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The relatively recent advent of extremely high brightness X-ray sources—such as X-ray Free Electron
Lasers (XFELs)––has made it possible to consider using such X-rays to investigate the structure of noncrystalline, biological matter at ever improving resolutions [1]. The promise of such investigations opens
the possibility of studying biologically relevant proteins or viruses that—due to the difficulty or absence
of their crystallization—may not be studied with conventional methods of structural biology. One goal is
atomic resolution structure determination of such biologically relevant, non-crystalline (and indeed
perhaps never crystalline) systems [2].
The key idea is to illuminate a series of identical or near identical particles with the bright (>1012
photons per pulse) and short (durations of femtoseconds) pulses of XFEL radiation, collect the resultant
two-dimensional diffraction from many (tens to hundreds of thousands) of realizations and compose that
data into a three-dimensional (3D) diffraction data volume, which can in turn be inverted into the 3D
structure of the sample in question [3]. The method is still relatively novel, and to date, a great deal of
work has been undertaken to drive the method from first proof-of-principle [4], and early examples [5,6]
though reconstructions of viruses in 3D [7,8].
We have recently undertaken research work that further supports the methodological development of
single particle imaging (SPI) with X-ray Free Electron Lasers. Herein we briefly describe four different
facets of that work, as well as providing an outlook to what the future might hold in light of the recent
operation of the very high repetition rate European XFEL [9] in the Hamburg metropolitan region of
Germany.
It is expected that such SPI experiments produce very weak diffraction data (perhaps of order one
hundred photons per frame) from single particles that are of biological interest. An open question is, for
how small a particle and to what resolution can one practically make a three-dimensional structure? To
explore this question, we have developed a detailed modeling workflow that accounts for much of the
physics in such an experiment including the properties of the incident XFEL beam, the photon-matter
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interaction between the intense XFEL beam and a sample, the diffraction to a detector and more [10-12].
This rather sophisticated model has allowed us to systematically explore some of the parameter space
relevant to SPI. One such case study involved exploring the effect of pulse duration (and hence degree
of radiation damage) on a model system and ascertaining that, for the parameters modeled, the optimal
pulse duration was about 9 fs [12].
In a further attempt to push the boundaries of the SPI methods, we have performed an analogue of an
SPI experiment using synchrotron radiation. A larger (~1 µm), more scattering sample was illuminated
with coherent X-rays using exposure times in the millisecond range allowing about one hundred (100)
scattered photons to be detected per frame of data. This is similar to the signal level expected in an SPI
experiment at an XFEL with a small (~100 nm), non-crystalline biological sample [13]. We have
performed analysis on many (> 100 000) diffraction patterns from such an experiment and quantify the
fidelity of the resultant reconstructed three-dimensional electron density.
In an alternative work led by Kurta and colleagues [8], a different approach to determining the 3D
structure of non-crystalline particles using correlations has been performed. Using data collected from
two different sub-100 nm diameter viruses at the Linac Coherent Light Source (LCLS) in the USA,
Kurta and colleagues used methods of angular correlations [14] to calculate correlation functions, which
can in turn be inverted to yield the 3D structure of the virus. Importantly, the method showed that the
two viruses studied have structure that differs from an ideal icosahedral symmetry, demonstrating the
power of the method to determine structures in the absence of symmetry assumptions.
Another important parameter in coherent diffractive imaging is the nature of the wavefront incident on
the sample. In the simplest cases, the wavefront is either effectively a plane wave, or assumed to be
plane. In practice, for a focused beam that may be similar in transverse size to the sample under
investigation, this assumption likely does not hold true. Furthermore, the SASE nature of an FEL beam
more or less ensures that each pulse of FEL radiation exhibits variation in a number of parameters,
including wavefront. Nevertheless, the knowledge of the wavefront incident on the sample is in principle
sufficient to remove its influence in subsequent analysis, though this requires a non-invasive, shot-byshot wavefront determination technique. We have performed a study using such a technique at the Free
electron LASer in Hamburg (FLASH), primarily to observe and quantify the wavefronts of individual
FEL pulses and characterize their variations both shot-to-shot and for different configurations of the
FLASH accelerator [15].
In the not too distant future, the scope for SPI-type experiments at hard X-ray FELs will improve
greatly. Recently the SPB/SFX instrument of the European XFEL [16] has come online. This instrument
is designed to capitalize on the high repetition rate of the European XFEL making experiments that are
presently difficult, for reasons of insufficient data volume at lower repetition rate FELs, much more
viable. Further improvements in sample delivery [17] and tailored focusing optics [18] as well as low
background experiment design [16] and detectors [19] are expected to further improve the conditions for
such measurements and interpretation of very weak diffraction signal from weakly scattering, noncrystalline biological materials [20].
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Figure. 1. Photograph of the SPB/SFX instrument of the European
XFEL set up in “long” (~5.5 m) sample to detector geometry for single
particle imaging of ~ 500 nm diameter samples.
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