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In three years, our research group has taken analysed
over |.2 PB of data from LCLS

SLAC XTC CFEL XTC (at CFEL) Processed (at CFEL)

Month L-number ID Hutch PI Subject directory Tape Med. Size (TB)| |Local directory Tape Where Size (TB)| [Disk Tape Where Size (TB)
December L011 el2 AMO Chapman Nanocrystals AMO 2009 amo01109 Yes  Part 23| [LCLS-200912 Yes ddn01 23| |Yes No ddn07 13
May e23 AMO Kupper Oriented molecules amo14410 Yes No 78| [LCLS-201005 Yes ddn01 49( [Yes No ddn07 68G
June L108 e22 AMO Chapman Nanocrystals AMO 2010 amo10810 Yes No 12| |LCLS-201006/week1 Yes ddn01 12 [Yes No ddn08 11
June L150 e42 AMO Schlichting Viruses amo15010 Yes No 28| |LCLS-201006/week2 Yes ddn01 27| |Yes No ddn08 0.4
June e4l AMO Bogan Aerosols amo10510 Yes No 47| |LCLS-201006/week3 Yes ddn01 33| |Yes No ddn08 0.3
December e64 XPP  Neutze Myoglobin Xxpp23410 Yes No 0| |LCLS-201012 No N/A No No ddn04

January e54 AMO Hajdu Viruses amo22210 Yes No 55| |LCLS-201101a Yes ddn02 54( |Yes No ddn03 6.6
February e53 AMO Schlichting Radiation damage amo19810 Yes No 22| |LCLS-201101b No N/A No No N/A

February e55 CXI Boutet CXI commissioning cxi80410 Yes No 65| [N/A No N/A No No N/A

February L220 e60 CXI Boutet Nanocrystals CX1 2011 €xi22010 Yes No LCLS-201102 ddn03 No ddn03

June L313 €92 AMO Chapman Water window imaging amo31311 Yes No 32| [LCLS-201106 ddn02 No ddn07

August L294, 1273 e97 CXI Fromme  PS2 cxi29411 Yes No LCLS-201108 ddn04 No ddn04

August e98 CXI Hajdu RNA polymerase cxi35211 Yes No 43| |IN/A N/A No

December el53 XPP  Klaus Time-resolved scattering  [xpp36211 Yes No 1 [N/A N/A No

January L433 el42 CXI Fromme  PS2 cxi43312 Yes No LCLS-201201 ddn05 No

January L399 e130 CXI Neutze WAXS cxi43312 Yes No LCLS-201201 ddn05 No

February L490, L432 e158 CXI Boutet Membrane proteins (LCP) [cxi49012 Yes No LCLS-201202 ddn06 No

February L431 e140 CXI Frank Fixed targets cxi43112 Yes No LCLS-201202matthias N/A No

February el47 CXI Hajdu Mimivirus cxi44512 Yes No LCLS-201202janos ddn02 No

June L543 el87 CXI Fromme  PS2 cxi54312 Yes No LCLS-201206 N/A No

July €190 AMO Hajdu Mimis amo55912 Yes No LCLS-201207amo N/A No

July L540 €185 CXI Foerst Complex oxides cxi54012 Yes No LCLS-201207cxi ddn07 No

October L522 el82 CXI Chapman Phasing cxi52212 Yes No LCLS-201210 ddn08 No

February e277 CXI Seeman DNA Lattices cxi76713 Yes No LCLS-201302

Total (TB) 1203.96

LCLS 2009-2012 Data analysed: Data taken home: Reduced data:
(3 years) 1202 TB 814TB 80TB
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X-ray sources have developed at a staggering pace since their
discovery in 1895

|E+34 Free-electron lasers
|E+30
|E+26 Synchrotrons
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X-rays have been responsible for many significant discoveries in
biological science

| E+34 Perutz & Kendrew MacKinnon ®
myoglobin Potassium
| E+30 Franklin, channel
Crick, B Hauptman,
|E+26 Watson Karle :
Yonath, Steitz,
Bragg & Bragg DNA direct () Rona r hel Z
reflections ; ° NG SHSAE
|E+22 Hodgkin || § methods Noller

von Laue penicillin, Ribosome
crystal Bl2 o Kornberg

‘:“_Aq l ' 'AAA.‘ MM AVrAACO

A
{} \ A/ {? TT -

N -

Peak Brilliance

Friday, March 22, 13



The bulk of protein structures have been solved using X-ray
crystallography

Structures

B Electron

NMR
B X-ray
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X-ray crystallography requires large, well ordered crystals to
overcome radiation damage

>52,684 PDB entries

but only
~10,000 distinct structures

| 14 integral membrane proteins

diffraction
pattern

The bottleneck is in growing good crystals

electron Membrane proteins are especially important

density map (eg: for drug delivery)

Grand challenge:
atomlc Can we revolutionise molecular biology by
S— imaging isolated molecules ?

http://en.wikipedia.org/wiki/lmage:X_ray_diffraction.png -anéc F E L
~ SCIENCE
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X-ray free-electron lasers may enable atomic-resolution imaging of
macromolecules without the need to grow large crystals
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10 fs FEL

pulse Diffraction pattern

One pulse per (low signal = noisy)

diffraction pattern
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Self Amplified Spontaneous Emission (SASE) produces intense,
ultrafast, coherent X-ray pulses

Diagnostics Accelerating Structures Collimator
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X-ray free electron lasers are a unique class of X-ray
source

34 .
10 XFEL operational 2015
(<100fs)
|-8 keV
1032 20-50 fs
10'3 photons/pulse
1030 =1 A‘SH/( European X-ray FEL,
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Linac Coherent Light Source,
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NATIONAL ACCELERATOR LABORATORY
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The Linac Coherent Light Source lases at 0.15 nm wavelength

Lasing at 1.5 A
(8 keV)

2 mJ in 40fs
50 GW of X-ray power
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Serial imaging at LCLS builds signal by collecting data from many

copies of the same sample
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Serial imaging at X-ray free electron lasers poses
many computational challenges

|. Data acquisition
* Imaging detectors create 8MB per frame (2k x 2k x 16 bit)
* Sometimes two detectors, plus as much data again in diagnostics
* Distributed data acquisition

10 Hz (FLASH) e
120 Hz (LCLS)
- 27000 pps (XFEL)

2. Data reduction and storage
* Data must be saved at a high data rate
 Currently save all data for offline analysis
* Robust online vetoing and frame rejection will becoine increasingly important

80 MB/sec ‘(FLASH)‘ | :
- 960 MB/sec (LCLS)
216,000 MB/sec (XFEL)

3. Data processing
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CCD with central hole enables direct detection at the
LCLS pulse repetition rate of 120 frames per second

Friday, March 22, 13

1024x1024 pixels
pixel size: 75 x 75 ym?

active area 60 cm?

frame rate 125-900 Hz

single-photon resolution
AE=50/80eV @ 800/2000eV
Q.E. 290 % from 0.4 to 10 keV

.| operating range 0.1 < E < 24 keV

1l

Guardring structure

Cutting edge

Pixel structure
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The cspad pixel array hard X-ray detector has 2M pixels and runs
continuously
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We introduce hydrated nanocrystals into the LCLS beam using a
flowing liquid jet
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We measured 2A resolution diffraction from an unsolved glyco-
protein Cathepsin B using in-vivo crystallisation at LCLS

Glyco-proteins
are extremely
difficult to
crystallize and
hence solve by
conventional
methods

Redecke, Nass et al., 201 3.
Science, 339, pp.227-230.
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Ve generate statistics on data acquisition rates and data quality in
near real time to guide decision making at the beamline

It is important to have near instant
feedback on:
e Sample hit rates
* Average resolution of fames with data
* Number of peaks in each image

We can currently assess LCLS data at ~60 Hz
(and can go faster)
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Our processing pipeline is an exercise in data volume reduction

Detector Storage Offline reduction Analysis

120 Hz

4 MBlevent > 20,000,000 frames < 1,000,000 frames  <100,000 frames

Automated high volume image processing is essential
(eg: weeding useful data from useless data)
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Nanocrystal diffraction patterns are sorted and indexed using
software suites developed at CFEL (Cheetah and CrystFEL)

Upper front deté,&cam

,15202 -

' Lower fgont detector

1264
294
. T2A134

This is not conventional crystallography:
* Each frame is a still image (no time for oscillation)
* Each measurement is a new nanocrystal in a new orientation
* All reflections are partial and must be integrated over many frames.
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A modular approach to software design will smooth integration
into the XFEL scientific computing master plan

Analysis tasks can be broken down into modules within the XFEL analysis framework

Feak getecton

Feak integration

Stream

Pl Coil euCTonN |/ COMPArTSON Peak prediction

Jususube w1 =
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We indexed over 150,000 individual diffraction patterns from
Cathepsin B

o oot oot SRRl 4L e 3,953,201 frames collected
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P g el R el e B g TR A e
e e S O By S L SRR 357,555 “crystal hits
e rh sdeiods 12 2 LM O detected (9%)
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Redecke, Nass et al., 201 3.
Science, 339, pp.227-230. Resalution (1/d) (nm')
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Refined structure 1.9 A based on SFX data reveals structure of the
natural pro-peptide binding

* 8 hours data collection

e 3,953,201 data frames collected
(40 fs pulses, 9 keV X-rays)

* 357,555 crystal hits (9%)
* 56,565 indexed patterns (44%)

* 13,429 redundancy

Redecke, Nass et al., 201 3.
Science, 339, pp.227-230.
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Cloud-based logging is an essential tool for data organisation
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We copy data from SLAC to DESY over the web
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We currently process hundreds of TB of data each year using
“off the shelf” hardware

One experiment at LCLS (120 Hz) can generate over 100TB of data per experiment.

Fast /O access necessary for data screening (600 disks per rack)

Storage
Data Direct Networks SFA 10000

60-bay HDD enclosures in 4U format
We have 2 racks totalling ~2PB:

600 x 2 TB HDDs + 600 x 3 TB HDDs
Already 60% full!

Scalable (??)

Computing
SGI Altix UVI00
144 cores, 768 GB memory

Scales to 96 sockets (960 cores, 1920 threads)
Up to |2TB of shared memory

Altix UV 1000: 256 sockets (2560 cores),|6TB
of shared memory,

Martin Gasthuber,
Pirmin Fix, DESY
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The European XFEL project is in progress at DESY

e
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and Photon
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System

http://xfel.desy.de/tdr/
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The European XFEL microbunch structure can produce up to
26,000 pulses per second

200 frames @ 10 Hz, ~4 MB/image = 8 GB/sec, 28 TB/hr
26,000 pulses/sec, ~4 MB/image = 104 GB/sec, 374 TB/hr

- SCIENCE
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The ATLAS experiment at CERN has a comparable end data rate to
the peak data rates anticipated for XFEL

Level | trigger (hardware)
Level 2 trigger (PC farm)

40 MHz Event trigger (PC farm) | 200 Hz

bunch crossing data rate

Incoming event rate per second | Outgoing event rate per second Recorded | per event per yvear

40 000 000 100 000 [.6 Mbytes | 3 200 Thytes

100 00O 3 000 30 reconstructed data | 1 Mbyies 2 000 Thytcs

physics data (.1 Mbytes 2(0) Thyvtes

B/sec (predicted)
0 GB/sec (actual peak)
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Online vetoing and rapid data reduction will be an important part of
the XFEL data management pipeline

Friday, March 22, 13 32
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FEE

(Front End Equipment)

\/

(Front End Interface)

\/

“Online”

Data cache

(Temporary storage)

“Offline”

Analysis

(Permanent storage)

\/

Science output
(Users)

(Hardware)

WP 4

Develop and test options for
fast frame veto before readout

Develop and test options for rapid
FPGA frame rejection after readout

Develop software for robust real-
time frame rejection at PC layer

Develop and implement software for
data reduction and event filtering
once data is saved to disk cache

Develop and refine software for the
analysis of SPB data

Target single particles, nanocrystals
and other typical samples.

Implement and deploy software
within the XFEL data analysis
framework

33



The LCLS data retention policy retains all data for 6 months
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Papers take ~2 years to publish:
6 months is very little time for deletion of raw data

Prediction: |0 PB user data storage will not be sufficient for XFEL
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LCLS data stored on our CFEL server
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LCLS 2009-2012 Data analysed: Data taken home: Reduced data:
(3 years) 1002 TB 676 TB 80TB

XFEL = LCLS x10? Data analysed: Data taken home: Reduced data:
(120 Hz -> 1200 Hz) 10 PB 6PB | PB

* 120 Hz at LCLS becomes 27,000 Hz at XFEL
but AGIPD detector only handles ~2000 pulses/sec
| Ox is very rough, assuming shorter runs and that downtime wastes more pulses at XFEL than at LCLS
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Science magazine nominated serial femtosecond crystallography as
one of the top 10 technology breakthroughs of 2012
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The days of photon scientists taking data home are numbered

= RN D ]
At the European XFEL:

26,000 pulses/sec, ~4 MB/image = 104 GB/sec, 374 TB/hr
200 frames @ 10 Hz, ~4 MB/image = 8 GB/sec, 28 TB/hr
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Experiments and analyses are carried out as a large collaboration

CFEL-DESY

Arizona State Uni.

MPG CFEL ASG

SLAC-LCLS

SLAC-PULSE
Uppsala University

European XFEL
LLNL

LBNL
Gotheburg

U. Hamburg

U. Tubingen
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H. Chapman, A. Barty, M. Liang, T. White, D. Deponte, S. Stern, A. Martin, C. Caleman,
K. Beyerlein, R. Kirian, K. Nass, F. Stellato, F. Wang, H. Fleckenstein, L. Gumprecht, L.
Galli, S. Bajt, M. Barthelmess, R. Bean, O. Yefamov

J. Spence, P. Fromme, U. Weierstall, B. Doak, N. Zatsepin, X. Wang, |. Grotjohann, R.
Fromme

|. Schlichting, R. Shoeman, L. Lomb, S. Kassemeyer, S. Bari, T. Barends,
J. Steinbrener, D. Rolles, S. Epp, A. Rudenko, L. Strader, R. Hartmann, L. Foucar,
N. Kimmel, P. Holl, J. Ullrich

S. Boutet, G. Williams, M. Messerschmidt, M. Seibert, J. Kryzwinski, W. White,
R. Coffee, C. Kenney, R. Herbst, J. Pines, P. Hart, J. Morse, P. Emma, J. Frisch, J.
Galayda and many others

M. Bogan, D. Starodub, R. Sierra, C. Hampton, D. Loh

J. Hajdu, Nic Timneanu, J. Andreasson, M. Seibert, F. Maia, M. Svenda, T. Ekeberg, J.
Andreasson, A. Rocker, O. Jonsson, D. Westphal

A. Mancuso, A. Aquila, J. Schulz

M. Frank, M. Hunter, S. Hau-Riege
J. Holton

R. Neutze, L. Johansson, D. Arnlund
L. Redecke, C. Betzel

M. Duszenko, R.Koopman, K. Cupelli




The hard X-ray coherent imaging instrument at LCLS
became available in 201 |
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