particle structural information is
recorded.

of the detector allows us to image objects up to 20 micron in size.
For the test aerosol of spheres, radial averages match Mie theory
calculations (line) of scattering from injected spheres with 88,
140, and 194 nm diameter collected with FLASH operating at
13.5 nm (Figure 2).

The morphology of test aerosols can be influenced by the
method used to generate them. A nebulizer generating 0.7–4 µm
droplets was used to aerosolize a suspension of 250 nm diam-
eter spherical polystyrene nanoparticles in 25 mM ammonium
acetate. In contrast to the approximately 200 nm diameter pri-
mary droplets of the electrospray source, the nebulized droplets
are large enough to contain multiple spheres. After the volatile
solvent evaporates from a nebulized droplet, the resultant dry
particle is typically an aggregate comprised of multiple spheres.
Example diffraction patterns collected from a single 250 nm di-
ameter sphere and aggregates with N = 2, 3, and 4 components
are shown in Figure 3, top row. The coherent illumination of mul-
tiple spheres results in interference fringes that encode the num-
ber of spheres in the aggregate, their relative orientation to each
other and orientation of the aggregate to the x-ray pulse. The
electron density of each aggregate was reconstructed to 35 nm
resolution using iterative phase retrieval with the ESPRESSO
algorithm, arXiv:0809.2006v1 (Figure 3, bottom row).

As N increases, increasingly complex coherent speckles
modulate the scattered signal. As with the simpler fringe pat-
terns from few-component aggregates the diffraction pattern
encodes the locations of the spheres in the aggregate. For ex-
ample, Figure 4a shows a diffraction pattern collected from a
large aggregate of 88 nm spheres. Travelling through vacuum
at about 150 m/s, this aggregate particle was unique and existed
for less than two milliseconds after exiting the aerodynamic
lens stack. Based on previous time-resolved x-ray diffractive

Bogan et al, Aerosol 
Science, (2010)
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nitrogen gas. This gas produced most of the load on the micro-
scope’s pumping system. Typical flow rates were between 10!4

and 10!3 l/s for theN2 gas and E1 ml/min for the liquid. Higher gas
flow rates and lower liquid flow rates produce smaller jets.

The tip of the injectorwas held in the environmental chamber of
the TEM between the pole pieces, approximately 1 mm from the
interaction region of the liquid jet with the electron beam. The TEM
holder with the injector installed is shown in Fig. 1. The liquid
supply line passes as a single continuous fiber from the injector
nozzle, through lead shielding in the body of the holder, and
through a standard KF25 vacuum-feedthrough flange, where it can
be connected to a sample reservoir through an in-line 2 mm filter.
Standard 10-32 HPLC fittings and ports cut into the KF flangemake
an airtight connection at the holder entrance. Water, isopropyl
alcohol (IPA) and gold nanoparticle solutions were examined.

The ETEM used is a FEI Tecnai F20with a modified differentially
pumped sample chamber. Three levels of differential pumping span
a range from 1 Torr at the sample to better than 10!9 Torr in the
gun chamber. Pressure limiting apertures on the sample chamber
limit scattering to 50 mrad or 0.05 nm resolution for 200 keV
electrons. A more detailed description of the microscope may be
found elsewhere [6].

3. Results

Using nitrogen as the sheath gas, the gas and liquid loads were
compatible with the ETEM vacuum requirements. Helium sheath
gas typically makes smaller jets than nitrogen when used as an
accelerating gas; however the pumping speed for helium was too
low and did not allow the high sheath gas pressures needed to
produce usable liquid jets. Some trial and error was necessary with
nitrogen; of the 20–30 nozzles tested only two produced jets below
800 nmwhile keeping the pressure in the environmental chamber
below 1 Torr. The vapor pressure of the flowing liquid—either
water or IPA—was not significant (not measurable) compared to
the N2 gas load.

An environmental SEM image of a water jet produced from a
40 mm nozzle is shown in Fig. 2. A tapering liquid stream labeled
‘‘b’’ can be seen exiting the liquid feed tube (‘‘a’’) in the top left
corner. The liquid flows diagonally from the top left of the figure
and eventually breaks up into a slightly thicker streamof individual
drops at point ‘‘c’’. Fig. 3 shows TEM images of much smaller jets
exiting the nozzle. The liquid stream still tapers down and
accelerates as it leaves the nozzle and eventually breaks up into
droplets. The droplet streammoves too fast for individual drops to
be imaged and so appears fainter and roughly twice the diameter of
the continuous column, in accordance with Rayleigh’s original
theory [7]. Diffraction patterns were obtained from the thinnest
part of the jet just before breakup. Higher flow rates for the sheath
gas produce higher final liquid speed and therefore thinner jets.
Perhaps due to the instability of the jet, the jet edges appear less
well defined at higher gas flow rates, as can be seen from the
600 nm and 350 nm jets also shown in Fig. 3.

Liquid jets of water, IPA and gold nanoparticle solution
(45"15 nm rods in water) were examined. Elastic scattering

due to atomic spacing in the liquids was visible only for jets with
diameters less than 800 nm. Thick jets produced toomuch inelastic
scattering for diffraction rings to be visible. The scattered intensity
from IPA and the gold/water solution are shown in Fig. 4. The scale
shown is defined as s¼1/d for an object size d. The beam stop (black
shadow) is used to block out the most intense part of the direct
beam, but some of the direct beam is still visible (the bright disk at
the center). No diffraction was visible from the gold nanorods,Fig. 1. TEM liquid jet holder completely assembled and with catcher cap removed

(inset) showing nozzle.

Fig. 2. ESEM image of injector nozzle (upper left corner) showing: (a) outer housing,
(b) liquid jet and (c) droplet stream.

Fig. 3. TEMmicrographs of a liquid jet. Left—low-magnification image of water jet
showing transition from unbroken jet to droplet stream; middle—high-magnifica-
tion image of IPA jet, 600 nm diameter and right—high-magnification image of IPA
jet, 350 nm diameter.

Fig. 4. Scattering from IPA (left) with camera length 490 mm, and gold/water
solution (right) with camera length 300 mm.
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X-ray tomographic microscopy can probe the 3D structure of in-
dividual inorganic nanoparticles on a substrate (Chapman et al.
2006b; Miao et al. 2006; Zahiri et al. 2008) but many aerosols
are composed of radiation sensitive soft matter, limiting the
resolution due to the long x-ray exposure time necessary as ob-
served in biological imaging (Shapiro et al. 2005). Moreover,
when applied to aerosols this method also requires transfer of
the particles from air to a solid support. In its current state,
knowledge of PM2.5 morphology and dynamics gained from
airborne single particle measurements is incomplete, requiring
a completely new approach to determine key relationships be-
tween morphology, mobility, aggregation, catalytic properties,
and light scattering (Friedlander and Pui 2004).

These limitations in the analysis of PM can now be overcome
by the realization of the first ultrafast soft x-ray free-electron-
laser, FLASH (Ackermann et al. 2007), and the demonstration of
its use for femtosecond diffractive imaging beyond the damage
limit (Chapman 2009; Chapman et al. 2006a). Iterative trans-
form phase retrieval techniques (Fienup 1982; Marchesini 2007)
enable direct imaging of individual particles illuminated by soft
x-ray FLASH pulses using the resultant diffraction pattern alone.
(Bogan et al. 2008). The reconstructed electron density is essen-
tially a 2D image qualitatively similar to electron microscopy
images used to measure PM2.5 morphology (Dye et al. 2000).
Previous imaging experiments at FLASH were limited in reso-
lution to about 60 nm by the scattering geometry and the use of
wavelengths longer than 13 nm (Bogan et al. 2008). For these
studies on PM2.5 in flight, we extended the resolution of single
particle diffractive imaging to 35 nm by capturing single-shot 2D
images of PM2.5 in flight using 7 nm FLASH pulses. We also
apply shape analysis methods used in electron microscopy to
interpret the particle morphology from the reconstructed elec-
tron density. Two types of PM2.5 with complex morphology
were investigated: aggregates of spherical polystyrene nanopar-
ticles (carbon cenosphere analogues) and dry powder-dispersed
carbon nanofibers (asbestos fiber analogues).

Figure 1 shows a schematic of the ultrafast single shot x-ray
diffraction experiment used to image PM2.5. To begin, we cali-
brated our soft x-ray camera (Bajt et al. 2008) with a test aerosol
of polystyrene spheres of known size generated by electrospray-
ing a dilute suspension of the particles. The aerosol is delivered
into the x-rays using a differentially pumped aerodynamic lens
stack (Benner et al. 2008; Bogan et al. 2008). Upon coincident
arrival of a particle and x-ray pulse with camera readout, the
pattern of diffracted photons was recorded. Convenient separa-
tion between sample and detector ensures appropriate sampling
of the angular diffraction distribution. In this lensless diffrac-
tion geometry the image resolution is defined in principle by the
maximum momentum transfer recorded, while the image field
of view, and hence the maximum size of the object that can be
studied, is inversely proportional to the angular sampling pe-
riod of the detector. The detector angular extent to reach 20 nm
resolution can be achieved with a very convenient separation be-
tween sample and detector of 5 cm, and the 2048 × 2048 pixels

FIG. 1. FLASH diffraction of aerosols in situ. Aerosols delivered through
a differentially pumped aerodynamic lens stack are converted into a particle
beam that is steered into the x-ray interaction region. FLASH is operated at
5 Hz in multi-bunch mode with 100 pulses per bunch separated by 10 µs. Upon
coincident arrival of a particle and X-ray pulse with readout of an X-ray sensitive
area detector, a diffraction pattern containing particle structural information is
recorded.

of the detector allows us to image objects up to 20 micron in size.
For the test aerosol of spheres, radial averages match Mie theory
calculations (line) of scattering from injected spheres with 88,
140, and 194 nm diameter collected with FLASH operating at
13.5 nm (Figure 2).

The morphology of test aerosols can be influenced by the
method used to generate them. A nebulizer generating 0.7–4 µm
droplets was used to aerosolize a suspension of 250 nm diam-
eter spherical polystyrene nanoparticles in 25 mM ammonium
acetate. In contrast to the approximately 200 nm diameter pri-
mary droplets of the electrospray source, the nebulized droplets
are large enough to contain multiple spheres. After the volatile
solvent evaporates from a nebulized droplet, the resultant dry
particle is typically an aggregate comprised of multiple spheres.
Example diffraction patterns collected from a single 250 nm di-
ameter sphere and aggregates with N = 2, 3, and 4 components
are shown in Figure 3, top row. The coherent illumination of mul-
tiple spheres results in interference fringes that encode the num-
ber of spheres in the aggregate, their relative orientation to each
other and orientation of the aggregate to the x-ray pulse. The
electron density of each aggregate was reconstructed to 35 nm
resolution using iterative phase retrieval with the ESPRESSO
algorithm, arXiv:0809.2006v1 (Figure 3, bottom row).

As N increases, increasingly complex coherent speckles
modulate the scattered signal. As with the simpler fringe pat-
terns from few-component aggregates the diffraction pattern
encodes the locations of the spheres in the aggregate. For ex-
ample, Figure 4a shows a diffraction pattern collected from a
large aggregate of 88 nm spheres. Travelling through vacuum
at about 150 m/s, this aggregate particle was unique and existed
for less than two milliseconds after exiting the aerodynamic
lens stack. Based on previous time-resolved x-ray diffractive

Bogan et al, Aerosol 
Science, (2010)See J. Schultz’s talk this afternoon

Short Conclusion
! Sample injection speeds are compatible with European XFEL pulse rate
! The XFEL.EU’s 27,000 pulses per second improves the data rate and 

minimises sample waste compared to other facilities
! There are cases where fixed target samples will also be necessary

(samples requiring orientation, samples for beam characterisation, etc)
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Requirements on detection:
What we want

! The key properties that a 2D area detector for coherent imaging 
applications at the European XFEL should ideally satisfy:

" Compatibility with the 4.5 MHz repetition rate within individual pulse 
trains of FEL radiation

"  Ability to read out, or store for read out between trains, an entire train 
length (2700 pulses) of images, a third of this number when the 
accelerator is multiplexing to three beamlines or as many as is 
technically feasible.

" High quantum efficiency across the operating range (for SPB 3–16 
keV)

" Single photon sensitivity (> 5 ") across the operating range of the 
detector (that is, less than one false positive per megapixel)
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Requirements on detection:
What we want 2

! High dynamic range (preferably as much as six (6) orders of magnitude [ref-
SPB-Workshop-Report], but as high as is practicable). This can be mitigated 
by the use of a second detector in a single experiment.

! Pixel size that allows appropriate sampling of the diffraction data for the 
proposed sample sizes and propagation distances 

! A number of pixels that is commensurate with the number of resolution 
elements required (ie at least 1k x 1k).

!  A well-calibrated (but not necessarily linear) response, which is accurate to 
better than Poissonian noise.

! An adjustable sized hole that can be matched to the size of the direct beam 
for different beam sizes. 

! In-vacuum operation that allows the direct beam to pass through the 
detector’s central hole and propagate further downstream throughout this 
propagation in-vacuum.

25

Nres =
Ndetector

2σ



DEPFET Sensor with Signal 
Compression (DSSC)
                                Energy range
                                  0.5 - 6 keV (25 keV)
                                Dynamic range
                         6000 ph/pix/pulse@1 keV
                                Single Photon Sens.
                                Storage Cells ! 640

Pixel size ~200 µm

EuXFEL WP-75 Detector Development

 Slide courtesy M. Kuster

XFEL 2D Imaging Detectors

Large Pixel Detector (LPD)
                               Energy range
                              5 (1) - 20 keV (25 keV)
                               Dynamic range
                                       105@12 keV
                               Single Photon Sens.
                               Storage Cells ! 512

Pixel size ~500 µm

Other Detectors
! 0D/1D detectors for high repetition rate  

applications (e.g. veto, dispersive 
spectrometers)

! Small areas, low rep. rate, low energy 
2D imaging detectors

! Particle detectors (eTOF, iTOF)

AGIPD Adaptive Gain Integrating 
Pixel Detector (AGIPD)
                               Energy range
                                         3 - 13 keV
                               Dynamic range
                                      104@12 keV
                               Single Photon Sens.
                               Storage Cells ! 300

Pixel size 200 µm
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Image: from H. N. Chapman and appears in:
A. P. Mancuso and H. N. Chapman, International Workshop on Science 
with and Instrumentation for Ultrafast Coherent Diffraction Imaging of 
Single Particles, Clusters, and Biomolecules (SPB) at the European 
XFEL (2011).
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Conclusions
! Flux, wavefront, focal size are key parameters

! Metal coated (or SiC on metal) KB Mirrors as 
focusing optics

! Custom (XFEL rep rate) detector(s) required

! Modeling and Scientific Computing to be tightly 
integrated to the SPB instrument
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(a) (b)

Figure 7. (a) Schematic image of virus particles injected into a focused FEL beam and its diffraction pattern produced from a single-pulse
FEL radiation. The virus explodes after the pulse has interacted with it. Note the low photon count in a diffraction pattern produced by a
single pulse of 1012 photons focused on a 100 nm spot size. (b) Schematic of coherent diffraction from a 2D crystal.

(a) (b) (c)

Figure 8. (a) Far-field diffraction data measured from a single train of 21 pulses from the FEL. The white dot indicates the centre of the
incoming beam. (Inset) Enlarged region of the diffraction pattern. (b) The final reconstructed image. (c) Scanning ion micrograph (SIM) of
the manufactured sample. Images and figures from [45].

3. Coherent-pulse 2D crystallography at FLASH

One of the most exciting proposals to make use of these
ultrabright, highly coherent FEL pulses is to determine the
3D structure of single biological molecules to sub-nanometre
resolution [6, 7], which is a resolution beyond the conventional
radiation damage limit. A single molecule, however, can
produce only a very weak signal from even the brightest
of FEL pulses [25] (see figure 7(a)). One idea is based
on imaging many copies of reproducible biological samples,
which are injected into the ultra-short pulses of the FEL beam
in a random orientation (see figure 7(a)). By classifying and
orienting many 2D diffraction patterns, a single 3D diffraction
pattern may be composed and reconstructed to give a 3D
representation of the sample investigated. Recent simulations
suggest that this method of interpreting the data is feasible [40,
41]. In particular, new algorithms have been developed [42,
43] that explicitly address low photon counts in individual
2D diffraction patterns. Another way to circumvent this
limitation is to use 2D or 3D periodic sample arrays to increase
the signal diffracted from each unit for a given single-pulse
photon flux. Membrane proteins are a particular example of
proteins that more readily form 2D crystals rather than 3D
crystals [44].

We show 2D finite crystallography [45] by using an
artificial 2D crystal that was manufactured with FIB milling
to produce 5 × 5 units of repeated larger, 500 nm diameter
apertures (representing a ‘heavy’ atom in conventional
crystallography) and smaller, 200 nm diameter aperture
(representing a ‘light’ atom) features in a gold palladium
substrate. This structure was illuminated with one single pulse
train of FEL radiation at FLASH.

The diffraction data were measured at FLASH on the
PG2 monochromator beamline with a fundamental wavelength
of 7.97 nm. The schematic of the experiment is shown in
figure 7(b). As incident radiation, we used a pulse train
consisting of 21 pulses, each of approximately a few tens
of femtoseconds duration. A 0.2 s exposure time was used to
collect a series of single-pulse train data from our sample
with a coherent flux on the sample area of 1.5 × 1010

photons per train due to the beamline transmission and the
over-illuminated sample size. A typical single train data set
is shown in figure 8(a). The diffraction pattern as measured
contains signal up to the edge of the detector, corresponding to
a feature size of 220 nm (figure 8). We note that the expected
features of a finite, crystalline structure are observed. Bragg
peaks, due to the periodicity of the array, are easily visible, as
are the oscillations between the Bragg peaks resulting from
the finite extent and coherent illumination of our sample.
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Conclusions
! Flux, wavefront, focal size are key parameters

! Metal coated (or SiC on metal) KB Mirrors as 
focusing optics

! Custom (XFEL rep rate) detector(s) required

! Modeling and Scientific Computing to be tightly 
integrated to the SPB instrument
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(a) (b)

Figure 7. (a) Schematic image of virus particles injected into a focused FEL beam and its diffraction pattern produced from a single-pulse
FEL radiation. The virus explodes after the pulse has interacted with it. Note the low photon count in a diffraction pattern produced by a
single pulse of 1012 photons focused on a 100 nm spot size. (b) Schematic of coherent diffraction from a 2D crystal.

(a) (b) (c)

Figure 8. (a) Far-field diffraction data measured from a single train of 21 pulses from the FEL. The white dot indicates the centre of the
incoming beam. (Inset) Enlarged region of the diffraction pattern. (b) The final reconstructed image. (c) Scanning ion micrograph (SIM) of
the manufactured sample. Images and figures from [45].

3. Coherent-pulse 2D crystallography at FLASH

One of the most exciting proposals to make use of these
ultrabright, highly coherent FEL pulses is to determine the
3D structure of single biological molecules to sub-nanometre
resolution [6, 7], which is a resolution beyond the conventional
radiation damage limit. A single molecule, however, can
produce only a very weak signal from even the brightest
of FEL pulses [25] (see figure 7(a)). One idea is based
on imaging many copies of reproducible biological samples,
which are injected into the ultra-short pulses of the FEL beam
in a random orientation (see figure 7(a)). By classifying and
orienting many 2D diffraction patterns, a single 3D diffraction
pattern may be composed and reconstructed to give a 3D
representation of the sample investigated. Recent simulations
suggest that this method of interpreting the data is feasible [40,
41]. In particular, new algorithms have been developed [42,
43] that explicitly address low photon counts in individual
2D diffraction patterns. Another way to circumvent this
limitation is to use 2D or 3D periodic sample arrays to increase
the signal diffracted from each unit for a given single-pulse
photon flux. Membrane proteins are a particular example of
proteins that more readily form 2D crystals rather than 3D
crystals [44].

We show 2D finite crystallography [45] by using an
artificial 2D crystal that was manufactured with FIB milling
to produce 5 × 5 units of repeated larger, 500 nm diameter
apertures (representing a ‘heavy’ atom in conventional
crystallography) and smaller, 200 nm diameter aperture
(representing a ‘light’ atom) features in a gold palladium
substrate. This structure was illuminated with one single pulse
train of FEL radiation at FLASH.

The diffraction data were measured at FLASH on the
PG2 monochromator beamline with a fundamental wavelength
of 7.97 nm. The schematic of the experiment is shown in
figure 7(b). As incident radiation, we used a pulse train
consisting of 21 pulses, each of approximately a few tens
of femtoseconds duration. A 0.2 s exposure time was used to
collect a series of single-pulse train data from our sample
with a coherent flux on the sample area of 1.5 × 1010

photons per train due to the beamline transmission and the
over-illuminated sample size. A typical single train data set
is shown in figure 8(a). The diffraction pattern as measured
contains signal up to the edge of the detector, corresponding to
a feature size of 220 nm (figure 8). We note that the expected
features of a finite, crystalline structure are observed. Bragg
peaks, due to the periodicity of the array, are easily visible, as
are the oscillations between the Bragg peaks resulting from
the finite extent and coherent illumination of our sample.
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“Beyond Baseline” Optics Options 31

Beyond baseline
Potentially accommodates SFX UC EoI with minimal changes
Not yet modeled with propagation code
Requires circa 2–4 m longer hutch than baseline
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Figure 1: Option 1.
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Figure 2: Refocussing Option
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