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X-ray sources have developed at a staggering pace since their
discovery in 1895

Free-electron lasers
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Some great moments in X-ray science
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The number of solved protein structures is now
increasing linearly with time

Exp(0.19*(y-1960)) Richard Dickerson
| PDB deposits
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The bulk of protein structures have been solved using X-ray
crystallography
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X-ray crystallography requires large, well ordered crystals to
overcome radiation damage
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http://en.wikipedia.org/wiki/lmage:X_ray_diffraction.png

>52,684 PDB entries
but only

~10,000 distinct structures
| 14 integral membrane proteins

The bottleneck is in growing good crystals

Membrane proteins are especially important
(eg: for drug delivery)

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




X-ray crystallography is powerful, but growing the crystals is
often difficult
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X-ray free-electron lasers may enable atomic-resolution imaging
of macromolecules without the need to grow large crystals

Particle injection %

10 fs FEL

pulse Diffraction pattern

One pulse per IO — (low signal = noisy)
diffraction pattern

Combine 10°-107 measurements
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Single particle imaging at LCLS




Our diffraction camera can measure forward scattering close
to the direct soft-X-ray FEL beam

“Soft edge” prevents any

scatter from the hole

Multilayer reflectivity is uniform across

o] o A
Bajt et.al. Appl.Opt. 47, 1673 (2008) the 30 to 60° gradient T SCIENCE




The VUV-FEL diffraction experiment employs a unique camera to
measure forward scattering with high SNR

CCD with transmission filter

Sasa Bajt, Eberhard Spiller, and
Jennifer Alameda

GRADED MULTILAYER MIRROR:
Si, Mo, and B,C layers, period graded laterally.Variation

matches angle of incidence (30° to 60°) to maintain Bragg
condition for A = 32 nm. Reflectivity: 45% for 32 nm pulses.

The mirror
(i) (bandwidth = 9 nm at 45°)

(i) (1% off-axis reflectivity)
)
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We performed single particle imaging of viruses in the CAMP
instrument at LCLS

Aerosol sample injector

LCLS X-ray pulses

Seibert et al. Nature 470 78-81 (2011)
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We have performed experiments in the CAMP instrument
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Experiments were performed in the CAMP chamber
on the AMO beamline at LCLS
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Imaging experiments at LCLS generate large volumes of data
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Data rate:

4 MB/image

430 GB/hr (30 Hz)
|.7 TB/hr (120 Hz)

Feb 201 I:

120 Hz

200 TB data...
>20,000,000 images




High-speed area detectors are essential for LCLS imaging
experiments

Max~Planck-Mstitut
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The pnCCD enables direct detection at X-ray wavelengths;
central hole allows the direct beam to pass through

1024x1024 pixels

pixel size: 75 x 75 pm?

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
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Cutting edge

Pixel structure




The LCLS beam easily cuts through stainless steel
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Amazingly, most of the detector remained useable despite the
direct hit
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Clear diffraction is measured from individual mimivirus

1/(19 nm) Capsid
Fibrils |

Inner Membranes

_ Core
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@ polyphaga mimivirus \

U nm resolution Janos Hajdu, Uppsala University

CNRS Marseille




We achieved an unprecedented 43% hit rate using an aerosol
injector

1.2 MILLION HITS on viruses in ~36 hours of beam time
(7.7% assuming 100% up-time)
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Mimivirus diffraction from LCLS reconstructs in 2D

Seibert et al. Nature 470 78-81 (2011)




Diffraction from individual Mimivirus can easily saturate the
detector at low resolution

b Saturation = missing data
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Weak signal at edges

Janos Hajdu, Filipe Maia, Thomas Ekberg - Uppsala




High intensity regions can overload readout channels

Strange drop
in signal \
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Resolution is limited by dynamic range when objects must be
imaged with a single shot

\ Scattered signal falls off as g
| um object °

# Attenuate with graded filters?

0.1pm object

10°

10* \
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Average counts (AU)
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We can assemble individual snapshots in 3D
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We performed protein nanocrystallography at room
temperature in a flowing water microjet

Rear pnCCD
z=564 mm

: Front pnCCD
Interaction 7=68 mm
point
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Single photon events produce about 8 ADU counts (at 8 keV)
| singlePhoton gain q1, run 259 | ____histod ___

Mean 8.827

50000 RMS 3.023

%2/ ndf 1.338e+05 /97

Prob 0
Constant 3.772e+04 + 1.028e+02
Mean 9.141=+ 0.006
Sigma 1.812 = 0.004

| [ | I | | | | | | | | | | |

10 15 20 25 30

ADU
Design specification was 24 ADU counts per photon

Philip Hart, SLAC

https://confluence.slac.stanford.edu/display/PCDS/CSPad+detector



The offset on each pixel fluctuates over time

Mean = 1213 ADU
Std dev = 4.2 ADU
3-sigma = 2.7 ADU

|
1000
Frame #
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Distribution of dark pixel values looks roughly like a normal
distribution
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Mean = 1213 ADU
Std dev = 4.2 ADU
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Offsets on individual ASICS vary with total signal (!)
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The first hard X-ray nanocrystal experiments were performed in
the CXl instrument in February 201 |
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Submicron water jets are produced using a
gas dynamic virtual nozzle

tual” Nozzle

Neutral drops do not disperse
Droplets triggered by piezo
Flow alignment possible
Water acts as a tamper
Sub-micron drops achievable

Dan DePonte (CFEL),
Bruce Doak, Uwe Weierstall, John Spence (ASU)

my 00S | { aw  1sQ mpsM fog2  V.20A
Uz2AmoT 1.1 XUA abkr 320 x02r 0.2 vy 0008
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Nanocrystal diffraction gives rise to separated bright peaks,
which must be distinguished and quantified

Upper front detector

_ 270 2290 _
»Ed2 % TS e2T00
. *21770

+ 19120
. Must resolve spots
s020  (no spillover)  Peaks can saturate detector

{13120

« 15

<4 11110

Lower front detector

SCIENCE




Sum of all frames is dominated by water ring background

LCLS pulses: 2,292,468

Acquisition time: 19,103 sec
(5 hr 18 min)

Photon energy: 9.4 keV

SCIENCE




Ice gives rise to strong diffraction peaks on the detector

FEL pulses: 4,293
Acquisition time: 35 seconds

Photon energy: 9.4 keV

35 sec of ice delivered
roughly the same local dose as
30 minutes of data collection




Dead pixels accumulate during the course of the experiment




Strong diffraction from accidentally forming ice can be very
damaging to the detector
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Death of an ASIC
Frame | /4

-

Frame |: om(’
Feb21 r0427 151008 c4a4 " SCIENCE




Death of an ASIC
Frame 2/4
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Frame 2: . :
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Death of an ASIC
Frame 3/4

Frame 3: i
Feb21 r0427 151008 c4aa " SCIENCE




Death of an ASIC
Frame 4/4

Frame 4:
Feb21 r0427 151008 c4ad




Accidents can happen: radiation dose event whilst moving
hardware in the chamber




Our processing pipeline is an exercise in data volume reduction

Detector
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4 MB/event
|.7 TB/hr
200TB/expt
(5 days)

> 20,000,000 frames

Store all data
(no corrections)

Offline reduction Analysis

l

Storage
=
=
ESA
=
—
=
BT
Eey
=R
=7

< 1,000,000 frames <100,000 frames

Science
analysis

Retain only ‘hits’
(detector corrected)

Automated high volume image processing is essential
(reliable background correction, automatic identification of useful data)




My data must be somewhere here....

Data Direct Networks SFA10000
60-bay HDD enclosures in 4U format
~1.4 PB formatted per rack (600 x 3 TB HDDs)

600x 3TB hard drives

Scalable to over 13,440 HDDs
(over 10,000 TB formatted capacity)
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X-ray free-electron lasers may enable atomic-resolution imaging
of macromolecules without the need to grow large crystals

Particle injection %

10 fs FEL

pulse Diffraction pattern

One pulse per IO — (low signal = noisy)
diffraction pattern

Combine 10°-107 measurements

Classification Averaging Orientation Reconstrucé@ F E |_
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Moving to longer wavelengths increases the number of detected

photons at the expense of spatial resolution

10*

Anthrax lethal factor (1YQY)
12924 atoms, mol.wt. = 86,283 Da

LCLS configuration
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102 X-rays in 100nm square
760x760x110um pixel detector

placed 50mm from focus

200
Pixels on detector

°

12 keV 8.2 keV 4.1 keV 2.5 keV |.7 keV

(1 A) (1.5 A) B A) (5A) (7 A)
(1,500 photons total) (3,200 photons total) (12,000 photons total) (33,500 photons total) (66,500 photons total)

820 eV
(15 A)
(299,000 photons total)




Ultrafast coherent imaging requires integrating detectors that
can read out a full frame on each pulse

Heterogeneous Single molecules
objects viruses, etc

7 -
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v it ¢F
-

e T
Aol

Reconstruct unique objects Average weak signal
500 eV - 2 keV 2 - 8 keV

Protein
nanocrystals

700nm

Index Bragg peaks
6-12 keV
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Our ideal detector must satisfy many constraints

Property

\A%0)%

Pixel arrays 2k x 2k or more
(Tk x Tk minimum)

Need to resolve fine diffraction features

Actual pixel size not critical

Detector must fit in facility or vacuum vessel

Readout at facility repetition rate
(LCLS: 120 Hz, XFEL: ~3000/bunch)

Each pulse creates a unique event

Dynamic range >10*

Highly varying signal intensity

Low noise, single photon detection

Signals can be weak at high resolution

Stable pixel positions (<1/10 pixel)

Location of peaks need to be well defined

Photon integrating (not photon counting)

Multiple photons/pixel all come in <100 fs

Saturation is well controlled

Need to separate adjacent strong peaks

Correctable and well characterised artifacts

Robust background subtraction essential

Reliable, works when needed

Beamtime is very expensive

Replaceable modules

Radiation damage is a concern
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