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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, 
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The Single Particles, Clusters and Biomolecules (SPB) instrument at the European XFEL

! (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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2.3. Image analysis
2.3.1. Identification of possible Bragg peaks. Peaks in the

intensity are identified as connected clusters of more than nmin

pixels but fewer than nmax pixels in which every pixel has
counts above a threshold value. The lower limit nmin serves to
reject single-pixel outliers, whilst the upper limit nmax rejects
overly diffuse peaks. The entire image is scanned, taking care
to process each detector module separately and excluding any
masked areas.

For most cases the following procedure serves to identify
the majority of peaks in the image:

(1) Starting with the first pixel in memory, if the pixel
intensity is below a specified static threshold [in raw analog-to-
digital units (ADU)], move on to the next pixel.

(2) If the pixel intensity is above a specified signal
threshold, locate all connected pixels that also meet the above
criterion, whilst not crossing a detector module boundary. If
the number of connected pixels falls within the range [nmin,
nmax], then the connected region will be counted as a peak.
Connected pixels are masked once evaluated to avoid the
possibility of counting them twice in further analysis.

(3) The centroid of the peak and total intensity are calcu-
lated and used as the pixel location and intensity.

(4) Background noise around the peak is calculated, and the
peak is retained only if the integrated intensity within the peak
is sufficiently high above surrounding noise levels.

(5) Once a peak has been identified, move on to the next
pixel and repeat until all pixels have been examined.

A constant threshold might suffice for samples with low
background noise and sharp peaks. The most challenging
samples, however, are ones that have weak peaks relative to

the background. This background is often spatially varying,
with notably elevated signal and noise in regions of solvent
scattering. For such samples a static threshold no longer
suffices. Instead, we exploit the largely radial symmetry of the
noise profile to calculate a radially dependent threshold for
the peak search. First the average intensity IðrÞ and standard
deviation !ðrÞ are calculated as a function of radial position r
on the detector for each image immediately prior to the peak
search. Obvious peaks are excluded from the SNR calculation
using an iterative procedure. The peak search threshold is then
given by the radially dependent value ThreshðrÞ ¼ IðrÞ +
SNR !ðrÞ, where SNR specifies the desired threshold in units
of standard deviation within the annular shell. A minimum
value of ThreshðrÞ should be specified to avoid problems with
almost empty frames. This algorithm is embodied in ‘peak-
finder 8’. We have found values of SNR between 6 and 8 and a
minimum threshold of 30 counts to be surprisingly robust for
the analysis of data from the CXI instrument at LCLS across a
range of samples and injection types. Values should be opti-
mized to obtain the best results.

When regions of the detector have significantly non-
isotropic noise characteristics – for example, owing to
coherent speckle in the water ring region – it may be hard to
define one static threshold across the entire image. In such
cases a second algorithm may be used, which applies a local
intensity threshold based on local noise levels:

(1) Starting with the first pixel in memory, if the pixel
intensity is below a specified threshold (in raw ADU), move
on to the next pixel.

(2) If any of the eight nearest neighbour pixels have a
greater intensity, move on to the next pixel.

research papers

J. Appl. Cryst. (2014). 47, 1118–1131 Anton Barty et al. $ Cheetah 1123

Figure 5
Comparison of results from running background subtraction and local background subtraction for crystalline samples flowing in a water jet. (a) Image
after subtraction of a water ring averaged over multiple frames; fluctuations in pulse intensity and water jet structure result in imperfect background
subtraction using running background subtraction. (b) Subtraction of local background using a moving median filter of width 7 pixels produces a cleaner
image for peak detection.
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Data: A. Barty, et al, J. Appl. Cryst. 2014
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Day one parameters for hard X-ray beamlines 8

H. Sinn, European XFEL

Electron energy 17.5 GeV 
Photon energy  8.4 keV 
Repetition rate 100 kHz 
Max. number pulses per train 60  
Undulator K-value  3.9 
Undulator Gap 10 mm 
Pulse energy  2 mJ (slightly oversaturated) 
Divergence 2.2 urad 
Pulse duration  43 fs 
Saturation length  58 m 
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First experiments
!Common requirements for day one experiments  

(non exhaustive list) 
  

General requirements to do any of the planned Day-1 experiments 

• um size beam    
• cleanup apertures    
• beam attenuator    
• 2D detector    
• gain calibration for detector    
• detector debris shield (in practice)    

additional requirements for some of the experiments 

• fixed target stage (all non jet)    
• rotation stage (2D crystals only)    
• efficient catcher (jet experiments)    
• differential pumping (jet experiments)    
• windowed gate valve? (jet experiments)    
• post attenuator (SPI maybe)    
• optical pump laser    

9
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• fixed target stage (all non jet)    
• rotation stage (2D crystals only)    
• efficient catcher (jet experiments)    
• differential pumping (jet experiments)    
• windowed gate valve? (jet experiments)    
• post attenuator (SPI maybe)    
• optical pump laser    

9
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KB focussing optics

Preliminary granite support and vacuum tank designs

10

FMB-Oxford competition sensitive, non-distributable

■ Optics supported on granite plinths 
■ Vacuum tanks and controls / pumping infrastructure supported 

independently on stainless steel super-structure
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KB focussing optics 10

FMB-Oxford competition sensitive, non-distributable

Optics have long lead times (polishing bottlenecks at 
JTEC) 
Substrate / cooling design optimised by FEA and reviewed 
at FMB-Oxford PDR meeting to minimise thermal 
deformations
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KB focussing optics 10

FMB-Oxford competition sensitive, non-distributable

Optics have long lead times (polishing bottlenecks at 
JTEC) 
Substrate / cooling design optimised by FEA and reviewed 
at FMB-Oxford PDR meeting to minimise thermal 
deformations

Possible delay hedged by alternative focusing system which supports crystallography
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Sample delivery systems: 
Compact and versatile liquid jet 11Compact and versatile liquid jet 

Ongoing development 
Recovering catcher for sample recycling 
Integration of gas dynamic nozzles for sub-µm jets 
Detector protection 
Differential pumping and vacuum system 

Specifications 
!  Modular design 
!  Independent adjustment 

of nozzle and catcher 
!  Large opening angles 

for detectors 
!  Precise positioning 

Slide courtesy J. Schulz, Sample environment group, European XFEL
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Alignment diagnostics 12
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Alignment diagnostics 12

Friday 20th March, 2015, Meeting of the European XFEL Scientific Advisory Committee 
Adrian Mancuso, Leading Scientist, Single Particles, Clusters and Biomolecules & Serial Femtosecond Crystallography (SPB/SFX) Instrument, European XFEL

The SPB/SFX Instrument: An update

Diagnostic screens 3

G. Borchers & O. Kelsey

!Prototype under construction 
!Far from critical path 
!Uses Ce:YAG screens in removable 

cartridge
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Instrument beam stop 13
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Instrument beam stop 13

Friday 20th March, 2015, Meeting of the European XFEL Scientific Advisory Committee 
Adrian Mancuso, Leading Scientist, Single Particles, Clusters and Biomolecules & Serial Femtosecond Crystallography (SPB/SFX) Instrument, European XFEL

The SPB/SFX Instrument: An update

Instrument Beam Stop (IBS) 4

V. Lyamayev, CIE
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Tuesday 11 February, 2014, Winter School of Synchrotron Radiation, Liptovský Ján, Slovakia 
Adrian Mancuso, Leading Scientist Single Particles, Clusters and Biomolecules (SPB) instrument, European XFEL

Imaging and Structural Biology at the European XFEL: The Single Particles, Clusters and Biomolecules (SPB) InstrumentThe Single Particles, Clusters and Biomolecules (SPB) Instrument of the European XFEL

29th January, 2014, European XFEL Users’ Meeting, Hamburg, Germany 
Adrian Mancuso, Leading Scientist, Single Particles, Clusters and Biomolecules (SPB) Instrument, European XFEL

14

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 

Slide: J. Sztuk-Dambietz, XFEL 
Image: AGIPD consortium

0
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Controls, Analysis, Metadata

!Karabo controls must exist in time for commissioning without 
beam 

!Some analysis code (e.g. CrystFEL for serial crystallography 
analysis) must be available to interpret measurements 
" inc. basic online analysis functions 
" inc. simple scripting analysis tools 

!Metadata related to data (frames) such as pulse energy, I0 and 
the diagnostic info must be accessible for analysis 
"Statistical analysis of serial crystallographic data increasingly 

valuable (correlation analysis, etc)

15
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Cartoon of installation plan 16
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Hutch8Construction
Cable8Pulling

Experimental,Hutch

Optics,Hutch

Control,Room,/,Other

Racks
Patch8Panels8&8Cabling
Instrument8Control8System
Granite8Blocks8in8OH !

Granite8Blocks8in8EH !

Downstream8CSS8(Rail)8in8EH !

Pre8Alignment,,Survey,,Floor,Marking

Floor,Grouting

Move,Downstream,Rail,into,Position

Install,Downstream,Rail

Initial,Motion,Testing,&,SAT

Vacuum8Pump8Manifold !

Beam8Shutter !

KB8[Micron8Scale8Focussing]8Mirror ! !

Move,Optics,Chambers,into,Position

Survey,&,Alignment

Cabling,(Patch,Panel,to,Device)

Connect,Vacuum,&,Services

Install,Dummy,Mirror

Vibration,Testing

Vacuum,Commissioning

Motion,Commissioning

Install,Optics

Optical,Testing,&,Alignment

KB8[Nanometre8Scale8Focussing]8Mirror ! !

Upstream8Sample8Chamber !

Downstream8Sample8Chamber !

Large8Gate8Valve !

Attenuator !

CRL8Transfocator ! !

Instrument8Beam8Stop !

Spectrometer !

Differential8Pumping8Units !

Power8Slits !

Exit8Slits8&8Beam8Position8Monitor !

Diagnostics8(OH) !

Diagnostics8(EH) !

OH8Beamline8Vacuum8Connections
EH8Beamline8Vacuum8Connections

Survey8&8Alignment

Floor8Marking8/8Grouting

Riggers8/8Transport8Into8Position

Installation

Cabling

Services

Vacuum

Controls8/8Motion8Commissioning

Testing8

28.Nov 5.Dec 12.Dec 12.Mar24.Oct 31.Oct 7.Nov 14.Nov 21.Nov 20.Feb13.Feb16.Jan 23.Jan19.Dec 26.Dec 2.Jan9.May 16.May 23.May 30.May 17.Oct21.Mar 28.Mar 4.Apr 11.Apr 18.Apr

KEY
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20172016

9.Jan 30.Jan 6.Feb 27.Feb 6.Mar20.Jun 27.Jun 4.Jul 11.Jul 10.Oct26.Sep 3.Oct7.Mar 14.Mar

Previously,Delivered,

Previously,Delivered,

Delivery,

Available,
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Mirror8installaaon8possibiliaes8(Depending8on8Contract8Dates),

Previously,Delivered,

Previously,Delivered,
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Available,
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Aggressive installation requires ~6 months 
from “ready” hutches to seeing first beam
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Ridiculously optimistic route to  
fast “1st measurements”

! Approximately focus optics 
" Using diagnostics screens, mirrors (or lenses) 
" Characterise beam size & coherence 
" 6 shifts 

! Align sample delivery system 
" Using in-chamber diagnostic microscopes 
" Test with known sample 
" 2 shifts 

! Confirm and refine detector geometry 
" Using “easy” nanocrystal sample 
" 2 shifts 

! Taking data on a first sample 
" Requiring implemented serial crystallography analysis software  
" 5 shifts

17
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Total = 1+ weeks
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! Taking data on a first sample 
" Requiring implemented serial crystallography analysis software  
" 5 shifts

17

Total = 1+ weeks

Compare with LCLS ≈ 6 weeks/instr.
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Ridiculously optimistic route to  
fast “1st measurements”

! Approximately focus optics 
" Using diagnostics screens, mirrors (or lenses) 
" Characterise beam size & coherence 
" 6 shifts 

! Align sample delivery system 
" Using in-chamber diagnostic microscopes 
" Test with known sample 
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! Confirm and refine detector geometry 
" Using “easy” nanocrystal sample 
" 2 shifts 

! Taking data on a first sample 
" Requiring implemented serial crystallography analysis software  
" 5 shifts

17

Total = 1+ weeks

Compare with LCLS ≈ 6 weeks/instr.

These states ≠ commissioned
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