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Supplementary figures

Supplementary Figure S1: Determination of the incident X-ray fluence. Measured normalized X-ray fluence for
simulated diffraction patterns as a function of angle between direction of X-ray beam and axis of particle cylindrical
symmetry. Inset shows a typical fit of the low-q experimental data (open circles) by straight line. This fit is valid in
the q range to the left from the two arrows, corresponding to the orientation parallel and perpendicular to the X-ray
beam.
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Supplementary Figure S2: Sinogram cross-correlation function for two diffraction patterns. Solid lines
indicate its maxima, which identify the polar angles of the line common to both patterns. Empty and distorted
regions in the vicinity of 0 and 180° are due to the gap between two detector halves.
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Supplementary Figure S3: Effect of particle orientation distribution on computation of partial scattered
intensities. (a) Histograms of probability density for the polar angle θ calculated using the common-lines method
and cross-correlation function between experimental and model diffraction patterns. (b) Square root of the sum-ofsquares error between partial scattered intensities of degree l (indicated in horizontal axis) computed directly from
the ideal particle shape and from simulated data sets with experimental orientations calculated by the respective
methods. These partial scattered intensities are plotted in (c).
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Supplementary Methods
X-ray fluence and particle orientation distributions. In principle, the incident X-ray fluence and dimer

orientation can be derived from the integral properties of diffraction patterns. Similar to Guinier equation30 for the
spherically averaged scattered intensity, for the radially averaged 2D diffraction pattern from an individual particle
at small values of scattering vector q we have   0exp

 ⁄2, where

is the gyration radius about

X-ray direction, and 0 is proportional to the incident X-ray fluence. The dimer gyration radius is determined by
its orientation, defined by the angle θ between the axis of cylindrical symmetry and the X-ray direction. From the
simple geometric consideration cos   7⁄5  2⁄

⁄ , where R is the sphere’s radius, and k the slope of the

Guinier plot of ln  as a function of  2 . Depending on dimer orientation, its gyration radius
2⁄5

and 7⁄5

varies between

for the dimer aligned with and perpendicular to the X-ray beam, respectively. Since Guinier

approximation is only valid for

  1, following this approach for the measured q > 0.027 nm-1 we were able to

reliably determine X-ray fluence and particle orientation only for θ < 45°. To estimate the error due to the missing
data at low q, we computed 0 using Guinier plots in the experimentally available q range for a set of simulated
diffraction patterns from dimers in uniformly distributed random orientations. The resultant X-ray fluence
normalized to its actual value is plotted in Supplementary Fig. S1. The error in determination of fluence remains
within 5% for θ < 45°, and reaches as high as 25% for the particles oriented perpendicular to the X-ray beam.
To extend the range of validity of orientation determination, we used two other approaches. In the first method,
we computed a set of central sections through a simulated dimer diffraction volume for the polar angle θ in the range
between 0 and 90° with a step of 1°. For each experimental pattern the angular cross-correlation function between
this pattern and each simulated pattern was computed. The orientation of the simulated pattern, for which this
function has a maximum, was assigned to this experimental pattern. The second method involved common-lines
search16 in the experimental patterns. A sinogram cross-correlation function for two diffraction patterns extended for
better visualization to the 360° range is given in Supplementary Fig. S2. Each row corresponds to the crosscorrelation between one central line of the first pattern and all central lines of the second pattern. Instead of the
peaks observed in general case, our sinogram cross-correlation function exhibits two continuous lines of maxima
due to the sample symmetry leading to undefined azimuthal angle of the patterns. Their intersection gives the angles
of the shared central line in the plane normal to the rotational symmetry axis, and distance between these lines
reaches the maximum at 90° from intersection. To simplify the problem, we chose a high signal diffraction pattern
through the axis of cylindrical symmetry as a reference central section. Then the polar angle θ for any other pattern
can be found as a half of the maximum distance between the lines of maxima in the sinogram cross-correlation

5

function. Both methods gave mostly well-matched particle orientations with square root of sum-of-square error
between them of 0.075. The corresponding probability densities for the orientation angle θ normalized by sin  are
compared in the histograms in Supplementary Fig. S3a. Deviation of these functions from a straight horizontal line
indicates that orientation distribution is not truly uniform. To estimate the bias introduced specifically by the nonuniformity of the measured orientation distribution, we generated two sets of 635 noise-free diffraction patterns with
orientations obtained by common-lines method and cross-correlations with model central sections, respectively. The
partial scattered intensities ,  were computed from these data and compared against the true values

,!"#  calculated directly from the dumbbell particle shape as discussed in the next section. The results are

plotted in Supplementary Fig. S3c. The sum-of-squares error

⁄

 $∑( &,   ,!"# ' )∑( ,!"# *

(S1)

for each l is shown in Supplementary Fig. S3b. We conclude from this analysis that deviations from the uniform
orientation distribution found in our experiment did not significantly affect the partial scattered intensities derived in
this work.
Spherical harmonics expansion of a dimer diffraction pattern. Partial scattering amplitude can be evaluated
from particle electron density +, as
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Here 1 7 are spherical Bessel functions. Normalized density of a dimer composed of two touching spheres of
radius a is given by
+,  8

1, 0 : 2 : 2;|=>?|F
.
0 otherwise

Substituting this density into Eq. S2, we obtain

M
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(S3)

H

2, N  2J and Q  0F
,

(S4)

where L H 7 are Legendre polynomials, and n is non-negative integer. Scattered intensity is
S  -S-4 S 
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Now partial scattered intensities can be found using product rule:
  ∑V ∑W X

 V Y W Y
TU Y

ZNN N; 000 -V-W ,

(S6)

where ZNN N; 000 are Clebsch-Gordan coefficients.

An equation, analogous to Eq. S2, relates partial scattered intensities   to autocorrelation of electron

density. Due to prefactor /  the integral of   over all q is positive for even N/2 (left column of Fig. 3), and
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negative otherwise (right column of Fig. 3). This observation greatly simplifies checking for the correct sign
assignment to  .
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