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“radiation sensitive” or “dynamic” 
samples

Image from: Barty, et al,  
Nature Photonics 6, 35–40 (2012)
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3-16 keV

1. Abstract"–"Scientific"Requirements"
!

This document is concerned with the scientific requirements to the geometry and arrangement 
of the 4Mpix AGIPD detector for the downstream interaction region of the SPB/SFX 
instrument, with an almost exclusive emphasis on the issue of the size of the central hole of 
the detector. 
 
The SPB/SFX instrument [1] consists of two interaction regions where sample can be 
introduced to a focused XFEL beam to perform experiments (see Figure 1). The upstream 
interaction region is to be used for serial crystallography [2], solution scattering and imaging 
experiments, while the downstream interaction region is to be used predominantly for serial 
crystallography experiments on micron and sub-micron scale crystals of biological 
macromolecules (e.g., proteins), delivered by a liquid-jet injector. The stream of the liquid jet, 
which contains the crystals in random orientations, is intersected by the ultrashort pulses of the 
European XFEL (XFEL.EU) in order to collect diffraction patterns from individual crystals in 
the jet on a single-shot basis. This method is termed serial crystallography in the following. 
Often, this method is called “serial femtosecond crystallography” or “SFX” and we use serial 
crystallography in a completely identical meaning. However, in the context of this work, the 
abbreviation SFX is used to refer to the consortium sponsoring part of the SPB/SFX 
instrument (the SFX User Consortium) rather than the method. 
 

!
Figure'1.'Overview'of'the'SPB/SFX'instrument'[1]. 

 
Indexing of diffraction patterns 

As each individual nanocrystal is ultimately destroyed by the intense XFEL pulse, and 
since the crystals' orientations are random and not controlled by the experimental setup, the 
method of serial crystallography requires the deduction of the crystal orientation from the 
individual diffraction pattern itself. This process is called “indexing” because it assigns Miller 
indices to the Bragg reflections of a diffraction pattern. A successful experiment requires a 
dataset with a sufficient number of indexed patterns, and the success of indexing of individual 
patterns depends a lot on the number of Bragg reflections seen in the diffraction pattern. 
Ideally, the detector geometry must be designed such that the maximum possible number of 
reflections can be measured at once. 
 
Challenges to 4MPix geometry 

In the case of the SPB/SFX experimental geometry, a central hole in the 4Mpix 
detector must be present to allow the direct beam to pass through.  A small central hole of 
fixed size (i.e., in the range of ~10 mm) in the 4Mpix detector is prohibitive for two reasons: 
First, the direct beam from the 100 nm scale focus at the upstream interaction region is highly 
divergent and will have a size significantly larger than 10mm (see Figures 2 & 3) after having 
propagated to the downstream interaction region, i.e., the 4Mpix detector. This causes a severe 
danger of destroying or damaging the 4Mpix detector. Secondly, for measuring the diffraction 
at very low scattering angles from non-crystalline samples in the upstream interaction region, 

Two mirror systems AGIPD 2D detection
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! (R) 3–16 keV, forward scattering instrument
! (R) Micron-scale and 100 nm scale focal spots
!(R) Natural bandwidth (< 0.3%)
!(R) High dynamic range, single photon sensitivity and large number of pixels 

in detector(s)
! (G) Highest pulse energies delivered to sample 

(maximise transmission)
! (G) Highest quality wavefront
! (G) Full train rate compatible
!(C) Pulse durations < 10 fs – 100 fs
!(C) Highly spatially coherent beam

Reminder: 
Requirements, Goals and Constraints

[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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Two interaction regions
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The SPB/SFX instrument at a glance 6

A. P. Mancuso, et al, Technical Design Report: Scientific Instrument Single Particles, Clusters, and Biomolecules (SPB) 
http://dx.doi.org/10.3204/XFEL.EU/TR-2013-004

3–16 keV 
1 µm and 100 nm scale focal spots 
2× interaction regions

http://dx.doi.org/10.3204/XFEL.EU/TR-2013-004
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A. P. Mancuso, et al, Technical Design Report: Scientific Instrument Single Particles, Clusters, and Biomolecules (SPB) 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3–16 keV 
1 µm and 100 nm scale focal spots 
2× interaction regions

SFX ODR 2014

OVERVIEW DESIGN REPORT

The Serial Femtosecond
Crystallography
(SFX) Apparatus
Overview Design
Report (ODR)

April 15, 2014

SPB/SFX Team, Center for Free

Electron Laser Science, DESY,

and European XFEL GmbH

http://dx.doi.org/10.3204/XFEL.EU/TR-2013-004
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Optical considerations 7
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A. Aquila, at al, submittedA. Aquila, et al, submitted

Short conclusion:
Our mirror optics are expected to 
survive as designed
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Mirrors and mechanics  
(with commercial partners)

!Key issues: 
"Mirror stability (vibrational) 
"Alignment procedure and spot characterisation

8
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Mirrors and mechanics  
(with commercial partners)

!Key issues: 
"Mirror stability (vibrational) 
"Alignment procedure and spot characterisation

8

!Key progress: 
"Continuous vibrational monitoring of experimental hall 

#Allows identification of vibrational noise sources 
"Development of wavefront measurement techniques 

#Aids focal spot characterisation 
"Vendor Finite Element Analysis of static and thermal 
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Key progress 2014 – SFX Integration:  
Optics, sample delivery and detector

!Optics 
"CRL refocusing optics at advanced stage of design 
"Design optimised for continuous photon energy coverage

9

!Sample delivery 
"SFX sample delivery work package led by J. Schulz, XFEL 
"Both sample environments will accommodate a number of 

sample delivery methods (allowing all to capitalise on the 
SFX UC’s sample delivery expertise)  

!Detector: AGIPD 4Mpx 
" Integration goals defined (sampling, resolution, etc) 
"First steps to mechanical integration begun
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Compound Refractive Lens Refocusing System 10

Upstream focus Downstream focusCRL stack 
1:1 focus position

■9.4m
■4.7m

■Travel range limited to 400mm (without manual repositioning) 

±200 mm
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Optimisation of CRL stack 11

9.4 m

z

Source

CRL (thin lens)

Advantage:**
Smaller*chroma2c**
aberra2on*

Advantage:**
Smaller*focal*spot*

z travel range Δz = 400 mm 

              ΔE ?

En#1% En% En%

ΔE%

Lens type A: R = 0.3mm  

Calcs and slides: P. Vagovič  
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Optimisation of CRL stack 11
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Optimisation of CRL stack 11
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Lens type C+D

Energy travel

Calcs and slides: P. Vagovič  
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Boring but important: 
Hutch and infrastructure 12



Wednesday 28th January, 2015, European XFEL Users’ Meeting, Hamburg 
Adrian Mancuso, Leading Scientist, Single Particles, Clusters and Biomolecules and Serial Femtosecond Crystallography (SPB/SFX) Instrument, European XFEL

The Single Particles, Clusters and Biomolecules, and Serial Femtosecond Crystallography (SPB/SFX) Instrument

Boring but important: 
Hutch and infrastructure 12

and a whole lot more…
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Summary of the summary!
! From 3–16 keV, SPB/SFX caters for: 
" Single particle imaging of < 100 nm particles
" Single particle imaging of < 1µm particles 
" Serial crystallography of small, sensitive or 

dynamic systems 

! SFX UC contributed apparatus now incorporated at 
the conceptual level
" CRL refocusing optics at advanced state of design
" AGIPD 4Mpx integration goals defined
" Sample delivery options – accommodate multiple 

efforts from the different UC partners 

! Much progress on all instrumentation systems (and 
even more on the boring systems too!)

13
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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.

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

March 4, 2013
214 of 275

Image from: Barty, et al, Nature Photonics 6, 35–40 (2012)

SFX ODR 2014

OVERVIEW DESIGN REPORT

The Serial Femtosecond
Crystallography
(SFX) Apparatus
Overview Design
Report (ODR)

April 15, 2014

SPB/SFX Team, Center for Free

Electron Laser Science, DESY,

and European XFEL GmbH
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Do you want to know more?

!Or join the team: we’re (soon) hiring! 
"Scientists, engineers, and more… 
"For more details contact: adrian.mancuso@xfel.eu

14

!There’s much more to know: 

"See on Friday:  
" Poster #2 – S. Stern, et al,  

SFX UC contributions 
" Poster #121 – R. Bean, et al,  

SPB/SFX Instrument 

"Or anytime this week: 
" Talk to any of the team–at the posters, dinner, lunch, etc

The SFX User Consortium Contributions to the 
SPB-SFX - Instrument of the European XFEL

Contact:
Adrian P. Mancuso (adrian.mancuso@xfel.eu)
Henry N. Chapman (henry.chapman@desy.de)

Stephan Stern,1  Richard Bean,2 Gannon Borchers,2 Klaus Giewekemeyer,2 Marc Messerschmidt,1 Steffen 
Raabe,1  Nadja Reimers,2 Tokushi Sato,1 Patrik Vagovič,1 C.-H. Yoon,2 Heinz Graafsma,4 Henry N. Chapman,1 

and Adrian P. Mancuso2

1 Center for Free-Electron Laser Science (CFEL), DESY, Hamburg, Germany,   2 European XFEL GmbH, Hamburg, Germany,
3 BioXFEL Science and Technology Center, Buffalo, NY, USA, 4 DESY, Hamburg, Germany
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Conceptual layout of the SPB-SFX instrument

Figure 2: Schematic layout of the SPB-SFX instrument [8,9] of the European XFEL (XFEL.EU). The SFX User Consorti-
um contributes the instrumentation of a second interaction zone, utilizing the primary beam which gets refocussed by a 
system of Beryllium Compound Refractive Lenses (CRLs) to a second focal plane for serial crystallography experi-
ments. This allows two experiments to be run in parallel. For serial femtosecond crystallography experiments, the setup 
will consist of an injector system for fast sample replenishment, an optional pump-probe laser setup, and a 
high-speed high-dynamic-range 4Mpixel photon detector (AGIPD-4Mpix).
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SASE1 tunnel Experimental hall - SPB-SFX instrument

Sample Injection System

The Serial Femtosecond Crystallography (SFX) user consortium will design, build, and commission an ex-
perimental instrument to be installed at the Single Particles, Clusters, and Biomolecules (SPB) instrument 
of the European XFEL. The SFX contribution to the combined SPB-SFX instrument is dedicated to allow 
for high-throughput serial crystallography experiments, utilizing different sample-delivery systems and 
the AGIPD as a high-speed high-dynamic-range photon detector. Eventually, two experiments can be run 
in parallel at the SPB-SFX instrument, increasing the scientific output.

Serial femtosecond crystallography (SFX) became increasingly im-
portant during the last years, following the opening of the first X-ray 
Free-Electron Laser LCLS in 2009. The ultrashort pulses allow con-
ventional damage limits of (bio)macromolecular crystallography 
to be overcome while at the samt time performing crystallography at 
room temperature, avoiding cryogenic conditions. Additionally, the 
high brilliance, many orders of magnitude higher than at synchrotron 
sources, allows for x-ray crystallography of tiny, micro- to nanome-
ter-sized crystals from biological macromolecular samples which 
were not accessible to x-ray crystallography before. Therefore, serial 
femtosecond crystallography will be very important for structure deter-
mination of biologically relevant macromolecules such as, e.g., mem-
brane proteins in future experiments at XFELs. 

For establishing high-troughput serial femtosecond crystallography at 
the European XFEL, the SFX User Consortium  designs and builds 
an additional instrument to be installed at the SPB beamline of the Eu-
ropean XFEL.
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Figure 1: Example single-shot x-ray diffraction pattern (a) and struc-
ture (b) of Trypanosoma brucei Cathepsin B protein, named one of the 
”Breakthroughs of the Year 2012” by Science.

Laser Setup for Time-Resolved, 
Pump-Probe SFX

Serial Femtosecond Crystallography at SPB-SFX

Sample Injection Systems

Adaptive Gain Integrating Pixel Detector
(AGIPD) for XFEL.EU Figure 3: Example image of the 

AGIPD-1Mpixel system, designed for the 
upstream interaction region. The 
AGIPD-detector technology was devel-
oped as a high-frame-rate (to meet the 
pulse bunch structure of the European 
XFEL), high-dynamic range detector. For 
further details, see poster 39.

The SFX User Consortium contributes a 
4Mpixel AGIPD to the experimental end-
station for the downstream interaction 
zone.
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Figure 4: Example: Photoactive 
Yellow Protein (right) reaction 
cycle and (bottom) difference 
electron density maps from a 
pump-probe measurement, illus-
trating fast structural changes and 
reorientation [Tenboer].

Other examples for time-resolved SFX can be found 
in [Aquila, Arnlund, Kern].

a

He

sample

µm liquid jet

Figure 5:  Sample-injection system, 
based on the  gas-dynamic virtual nozzle.  
 •   Injection of fully-hydrated protein   
  nanocrystals 
 •    Micrometer-sized liquid jet of flow  
  ing protein solution (a). 
 •   Photograph (b) of the multi-nozzle  
  sample-injection system for quick  
  sample exchange 
 •   high-throughput conditions. 
 •   tested and operated succesfully at  
  various beamtimes at LCLS.

www.xfel.eu 

Experimental Hutch 
 

Single Particles, Clusters and Biomolecules  
& Serial Femtosecond Crystallography, SPB/SFX Instrument 
R. J. Bean, K. Giewekemeyer, A. Aquila, G. Borchers, M. Messerschmidt, S. Raabe, N. Reimers, S.Stern, T. Sato, P. Vagovic,  
A. P. Mancuso & SFX Consortium  
European XFEL GmbH, Notkestraße 85, 22607 Hamburg, Germany 

Scientific Targets 

Instrument Overview 
� Two X-ray / sample interaction regions for imaging, serial 

femtosecond crystallography and more 
� Upstream interaction region with KB generated 1 Pm-scale and 

100 nm-scale focus options 
� Downstream interaction region with CRL re-focussed 1 Pm-

scale focus  
� X-ray beam energies from 3keV to 16keV 
� Multi-wavelength Laser pump / probe integration for both 

interaction regions over wide delay range 
� Shot-by-shot beam spectrum analysis 
� Interaction diagnostics 

� Nanocrystallography of biological 

macromolecules (� d 1 Pm). 

Upstream and Downstream 

interaction regions 

� Imaging of  small  

(10 nm ≤ � ≤ 50 nm) 

reproducible single 

particles 

� Coherent Imaging of 

macromolecular complexes 

and larger objects (~100 nm d 

� d ~1 Pm), such as viruses, 

small (bacterial) cells and  

nano-particles 

Kirkpatrick-Baez Optics 
 
 
� 1 Pm-scale  system 
� 4 bounce: horizontal ( flat – ellipse  ) – vertical ( ellipse  –  flat ) 
� 1000mm silicon substrates with 950mm optical surface 
� B4C coating ( 3keV – 8keV  ), Ru coating ( 8keV – 16keV  ) 
� 4 mrad incidence angle 
� 20 metre mirror – sample distance 

 
 
 
 
 

 
 

 
 

� 100 nm-scale  system 
� 2 bounce: horizontal ellipse – vertical ellipse  
� 1000mm silicon substrates with 950mm optical surface 
� B4C coating ( 3keV – 8keV ), Ru coating ( 8keV – 16keV ) 
� 3.5 mrad incidence angle 
� 2 metre mirror – sample distance 

 
 

� Instrument layout finalised 
� Infrastructure design finalised 
� Thermally stabilised with ‘air lock’ 

hutch entry 
� Simultaneous operation of 

interaction regions with Pm-scale 
focus 

Detectors 
� 1 Mpix AGIPD for the upstream interaction 

region. Moveable from 15cm up to 5m to suit the 
sample under investigation. 
 
 
 
 
 
 
 
 
 
 
 

� 4 Mpix AGIPD for the Downstream interaction 
region. Based on the 1 Mpix design shown 
above. Principally used for Serial Femtosecond 
Crystallography experiments 

References 
� A. P. Mancuso et al. Technical Design Report, 

available at xfel.eu/documents/technical_documents 
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SPB/SFX Instrument team 15

! SPB/SFX 
" Richard Bean  
" Gannon Borchers  
" Klaus Giewekemeyer 
" Masoud Mehrjoo 
" Marc Messerschmidt 

(Sci computing) 
" Nadja Reimers  

(Central Instruments  
Engineering) 

" Stephan Stern 
" Tokushi Sato 
" Steffen Raabe 
" Chun Hong Yoon 
" Andrew Aquila 

(now at SLAC)

A. P. Mancuso, A. Aquila, G. Borchers, K. 
Giewekemeyer & N. Reimers,  
Technical Design Report: Scientific Instrument 
SPB, 2013. dx.doi.org/10.3204/XFEL.EU/
TR-2013-004

Many thanks to Steve Readman for exceptional assistance with the project plan
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