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The success of diffraction experiments from weakly scattering samples strongly

depends on achieving an optimal signal-to-noise ratio. This is particularly

important in single-particle imaging experiments where diffraction signals are

typically very weak and the experiments are often accompanied by significant

background scattering. A simple way to tremendously reduce background

scattering by placing an aperture downstream of the sample has been developed

and its application in a single-particle X-ray imaging experiment at FLASH

is demonstrated. Using the concept of a post-sample aperture it was possible to

reduce the background scattering levels by two orders of magnitude.

Achieving an optimal signal-to-noise-ratio is a key parameter

in diffraction experiments with intense X-ray free-electron

laser (FEL) sources. This can ideally be performed by redu-

cing the level of background signal caused by stray light from

upstream optics and slits. For diffraction experiments with

low signal levels, beamlines must be optimized to reduce and

stabilize background scatter in order to accurately measure

small signal variations (Yun et al., 1987; Miao et al., 2003; Li

et al., 2008; Dufresne et al., 2009; Kirby et al., 2013). This is

particularly relevant for X-ray imaging of isolated biomole-

cules and viruses (Seibert et al., 2011), where the signal can be

as little as a few hundred scattered photons per exposure

(Yoon et al., 2016; Ayyer et al., 2015), or controlled-gas-phase-

molecule diffraction, where signals can be <1 scattered

photon per exposure (Küpper et al., 2014).

A very intense X-ray beam is necessary to produce

detectable patterns, which is accompanied by an increase of

the scattering background and, therefore, does not necessarily

improve the signal-to-noise ratio. As conventional notions of

signal averaging and background subtraction are not effective

in single-particle measurements, the reduction of the back-

ground scattering level appears essential. A common

approach to reduce background scattering is the use of slits

and apertures located upstream of the sample. Unfortunately,

slits at the same time can act as secondary scattering sources

when straddling the beam, and the optimization of slit size and
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position is often compounded by drifts and shot-to-shot jitter

in the X-ray beam position and shape.

We present a simple way to significantly reduce the back-

ground in X-ray scattering experiments by using an aperture

located downstream shortly behind the sample. Conceptually,

this post-sample aperture (PSA) forms an opaque wall

equipped with a pinhole letting the diffraction signal pass to

the detector whilst blocking scattered X-rays from upstream

apertures and focusing optics (see Fig. 1). The key to its

effectiveness is the small angular size of the aperture with

respect to the upstream scattering sources. Yet the aperture is

much larger than the intense focal point of the X-ray beam

and hence does not act as a secondary scattering source.

We first applied the PSA concept in single-particle imaging

experiments at the FLASH FEL facility with 13.5 nm X-rays

using a PI-MTE detector (Princeton Instruments). Fig. 2

shows uncorrected flat-field images for data collected with and

without the PSA. The left-hand panel shows a single exposure

without PSA integrated over ten pulses of 55.3 mJ average

energy (1.98 � 1013 incident photons). The right-hand panel

shows the background levels with PSA corresponding to

100 pulses of each 47.1 mJ average energy (1.69� 1014 incident

photons). Fig. 3 shows the radial distribution of the back-

ground derived from averaging over several patterns under

comparable conditions, and normalized to the incident

number of X-ray photons.

This dramatic reduction of the background scattering level

is at least in part caused by the relatively large amount of

upstream scatter present in this particular experiment, which

was the motivation for introducing the PSA. Due to the

effectiveness of the PSA, it has been

replicated in more recent diffraction

experiments using 70 nm viruses and

hard X-ray FEL pulses (Munke et al.,

2016).
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Figure 1
Schematic of the experimental setup showing relevant distances. The upstream scattering sources
are modelled as an incoherent source of radius rbeam located a distance rfoc from the sample. This is
the size and position of the beam at the last focusing optic, which acts as a source of scattered
radiation of greatest angular extent when viewed from the sample. Given a beamstop of radius
rbeamstop and a detector half-width ydet, both located zdet downstream of the sample, the checkered
area shows the region where the aperture can be placed in order that the parasitic scattering does
not reach the detector surface. The square aperture used here had a half-width of rap and was placed
a distance zap downstream of the sample position. Within the checkered region, the penumbra of the
aperture from the incoherent source (indicated by the green dash–dot line) maps to the beamstop
and the diffraction from the sample on the detector is not shadowed by the aperture (blue line and
purple shaded area). The focused (coherent) X-ray beam is depicted by the grey shaded area. The
aerosol injector, shown schematically, directs samples towards the beam focus. The diagram is not
drawn to scale.

Figure 2
(a) Single detector readout before installing the PSA (logarithmic colour scale). The data collection
was limited to ten pulses due to detector saturation. (b) Single detector readout after installing the
PSA (linear colour scale). The background is flat and low in counts, especially in the central area
around the beam stop. The full bunch train of 100 pulses could be used for this study.



schaft (grant No. VI 419); Australian Research Council (grant

No. DP170100131); National Science Foundation (grant No.

STC-1231306).

References

Ayyer, K., Geloni, G., Kocharyan, V., Saldin, E., Serkez, S., Yefanov,
O. & Zagorodnov, I. (2015). Struct. Dyn. 2, 041702.

Dufresne, E. M., Dierker, S. B., Yin, Z. & Berman, L. (2009).
J. Synchrotron Rad. 16, 358–367.

Kirby, N. M., Mudie, S. T., Hawley, A. M., Cookson, D. J., Mertens,
H. D. T., Cowieson, N. & Samardzic Boban, V. (2013). J. Appl.
Cryst. 46, 1670–1680.
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Figure 3
Radial average of 15 patterns before (red) and after (green) installing the
PSA. The average background intensity normalized to the number of
X-ray pulses and their respective intensities is two orders of magnitude
lower with the PSA in place.
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