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Figure I.1: Illustration of a protein-crystallography experiment with an example data frame. The

crystalline structure of the sample induces a diffraction pattern with isolated Bragg peaks of

high intensity, well above the background. Image courtesy of Karol Nass and Thomas White,

CFEL.

Figure I.2: Illustration of a single particle experiment with a typical reproducible bio-particle,

e.g. a single, large molecule (10 nm � � � 50 nm). The diffraction pattern (sketched here on

logarithmic scale) is continuous, but so weak that the vast majority of pixels contains none or

only a single photon.
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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 � 109 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 � 108 photons per average pulse are then incident on the 10 � 5 µm2-
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
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Figure I.3: Illustration of a single particle experiment with a typical non-reproducible, larger

bio-particle ( 100 nm � � � 3 µm. The diffraction pattern (shown on a logarithmic scale) is

continuous and its intensity spans many orders of magnitude.

In addition, the different requirements and experimental parameters for the three
different cases are given in Figure I.4.

Figure I.4: Sample parameters for typical science cases for applications in biology. Note that

applications in material science are also expected. Here, however, one can usually expect

much stronger scattering signals due to the heavier elements typical for material science

samples. This increases the demands for high dynamic range.
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Figure 1.1: Schematic of a nanocrystallographic experiment. Figure adapted from Boutet, et al,

Science, 2012. [4]

or screening crystals simultaneously with an experiment in the SPB interaction region.
This Serial Femtosecond Crystallography (SFX) project would significantly enhance
the nanocrystallographic capabilities of the SPB instrument and the European XFEL
facility and is described later in this chapter and elsewhere in this document.

Non-reproducible samples1.3.1.3

Non-reproducible samples include biological cells, for example, which while exhibiting
many similarities between individuals, are not reproducible in a way to make
them amenable to three-dimensional structure determination from many copies.
Nevertheless, there is community interest to examine some such systems. The
advantage of the XFEL is the ability to image many such systems to moderate
resolution (today tens of nanometers, potentially better in the future) and explore the
properties of populations by observing their 2D projections.

Time resolved biological experiments1.3.1.4

In addition to determining the structure of static biological systems, the short-pulsed
nature of the XFEL allows the examination of dynamic biological systems [13, 14].
The dominant paradigm for performing time-resolved experiments at an XFEL is by
initiating a process in a sample with a short-pulse from an optical laser–a so-called
pump laser, and then probing that same sample some time �t later to measure the
structural change in that sample. Again, these experiments require reproducible
samples, as one wishes to observe the same system with different time-delays to
understand its evolution. The processes investigated, however, do not need to be
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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 � 109 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 � 108 photons per average pulse are then incident on the 10 � 5 µm2-
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
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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 � 109 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 � 108 photons per average pulse are then incident on the 10 � 5 µm2-
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
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Figure I.1: Illustration of a protein-crystallography experiment with an example data frame. The

crystalline structure of the sample induces a diffraction pattern with isolated Bragg peaks of

high intensity, well above the background. Image courtesy of Karol Nass and Thomas White,

CFEL.

Figure I.2: Illustration of a single particle experiment with a typical reproducible bio-particle,

e.g. a single, large molecule (10 nm � � � 50 nm). The diffraction pattern (sketched here on

logarithmic scale) is continuous, but so weak that the vast majority of pixels contains none or

only a single photon.
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Figure I.3: Illustration of a single particle experiment with a typical non-reproducible, larger

bio-particle ( 100 nm � � � 3 µm. The diffraction pattern (shown on a logarithmic scale) is

continuous and its intensity spans many orders of magnitude.

In addition, the different requirements and experimental parameters for the three
different cases are given in Figure I.4.

Figure I.4: Sample parameters for typical science cases for applications in biology. Note that

applications in material science are also expected. Here, however, one can usually expect

much stronger scattering signals due to the heavier elements typical for material science

samples. This increases the demands for high dynamic range.
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Figure 1.1: Schematic of a nanocrystallographic experiment. Figure adapted from Boutet, et al,

Science, 2012. [4]

or screening crystals simultaneously with an experiment in the SPB interaction region.
This Serial Femtosecond Crystallography (SFX) project would significantly enhance
the nanocrystallographic capabilities of the SPB instrument and the European XFEL
facility and is described later in this chapter and elsewhere in this document.

Non-reproducible samples1.3.1.3

Non-reproducible samples include biological cells, for example, which while exhibiting
many similarities between individuals, are not reproducible in a way to make
them amenable to three-dimensional structure determination from many copies.
Nevertheless, there is community interest to examine some such systems. The
advantage of the XFEL is the ability to image many such systems to moderate
resolution (today tens of nanometers, potentially better in the future) and explore the
properties of populations by observing their 2D projections.

Time resolved biological experiments1.3.1.4

In addition to determining the structure of static biological systems, the short-pulsed
nature of the XFEL allows the examination of dynamic biological systems [13, 14].
The dominant paradigm for performing time-resolved experiments at an XFEL is by
initiating a process in a sample with a short-pulse from an optical laser–a so-called
pump laser, and then probing that same sample some time �t later to measure the
structural change in that sample. Again, these experiments require reproducible
samples, as one wishes to observe the same system with different time-delays to
understand its evolution. The processes investigated, however, do not need to be
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Electron energy: 17.5 GeV

Photon energy [keV] 2.76 4.96 8.27 12.4 15.5

FWHM pulse length [fs] – – – – 1.68 107 1.68 107 1.68 107
FWHM bandwidth [%] – – – – 0.21 0.14 0.18 0.12 0.16 0.10
Bunch charge [nC] – – – – 0.02 1.00 0.02 1.00 0.02 1.00
RMS electron energy
jitter [MeV]

– – – – 4.10 2.00 4.10 2.00 4.10 2.00

Expected FWHM
wavelength jittera [%]

– – – – 0.11 0.05 0.11 0.05 0.11 0.05

Photons per pulse [1012] – – – – 0.06 2.29 0.032 0.91 0.02 0.58
Pulse energy [mJ] – – – – 8.09e-2 3.04 6.35e-2 1.80 5.36e-2 1.43
Peak power [GW] – – – – 48.1 28.4 37.8 16.8 31.9 13.3
Source size [µm] – – – – 28.6 43.0 27.3 42.7 26.5 46.5
Source divergence [µrad] – – – – 2.83 1.91 2.00 1.35 1.65 1.07
Coherence degree – – – – 0.96 0.941 0.96 0.82 0.96 0.71

Electron energy: 14.0 GeV

Photon energy [keV] 2.76 4.96 8.27 12.4 15.5

FWHM pulse length [fs] – – 1.68 107 1.68 107 1.68 107 1.68 107
FWHM bandwidth [%] – – 0.24 0.17 0.20 0.13 0.16 0.10 0.14 0.082
Bunch charge [nC] – – 0.02 1.00 0.02 1.00 0.02 1.00 0.02 1.00
RMS electron energy
jitter [MeV]

– – 4.10 2.00 4.10 2.00 4.10 2.00 4.10 2.00

Expected FWHM
wavelength jittera [%]

– – 0.14 0.07 0.14 0.07 0.14 0.07 0.14 0.07

Photons per pulse [1012] – – 0.098 4.5 0.045 1.6 0.022 0.64 0.014 0.40
Pulse energy [mJ] – – 7.82e-2 3.59 5.94e-2 2.10 4.41e-2 1.26 3.54e-2 0.99
Peak power [GW] – – 46.5 33.5 35.4 19.6 26.3 11.8 21.1 9.24
Source size [µm] – – 32.6 49.2 30.8 46.0 29.3 49.2 28.5 53.5
Source divergence [µrad] – – 4.11 2.79 2.66 1.78 1.87 1.27 1.54 1.00
Coherence degree – – 0.960 0.958 0.96 0.89 0.96 0.705 0.958 0.569

Electron energy: 10.5 GeV

Photon energy [keV] 2.76 4.96 8.27 12.4 15.5

FWHM pulse length [fs] 1.68 107 1.68 107 1.68 107 1.68 107 1.68 107
FWHM bandwidth [%] 0.28 0.22 0.23 0.17 0.18 0.13 0.14 0.08 0.11 0.056
Bunch charge [nC] 0.02 1.00 0.02 1.00 0.02 1.00 0.02 1.00 0.02 1.00
RMS electron energy
jitter [MeV]

4.10 2.00 4.10 2.00 4.10 2.00 4.10 2.00 4.10 2.00

Expected FWHM
wavelength jittera [%]

0.18 0.09 0.18 0.09 0.18 0.09 0.18 0.09 0.18 0.09

Photons per pulse [1012] 0.16 8.4 0.065 2.9 0.027 0.92 0.012 0.34 0.006 0.22
Pulse energy [mJ] 7.01e-2 3.70 5.20e-2 2.34 3.62e-2 1.21 2.28e-2 7.54e-1 1.50e-2 5.53e-1
Peak power [GW] 41.7 34.5 31.0 21.8 21.5 11.3 13.6 7.03 8.91 5.16
Source size [µm] 38.4 58.0 35.9 53.7 33.8 50.4 32.3 58.7 31.8 64.3
Source divergence [µrad] 6.26 4.26 3.79 2.55 2.44 1.78 1.70 1.17 1.38 0.92
Coherence degree 0.960 0.969 0.960 0.941 0.960 0.769 0.957 0.528 0.936 0.395

Table 5.2: Parameters of the XFEL.EU SASE1 photon beam [32] relevant to the SPB instrument. All values

are simulated values assuming saturation. Note that only those values for the minimum (0.02 nC) and

maximum (1 nC) bunch charge of the electron beam are shown. The numbers in red indicate maximum pulse

energies and photon numbers per pulse for each photon beam energy and bunch charge. It can be seen that

the highest electron energy that is compatible with a given photon energy leads to the highest photon pulse

energy. Note that the peak power here is calculated as the power during a pulse, not a bunch train.

aCalculated as twice the FWHM relative electron energy jitter
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[4] E. A. Schneidmiller and M. V. Yurkov, “Photon beam properties at the European XFEL (Dec 2010 revision).”

[1] 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). 

[2] A. P. Mancuso, Conceptual Design Report: Scientific Instrument SPB, 2011. dx.doi.org/10.3204/XFEL.EU/TR-2011-007 

[3] A. P. Mancuso, et al, Technical Design Report: Scientific Instrument SPB, 2013. dx.doi.org/10.3204/XFEL.EU/TR-2013-004
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1.1.3 Wave Optics for Beginners

Light, and associated electromagnetic radiation, has been described by different models

throughout history. Present day classical optics uses a variety of pictures to describe

the behaviour of light — typically exploiting whichever describes the effect of interest

most clearly, or provides the most practical framework within which to analyse an optical

system. For the majority of work in this document, a picture of light as a scalar wavefield

is the most intuitive and accurate picture of the processes involved. Of course this is not

the most complete picture of wave optics one could give. The scalar wave formulation

ignores effects due to polarisation, however it shall suffice for the scope of this work to

treat the ideas presented within the confines of scalar wave optics[2].
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over the greater than 20 m distance between optics and focus, and secondly, they can
be readily upgraded so the flat mirrors can be adaptive optics that may be used to
correct wavefront aberrations[27], adding a wealth of flexibility in the optical design on
top of creating a high quality wavefront necessary for imaging. This design will still
produce a high transmission optical system, and would be a world-leading optic even
without the proposed adaptive upgrade.

As a historical note, in the conceptual design of the SPB instrument a two mirror
design was proposed[1], though this required a large translation of the sample
chamber, detector and any diagnostics downstream–as much as 300 mm both
horizontally and vertically, in some cases. In addition to improved vibration properties,
and the path for a wavefront improving upgrade, the four mirror design avoids the
need for a large translation of downstream components, simplifying operation and
changing between spot sizes. For a complete discussion of the performance of the
four bounce system see chapter 6. For a discussion of some alternate optical designs
which have been considered in the design process, including the two bounce solution,
see appendix C.

Figure 4.1: This is a pictorial side view, showing the placement of the SPB optics and layout in

the experimental hutch. Note the horizontal optics are always upstream of the vertical optics.

The details of the optical systems are described in the text in chapter 6.

These two foci are independent, meaning that a minimal number of optical elements
are used to create each focal spot. For the 100 nm optics this is four mirrors–two
offset mirrors upstream of the instrument (required for safety reasons–see chapter
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! Both optics span the entire energy range with no gaps
! Mirror coatings tested and expected to survive XFEL beam @ 4mrad
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! Can leave 100 nm mirrors coarsely aligned while using the micron scale optics
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! Both optics span the entire energy range with no gaps
! Mirror coatings tested and expected to survive XFEL beam @ 4mrad
! Can leave 100 nm mirrors coarsely aligned while using the micron scale optics
! 2nd interaction region in hutch for additional parasitic experiments (SFX 

consortium, Chapman et al)
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Sample delivery systems and chamber
! Injected sample systems 
" liquid jet injection (primary crystal delivery system) 

#Rayleigh jets (∅ > 5 µm) 
#Gas nozzle jets (∅ < 2 µm) 

" aerosol injection 
#Uppsala model
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Sample delivery systems and chamber
! Injected sample systems 
" liquid jet injection (primary crystal delivery system) 

#Rayleigh jets (∅ > 5 µm) 
#Gas nozzle jets (∅ < 2 µm) 

" aerosol injection 
#Uppsala model

!Sample stages for fixed targets 
" various commercial solutions  

available
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" liquid jet injection (primary crystal delivery system) 

#Rayleigh jets (∅ > 5 µm) 
#Gas nozzle jets (∅ < 2 µm) 

" aerosol injection 
#Uppsala model

!Sample stages for fixed targets 
" various commercial solutions  

available
!Optional (possible) extras 
" ion injection (mass spectrometry)
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! Injected sample systems 
" liquid jet injection (primary crystal delivery system) 

#Rayleigh jets (∅ > 5 µm) 
#Gas nozzle jets (∅ < 2 µm) 

" aerosol injection 
#Uppsala model

!Sample stages for fixed targets 
" various commercial solutions  

available
!Optional (possible) extras 
" ion injection (mass spectrometry)

!Single, large chamber design 
" inc. breadboard for rapid changes
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Sample delivery systems and chamber
! Injected sample systems 
" liquid jet injection (primary crystal delivery system) 

#Rayleigh jets (∅ > 5 µm) 
#Gas nozzle jets (∅ < 2 µm) 

" aerosol injection 
#Uppsala model

!Sample stages for fixed targets 
" various commercial solutions  

available
!Optional (possible) extras 
" ion injection (mass spectrometry)

!Single, large chamber design 
" inc. breadboard for rapid changes

Sample environment group of 
J. Schulz (WP-79) responsible 
for general sample delivery for 
all instruments
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A source and instrumentation for better sample 
consumption
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!Repetition rate 
"SACLA - 20 Hz 
"LCLS   - 120 Hz 
"European XFEL - effectively 3500 Hz 

(given by detector limit- 
27 kHz beam limit)
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!Repetition rate 
"SACLA - 20 Hz 
"LCLS   - 120 Hz 
"European XFEL - effectively 3500 Hz 

(given by detector limit- 
27 kHz beam limit)
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!Repetition rate 
"SACLA - 20 Hz 
"LCLS   - 120 Hz 
"European XFEL - effectively 3500 Hz 

(given by detector limit- 
27 kHz beam limit)

!⇒ ≳200× data for  
the same sample 
consumption! 
"very useful for 

rare or valuable  
sample
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EuXFEL&WP)75&Detector&&Development&

Adap:ve&Gain&Integra:ng&Pixel&Detector&&& 1 

!  The full scale chip AGIPD1.0 exists  
"  Fist test results show no major problems # very encouraging   
"  Measured parameters within the specification 

!  Mechanics design for 1MPix detector in advanced state 
"   Initial tests of movement system successful  

!  Integration of the detector in the XFEL beamlines in progress 

!  High&repe::on&rate&(4.5&MHz)&&1MPix&imaging&detector&&
Parameter AGIPD 

Energy&Range&& 3"16%%keV%

Dynamic&Range&& 104%ph%@12%keV%

Single&Photon&Sens& Yes%%#%Noise%~350e"%rms%

Storage&cells/pixel& %352%(analog)%

Pixel&size&& 200x200 µm2  (squared)%

Variable&hole& Yes#%four%independently%
movable%quadrants%

Veto&capability&& Yes%%Status&

64x64 pixels/chip 
2x8 chips/module 
 modules/quadrant 
4 quadrants/detector 
 
 

single 
chip 
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Slide: J. Sztuk-Dambietz, XFEL 
Image: AGIPD consortium
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Detection geometry requirements

See: K. Giewekemeyer, M. Turcato, A. P. Mancuso, “Detector Geometries for Coherent X-Ray Diffractive Imaging at the SPB 
Instrument”, European XFEL Technical Report, XFEL.EU Technical Report (2013) doi:10.3204/XFEL.EU/TR-2013-007.
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!Key points:
"Sample to detector distance
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!Key points:
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#Close for nanocryst (~13 cm)
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Detection geometry requirements

!Key points:
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#Far for imaging (~12 m)

"Detector’s Central hole size
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" Imaging requires 2nd plane
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!Key points:
"Sample to detector distance

#Close for nanocryst (~13 cm)
#Far for imaging (~12 m)

"Detector’s Central hole size
#Must vary for different 

applications
" Imaging requires 2nd plane
"Mechanical integration
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!Key points:
"Sample to detector distance

#Close for nanocryst (~13 cm)
#Far for imaging (~12 m)

"Detector’s Central hole size
#Must vary for different 

applications
" Imaging requires 2nd plane
"Mechanical integration

#Tricky
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!Key points:
"Sample to detector distance
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#Far for imaging (~12 m)

"Detector’s Central hole size
#Must vary for different 

applications
" Imaging requires 2nd plane
"Mechanical integration

#Tricky
#Must satisfy points above
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!Key points:
"Sample to detector distance

#Close for nanocryst (~13 cm)
#Far for imaging (~12 m)

"Detector’s Central hole size
#Must vary for different 

applications
" Imaging requires 2nd plane
"Mechanical integration

#Tricky
#Must satisfy points above Rev
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given resolution is given as

z =
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2 tan
�
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�
�

2�x

⇥⇥ . (9.2)

Here D denotes the horizontal (vertical) distance between outermost pixel
columns (rows) on the detector. For the AGIPD detector D is of the order
(526 + 14 + 525) � 0.2 mm + 2 mm = 215 mm, assuming a hole width of 2 mm for
passage of the central beam. Given the feasibility of 1.9 Å crystallographic resolution
for NX [58], a resolution of at least 1.5-2 Å should be provided at the SPB instrument.
With Eq. (9.2) leads to required minimum sample-detector distances of

zmin = 13.3-19.4 cm (9.3)

at a photon energy of 12.4 keV, and closer still for lower energies. For a complete
overview of the necessary sample-detector distances and detection angles for the
relevant photon energies at the SPB instrument see Fig. 9.1.
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Figure 9.1: (Left) Required minimum sample-detector distance for crystallographic, i.e.

full-period resolutions of 1.5 Å and 2 Å. (Right) Required minimum diffraction angles

corresponding to the sample-detector distances that are shown on the left.
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Detection geometry requirements

!Key points:
"Sample to detector distance

#Close for nanocryst (~13 cm)
#Far for imaging (~12 m)

"Detector’s Central hole size
#Must vary for different 

applications
" Imaging requires 2nd plane
"Mechanical integration

#Tricky
#Must satisfy points above Rev

iew
ers

’co
py

given resolution is given as

z =
D

2 tan
�
2 arcsin

�
�

2�x

⇥⇥ . (9.2)

Here D denotes the horizontal (vertical) distance between outermost pixel
columns (rows) on the detector. For the AGIPD detector D is of the order
(526 + 14 + 525) � 0.2 mm + 2 mm = 215 mm, assuming a hole width of 2 mm for
passage of the central beam. Given the feasibility of 1.9 Å crystallographic resolution
for NX [58], a resolution of at least 1.5-2 Å should be provided at the SPB instrument.
With Eq. (9.2) leads to required minimum sample-detector distances of

zmin = 13.3-19.4 cm (9.3)

at a photon energy of 12.4 keV, and closer still for lower energies. For a complete
overview of the necessary sample-detector distances and detection angles for the
relevant photon energies at the SPB instrument see Fig. 9.1.
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Figure 9.1: (Left) Required minimum sample-detector distance for crystallographic, i.e.

full-period resolutions of 1.5 Å and 2 Å. (Right) Required minimum diffraction angles

corresponding to the sample-detector distances that are shown on the left.
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Figure 9.3: Simulated combined diffraction pattern from a 500 nm protein sphere,

simultaneously measured with a front (large-angle) and a rear (low-angle) detector. The

simulated photon energy is 5 keV. The inset on the lower left shows a magnified version of the

small-angle region. As an additional inset, the central region of the ideal, non-noisy diffraction

pattern is shown. This has, in contrast to the other two images, no missing regions and no

(photon) noise added to the expected diffraction signal. By comparing the two insets it can be

seen that the central speckle (the smallest area enclosed by a ring of zero intensity) is partially

covered by sensitive detector regions.

imaging of small particles (�20 nm diameter) is around 0.5 m at a photon energy
of 5 keV (see Fig. 9.4. For medium-sized particles (�500 nm diameter) a distance
of around 3 m is required for sufficient sampling at the same photon energy, and
an additional rear detector plane is required. For even larger particles, also
measured at around 5 keV, upstream sample-detector distances of at least 5.5 m
are required. This, however, necessitates the movement of the SFX apparatus on
the rail to accommodate the upstream detector.

� Depending on the size of the sample and the photon energy, the required
sample-to-detector distance varies by a factor of about 1.5 to 2.5 between the
upstream and downstream detector. Generally, larger particle sizes and higher
photon energies lead to an increase in the required upstream sample-detector
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AGIPD Mechanical integration
!“Correct” mechanical integration 
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cases

!Min. sample-detector distance 
now 134 mm
"Unlikely to improve significantly

!Requires:
"sample chamber compromises
"custom bellows
"500 mm gate valve welded in 

sample chamber wall
!Min. distance gives 2Å 
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over the greater than 20 m distance between optics and focus, and secondly, they can
be readily upgraded so the flat mirrors can be adaptive optics that may be used to
correct wavefront aberrations[27], adding a wealth of flexibility in the optical design on
top of creating a high quality wavefront necessary for imaging. This design will still
produce a high transmission optical system, and would be a world-leading optic even
without the proposed adaptive upgrade.

As a historical note, in the conceptual design of the SPB instrument a two mirror
design was proposed[1], though this required a large translation of the sample
chamber, detector and any diagnostics downstream–as much as 300 mm both
horizontally and vertically, in some cases. In addition to improved vibration properties,
and the path for a wavefront improving upgrade, the four mirror design avoids the
need for a large translation of downstream components, simplifying operation and
changing between spot sizes. For a complete discussion of the performance of the
four bounce system see chapter 6. For a discussion of some alternate optical designs
which have been considered in the design process, including the two bounce solution,
see appendix C.

Figure 4.1: This is a pictorial side view, showing the placement of the SPB optics and layout in

the experimental hutch. Note the horizontal optics are always upstream of the vertical optics.

The details of the optical systems are described in the text in chapter 6.

These two foci are independent, meaning that a minimal number of optical elements
are used to create each focal spot. For the 100 nm optics this is four mirrors–two
offset mirrors upstream of the instrument (required for safety reasons–see chapter

XFEL.EU TR-2012-ABC
The Single Particles, Clusters and Biomolecules (SPB) Instrument TDR 2013

March 4, 2013
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These two foci are independent, meaning that a minimal number of optical elements
are used to create each focal spot. For the 100 nm optics this is four mirrors–two
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over the greater than 20 m distance between optics and focus, and secondly, they can
be readily upgraded so the flat mirrors can be adaptive optics that may be used to
correct wavefront aberrations[27], adding a wealth of flexibility in the optical design on
top of creating a high quality wavefront necessary for imaging. This design will still
produce a high transmission optical system, and would be a world-leading optic even
without the proposed adaptive upgrade.

As a historical note, in the conceptual design of the SPB instrument a two mirror
design was proposed[1], though this required a large translation of the sample
chamber, detector and any diagnostics downstream–as much as 300 mm both
horizontally and vertically, in some cases. In addition to improved vibration properties,
and the path for a wavefront improving upgrade, the four mirror design avoids the
need for a large translation of downstream components, simplifying operation and
changing between spot sizes. For a complete discussion of the performance of the
four bounce system see chapter 6. For a discussion of some alternate optical designs
which have been considered in the design process, including the two bounce solution,
see appendix C.
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over the greater than 20 m distance between optics and focus, and secondly, they can
be readily upgraded so the flat mirrors can be adaptive optics that may be used to
correct wavefront aberrations[27], adding a wealth of flexibility in the optical design on
top of creating a high quality wavefront necessary for imaging. This design will still
produce a high transmission optical system, and would be a world-leading optic even
without the proposed adaptive upgrade.

As a historical note, in the conceptual design of the SPB instrument a two mirror
design was proposed[1], though this required a large translation of the sample
chamber, detector and any diagnostics downstream–as much as 300 mm both
horizontally and vertically, in some cases. In addition to improved vibration properties,
and the path for a wavefront improving upgrade, the four mirror design avoids the
need for a large translation of downstream components, simplifying operation and
changing between spot sizes. For a complete discussion of the performance of the
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over the greater than 20 m distance between optics and focus, and secondly, they can
be readily upgraded so the flat mirrors can be adaptive optics that may be used to
correct wavefront aberrations[27], adding a wealth of flexibility in the optical design on
top of creating a high quality wavefront necessary for imaging. This design will still
produce a high transmission optical system, and would be a world-leading optic even
without the proposed adaptive upgrade.

As a historical note, in the conceptual design of the SPB instrument a two mirror
design was proposed[1], though this required a large translation of the sample
chamber, detector and any diagnostics downstream–as much as 300 mm both
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and the path for a wavefront improving upgrade, the four mirror design avoids the
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Figure I.1: Illustration of a protein-crystallography experiment with an example data frame. The

crystalline structure of the sample induces a diffraction pattern with isolated Bragg peaks of

high intensity, well above the background. Image courtesy of Karol Nass and Thomas White,

CFEL.

Figure I.2: Illustration of a single particle experiment with a typical reproducible bio-particle,

e.g. a single, large molecule (10 nm � � � 50 nm). The diffraction pattern (sketched here on

logarithmic scale) is continuous, but so weak that the vast majority of pixels contains none or

only a single photon.
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Figure 1.1: Schematic of a nanocrystallographic experiment. Figure adapted from Boutet, et al,

Science, 2012. [4]

or screening crystals simultaneously with an experiment in the SPB interaction region.
This Serial Femtosecond Crystallography (SFX) project would significantly enhance
the nanocrystallographic capabilities of the SPB instrument and the European XFEL
facility and is described later in this chapter and elsewhere in this document.

Non-reproducible samples1.3.1.3

Non-reproducible samples include biological cells, for example, which while exhibiting
many similarities between individuals, are not reproducible in a way to make
them amenable to three-dimensional structure determination from many copies.
Nevertheless, there is community interest to examine some such systems. The
advantage of the XFEL is the ability to image many such systems to moderate
resolution (today tens of nanometers, potentially better in the future) and explore the
properties of populations by observing their 2D projections.

Time resolved biological experiments1.3.1.4

In addition to determining the structure of static biological systems, the short-pulsed
nature of the XFEL allows the examination of dynamic biological systems [13, 14].
The dominant paradigm for performing time-resolved experiments at an XFEL is by
initiating a process in a sample with a short-pulse from an optical laser–a so-called
pump laser, and then probing that same sample some time �t later to measure the
structural change in that sample. Again, these experiments require reproducible
samples, as one wishes to observe the same system with different time-delays to
understand its evolution. The processes investigated, however, do not need to be
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Non-reproducible samples1.3.1.3

Non-reproducible samples include biological cells, for example, which while exhibiting
many similarities between individuals, are not reproducible in a way to make
them amenable to three-dimensional structure determination from many copies.
Nevertheless, there is community interest to examine some such systems. The
advantage of the XFEL is the ability to image many such systems to moderate
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Figure I.3: Illustration of a single particle experiment with a typical non-reproducible, larger

bio-particle ( 100 nm � � � 3 µm. The diffraction pattern (shown on a logarithmic scale) is

continuous and its intensity spans many orders of magnitude.

In addition, the different requirements and experimental parameters for the three
different cases are given in Figure I.4.

Figure I.4: Sample parameters for typical science cases for applications in biology. Note that

applications in material science are also expected. Here, however, one can usually expect

much stronger scattering signals due to the heavier elements typical for material science

samples. This increases the demands for high dynamic range.
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