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Experiments and analyses are carried out as a 
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X-ray free-electron lasers may enable atomic-
resolution imaging of biological macromolecules

50 fs2 fs 5 fs 10 fs 20 fs

R. Neutze, R. Wouts, D. van der Spoel, E. Weckert, J. Hajdu, Nature 406 (2000)
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Chapman et al. Nature 470, 73 (2011)



Samples are delivered to the beam in a liquid 
jet
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Coherent Imaging Division, CFEL

> Sample delivery (“injection”) technology is critical to the success of 
serial crystallography and many other FEL experiments  

Gas dynamic nozzle creates liquid streams with 
diameters down to 200 nm.

“Droplet on demand” offers potential reductions in 
sample consumption of an order of magnitude. 

Dan DePonte, CFEL
See poster for more details!



Optical emission is observed for dose rates 
above about 20 MGy/fs



First experiments were carried out on 
Photosystem I

a = b = 288 Å
c = 167 Å

Petra Fromme,     ASU



Each pattern is indexed

b*

a*

c*

Tom White (CFEL)
Rick Kirian (ASU)



We have merged indexed patterns into a 3D 
diffraction pattern

Tom White et al. J. Appl. Cryst. 45 335 (2012)



Molecular replacement reconstructs the 
photosystem I structure

Axel Brunger (Stanford) 
using DEN

50 MGy / pulse



Molecular replacement reconstructs the 
photosystem I structure

Axel Brunger (Stanford) 
using DEN



We have a new DESY system for processing 
and storage 

SGI Altix
72 physical cores
360GB RAM
Shared memory
Direct connected storage

Data Direct 
Networks 
SFA10000
60-bay HDD / 4U unit
~1 PB/rack (formatted)
(600 x 2 TB HDDs)

Anton Barty, Tom White, and DESY IT 

LCLS Data

A typical run at 
120 Hz generates 
>200 TB of data

~ 1 Petabyte 
collected from our 
experiments

Can process 30 patterns / second

Tom White et al. J. Appl. Cryst. 45 335 (2012)



A crystal only gives Bragg diffraction when it is 
a crystal!
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Barty et al. Nature Photon 6, 35 (2012)



Self-seeding and tapered undulators could 
increase peak power by a factor of 50

Figure 1: GENESIS predictions for amplification of a 5-
MW seed in a tapered, 200-m long undulator for time-
steady (red), full time-dependent “fresh” bunch (blue), and
start-to-end (green) conditions.

FEL on various parameters. Simulation confirmed that
FEL power scales quadratically with current, as one would
expect for coherent emission from a highly microbunched
electron bunch. The requirement on the emittance is rel-
atively loose in the tapered region compared to the expo-
nential growth region. We found that for the above pa-
rameter set, emittances as large as εn = 0.4 mm-mrad
can still produce TW-level output within similar total un-
dulator system length. Due to an energy-spread induced
smearing effect on the microbunching factor in break sec-
tions, a short break distance is also favored. The depen-
dence of output power upon the input seed level is also very
relevant because the nominal, single mode output of self-
seeding scheme will have large shot-to-shot fluctuations.
Figure 2 displays output power at z = 160m as a func-
tion of input seed power PI ; one sees little sensitivity for
PI ≥ 1MW. For a negative exponential input power distri-
bution with 〈P 〉 = 5MW, the RMS output fluctuation level
grows from ≈ 6% at the beginning of the tapered region
to about 17% by z = 160m. By designing the taper for
a somewhat smaller seed power (e.g., 3MW), the fluctua-
tion level can be reduced at the expense of partially reduced
output power. Our results also suggest a TW FEL based on
a tapered undulator is more sensitive to undulator section
tuning errors than is an untapered FEL. For a random, un-
corrected section K-error with rms σ∆K/K ∼ 10−4, our
nominal design shows a 15% reduction in power. The same
error level in an untapered undulator produces a 3.5% re-
duction of the power at saturation.
Sideband Instability Effects – We now turn to time-

dependent effects. Because our design utilizes a long un-
dulator after the self-seeding crystal, even though the seed
is much stronger compared to the shot-noise in the electron
beam, the SASE components originating from shot noise
on the electron bunch can excite the sideband instability
in the tapered region [6, 13]. Furthermore, while the chi-
cane between the two undulators smears out the energy and
density microbunching at x-ray wavelength scales arising
from the first SASE undulator, in general it will not smear

Figure 2: Sensitivity of final FEL power at 160 m as a
function of the monochromatized, input seed power as pre-
dicted by time-steady GENESIS simulation.

out longer scale (i.e., at the coherence length) modulations
induced by the SASE process. In fact, the chicane R56

will induce a current modulation [14] from longer wave-
length, SASE energy modulations. This modulation both
will broaden the bandwidth of the FEL radiation in the ex-
ponential gain region of the second undulator, and, more
importantly, also provide an additional seed for the side-
band instability in the tapered region at a level much above
that corresponding to random shot noise. To distinguish
this additional seed effect, we simulate a “fresh” bunch
scheme as compared to the start-to-end simulation.
Assuming that we start the second undulator simula-

tion with a “fresh” electron bunch to interact with the
monochromatized seed. The full time-dependent simula-
tion shows power saturation at 1.3TW (see the blue curve
in Fig. 1) or less than half the power predicted by time-
steady results. It appears the early saturation arises from
strong, sideband-induced detrapping from the ponderomo-
tive wells; Fig. 3 shows significant temporal modulation in
the radiation power by z = 160m. Surprisingly, the spec-
trum remains quite good as shown in Fig. 4. The bandwidth
is about twice the transform limit for the macroscopic cur-
rent profile. Transversely, about 80% of the total power
resides in the fundamental TEM00 Gaussian mode and the
overall transverse coherence is quite good (M2 ∼ 1.3) 1.
In contrast, in the start-to-end simulation, we start the

second undulator simulation with the same electron bunch
which has experienced the SASE FEL in the first undula-
tor as well as the smearing process in the chicane. In our
case, when the SASE FEL reaches 1 GW, the fundamental
microbunching fraction b1 ≈ 0.1. After the chicane, the
microbunching is smeared out by more than one order of
magnitude to a reduced bunching factor of b1 ≈ 0.008. At
the end of the SASE FEL, on average the SASE spikes de-
velop a relative rms energy spread σδ ∼ 2.0×10−4. Given
the chicane momentum compaction factor of R56 = 12
µm, the rms pathlength change σ∆L ∼ 2.7 nm. Conse-
quently, the chicane strongly washes out energy and den-
sity modulations only within length scales shorter than
2π σ∆L/λr ∼ 100 radiation periods. On the other hand,

1Following an approach of G. Penn at LBL.

W.M. Fawley et al 
LCLS Tech note 11-3
(Sept 2011)
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S.-K. Son, H.N.C., R. Santra, 
PRL 107, 218102 (2011).
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Single virus particles have been imaged on the 
fly

Seibert et al. Nature 470, 78 (2011)



The proposed SFX facility at XFEL will double 
the output when running

Accelerator Undulator Single-
particle 
imaging

SPB

Nanocrystal 
station
SFX

• Crystals

• Nano/micro-
crystals

• Solution 
scattering

The	  refocused	  transmiBed	  beam	  from	  the	  XFEL	  SPB	  instrument	  will	  be	  more	  than	  
sufficient	  for	  most	  crystalline	  samples.	  	  	  Collect	  data	  in	  parallel	  (at	  wavelength	  chosen	  by	  
SPB),	  doubling	  the	  output	  of	  the	  facility

Poorly	  diffracQng	  samples	  could	  be	  redirected	  to	  the	  higher-‐intensity	  SPB	  staQon

HPLC

Data	  collecQon	  rate	  is	  
limited	  by	  detectors,	  not	  
the	  accelerator

2k	  x	  2k	  AGIPD	  detector

ConsorQum:	  DESY,	  Uppsala,	  Gotheburg,	  ASU,	  
EMBL,	  U.	  Hamburg,	  PSI,	  XFEL,	  Slovak	  Acad.	  Sci.



Summary

“DiffracQon	  before	  destrucQon”	  holds	  to	  1.8	  Å	  resoluQon

No	  effect	  of	  radiaQon	  damage	  is	  observed	  in	  refined	  protein	  structures

Structures	  are	  determined	  at	  room	  temperature	  (or	  other	  desired	  
temperatures)

Isotropic	  atomic	  displacements	  terminate	  the	  diffracQon

IonizaQon	  enhances	  anomalous	  signals,	  giving	  a	  
route	  to	  phasing

The	  key	  metric	  for	  this	  mode	  of	  imaging	  is	  X-‐
ray	  intensity	  (photons	  per	  unit	  area	  per	  unit	  
Qme).	  	  The	  opQmal	  X-‐ray	  FEL	  source	  is	  that	  of	  
highest	  pulse	  power


