The extraction of single-particle
diffraction patterns from a
multiple-particle diffraction pattern

A.V. Martin,"* A.J. Morgan,” T. Ekeberg,> N.D. Loh,* F.R.N.C. Maia,’
F. Wang,’ J.C.H. Spence,’® and H.N. Chapman®’

UARC Centre of Excellence for Coherent X-ray Science, School of Physics, The University of
Melbourne, Victoria, 3010, Australia
2School of Physics, The University of Melbourne, Victoria, 3010, Australia
3 Laboratory of Molecular Biophysics, Department of Cell and Molecular Biology, Uppsala
University, Husargatan 3 (Box 596), SE-751 24 Uppsala, Sweden
4PULSE Institute, SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park,
CA 94025 U.S.A.
SCenter for Free-Electron Laser Science, DESY, Notkestrasse 85, 22607 Hamburg, Germany
6 Department of Physics, Arizona State University, Tempe, Arizona 85287, U.S.A.

T University of Hamburg, Laruper Chausee 149, 22761 Hamburg, Germany

* andrew.martin @unimelb.edu.au

Abstract: The structures of biological molecules may soon be determined
with X-ray free-electron lasers without crystallization by recording the
coherent diffraction patterns of many identical copies of a molecule. Most
analysis methods require a measurement of each molecule individually.
However, current injection methods deliver particles to the X-ray beam
stochastically and the maximum yield of single particle measurements is
37% at optimal concentration. The remaining 63% of pulses intercept no
particles or multiple particles. We demonstrate that in the latter case single
particle diffraction patterns can be extracted provided the particles are
sufficiently separated. The technique has the potential to greatly increase
the amount of data available for three-dimensional imaging of identical
particles with X-ray lasers.
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1. Introduction

The structures of single biological molecules, like membrane proteins, may soon be determined
without the need for crystallization using X-ray free-electron lasers (XFELs) [1,2]. Many bi-
ological samples like viruses and membrane proteins are difficult to crystallize [3,4] and have
remained beyond the reach of X-ray crystallography. In the proposed XFEL experiment, the
three-dimensional structure will be extracted from an ensemble of two-dimensional diffraction
measurements of a particle in different orientations. Since XFEL imaging is destructive, many
identical copies of a particle will be measured [5]. This is achieved by injecting particles into the
path of the X-ray pulses by either a liquid jet [6] or as an aerosol [7]. These injection methods
deliver the molecules into the path the XFEL pulses in unknown random orientations. Deter-
mining the molecule’s 3D structure requires first determining the orientation of each molecule,
then assembling the diffraction data into 3D in order to solve the phase problem, before finally
recovering the real-space molecular structure. Most algorithms that accomplish the first step of
finding the orientations only use measurements of single isolated molecules [8—10], with the
exception of the correlation-based approach [11].

The arrival of particles in the path of the XFEL pulses is stochastic and determined by Pois-
son statistics. We use the term “hit” to refer to the case where a pulse has intercepted the sample.
When the concentration is optimized so that on average there is one particle in the X-ray path
at a time, then the expected hit rate is 63%. There are 37% single-particle hits and the remain-
ing 26% are multiple-particle hits. A large amount of data from multiple-particle patterns is



therefore wasted. If the data from the multiple-particle patterns were useful, the efficiency of
data collection could be greatly increased. This is beneficial for XFEL facilities that can not
run multiple experiments in parallel, limiting the access that can be offered to the research
community.

Here we show how to extract the diffracted signal of individual particles from a single-pulse
measurement of multiple particles. The method requires that the separation between particles
perpendicular to the beam axis is larger than their diameter, and that the beam is fully coherent
on the length scale of the interparticle separation. These requirements can be easily satisfied if
the sample is delivered suspended in a liquid jet or in a droplet. The geometric requirements
are achievable with an XFEL because the beam may be a few microns in width, while viruses,
proteins or similar samples are only tens or hundreds of nanometers in size. This condition will
be more difficult to satisfy if the beam size is reduced close to the particle size (~0.2 micron),
which may be desirable if the signal-per-particle is more important than the hit-rate. In that
case, there is a significant probability that that multiple particles will lie along the path of the
beam. The analysis of these in-line hits is beyond the scope of this work.

It is worth noting that the work presented here contains similarities to the analysis of au-
tocorrelation functions in crystallography (known as Patterson maps) to reveal atomic struc-
tures [12]. The goal of the crystallographic analysis is to recover an “image” of the underlying
atomic structure of the sample. The comparison can be drawn by replacing the atoms of the
crystallographic analysis with the particles (or molecules) in our analysis. The key difference
is that we only require the autocorrelation functions of individual particles, whereas the crys-
tallographic analysis seeks an image of the object.

2. Theory

Single-particle diffraction patterns can be extracted from multiple-particle patterns by analyz-
ing the autocorrelation function of the scattered wave y(r). At the relatively low resolution
considered here, we can define a plane just post the specimen, called the exit-surface plane,
where the scattered wave is approximately proportional to the projection of the object (equiva-
lent to approximating the Ewald sphere by a plane). This projection approximation holds when
the smallest resolved distance is greater than /(At)/2, where A is the wavelength and ¢ is the
thickness of the object. We define the vector r to be in the exit-surface plane of the object. The
scattered exit-surface wave y(r) and the detector-plane wave y(q) are linked by the Fourier
transform y(q) = % [w(r)], where . denotes the Fourier transform. Using the convolution the-
orem, the auto-correlation function A(r) can be obtained from the measured diffraction pattern
In(q) = v*(q)y(q) as follows,

The autocorrelation function A(r) is formed by taking the inverse Fourier transform of the
measured diffraction pattern Ij;(q) as follows,

A(r) =7 [lu(g)]
=y (-r)@y(r)

= [v@)wir+rar, n

where ® denotes a convolution. It is assumed that the unscattered XFEL pulse is not measured
in the diffraction pattern, which has been the case in experiments so far and the practical issues
that arise from a central detector hole will be discussed further below. When there are multiple
particles in the beam, the scattered wave is the coherent sum of the scattered waves of each of
the particles. Defining () to be the scattered wave from the n' particle, such that y/(r) =



Y. W, (r), the autocorrelation function can be written as

AN =Y vi(-nouwr+Y.Y v(-neov(r. )

i i jAi
The first sum on the r.h.s. of Eq. (2) contains the autocorrelation function of the scattered
wave from each particle, while the second sum contains cross-correlation terms between the
scattered waves from different particles. If there is a sufficient interparticle spacing, then the
cross-correlation terms are situated in spatially distinct regions of the autocorrelation function,
as shown by the example in Fig. 1, and clearly seen in earlier soft X-ray diffraction patterns
from clusters of gold balls, where this separation occurs [13]. Figure 1(a) shows three copies
of a “virus” in random orientations, where the distance between virus particles is much larger
than the size of a single virus. The corresponding diffraction pattern is shown in Fig. 1(b)
scaled to the power of 0.3. The amplitude of the autocorrelation function, Fig. 1(c), shows the
cross-correlation terms. Each is displaced from the center and spatially separated from the other
cross-correlation terms. The sum of the autocorrelation functions for each individual particle,
given by the first sum on the r.h.s. of Eq. (2), is located at the center of the autocorrelation
function.

In the case that two particles have a large relative separation along the beam axis, then the
scattered wave from the particle closest the X-ray source will propagate and spread before the
pulse interacts with a second particle. The cross-correlation term between the two particles
can be interpreted as the correlation between the propagated wave of the first particle and the
exit-surface wave of the second particle. Since the propagated wave spreads over a larger area,
the cross-correlation term between the two particles increases in size as the separation distance
along the beam axis increases. This will only prevent the recovery of single-particle diffraction
patterns if the cross-correlation term overlaps with a neighboring term.

The regions containing the cross-correlation terms can be identified using a statistical thresh-
old. First the mean and standard deviation of the entire autocorrelation function is calculated.
Then pixels greater than 2 standard deviations from the mean are excluded and the standard
deviation of the remaining pixels is then calculated. Pixels where the amplitude of the autocor-
relation function are greater than 2.8 times the new standard deviation are regarded as signal,
other pixels as background. The threshold parameters may be adjusted depending on the dataset.
The values quoted here gave adequate results for all applications shown in this paper. After the
statistical threshold has been applied, binary morphology operations of opening, closing and di-
lation were applied in that order with a small circular kernel to ensure that only large connected
regions of interest are identified. The opening operation removes small clusters of pixels from
the mask, the closing operation removes any small gaps between larger connected regions of
the mask, and the final dilation helps to avoid clipping the edges of the cross-correlation terms.
For simulation, a kernel of 4 pixel radius was used for opening, a kernel of 8 pixel radius was
used for closing, and a kernel of 20 pixel radius was used for dilation. These parameters worked
for both our simulations with and without noise, but may need to be adjusted on a case-by-case
basis. For the simulation example, the regions that were found by the thresholding procedure
are shown in white in Fig. 1(d). The statistical threshold is effective at identifying regions of
signal when there is background noise in the autocorrelation function.

Taking the Fourier transform of each cross-correlation term separately, we obtain

Cij(q) = v (9)v,(q) . 3)

where the vector g is defined in the plane of the detector. It can be shown with simple algebra
that the diffraction pattern for the j** particle is given by

Cij(9)Cjr(q)

4
Cic(q) @

li(q) =vi(q)v(q) =



Fig. 1. (a) Three copies of a simulated image of a “virus” in random orientations, with a
close up of virus image inset, (b) the corresponding diffraction pattern, (c) the autocor-
relation function and (d) the mask showing the regions occupied by the cross-correlation
terms.

Equation (4) allows each of the single particle patterns to be calculated, provided the correct
triplets of cross-correlation terms can be identified. Since the 1.h.s. of Eq. (4) represents an in-
tensity it must be a real and positive function, but the r.h.s. is calculated from complex functions.
The degree to which the r.h.s. is real and positive can measured with the following metric:

o Zm |[WR(qm) > 0] — II/(qrn)'z
= \/ Yo |v(g,)l? ’ ©

where g,, denotes the vector of the m'™" detector pixel and superscript R denotes the real part of
a complex function. It turns out that Eq. (5) provides a very good measure of whether a triplet
has been identified and a diffraction pattern can be extracted. In the example simulation without
noise, triplets which do not yield a diffraction pattern had a value of &, greater than 0.85, while
the correct triplets had a value less than 0.05.

A second method for identifying triplets is based on distance. We label the centroids of the
three cross-correlation terms in a triplet as A, B and C. We denote the displacement vector

2
pointing in a direction from point A to B as AB. Then the displacement vectors between the
centroids of three cross-correlations that form a triplet must obey the relation:

— — —
AC=AB + BC . (6)
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Fig. 2. The simulated multiple-particle diffraction pattern is shown at the top with and
without noise. The upper row shows the original diffraction patterns for each individual
particle. The second row shows recovered patterns from the ideal diffraction data. The
third row shows the recovered single-particle patterns from the noisy data. Shot-noise was
simulated assuming a total photon count of 5 x 10® photons in the pattern using the Poisson
distribution. An artifact due to noise is shown inset in the bottom central diffraction pattern.

This was applied to our simulation with a tolerance of 5 pixels. The location of each cross-
correlation term was set to the centroid of its mask. The three permutations identified by dis-
tance were the same as those found using &;,. The advantage of checking triplets by distance
is computational speed, since Eq. (5) does not need to be evaluated for every permutation. The
metric &g, is still extremely useful, however, as it provides a final check that the triplet will
yield an accurate single-particle diffraction pattern. In practice, cross-correlation terms may be
affected by noise or artifacts. If a term is in fact two overlapping cross-correlation terms, it may
still be included in a valid triplet identified by the distance metric, but would be identified as
erroneous by €.

Once the correct triplets have been identified, the single-particle diffraction patterns can be
calculated using Eq. (4). For our simulation these are shown in Fig. 2 scaled to the power of
0.3. Visually they are identical to the original diffraction patterns. A sum-squared error metric



was used to compare the recovered diffraction patterns with the correct diffraction patterns:

_ \/Zm [Irecovered(qm) - Icorrect(qm)]2
Yo Leorrect ()

For simulated diffraction patterns without noise, the value of & reflects the numerical precision
of the computation.

&

)

3. Error analysis

The accuracy of the recovered diffraction patterns will be limited by noise. The biggest errors
in this analysis are caused by an ill-posed division in Eq. (4). Where the cross-correlation term
used in the denominator approaches zero, the division amplifies errors due to noise. Errors in
both the measured numerator or denominator can be amplified. This causes artifacts in the re-
constructed intensity in the form of thin lines of high intensity, as shown in the noisy simulation
in Fig. 2. It is easy to spot the artifacts by eye because they are smaller than the characteristic
speckle size for the object. This is expected because the denominator approaches zero along
narrow lines or at points.

Before we can analyse the errors in the recovered diffraction patterns, we need to know the
errors in each term C;j(q). We assume that noise on a pixel is not correlated with other pixels.
Since C;jj(q) is complex, there is a noise distribution for both the real and imaginary parts. We
denote the standard deviation of these distributions by O'[Cf}(qm)] and o[C! (@), where R and
I refer the to real and imaginary parts respectively. We can relate these noise distributions to the
standard deviation of the noise at the m'" pixel on the measured diffraction pattern c[ly(q,,)]
with

o[CR(g,)]) = ¢Z[MR<qn_m>Poz[lM<qn>] , (8)

and

o[CL(g,)]) = ﬁ[Mf(qnm)Poz I (g,)] ©)

where M(q,,) is the Fourier transform of the mask used to select Cj;(r). If G[ij-(qm)] ~
oc! (@), then it turns out o[|C;j(g,,)|] ~ G[C{;(qm)} also. If the noise on the diffraction
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pattern is known, then we can use Eq. (8) directly.

In many experimental scenarios it will not be possible to characterise the noise level accu-
rately enough to use Eq. (8). Fortunately there is a way of estimating ¢[|C;;(qg,,)|] numerically
with the measured autocorrelation function. The mask used to isolate the cross-correlation term
is translated to a part of the autocorrelation function free of any cross-correlation term. In such
a region, the value of the autocorrelation function is solely due to noise. Taking the Fourier
transform of this patch provides a noise distribution in the detector plane. By using many noisy
patches in the autocorrelation function, we can obtain many estimates of the noise at each de-
tector pixel. Using this ensemble of estimates, the standard deviation of the noise at each pixel
can be calculated. This numerical method was tested in our simulations and agreed with noise
estimates using Eq. (8). This noise estimation relies on having sufficient sized regions of the au-
tocorrelation function that don’t contain any cross-correlation terms. For our example of three
viruses this is certainly the case, though it may not be if many more than three particles are
illuminated.

Once we have a noise estimate for each C;;(g), we can identify the regions of the single-
particle diffraction patterns that have been accurately recovered. One useful approach is to
analyse the signal-to-noise of the denominator of Eq. (4). A threshold can be set on this signal-
to-noise level of, for example, 36[|Cik(g,,)|] in order to construct a mask that identifies the



Fig. 3. (a) A mask for regions with a signal-to-noise level greater than three. (b) The data af-
ter applying the mask. (c) A recovered diffraction pattern from simulation without filtering
and (d) after applying the Wiener filters.

accurately recovered regions. For the virus simulation with noise, this mask is shown in Fig. 3(a)
and the masked recovered diffraction pattern is shown in Fig. 3(b). The original reconstruction
from noisy data is shown again in Fig. 3(c) for comparison. The mask effectively excludes all
the artifacts. If some of the data in the masked region still appears to have errors, this is due to
residual errors in the numerator of Eq. (4).

After accurately recovered regions have been identified, the data can be used for 3D XFEL
single particle imaging. For 3D XFEL imaging, the relative orientation of each particle is deter-
mined directly from the diffraction pattern. Fortunately algorithms for identifying the relative
orientation do not need all the pixels on the detector. They can be adapted to function with a
subset of pixels. Completeness of the final 3D dataset is achieved by combining a sufficient
number of diffraction patterns.

Masking data may also be the preferable method of treating recovered diffraction data for
2D imaging. In this technique, phases that correspond to the measured intensities are found by
iterative algorithms. The resulting complex wave function can be transformed to recover the
projected structure of the object. Since not all pixels are recovered accurately by this analysis,
the number of pixels available per particle has been effectively reduced. Missing data can be
problematic for these algorithms. However, if the extent of the missing data region is smaller
than a speckle, the data can be recovered during the reconstruction [14]. As shown in Fig.
3(a), in regions that have higher signal levels the regions of missing data are only thin gaps,
often narrower than a speckle. It is likely that some of this information could be reconstructed.
Whether missing data causes ambiguities for the recovery of the image can be determined in
detail on a case-by-case basis [15].

Another method of handling the effects of noise is to use a Wiener filter [16]. There are errors



in our measurement of the numerator and the denominator of Eq. (4) and we will construct a
separate filter for each. The filter to treat the noise of the numerator is

S%(,,)
S¥(@n) + 02(1Ci(4,)Cii (g,
The “signal” Sy(q,,) is the ideal value of C;;(q,,)Cjk(q,,) unaffected by measurement errors.
Since we only have a noisy measurement of C;;(q,,)Cjk(q,,), we estimate Sy(q,,) as [ [16]]
describes. The estimate is constructed as follows

¢N(qm) =

(10)

Sn(4,) =0 if Cij(4)Cjt(gm)| < O11Cij()C k(4] »
SN(qm) = |Cl](qm)cjk(qm)|
if |Cij(qm)cjk(qrn)| > GHCij(qzn)Cjk(qm)H : an

The filter to treat noise on the denominator is defined in a similar way:

B Sp(Gm)
¢D(qm) - S%(qm) + GZHCik(qm))H ’ (12)

where we define

Sp(q,) =0 if [Cik(q)| < o[|Cit(gm))]] ,
Sp(@y) = |Cic(q,)| if [Cir ()| > O[ICik(g,))]] - (13)
The equation for the filtered diffraction pattern is given by
Cij(4n)Cit(gm)

Ij,ﬁ]tered(qm) = ¢p(4,,) O~ (q,) (14)

Cik (qm)

The result of applying both filters to our simulation case is shown in Fig. 3(d). The noise-
affected regions that are suppressed by the filter are very similar to those excluded from the
masked data shown in Fig. 3(b). Here the variance of the uncertainty in the numerator (or
denominator) was used to construct the Wiener filter, but this could be adjusted to produce a
more conservative result. Replacing 6[|Ci(q,,)|] = 30][|Cik(q,,)|], for example, filters more of
the data, which may be preferable in some applications.

In some applications it is necessary to quantify the error on each pixel of the recovered single
particle diffraction patterns, e.g. determining particle orientation with Bayesian algorithms. The
error in the recovered diffraction pattern is related to the errors in each cross-correlation term
by the following equation:

() -2 (o) (Y

It is easier to see how the errors propagate through the division if we rearrange Eq. (15), so that
it becomes

1
o*(I) ~ienE lICBlsz(lClz) +|C2*(|Casl)
IC?|Cn]?
ERLESL 521 . 16
+ ‘C13‘2 9 (| 13|) (16)

This shows that when |Cy3] is small, our uncertainty at those pixels is also very high. At these
pixels, where the artifacts occur, Eq. (16) can not be used accurately because we encounter
the same divide-by-zero instability. Equation (16) will still be useful for pixels where Cj3 is
well measured, because this quantification of uncertainty is important for determining particle
orientation with Bayesian algorithms.



4. Evaluating the accuracy of the recovered diffraction patterns

It is possible to evaluate the accuracy of a reconstruction using the central part of the auto-
correlation function. If the diffraction patterns for all the particles exposed by the beam are
recovered, then their sum should equal the central region of the autocorrelation function [the
first term on the r.h.s. of Eq. (2)]. Defining the central region as Ccen, We measure the accuracy
of the reconstructed diffraction patterns with

—Vy.I: 2
o \/zmmqmnccen(qm) Xi1i(an)] -

ZmF(qm)‘Ccel‘l(qm”z ’

where F(q) is a filter used to select the region to make the comparison. Since the Wiener filter
and the artifact mask are slightly different for each recovered diffraction pattern, we set F(q)
to be the product of the Wiener filters for each recovered pattern, or the product of the masks.
The errors from the simulation with noise shown in Fig. 2 with no masking or filtering was
4.3 x 107>, which reduced to 1.2 x 10~ for the filtered data. The masked data also produced a
€cen Of 1.2 X 107> when only pixels inside the mask are included in the calculation.

5. More than three particles

The analysis described for three particles can be applied without modification to the case of
more than three particles. After the cross-correlation terms have been identified, triplets are
identified exactly the same way as the three-particle case. When there are more than three
particles, it is possible to calculate the same single particle diffraction pattern from different
triplets of cross-correlation terms. This offers the chance to improve accuracy of the recovered
pattern. However, there may also be a greater chance that cross-correlation terms overlap and
can not be used in this analysis.

If the recovered diffraction patterns are of sufficient quality for whatever further analysis is to
be performed, it is possible to maximise the yield of recovered single-particle data by increasing
the concentration of the sample. For example, if the mean number of particles intercepted by
a pulse was increased to greater than three, then more often three patterns would be extracted
from each measurement. It is possible to imagine increasing the concentration until the number
of recovered patterns exceeds the number of pulses in the experiment. However this would
reduce the number of single-particle patterns measured directly.

6. Discussion

The methods described above do not apply to a two-particle diffraction pattern, because the
corresponding auto-correlation function has only a single cross-correlation term. In the case
where there is one particle in the interaction region on average, then 18% of the data will be
two-particle hits. For these two-diffraction patterns, it may be possible to extract single-particle
diffraction patterns by combining the single cross-correlation term Cj,(q) with the central part
of the autocorrelation function C,,(q).

It has been proposed to use XFEL samples on nanometre-sized samples with orders of mag-
nitude less scattering than the simulations shown here. The practical difficultly of applying
our methods to very small samples may be the identification of the cross-correlation terms,
which may be hard to distinguish from noise fluctuations. However, assuming that the cross-
correlation terms can be identified, the error analysis methods of Section 3 could be employed
to statistically characterize the recovered single-particle diffraction, so that it is useful for
Bayesian methods of determining each particle’s orientation, enabling the 3D structure to be
determined [8,9].



In practice, XFEL detectors are often modular and have physical gaps where diffraction
data is not measured. Typically there is a central detector hole to allow the unscattered beam
to pass. In this case, we can still recover single-particle diffraction data in the regions where
the multiple particle diffraction data has been measured. Imagine a mask G(q) that takes the
value one where data has been measured and zero where data has not been measured. After
applying this mask to the diffraction pattern and taking the inverse Fourier transform, we obtain
a calculated autocorrelation function Ay (r) that is related to the theoretical autocorrelation
function Agheory (1) by the relation,

Acalc (I‘) = G(I‘) & Alheory (I‘) . (1 8)

The potential difficulty is that the convolution with G(r) can spread the cross-correlation terms
causing them to overlap. To avoid this we can modulate the mask G(q) with Gaussian functions
as is done in dark-field coherent diffractive imaging [17].

7. Conclusion

We have shown that the autocorrelation function of multiple particles can be used to extract the
diffraction patterns of each individual particle. Such multi-particle data is inevitably measured
in XFEL imaging experiments using a liquid injector, and by the methods we propose, we
can make this data useful for 3D XFEL imaging methods. Methods have been developed to
handle experimental noise and to characterize the accuracy of the solution, which will help to
determine the best use of the recovered data in image-reconstruction algorithms. These noise-
handling methods will also be required in future efforts to apply this analysis to large XFEL
datasets, where checking the individual results of each measurement may not be practically
feasible.
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