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Molecular and polymeric crystals show a wide range of functional properties

that arise from the interplay between the atomic-scale structure of their

constituent molecules and the organization of these molecules within the crystal

at macroscopic length scales. X-ray diffraction can provide structural informa-

tion at these disparate length scales, but usually only through experiments that

address one or the other of molecular (or unit-cell) structure versus crystal

structure. Consequently, the accuracy of determined molecular or polymer

structures may be limited by unaccounted for crystal inhomogeneities and the

characterization of crystalline materials might not reveal the underlying causes

of crystal morphology. Here we introduce X-ray convergent-beam diffraction to

obtain spatially resolved structural information from crystals by projection

topographic imaging. Using highly focusing X-ray multilayer Laue lenses, we

show that Bragg reflections can be mapped into tomographic images of the

crystal, for the characterization of strain and defects at high resolution. We

demonstrate how the crystal morphology obtained this way can be accounted for

when determining structure factors as a function of position in the crystal. The

approach may assist in studies such as diffusion and binding in metal–organic

framework structures, protein–drug binding, crystal growth, and the mechanical

responses of photo-reactive or thermally driven dynamic crystals.

1. Introduction

Crystals formed from molecules, ranging from small

compounds to macromolecules, or polymers and metal–

organic frameworks, are typically characterized by their

crystal parameters of unit-cell dimensions and space group.

This characterization, and the perfection to which a crystal

conforms to it, enables a crystallographic diffraction analysis

to measure structure factors and obtain an atomic model of

the unit cell or molecular components of a crystal. In reality,

such crystals are never perfect, and variations in lattice

parameters, such as strains and twists of the lattice, or defects

and vacancies, modify the diffraction pattern in a variety of

ways. Properly accounting for the effects of these inhomo-

geneities on measured structure factors requires knowledge of

their cause, or at least how they vary or are distributed

throughout the volume of the crystal. This is especially rele-

vant for the characterization of molecular and polymeric

crystals with dynamic properties that respond to electric,

magnetic and light fields, or external mechanical or thermal
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forces, and which may find use as switches and actuators, for

flexible electronics or novel photonic devices (Awad et al.,

2023). Likewise, variations in the conformations and

arrangements of molecules throughout a crystal, such as due

to the diffusion of binding compounds or the absorption of an

optical trigger pulse, may confound conventional analyses and

instead require a spatially resolved crystal diffraction analysis.

For crystals considerably thinner than 100 nm, convergent-

beam electron diffraction (CBED) is well established in the

scanning transmission electron microscope (Spence & Zuo,

1992), where the beam size can be easily controlled and

reduced down to below the size of crystal unit cells or even

single atoms. The approach is extensively used to measure

strain, lattice order, grain boundaries, and map grain orien-

tations or crystal ordering in hard materials such as minerals,

nanomaterials and devices (Savitzky et al., 2021). X-rays are

much more penetrating than electrons, enabling the analysis of

macroscopic crystals. Position-resolved X-ray diffraction has

been applied by scanning micrometre-sized beams across

crystals for mapping grains in polycrystalline materials.

Approaches such as tensor tomography (Korsunsky et al.,

2006; Liebi et al., 2015; Carlsen et al., 2024) and multigrain

mapping (Poulsen et al., 2001) combine measurements from

many Bragg reflections to determine lattice orientations, but

such approaches have not been used to determine molecular

structure changes. Other approaches such as crystal topo-

graphy (Bowen & Tanner, 1998; Fourme et al., 1995),

diffraction microscopy (Simons et al., 2015; Yildirim et al.,

2023), Bragg coherent diffractive imaging (Pfeifer et al., 2006;

Sun & Singer, 2024) and Bragg ptychography (Hruszkewycz et

al., 2017) usually obtain spatially resolved measurements at a

single Bragg peak at a time. It was only when optics of high

convergence became available that convergent-beam X-ray

diffraction (CBXD) of molecular and macromolecular crystals

was first demonstrated (Ho et al., 1998; MacDonald et al., 1999;

Ho et al., 2002). However, those optics were far from the

quality required for microscopy or illuminating small crystals,

and the approach was not further developed.

The advent of efficient multilayer Laue lenses (MLLs) of

high numerical aperture (Yan et al., 2014; Bajt et al., 2018)

brings new opportunities, closer to the situation of CBED in

the scanning transmission electron microscope. These lenses

are sliced from a multilayer parent structure formed by

physical vapor deposition to create a volume diffractive

element with periods as small as 1 nm. Nanometre multilayer

periods confer the ability to deflect hard X-ray beams by

several degrees. We recently introduced an approach for

CBXD using an MLL pair with a semi-angle of convergence

� = 1.6� (or numerical aperture, NA = sin � ¼ 0:028) at a

wavelength of 0.071 nm (Chapman et al., 2025). This would

result in a diffraction-limited resolution of about 1.3 nm if

fabricated without imperfections [which cause lens aberra-

tions (Dresselhaus et al., 2024)]. We showed that, since the

convergence angle of the beam focused by the MLLs is

significantly larger than the rocking-curve width of Bragg

peaks, ‘Bragg streaks’ are produced on the detector with a

length dependent on �. Each Bragg streak is formed by the

diffraction of those incident rays that satisfy the Bragg

condition for a particular reciprocal-lattice point (RLP). The

geometry of these Bragg streaks (and of the ‘deficiency lines’

of incident rays that diffract to those Bragg streaks, as

described below) is similar to that of ‘K-lines’: Kossel lines,

pseudo-Kossel or Kikuchi lines formed by the diffraction of

X-rays or electrons emitted in all directions from source points

internal or external to the crystal (Cowley, 1981). In those

cases, the diffracted beam overlaps with, and may interfere

with, the transmitted beam, giving lines whose contrast is

generally understood within the framework of dynamical

diffraction (Lonsdale, 1947; Cowley, 1981; Faigel et al., 2016).

In convergent-beam diffraction, however, the span of inci-

dent rays is limited by the lens NA, and the lengths of the

Bragg streaks and the number of excited RLPs are likewise

limited. The streaks do not interfere or overlap with the illu-

minating beam and consist only of diffracted beams, depen-

dent on the square magnitudes of structure factors.

In our previous work (Chapman et al., 2025), we examined

how CBXD using high-NA diffractive optics such as MLLs can

be used for measuring time-dependent diffraction signals over

short time periods, with a temporal resolution below 1 fs. Rays

focused by the diffractive lens that are closer to the optical

axis arrive at the focus before the marginal rays. This corre-

lation between angle and time is then encoded in the position

along the Bragg streaks, allowing diffraction from different

time points to be extracted from a single exposure with a short

X-ray pulse. Here, instead, we investigate the implications of

the correlation between the angle and position of incident rays

at planes out of focus, to encode spatial information along the

Bragg streaks. That is, when the crystal is placed downstream

of the focus, a magnified transmission image is obtained on the

detector as formed by the beam diverging from the focus.

Bragg streaks are detected outside of this transmission image,

but each streak is formed by its corresponding incident defi-

ciency line that cuts across the crystal and so provides spatially

resolved information on the diffraction efficiency and on any

variation of lattice parameters (i.e. strain).

Our measurements are obtained with a scanning transmis-

sion X-ray microscope (Jacobsen, 2020), using MLLs as the

objective lens. This lens pair sets the spatial resolution that can

ultimately be obtained in the microscope as well as the angular

span of diverging rays used to create the Bragg streaks.

This is analogous to the method of large-angle convergent-

beam diffraction in the scanning transmission electron

microscope (Morniroli, 2004; Uesugi et al., 2024), where

structural information of crystalline samples can be obtained

by scanning the focused or defocused probe across the face of

a crystal, to map the local diffraction efficiency, lattice orien-

tation and strain from the strengths and positions of Bragg

streaks or deficiency lines (Ophus, 2019). In our scanning

transmission X-ray microscope, using synchrotron radiation,

the high intensity of the focused probe can quickly damage

radiation-sensitive materials and we find that spatially

resolved diffraction data can be collected more easily by

placing the crystal in the defocused beam, which is less intense.

We show how, by combining the approach with rotation of the
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crystal, magnified diffraction topographs can be obtained for

an almost complete set of reflections and that these can be

used to obtain a 3D tomographic image of the crystal. We

detail how the photon counts in these topographs can be

integrated to obtain accurate structure factors, and demon-

strate the possibility of determining molecular structures as a

function of position within the crystal.

2. Convergent-beam diffraction

Our scanning transmission X-ray microscope based CBXD

scheme is depicted in Fig. 1(a), where diffraction patterns are

recorded directly on a pixel array detector as the sample is

scanned and rotated. When the sample is placed out of focus,

the beam transmitted through the crystal forms a magnified

projection image on the detector, with a magnification given

by the ratio of the focus to detector distance, lD, to the crystal

defocus distance, �f (Zhang et al., 2024). As seen in Figs. 1(a)

and 1(b), there is a similar magnification encoded along the

length of the Bragg streaks, which we show can be used to

construct projection diffraction topographs – maps of the

diffraction efficiency – either from all streaks in a single static

diffraction pattern or individually from each Bragg streak as

the crystal is rotated such that the diffracting condition sweeps

across the face of the crystal.

2.1. Geometric model for convergent-beam diffraction

In the kinematical formalism, diffraction of a collimated

monochromatic incident beam of wavevector kin from the

periodic structure of a crystal occurs only in those directions

kout ¼ kin þGhk‘ where the RLPs’ Ghk‘ intersect the Ewald

sphere – a manifold of radius 1=�, centered on � kin and thus

intersecting the reciprocal-space origin (Cowley, 1981; Als-

Nielsen & McMorrow, 2011). (Here, jkinj ¼ 1=� for a wave-

length �.) A lens supplies a range of incident ray directions kin,
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Figure 1
The geometry of CBXD. (a) A crystal is placed in the beam focused by an X-ray lens (here, a pair of MLLs) and the diffraction pattern is recorded on a
plane pixel array detector. (b) Of all rays provided by the lens, only those that satisfy the diffracting condition for an RLP Ghk‘ will reflect. A ray
originating from an angle �y to the optical axis maps to a position �f tan�y on a crystal defocused by �f. (c) A volume in reciprocal space (blue shading)
is formed by Ewald spheres rotated over a range of kin wavevectors as supplied by the lens. Any Ghk‘ within this volume will produce a reflection, kout.
(d) The diffraction condition for Ghk‘ is satisfied for all wavevectors that lie on a Kossel circle kKð�Þ (shown in orange) in a plane perpendicular to and
bisecting Ghk‘. A Bragg streak and a deficiency line are generated if kKð�Þ passes through the lens aperture. (e) The deficiency line (in the projected lens
pupil) and Bragg streak are approximately parallel on the detector and separated by an angle 2�B. ( f ) Crystal diffraction for a given incident ray path is
found by integrating over all paths Lin þ Lout for all possible scattering locations s0 along the incident path, assuming single scattering.



each giving rise to a tilted Ewald sphere. Together, these form

a volume of reciprocal space depicted as the blue shaded

region in Fig. 1(c). All RLPs in that volume contribute to the

diffraction pattern. This situation is akin to Laue diffraction,

where a polychromatic beam fills out a reciprocal-space

volume limited by Ewald spheres of different radii dependent

on the minimum and maximum wavelengths. It was shown that

for scattering angles 2� up to 45� the reciprocal-space volume

contributing to a CBXD pattern formed with a lens of NA =

0.03 is equivalent to Laue diffraction with a bandwidth of 33%

(Chapman et al., 2025), bringing a corresponding increase in

the number of reflections in diffraction patterns of static

crystals. The large excitation volume of CBXD makes it

especially attractive for serial crystallography of small mol-

ecules, where snapshot patterns of small-unit-cell crystals have

proved difficult to index due to a sparsity of Bragg spots

(Moon et al., 2024).

A significant difference between polychromatic and

convergent-beam diffraction is that in Laue diffraction

wavelength is a scalar quantity, whereas the angles ð�x; �yÞ

provided by a lens are 2D. This extra degree of freedom

produces Bragg streaks in CBXD patterns instead of spots in

polychromatic diffraction patterns. Essentially, if a ray kin

supplied by the lens satisfies the Bragg diffraction condition

for a particular Ghk‘, then rays formed by rotating kin around

the axis defined by Ghk‘ will all reflect with the same Bragg

angle �B to the corresponding lattice planes. These rays lie on

a cone, known as the Kossel cone (Frank, 1972), shown in Fig.

1(d), with a semi-angle �=2 � �B and an axis that coincides

with Ghk‘. We describe the cone by vectors kKð�Þ which trace

out the orange circle in Fig. 1(d) as a function of the azimuthal

angle �.

We follow the analysis formalism of Kossel patterns (Frank,

1972) to determine an expression for the ‘Kossel circle’, kKð�Þ.

Since the magnitudes of kin and kout are equal, the average

vector �k ¼ ðkin þ koutÞ=2 bisects and is perpendicular to the

difference kout � kin. Thus, the full circle that contains the

Bragg streak koutð�Þ and the line of incident wavevectors

� kinð�Þ converging on the origin, for which kout � kin ¼ Ghk‘,

is found as the intersection of the sphere of radius 1=�

centered at the origin of reciprocal space (the ‘X-ray Fermi

sphere’) with the plane that is normal to and bisects Ghk‘ (the

‘Brillouin plane’), giving rise to the orange circle seen in Fig.

1(d) that defines the Kossel cone (Frank, 1972). The Kossel

circle is therefore defined by coordinates q that simulta-

neously satisfy the two equations (Morawiec, 2016; Chapman

et al., 2025)

q2 ¼
1

�2
; q �

Ghk‘

2

� �

�Ghk‘ ¼ 0; ð1Þ

and can be parameterized by the angle � as

kKð�Þ ¼
Ghk‘

2
þ cos� aþ sin� b; ð2Þ

where the radius of the circle is given by jaj ¼ jbj ¼ j �kj ¼

ð1=�Þ cos �B for a Bragg angle �B. The zero of the angle � is

arbitrary, but can be chosen by setting the vector a to be in the

plane containing both Ghk‘ and the optical axis, ẑ, for which

a � ðGhk‘ � ẑÞ ¼ 0. The vector b is orthogonal to both a and

Ghk‘, so its direction can be computed from the cross product

a�Ghk‘ (Morawiec, 2016). Thus, as seen from equation (2),

kKð�Þ is fully determined from Ghk‘ for a given wavelength.

The range of angles � that define the Bragg streak koutð�Þ ¼

kKð�Þ is limited to incident rays kinð�Þ ¼ � kKð� � �Þ that

intersect with the lens aperture, displayed in Fig. 1(d), and

which reflect to the Bragg streak. With sufficiently thick

crystals, extinction of the incident beam due to diffraction

causes a dark line in the projected beam on the detector,

giving the name ‘deficiency line’ (Uesugi et al., 2024;

Morniroli, 2004). Extinction is usually not detectable for the

small molecular crystals examined here. Analysis of a CBXD

pattern therefore requires determination from the Bragg

streaks of both the reciprocal-lattice index and the angular

coordinates of the deficiency line kinð�Þ (constrained by the

exit pupil of the lens), analogous to determining the index and

wavelength for each spot in a Laue diffraction pattern

(constrained by the spectrum). The deficiency line and Bragg

streak are approximately parallel at the detector, as depicted

in Fig. 1(e), and their angular separation is always 2�B.

The short width of the Bragg streak gives the rocking curve

of the reflection. Modeling the crystal as a slab of thickness t

produces a reciprocal-lattice profile along the qz direction that

is proportional to sinc2ð�qztÞ with a half-width of 1=t, inde-

pendent of the distance of the RLP to the origin. As seen from

Fig. 1(c), there is a range of kin wavevectors, associated with a

range of Ewald spheres (green shaded region), that intersect

the reciprocal-lattice profile. This angular range is

�� ¼
�

t sin 2�B

¼
�

t
L; ð3Þ

where L ¼ 1= sin 2�B is the Lorentz factor, which indicates

how the angular range of Bragg streaks varies across the

pattern. For a snapshot pattern, the proportion of the incident

flux supplied by the lens that is directed into a particular Bragg

streak is proportional to �� and hence to L. We note that for

the lens NA and crystals considered here, the streak lengths

(along �) are about 100 times their widths, ��. The short

width is thus unlikely to be cut by the lens aperture, giving

total counts in the streaks that are proportional to fully inte-

grated intensities (Chapman et al., 2025).

2.2. Snapshot diffraction pattern

A computed snapshot (or still) pattern of Bragg streaks for

the orthorhombic lattice of a stationary vitamin B12 crystal is

shown in Fig. 2(a) for a lens aperture with convergence semi-

angles � of 0.021 rad (horizontal) and 0.015 rad (vertical) and

a photon energy of 17.5 keV. The corresponding mapping of

the deficiency lines is given in Fig. 2(c). For this illustration,

the angular coordinates of ð�x; �yÞ of the lens aperture are

encoded by a color map displayed in Fig. 2(b). The deficiency

lines in Fig. 2(c) map directly to this color scheme and these

colors are replicated along each Bragg streak in Fig. 2(a). In

this pattern, there are 96 Bragg streaks to a resolution of
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1.5 Å. It is clear from this visualization that if the lens aperture

is stopped down, fewer (and shorter) Bragg streaks will be

observed in the pattern. For example, if rays were only

supplied from within the red corner of the aperture, only the

red parts of the diffraction pattern would appear. A collimated

beam may only excite one or two reflections, if any. An

experimental CBXD pattern of a stationary vitamin B12

crystal, reproduced from Chapman et al. (2025), is shown Fig.

2(d), for the same orientation and wavelength but a lens with

even higher convergence of � = 0.028 rad in the horizontal and

vertical directions (see Methods, Section 5.1).

Despite the high lens convergence, some streaks of the

experimental pattern of Fig. 2(d) are shorter than their

counterparts in the calculated pattern. This is because the

crystal was placed downstream of the focus where the beam

over-filled the crystal. In this case, the incident wavevectors kin

map to positions in the defocused beam, and hence to posi-

tions across the face of the crystal, as depicted in Fig. 1(b).

Where a deficiency line extends beyond the boundary of the

crystal, diffraction obviously does not occur and the corre-

sponding Bragg streak will be truncated. Indeed, the intensity

along the Bragg streak depends on the strength of diffraction

experienced by rays of kin. In the kinematical formalism,

equivalent to the assumption of single scattering within the

Born approximation, the integrated diffraction efficiency

depends only on the crystal structure projected along the

incident ray path.

The intensity along the streak, Ihk‘½koutð�Þ�, can be deter-

mined using a simple model of the crystal as a 3D shape SðxÞ

which has the value of 1 in a volume element that has perfect

crystallinity and 0 where there is no crystal order. For a perfect

crystal, the integral of SðxÞ is equal to the volume of the

crystal. As long as Bragg streaks do not overlap in a CBXD

pattern (and thus do not interfere), then the counts along the

Bragg streak, integrated across the rocking direction, can be

written as

Ihk‘½koutð�Þ� ¼ c P L jFhk‘j
2 jA½kinð�Þ�j

2 PS½kinð�Þ; !�; ð4Þ

where Fhk‘ is the structure factor, A the aperture function of

the lens, P the usual polarization factor, L the Lorentz factor

of equation (3) and c a constant. The orientation of the crystal

is parameterized here by the rotation angle ! around a single

fixed axis, but any rotation matrix R can be applied to SðxÞ.

The projection of the crystal shape is thus along all paths pðkinÞ

along rays kinð�Þ ¼ koutð�Þ � Ghk‘ ¼ � kKð� � �Þ and given

by

PSðkin; !Þ ¼

Z

pðkinÞ

R!SðxÞ ds: ð5Þ

2.3. Analysis of snapshot CBXD patterns

Equation (4) shows the integrated intensities of the Bragg

streaks carry information about both the structure-factor

square magnitudes jFhk‘j
2 and the projections through the 3D

crystal morphology SðxÞ. When the crystal is placed out of

focus, paths p½kinð�Þ� make a fan projecting from the focal

point that slices through the crystal, as depicted in Fig. 1(b).

This fan projects a view on the detector, magnified by lD=�f.

A partial reconstruction of a 2D magnified projection image

PS of the crystal can therefore be formed by mapping each

Bragg streak back to its incident deficiency line kinð�Þ, after

first indexing the streaks in the diffraction pattern, as shown in

Fig. 2(e). The image is a rather sparse representation of the

crystal, but the shape of the crystal is revealed, in agreement

with the optical image of Fig. 2( f). (The red lines on the

optical image are digital cross-hairs used for alignment.) The

mapping is displayed in terms of the angular coordinates

ð�x; �yÞ of the incident beam. Given the defocus distance �f =

3.5 mm, each 75 mm-wide pixel in the detector maps to a

spacing of about 1.4 mm at the plane of the crystal.

The map of PSðx; yÞ in Fig. 2(e) was formed by normalizing

each measured Bragg streak by jFhk‘j
2 and the aperture

function jAj2, as prescribed by equation (4). However, this

first requires determining the structure-factor magnitudes.

These can be estimated from the relative strengths of the

Bragg streaks, but only after knowing the spatial variation of
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Figure 2
Vitamin B12 snapshot convergent-beam diffraction. (a) A calculated
diffraction pattern for a photon energy of 17.5 keV, with Bragg streaks
colored according to the position of the kin wavevectors in the lens
aperture as mapped in (b). The corresponding deficiency lines are
mapped across the lens pupil in (c). (d) Experimental CBXD pattern of a
vitamin B12 crystal recorded with a lens of NA ¼ 0:028 at a defocus of
�f = 3.5 mm, and in the same orientation as calculated in (a) [from
Chapman et al. (2025), reproduced under the terms of a CC4 license]. (e)
The mapping of the measured Bragg streaks to their corresponding
incident kin wavevectors in the lens pupil. ( f ) Optical image of the crystal
from the beamline in-line microscope for the crystal orientation used for
(d).

https://creativecommons.org/licenses/by/4.0/legalcode


the projected crystal diffraction strength PS. Self-consistency

can be achieved by adopting a simple iterative procedure that

initially normalizes each streak to a mean count of 1.0 per

pixel; they are then combined into a map by averaging values

of PS where they overlap. New estimates of PS½kinð�Þ� are

sliced out of that map for each streak and compared with the

observations Ihk‘½koutð�Þ� to update both jFhk‘j
2 and PS½kinð�Þ�

by replacing PS½kinð�Þ� with a rescaled version of Ihk‘½koutð�Þ�.

To imagine how the intensities are constrained, consider three

non-collinear streaks whose deficiency lines intersect at three

points that form a triangle. An example of the process is

illustrated in Fig. 3 for another vitamin B12 crystal. Here the

crystal was shaped as a prism and was quite uniform in

thickness.

The final map of PSðx; yÞ in Fig. 3(d) contains some holes in

locations where no deficiency lines crossed and so where no

information is provided by the snapshot CBXD pattern. The

iterations are monitored by convergence of the scaling of each

Ihk‘½koutð�Þ� to provide the estimates of Bragg intensities, �Ihk‘,

as shown in Fig. 3(e) for the 641 reflection. The relative error

of the estimated signal of each reflection, �ð�IÞ=�I, is also

plotted. This error is determined from the standard deviation

of the counts measured in pixels contributing to the Bragg

streak after normalizing by the updated PS½kinð�Þ�. As seen in

the histogram of the relative errors of all observed reflections

in the diffraction pattern, shown in Fig. 3( f), achieving

consistency significantly reduces the relative error of all

reflections.

3. Rotation CBXD

The analysis of Section 2.3 will be of use for serial snapshot

crystallography, where only single patterns are obtained for

each crystal, and especially if patterns are recorded with the

defocused beam. However, in that case the projection map of

the crystal is a composite from a large number of reflections,

from which quantitative information about strain or lattice

defects may be difficult to quantify. We show here that

projection topographs can be acquired in parallel from many

reflections in a rotation scan of the crystal, and that structure

factors can then be estimated by integrating counts in those

topographs or from selected regions of the crystal.

3.1. Rotation topographs

The deficiency line cuts across the face of a crystal placed

out of focus and so a topograph of the crystal for a particular

reflection can be formed either by moving the crystal trans-

versely, so that the deficiency line scans across the entire

crystal face, or by rocking the crystal about a single axis, which

sweeps the deficiency line in a similar way across the crystal

face. The advantage of rocking the crystal is that the entire

volume of the crystal can remain fully illuminated by the

defocused beam throughout the entire scan and thus all

volume elements of the crystal contribute to the dataset at

every crystal orientation.

Fig. 4 illustrates the formation of rotation topographs for a

small wedged Si crystal with a circular hole, chosen to give a
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Figure 3
Estimates of a topograph of a vitamin B12 crystal determined from a single snapshot CBXD pattern. (a) Mapping of measured Bragg streaks to the
positions of their deficiency lines, before normalization. (b)–(d) Iterations of the topograph, as consistency between overlapping deficiency lines and
reflection intensities of the same reflections across patterns is enforced. (e) Scaled intensity (blue) and relative error (red) of the 641 reflection, showing
convergence after eight iterations. ( f ) Histograms of the relative error of all observed reflections for various numbers of iterations.



low number of reflections and placed 4.5 mm downstream of

the focus of an off-axis MLL with 0.015 NA. Here, the crystal

was rotated about the vertical axis, corresponding to the [010]

lattice direction. When the crystal is rotated, the entire Kossel

circle is also rotated. A Bragg streak will only be visible as

long as the Kossel circle intersects the lens aperture, which will

occur for a range of orientations as depicted in Fig. 4(b). As

the rotation of the crystal is continued, other RLPs will rotate

into and through the participating volume of reciprocal space.

Each Bragg streak can thus be tracked and aggregated into its

own magnified topograph of the crystal, as shown in Fig. 4(c)

for a scan over a range of 30� with a step size of 0.02�, for a

detector distance of 17.4 cm. Over this scan, more than 25

reflections were observed to a resolution of 0.9 Å� 1.

Zooming-in to any of these reflections reveals an unmis-

takable image of the perforated crystal that is magnified by

about 45 times, as shown in Fig. 4(d) for the �11�3 reflection. It

also indicates a variation of diffraction efficiency across the

crystal due to its wedged thickness, in agreement with a

simulated rotation pattern based on a model of the crystal

obtained from scanning electron microscopy (SEM) images

and assuming kinematical diffraction. Line profiles of inten-

sities along a horizontal direction from the measured and

simulated topographs are compared in Fig. 4(e).

Topographs built from a much coarser step size of 0.2� are

shown in Fig. 4( f) and compared with simulations in Fig. 4(g).

The density of Bragg streaks varies, even though the rotation

step is the same for all. This is because they step in the hori-

zontal direction as the crystal rotates about the vertical (y)

axis. As apparent in Fig. 4(b), the density of streaks depends

on the in-plane orientation � of the deficiency line relative to

the rotation axis since their separation in the direction

perpendicular to the lines is proportional to W ¼ 1= cos �. The

relative intensities of the topographs are thus proportional to

this ‘sampling factor’, which is similar to a Lorentz velocity

factor in rotational crystallography. When � ¼ �=2, then Ghk‘

is oriented along the rotation axis and stays within the

reflecting condition for an entire rotation.
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Figure 4
Rotation CBXD topographs of a silicon wedged single crystal with a hole, cut as a perpendicular lamella from a (100) Si wafer using a focused ion beam.
(a) Scanning electron micrographs of the crystal. (b) The deficiency line and Bragg streak remain separated by 2�B and move together (here horizontally)
as the crystal is rotated, to map out the projected view of a defocused crystal. (c) Rotation diffraction pattern formed by summing exposures over a range
of�15� about the vertical axis with a step size of 0.02�. (d) A distorted topograph from the �11�3 reflection. (e) Line profiles of the measured and simulated
topograph intensity along the positions indicated in (d). Experimental ( f ) and simulated (g) rotation topographs obtained with a coarse rotation step of
0.2�.



An obvious feature of the topographs in Fig. 4 is that they

are geometrically distorted by being recorded at high

diffraction angles on a flat detector. For example, the �11�3

topograph of the Si crystal in Fig. 4(d) appears stretched along

the diagonal. These distortions can be corrected simply by

mapping each Bragg streak of the composite topograph back

to its corresponding deficiency line, to match the projected

hologram of the crystal recorded at low angles. The topograph

can therefore be written as

Ihk‘½kinð�x; �yÞ� ¼ c P L W jFhk‘j
2 jAð�x; �yÞj

2 PSð�x; �y;!Þ;

ð6Þ

where ð�x; �yÞ are the transverse angular coordinates of the

aperture function (and of the rotation topograph).

Note that, although rotation topographs from neighboring

reflections may overlap on the detector, as long as Bragg

streaks do not overlap in a still exposure they can still be

separated. We must qualify, however, that the topographs are

not strictly magnified projections of the crystal as illuminated

by rays originating from a single source point. This is true for

rays spreading along the length of a Bragg streak in a

diffraction pattern of a stationary crystal, where kinð�Þ makes

a fan that projects onto the detector, but as the crystal is

rotated the Bragg condition is maintained through the sweep,

so the kin and kout vectors remain at a fixed orientation relative

to the crystal planes. Thus, in the frame of reference of the

crystal, the topograph is composed of separate fan planes that

are all parallel to each other, which we refer to as a ‘stacked

projection’. In the laboratory frame the source point of the

projection either rotates about the rotation axis as the crystal

is rocked or is fixed in space as the crystal is translated.

3.2. Topographs of imperfect crystals

Topographs are used for mapping out lattice defects in

crystals due to contrast changes these cause in the reflected

intensities (Bowen & Tanner, 1998). The examples of topo-

graphs in Figs. 3 and 4 show maps of changes in diffraction

efficiency of the crystal, primarily due to the shape or thick-

ness of the crystal. The crystal structures were largely invar-

iant throughout their volumes, and so the positions of Bragg

streaks (and the locations of the deficiency lines across the

crystal) only changed due to the rotation of the crystal itself.

However, if the lattice parameters do change throughout the

crystal, the geometry of the Kossel circle will be modified and

Bragg streaks will deviate in shape. Such deviations of pseudo-

Kossel lines in the method of divergent-beam diffraction

(Lonsdale, 1947) have long been used to visualize strain and

defects (Ichinokawa, 1966) or map crystal domains (Däbritz et

al., 1986). As pointed out by Cowley (1981), the degree of

crystal imperfection cannot be so large as to prevent the

formation of K-lines in those methods. For CBXD, Bragg

streaks are only observable if the (distorted) Kossel circle

passes through the lens aperture, which would limit angular

distributions of lattice orientations or strains to be no larger

than allowed by the angular extent of the lens, its NA.

The types of crystal imperfections can be quite varied,

ranging from various densities of lattice defects and disloca-

tions, to bending or other long-range changes to the lattice.

Some models of disorder in macromolecular crystals and their

effects on collimated-beam diffraction patterns were

summarized by Boggon et al. (2000), and here we give quali-

tative descriptions of the effects on CBXD topographs of two

common types, strain and mosaicity in the kinematical

diffraction regime.

3.2.1. Strained crystals

We consider the case of a strain field that varies along the

length of the deficiency line cutting through the crystal. In this

case, since the lattice spacing or orientation changes with

position along the streak, the diffraction angle will also
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Figure 5
Topographs of imperfect crystals. (a) In situ micrograph of a needle-like vitamin B12 crystal near the orientation used to collect a coarse-step rotation
series of diffraction patterns (b), recorded with 0.2� step size. The positions of four topographs are indicated in red, shown in detail in (c) to ( f ). The
detector pixel coordinates of the topographs are displayed. (g) A snapshot CBXD pattern recorded from a mosaic salicylic acid crystal, with the indicated
region shown in detail in (h).



change, giving rise to a bend of the Bragg streak – an exemplar

of mapping lattice changes in real space, and similar to an

approach in CBED (Uesugi et al., 2024). An example is given

in Fig. 5, showing a coarsely sampled rotation topograph of a

long and thin vitamin B12 crystal. The Bragg streaks near the

bottom of the crystal are bent, indicating either a change in the

unit-cell dimensions or a rotation of the lattice, or both. A

comparison of the topographs (e) and ( f), due to reflections in

nearly opposite directions, suggests the distortion is due to a

twist of the lattice. The coarse sampling of the topographs was

made here just to illustrate how strain is encoded in the

measurements. More finely sampled strain fields can be

constructed from data recorded with smaller rotation steps, as

shown in Fig. 5. At every rotation step, each Bragg streak can

be compared with the line calculated for a perfect lattice as in

its rotated orientation. The displacement of the Bragg streak

from the calculated line in the direction perpendicular to the

streak gives the change in Bragg angle, ��B, along the line,

which can be displayed as a 2D map.

3.2.2. Mosaic crystals

The mosaic-block model is an idealized description of

disordered crystals as consisting of many non-intersecting

small perfect-crystal blocks with distributions of sizes, lattice

parameters and orientations that together spread the diffrac-

tion of a collimated beam over a range of angles �� (the

mosaic spread) (Nave, 1998). In conventional rotation crys-

tallography, Bragg intensity would contribute to the widened

peak as individual domains rotate into and out of their

diffracting conditions. The width of the Bragg peak of each

individual domain is inversely proportional to the spatial

extent of the domain, as cut by the Ewald sphere. With a

collimated X-ray beam, a variation of lattice parameters can

produce reciprocal-space maps of the peaks that are predo-

minantly broadened in the radial direction (parallel to the

reciprocal-lattice vector), whereas a large distribution of

domain orientations can produce peaks that are extended in

the perpendicular direction (Nave, 1998; Boggon et al., 2000),

along the Debye–Scherrer ring (which would form a complete

circle in the extreme case of powder grains in all orientations).

In CBXD, each domain is associated with its own Kossel

cone, defined by the reciprocal-lattice vector of that domain.

Those Kossel cones that pass through the lens aperture will

each give rise to a Bragg streak. If �� is comparable to the

semi-angle of convergence � of the focused beam, then the

ensemble of deficiency lines will tend to fill the entire pupil

and each Bragg reflection will take on the shape of the lens

pupil. Further broadening of the reflection in the perpendi-

cular direction, along the Debye–Scherrer ring, would only be

possible for very large mosaic spreads �� larger than 1� and

would be more apparent for reflections at large Bragg angles.

We show an example of a snapshot (static) diffraction from a

disordered salicylic acid crystal in Figs. 5(g) and 5(h). This

pattern was recorded using off-axis MLLs of 0.015 NA, for

which � = 0.9�. The Bragg reflections have the angular extent

of the lens pupil, indicating a mosaicity of about 1�. All

reflections have about the same shape, but note that a rotation

along the Debye–Scherrer ring by 1� would only extend the

diffracted intensities in the perpendicular direction by about

15% of the pupil width at a resolution of 5 Å (and less for

lower-resolution reflections). [The thin vertical line to the left

of the strong reflections in Fig. 5(h) occurs at �x ¼ 0 and is

caused by diffraction from the line focus produced by the

vertically focusing lens, as discussed in Section 5.1.]

The spreading of diffracted intensities from Bragg streaks

for a single perfect crystal to intensity profiles that resemble

the full pupil for a mosaic crystal prevents the ability to form

spatially resolved topographs, since the spatial resolution

provided by the location of the deficiency line is then lost. This

can be mitigated by placing the sample at a short defocus

distance where the beam illuminates only a small number of

domains. Generally, for low mosaic spreads of the order of

0.1�, the mosaicity broadens the Bragg streak and blurs the

rotation topograph by a comparable amount. The spatial

resolution of the topograph is then approximately �f �� for a

crystal defocus distance �f .

3.3. Tomo-topographs

The topographs of the different reflections of the wedged

silicon crystal in Fig. 4(c) occur for different crystal orienta-

tions as the corresponding RLP passes through the partici-

pating reciprocal-space volume of the convergent beam.

Unlike the snapshot topograph of Fig. 2(e), they present

different projected views through the crystal. In general,

however, strain and defects in the crystal will produce a

contrast in the topograph that depends on the orientation

relative to the incident beam, requiring the methodology of

tensor tomography (Korsunsky et al., 2006; Carlsen et al.,

2024) to obtain a complete 3D description.

Here, instead, we solve the simpler problem of recon-

structing the volume SðxÞ of a perfect crystal that can be

described by equation (4). That is, every reflection is depen-

dent on the common 3D shape SðxÞ of the crystal, and each

Bragg streak maps a projection through this shape as

described by equation (5). In this situation, the tomographic

reconstruction of SðxÞ can be achieved from rotation topo-

graphs (Section 3.1) measured from many different RLPs

Ghk‘, as long as each can be normalized by the corresponding

structure factor. When the structure factors are not known, a

self-consistent reconstruction of all jFhk‘j
2 and SðxÞ can be

obtained if the crystal volume is fully captured in each topo-

graph. In this case, the integral of a projection of SðxÞ is equal

to the total diffracting volume of the crystal.

In this way, a tomographic reconstruction can be made, even

when rotating the crystal around a single axis, perpendicular to

the optical axis. To confirm this, we carried out a measurement

on another well characterized Si crystal shown in Fig. 6(a).

This was prepared by focused ion-beam milling a crystal to a

size of 12 � 10 � 20 mm with a letter ‘F’ milled into one

surface to a depth of about 2 mm. The crystal was mounted on

a pin with the ½1�10� direction aligned vertically, perpendicular

to the rotation axis (parallel to the y axis), and with the [001]
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direction along the normal vector of the surface with the letter

‘F’ (� z axis). The crystal was placed at a defocus of 940 mm,

giving a magnification of about 174 at a detector distance of

16.4 cm. Diffraction was recorded as the crystal was rotated

over a range of 180� with a step size of 0.02�. The highest-

order reflection was 531, at a resolution of 0.92 Å� 1. In total,

243 undistorted rotation topographs were assembled from the

rotation series, and 83 full topographs of high quality were

selected, corresponding to 82 views through the crystal with an

average angular separation of 2.2�. Each topograph was

normalized by the factors L, W, P and by the known structure

factors of Si.

The 3D reconstruction of SðxÞ shown in Fig. 6 was achieved

using the simultaneous iterative reconstruction technique

(SIRT), as detailed in Section 5.2.5. Calculated re-projections

PS from the volume in two orthogonal directions are shown in

Figs. 6(b) and 6(c). Projections along thin slabs depicted by the

green and blue dashed lines in Fig. 6(b) are displayed in Figs.

6(d) and 6(e). The slab near the surface of the carved face

clearly shows the ‘F’ feature, and the spatial resolution can be

estimated from this to be about 0.5 mm, which is consistent

with the Crowther estimate (Crowther et al., 1970) given by

the object diameter multiplied by the average angular

separation of views. This test confirms that topographs

obtained from various Bragg reflections do provide projection

images of the crystal as viewed along the kin direction.

3.4. Structure factors from rotation measurements

In a single-crystal X-ray diffraction experiment, structure-

factor estimates are usually obtained by integrating the counts

in Bragg peaks as the crystal is rotated, to sweep the Ewald

sphere through each RLP volume. The measured intensities

may be dependent on the crystal morphology such as crystal

defects, polycrystallinity or twinning, as well as on the

absorption of the incident and diffracted beams in the crystal

volume. Methods to account for these factors include

comparing the intensities of symmetry-related reflections

(Walker & Stuart, 1983) or acquiring additional tomographic

measurements of the sample density (but not necessarily of

the crystallinity) (Lu et al., 2024; Polikarpov et al., 2019). When

the crystal is placed out of focus and fully illuminated by the

X-ray beam, then structure factors can be estimated by inte-

grating the counts in each topograph, giving the potential to

exclude parts of the crystal that may be defective or strained,

or even to obtain structure factors as a function of position in a

crystal. The complete tomographic information about the

crystal, as described in Section 3.3, can also be used to correct

the structure factors for absorption and to accurately estimate

the X-ray dose accumulated in a measurement. From equation

(6),

jFhk‘j
2 ¼

1

c P L W V

Z Z

Ihk‘ð�x; �yÞ=jAð�x; �yÞj
2 d�x d�y;

ð7Þ

where V is the crystal volume that contributes to the

measurement. For a rotation series with a fine step size and

with the crystal fully illuminated by the defocused beam, V is

equal to the volume of the entire crystal for all orientations so

the integrations of equation (7) can be carried out by summing

over all pixels of each topograph.

We note that the signal-to-background ratio of Bragg

intensities measured this way is lower than that obtained in a

standard rotation measurement using a collimated beam, since

the signal is partitioned into more detector pixels in CBXD.

The background is caused by scattering of non-crystalline

material in the X-ray path, such as the supporting structure or

air, and so would give the same counts per pixel in either

method for the same incident flux in the focused or collimated

beams. Consider a focused beam that projects to a uniformly

illuminated area of Np � Np pixels on the detector. Given a

background of B photons per pixel on the detector, we will

measure a signal-to-background ratio in each pixel along the

Bragg streak proportional to 1=B. If the topograph covers

Np � Np pixels (i.e. the crystal is larger than the defocused

beam), we gain a factor of ðN2
pÞ

1=2, or a signal-to-background

ratio proportional to Np=B. If, instead, the photon flux

(proportional to N2
p) was in a collimated beam, and if the
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Figure 6
3D tomo-topograph of a single bulk crystal. (a) SEM image of the Si
single-crystal sample. The crystal is an approximate cubiod with dimen-
sions 10 � 20 � 10 mm along the x, y and z axes, respectively. A letter ‘F’
is carved into one surface of the crystal. (b), (c) Views of the crystal shape
SðxÞ as projected along the y and x axes, respectively. (d), (e) Views of
slabs of SðxÞ indicated by green and blue dashed boxes in (b), projected
along the z axis. The ‘F’ letter feature was etched into the surface to a
depth of about 2 mm.



Bragg peak width was less than a single pixel in a rotation

measurement, it would be measured with a signal-to-back-

ground ratio proportional to N2
p=B. That is, the signal-to-

background ratio in CBXD is 1=Np times that of conventional

rotation crystallography.

To evaluate the validity of equation (7) (and in particular

the factors L and W), and to evaluate the accuracies of the

resulting structure-factor estimates, we carried out the analysis

of the same CBXD dataset of the small cuboid Si crystal as

used to generate the tomo-topograph shown in Fig. 6,

consisting of 9000 CBXD patterns with a step size of 0.02�.

Indexing of the rotation dataset of Si could be performed

easily by inspection.

Only reflections that gave topographs of the full crystal

were used in the analysis. Each topograph, after normalizing

by jAð�x; �yj
2, provides pixel values from which estimates can

be determined of the mean and standard deviation of the

structure factors jFhk‘j. These are plotted as black crosses in

Fig. 7, with only a correction to account for the change in

detector quantum efficiency as a function of the scattering

angle 2�. This is given by

D ¼ 1 � exp �
�det ts

cos 2�

� �
; ð8Þ

where ts is the thickness of the sensor material of the detector

and �det is the linear attenuation coefficient of the material.

The efficiency increases as the apparent thickness of the

sensor material, oriented normal to the optical axis, increases

for rays impinging at an angle 2�. Standard crystallographic

data collection and analysis programs usually account for this

factor.

Calculated structure factors of Si were obtained from

tabulated values of atomic scattering factors (Brown et al.,

2006) after applying a Debye–Waller factor, plotted as blue

stars in Fig. 7. These can be compared in the plot with the

values of ð�Ihk‘Þ
1=2, without correction by the factors L, W or P

(black crosses). The structure factors are grouped in the plot

by symmetry-equivalent reflections. That is, no averaging over

symmetry-related reflections was performed. It is seen that

there is a wide variation of the uncorrected values within each

group of symmetry-equivalent reflections, and the values do

not correlate well with the known structure factors, as quan-

tified in Table 1.

Normalizing by the Lorentz factor L ¼ 1= sin 2�B improves

the estimated structure factors, shown as green squares in Fig.

7. However, since this factor is the same for each reflection in a

symmetry-equivalent family, it does not improve the variation

within each family. This is achieved with the correction of

W ¼ 1= cos � to account for the apparent angular velocity of

the Bragg streaks. The yellow triangles in Fig. 7 give the

structure factors normalized by both the L and W factors. The

final correction by the factor

P ¼ cos2 2�B cos2 � þ sin2 �; ð9Þ

to account for the horizontal polarization of the incident

beam, provides an even better agreement with calculated Si

structure factors, as shown by the red circles in the figure and

as can be seen from Table 1.

Although not a concern for this Si crystal, in larger crystals,

X-rays are partially absorbed in the crystal, reducing the

measured diffraction counts. The transmission through the

crystal for a particular reflection can be calculated by deter-

mining all possible paths through the crystal for rays incident

at kin and which scatter into the scattering direction of kout.

This can be done for a single, perfect crystal, where the density

distribution is given by SðxÞ. Assuming kinematical diffraction,

scattering only occurs once and hence along the path of the

incident beam, indicated by blue in Fig. 1( f). The transmission

for a given pair of wavevectors kin and kout can be calculated

for all paths Linðs0Þ þ Loutðs0Þ intersecting the crystal shape

SðxÞ, where the scattering point s0 ranges from 0 to the crystal

thickness t, as

Tðkin; koutÞ ¼
1

t

Zt

0

exp � �xtal ½Linðs0Þ þ Loutðs0Þ�
� �

ds0: ð10Þ

Here �xtal is the linear absorption coefficient of the crystal

material. The transmission can be calculated for all kinð�Þ

vectors of the Bragg streak or for all kinð�x; �yÞ vectors of a

topograph. This calculation can also be used to accurately

compute the dose to the crystal. The longest path length

through the Si crystal was less than 25 mm, and we find that the

absorption factor is generally not less than 0.99.

When all corrections are incorporated, we find that the

measurements gave an error of about 2%, shown as red circles
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Figure 7
Validation of the intensity factors for CBXD. Structure-factor estimates
jFhk‘j of the single-crystal silicon ‘F’ cuboid sample from a CBXD rota-
tion measurement compared with calculated structure factors (blue
stars). The corrections applied are D (black crosses), DL (green squares),
DLW (yellow triangles) and DLWP (red circles). The reflections are
grouped according to the space-group symmetry Fd�3m of the structure.
The structure factors are plotted in units of electrons.

Table 1
Pearson correlation coefficients and R factor between experimental
values and calculated values of structure-factor moduli of the silicon
crystal to a resolution of 0.92 Å, with various corrections applied.

Correction jAj2D (Raw) jAj2DL jAj2DLW jAj2DLWP

Pearson correlation
coefficient

0.7813 0.7738 0.9648 0.9951

R factor 0.2316 0.1676 0.0685 0.0200



in Fig. 7. The residual error might be explained by dynamical

diffraction effects and variability of the incident flux. The

analysis does show that the incorporation of every correction

factor brings the estimated structure factor closer to the

known value, validating the derivation and need for each.

As discussed in Section 3.2, a high degree of disorder in the

crystal, such as mosaicity, can impair the spatial resolution of

the topograph, which will then limit the ability to extract

structure factors from different parts of the crystal. As such,

the approach is more suited to the study of crystals with strain

or a variation of structure factors throughout the crystal (e.g.

due to molecular binding or conformational changes).

However, even for large mosaic spreads, the correction factors

P, L and W in equations (6) and (7) remain largely valid

because they apply individually to each mosaic block.

Differences may arise with highly coherent illumination of the

lenses, which will cause the diffraction from different blocks to

interfere, requiring the formalism of Bragg ptychography

(Hruszkewycz et al., 2017).

4. Example: vitamin B12 convergent-beam diffraction

Following the approaches of Section 3, topographs and

structure factors of a vitamin B12 crystal were obtained from a

rotation series. This dataset was reported previously

(Chapman et al., 2025), where indexing was carried out to map

Bragg streaks back to their deficiency lines but no structure

analysis was carried out. The vitamin B12 crystal was about

140 mm wide and was placed out of focus by 3.5 mm to ensure

that it was fully illuminated throughout the entire rotation

scan (see Methods, Section 5.1). The crystal was rotated about

the vertical (y) axis with a step size of 0.05� and an exposure

time per step of 0.5 s. The static diffraction pattern shown in

Fig. 2(d) is one exposure of the rotation series. The result of a

rotation topograph of the 412 reflection, formed over a rota-

tion range of 2.5� and corrected for the aperture function, is

shown in Fig. 8(a), reproduced from Chapman et al. (2025),

again in good agreement with the optical image of Fig. 2( f).

The cross pattern of higher counts along the lines �x ¼ 0 and

�y ¼ 0, due to diffraction from the two orthogonal line focii,

aid indexing, as described in Section 5.1. These features were

excluded from the integration of counts in the topograph since

the illumination volume of the crystal for these beams is not

well known.

A model of the crystal shape SðxÞ was constructed from

undistorted full topographs obtained at 36 crystal orientations

(Section 3.3), as shown in Fig. 8(b). Structure factors were then

obtained by integrating those topographs that displayed the
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Figure 8
Crystal and molecular structure of the vitamin B12 crystal. (a) Rotation topograph of the 412 reflection of the vitamin B12 crystal used in Fig. 2,
reproduced from Chapman et al. (2025), under the terms of a CC4 license. Rendering of the crystal volume SðxÞ obtained from all topographs. (c)
Histograms of relative errors �ð�IÞ=�I of reflections obtained from the full crystal, the top and bottom halves, and from the collimated beam. (d) Structure
and �-weighted 2Fo � Fc electron-density map (mesh) of vitamin B12 obtained from the entire crystal volume. (e) Map of the electron density in a slice
through the corrin ring of vitamin B12.

https://creativecommons.org/licenses/by/4.0/legalcode


entire crystal. However, for a rotation series about a single

axis perpendicular to the optical axis, there are many reflec-

tions close to that axis that only produce partial topographs,

and which otherwise would require rotation about a second

axis to complete. This may also be the case if the scan is

performed in blocks of rotations to reduce the total number of

recorded diffraction patterns (to save time or reduce dose).

This real-space partiality problem was addressed by fitting a

scale factor to match the partial topograph to a re-projection

of the tomographic reconstruction of SðxÞ. In this way, a

complete set of structure factors was obtained to a resolution

of �=ð2 sin �Þ = 1.2 Å.

An example of the fitting of a partial topograph is shown in

Fig. 9. The measured topograph of the 4�2�2 reflection is shown

in Fig. 9(b) and can be compared with the full topograph in

Fig. 9(a) formed from the 412 reflection. The calculated re-

projected topograph PS in the kin direction for that 4�2�2

reflection is given in (d). This reflection was relatively weak,

and the re-projected topograph enables a mask to be defined

for the region for integrating counts, as shown in Fig. 9(c). The

sum of counts over this masked region in (b) is then multiplied

by the ratio of the counts integrated over the partial and full

areas of the re-projected view (d). A similar fitting procedure

can also be used on complete topographs to improve the

estimate of jFhk‘j
2, and on sparse topographs that were

recorded with a rotational step size much larger than the

Bragg streak width �� [such as illustrated in Fig. 4( f)].

The tomograph of the crystal shape function was also used

to correct for absorption in the crystal, as described in Section

3.4. This calculation gave a correction of 0.95 for this crystal of

maximum diameter 140 mm. For this sized crystal there was no

need to consider dynamical diffraction effects. The same ray

tracing to compute the absorption also enables an accurate

estimation of the dose in the crystal, giving an estimate of

42 kGy for an incident fluence of 5� 109 ph s� 1 in the focused

beam.
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Table 2
Data collection and refinement statistics of the vitamin B12 crystal.

Parameter Full crystal Upper half Lower half

Empirical formula C63H87CoN14O33P C63H87CoN14O33P C63H87CoN14O33P

Formula weight (Da) 1658.36 1658.36 1658.36
Temperature (K) 293 293 293
Crystal system Orthorhombic Orthorhombic Orthorhombic
Space group P212121 P212121 P212121

a (Å) 15.704 (16) 15.704 (16) 15.704 (16)
b (Å) 22.15 (2) 22.15 (2) 22.15 (2)
c (Å) 24.96 (3) 24.96 (3) 24.96 (3)

�, �, � (�) 90, 90, 90 90, 90, 90 90, 90, 90
Volume (Å3) 8683 (15) 8683 (15) 8683 (15)
Z 4 4 4
Density (g cm� 3) 1.269 1.269 1.269
Wavelength (Å) 0.708 0.708 0.708
Absorption coefficient (mm� 1) 0.302 0.302 0.302

Crystal size (mm) 140 � 90 � 70 140 � 40 � 70 120 � 50 � 70
F(000) 3476 3476 3476
� range (�) 1.526–17.355 1.526–17.294 1.526–17.355
Reflections collected 15605 14895 16343
Completeness (%) 97.9 98.7 98.0
Independent reflections 5281 5251 5305
Observed reflections [I > 2�(I)] 3907 3521 3581

Rint 0.1396 0.1407 0.1502
Goodness of fit on F2 0.825 0.772 0.781
R [I> 2�ðIÞ] 0.0841 0.0823 0.0826
wR(F2) (all data) 0.2303 0.2295 0.2283
Data/restraints/parameters 5281/860/958 5251/860/958 5305/860/958

Figure 9
Estimation of structure factors from partial topographs. (a) A full topo-
graph for the vitamin B12 crystal of Fig. 2, formed from reflection 412. (b)
A partial topograph from reflection 4�2�2. (c) The enhanced reference
obtained by summing multiple full topographs of similar orientations. (d)
Re-projection PSð�x; �yÞ at the crystal orientation x giving the 4�2�2
reflection. The crystal boundaries (indicated by the colored dashed
polygons) were determined for each full or partial topograph, and the
topograph was masked in regions outside the boundary. Only the Bragg
signal within the red boundary was used to estimate the structure factor
by scaling each topograph to either the reference or the re-projection.



Since structure factors are determined from topographs of

the crystal, in this case the relative standard error of the

integrated intensities, �ð�IÞ=�I, can be derived from the photon

counts measured in many different detector pixels. This is

done by computing the standard deviation of the values of the

topograph, normalized by SðxÞ and by the lens aperture

function, and excluding regions due to the line foci and direct

beam. Histograms of the relative errors, �ð�IÞ=�I, are shown for

the vitamin B12 crystal in Fig. 8(c). The approach of obtaining

integrated intensities and errors by CBXD is compared with

that of a conventional rotation dataset with a collimated beam,

by plotting the distribution of errors as computed by utilizing

intensities originating only from the unfocused beam compo-

nent at ð�x; �yÞ ¼ ð0; 0Þ. The total counts in the unfocused and

focused beams were comparable, but the mean and median

errors are larger for the collimated beam.

The structure of vitamin B12 obtained from the measured

structure factors is displayed in Figs. 8(d) and 8(e), and data

and refinement statistics are given in Table 2 (see also Section

5.3). The quality of the CBXD reconstruction is restricted by

the limited resolution of the diffraction data and possibly also

due to background scattering and radiation damage. Never-

theless, the result validates the data collection methodology

and analysis.

4.1. Volume-dependent structure factors

A potential of CBXD is to extract structure factors from

different regions of the crystal volume, SðxÞ, e.g. when the

occupancy of a binding ligand varies as it diffuses into a

protein crystal or to determine the relationship between

conformation and crystal strain in a photo-reactive crystal.

Obtaining the diffraction signal from a sub-volume of the

crystal can be described as inverse tomography, equivalent to

the task in radiotherapy of concentrating dose in a particular

region by tailoring the radiation illumination profile at various

orientations of the patient (Oelfke & Bortfeld, 1999). Given

SðxÞ, the contribution of a particular voxel can be projected

onto each measurement, but solving for the value of the signal

in the voxel requires measurements along many lines of sight.

Extracting structure factors from particular regions of a crystal

is complicated by the fact that the projection topograph for a

particular RLP can only be obtained when it is in the

diffracting condition. This necessitates collecting data for

crystal rotations around several axes, or by comparing topo-

graphs of reflections that are equivalent due to crystal

symmetry. Here, we demonstrate the general concept on the

vitamin B12 dataset by extracting two sets of structure factors

from the top and bottom halves of the crystal as it is rotated

about the vertical axis. In this rotation series, these regions

never occlude each other, enabling every topograph to be

separated into its top and bottom contributions. The structure

factors and relative errors [Fig. 8(c)] were nearly identical

for the two halves, as would be expected for a flawless

crystal. Refinement statistics for the two halves are given in

Table 2.

5. Methods

5.1. Experiment and instrumentation

Experiments were performed at a photon energy of

17.5 keV (0.7 Å wavelength) at the P11 beamline of the

PETRA III synchrotron radiation facility, using an X-ray

microscope setup (Zhang et al., 2024) to mount and align the

MLLs and to position and rotate the crystal sample. Diffrac-

tion data were recorded on an EIGER X 16M detector with a

Si sensor (Dectris) consisting of 4148� 4362 pixels. This

detector was mounted on rails and used at a long distance of

about 2 m for aligning and characterizing lenses, and then

brought to a distance of 16 to 20 cm for high-angle diffraction

measurements. The beam illuminating the lenses was passed

through a Si 111 channel-cut monochromator and then broa-

dened to a height and width of more than 5 mm by adjusting

the bending of the beamline Kirkpatrick–Baez mirrors. This

was done to increase the transverse spatial coherence of the

incident beam to match the width of the lens apertures. With

full coherence, the lenses will focus to a diffraction-limited

spot, but broadening the incident beam reduced the measured

counts in the focused beam to about 1010 ph s� 1. In retrospect,

it was not necessary to increase the transverse coherence

length since the topographs were only recorded at micrometre

resolution, and thus it may have been possible to record

data about 100 times faster with an illuminating beam of

0.5 � 0.5 mm.

Two pairs of lenses were used for the experiments. All

lenses were prepared by masked deposition using magnetron

sputtering (Prasciolu et al., 2015). Each lens of the pair was

mounted on a separate hexapod in the X-ray microscope and

then brought into its diffracting condition to give the highest

counts into the focused beam, as measured on the EIGER

detector. The lenses were then overlapped in the beam to

produce a 2D focus. From the two astigmatism terms of the

wavefront measured by speckle tracking (Ivanov et al., 2022;

Dresselhaus et al., 2024), adjustments were made to ensure the

lenses focused in orthogonal directions to a common plane

(Zakharova et al., 2025). For the measurements of the Si

crystals, a pair of off-axis MLLs were used with 0.015 NA and

focal lengths of 1.15 and 1.25 mm at 17.5 keV. Both lenses of

this pair consisted of 10855 bi-layers, with layer periods

ranging from 8.8 to 2.0 nm. With this, each lens aperture was

about 35 mm high, ranging from 10 mm from the optical axis to

45 mm from the optical axis. A second pair of MLLs was used

for the measurements of the vitamin B12 crystal, as reported

by Chapman et al. (2025). These were on-axis lenses with

0.028 NA and focal lengths of 1.25 and 1.26 mm at 17.5 keV,

consisting of 16965 bi-layers with a minimum period of

2.06 nm. The lens apertures were about 70 mm high, centered

on the optical axis.

MLLs themselves diffract X-rays according to the principles

of dynamical diffraction and each lens gives rise to a focused

(diffracted) and unfocused (zero-order) beam (Yan et al.,

2014). The pair of lenses thus create a 2D focus, two ortho-

gonal line foci and a zero-order beam. These components are

composed of incident wavevectors, respectively, given by
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kinð�x; �yÞ, kinð�x; 0Þ, kinð0; �yÞ and kinð0; 0Þ, where �x and �y

range over � � to �. The zero order and line foci can be fully or

partially blocked by a combination of an order-sorting aper-

ture upstream of the focus and a complementary central stop

and aperture upstream of the lenses. For an off-axis lens, the

2D focused beam diverges from the zero orders and so a

crystal that is fully illuminated by that beam does not intersect

the line foci or the collimated beam. For a pair of on-axis

lenses, however, these will intersect with the crystal and give

rise to additional components of diffraction. For example, for

the vertical line focus, additional diffraction intensity will be

observed in the direction kinð�x; 0Þ þG if the deficiency line

crosses the �x axis. These components, including diffraction by

the zero-order kinð0; 0Þ beam, are very apparent in rotation

topographs, as seen in Fig. 8(a). They directly provide the

ð�x; �yÞ coordinates.

The Si crystals were mounted on the tops of glass pins, while

the vitamin B12 crystal was mounted in a loop, contained

within a sealed Kapton tube. These were placed on a sample

stage with x–y–z positioning and rotation around the vertical

(y) axis. A square order-sorting aperture of 20 mm width was

placed between the lenses and sample, close to the focal plane,

to cut most of the unfocused orders of the lenses, and to block

diffuse scattering on the detector from the lens materials. The

crystals were placed downstream of the focus by a sufficient

distance to fully illuminate them in the diverging beam. All

measurements were made at room temperature.

Vitamin B12 crystals were prepared by first suspending

90 mg of cyanocobalamin (Carl Roth, Germany) in 4 ml of a

10%(v/v) aqueous solution of ethanol. The resulting saturated

solution of cyanocobalamin was allowed to settle and vapor-

diffusion crystallization was carried out as follows: 2 to 4 ml

droplets of saturated cyanocobalamin solution were trans-

ferred either to siliconized glass cover slides (Jena Bio Science,

Germany) or into crystallization wells of a MRC-2 crystal-

lization plate (Molecular Dimensions, UK). The reservoir of

the crystallization plate was filled with 100 ml of pure water,

1 mol l� 1 NaCl (Carl Roth, Germany) in water or 10%(v/v)

PEG 400 (Sigma Aldrich, Germany) in water. The glass cover

slides were placed over the reservoirs of a 24-well crystal-

lization plate (Hampton Research, USA) and the system was

sealed with vacuum grease. The MRC-2 plate was sealed with

ClearVue sheets (Molecular Dimensions, UK). Crystals of

vitamin B12 grew in all conditions within 24 h. The salicylic

acid crystal was obtained from the stock powder (Sigma

Aldrich, Germany). Grains were mixed with grease and

applied to a Kapton foil.

5.2. Analysis of diffraction data

The CBXD data in a rotation scan were processed via the

steps of background subtraction of diffraction patterns and

masking of improper pixel values, streak detection, indexing,

intensity integration and merging of intensities.

5.2.1. Pre-processing of diffraction frames

Raw diffraction frames were first corrected for the detector

quantum efficiency, D [equation (8)]. In addition to the

desired CBXD signal of Bragg streaks, diffraction patterns

contain a diffuse background due to scattering and fluores-

cence from any matter along the beam path (including air,

solvent, sample support), which was approximately constant

throughout the scan. This background is best computed after

excluding the Bragg streaks from the analysis, but to find all

Bragg streaks we must first subtract the background. Our

strategy was to subtract an initial estimate of the background

at each detector pixel to improve the detection of Bragg

streaks, and then re-estimate the background only after the

positions of predicted Bragg streaks matched observations.

This initial estimate of the background was obtained from the

median value of counts in the pixel as a function of frame

number. In this process, some pixels were identified as bad if

they gave consistently low values (‘dead’ pixels that are

unresponsive to photons) or consistently high values (‘hot’

pixels). These pixels were masked from the analysis. Prior to

subtracting the background estimate, pixels with saturated

counts were identified.

5.2.2. Streak detection

Streaks were identified as connected regions of pixels that

exceed a particular intensity threshold. They were detected by

creating a binary array equal to 1 in pixels that exceed the

threshold. A group of pixels was considered as connected if

they join at shared edges or corners. All such self-connected

regions were characterized by their pixel count, coordinates,

length, width, intensity-weighted centroid, orientation and

aspect ratio. Bragg streaks were then selected as regions

exceeding a given number of connected pixels. This bound and

the intensity threshold were optimized by inspection of the

patterns.

5.2.3. Indexing – initial estimation

Indexing requires determining both the RLP associated

with each Bragg streak and the incident kin deficiency line.

One approach to index a rotation series is to initially assume

that the centroid of each distorted topograph, located at kout;c,

is generated by the central ray of the lens aperture (the chief

ray), kin ¼ kinð0; 0Þ, so that G ¼ kout;c � kinð0; 0Þ. This would

be the case if both the crystal and the rotation axis of the

crystal were centered on the beam diverging from the focus, an

assumption that is not necessarily true, as can be seen from

Fig. 2(e). Nevertheless, the error in locating G this way can not

be more than the beam convergence angle �, which is usually

smaller than the angle between neighboring RLPs. Using the

SPIND software (Li et al., 2019), the lattice points G found in

this way are then placed as voxels in a 3D reciprocal-space

array which is Fourier transformed to obtain a first estimate of

the lattice constants of the crystal and its orientation matrix.

We observed that the autocorrelation of the reciprocal-lattice

array obtained by the Fourier transform extended over several

real-space lattice positions – enough to give a good estimate of

the lattice parameters (if not known a priori) and the orien-

tation matrix.
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This approach to obtain an initial estimate of the lattice

parameters and orientation matrix can also be used for data

collected over small rotation ranges, or even a single pattern.

The centroid of the Bragg streak or partial topograph is then

used to estimate G. This approach is aided by the fact that

many more reflections are excited in a CBXD pattern than for

a collimated beam.

As mentioned in Section 5.1, on-axis MLLs provide the

ð�x; �yÞ coordinates for each topograph. In that case, the

location of the kout vector corresponding to the kinð0; 0Þ illu-

mination of each topograph, and the crystal rotation x for that

diffracting condition, can then be used in any indexing algo-

rithm for conventional rotational crystallography, such as

MOSFLM (Leslie, 2006) or XDS (Kabsch, 2010) for macro-

molecular crystals. For snapshot diffraction patterns, the

orthogonal fiducial diffraction also constrains the kin coordi-

nates of the streaks. One high-intensity pixel in a Bragg streak

indicates it crosses either one of the �x or �y axes, and two

high-intensity pixels provide two discrete options.

5.2.4. Indexing – refinement

After obtaining an initial estimate of the lattice parameters

and orientation matrix, these quantities were then further

refined by comparing the observed positions of kobs
out in every

pattern with Bragg streaks kcalc
out calculated from equation (1)

for lattice parameters px, the orientation matrix R and para-

meters that define the experiment geometry pg. The refine-

ment of each pattern minimizes a loss function with respect to

the parameters, defined as

L ¼
1

Ns

XNs

i

kobs
out;i � kcalc

out;i pg; px;R
� ��

�
�
�; ð11Þ

where the index i denotes each Bragg streak and Ns is the total

number of observed streaks in the pattern. The geometrical

parameters include the distances of the detector and crystal

from the beam focus, the coordinate and tilt of the chief ray of

the lens, and the wavelength. The minimization of L was first

carried out using the differential evolution (DE) algorithm

(Storn & Price, 1997; Das et al., 2016), followed by the

application of a gradient descent method. When the on-axis

MLL was used, the constraints of the kin coordinates, such as

the NA and kinð0; 0Þ, were applied in a second round of

refinement. This usually brought the predicted positions in

agreement with the observations to pixel precision.

5.2.5. Generation of topographs

After the refinement of the geometry and crystal para-

meters, the background in each diffraction pattern was re-

calculated, using both detected and predicted Bragg streak

locations to define a mask for each pattern that excludes all

Bragg streaks. Background counts for each pixel in a pattern

were then estimated from the average of unmasked pixel

values at that same location for the 50 frames closest in

rotation angle to that pattern in the rotation series. This

provides a much more accurate estimate of the background,

which was subtracted from the raw patterns. The background-

corrected pixel values within the predicted Bragg streak

masks were then mapped to the kinð�x; �yÞ coordinates and

normalized by the measured aperture function jAðkinÞj
2 to

form real-space undistorted topographs (Section 3.1). Prior to

this normalization, the aperture function was smoothed to

account for inaccuracies in the mapping to kin coordinates.

We make the approximation that each topograph is the

projection through the crystal shape in a fixed orientation as

described by equation (6). The 3D volume of the crystal shape

was computed tomographically from a number of views N that

was usually chosen to be less than the number of observed

Bragg streaks, typically N ¼ 36. For each orientation bin, an

enhanced topograph was obtained from the sum of all topo-

graphs obtained from Bragg streaks observed within that

orientation range and then normalized by the total integrated

counts. The normalized topographs were then combined

tomographically to form the 3D image SðxÞ of the crystal. This

was done using SIRT (Kak & Slaney, 1988) implemented in

the TomoPy Python package (Gürsoy et al., 2014).

5.2.6. Calculation of structure factors

The tomo-topograph serves as a complete model of the

crystal, SðxÞ, and is used to account for the dependence of the

diffraction counts in Bragg streaks and rotation topographs on

the projected thickness of the crystal. For each RLP, a re-

projected 2D map PSðhk‘Þ was computed from SðxÞ. Next,

estimates of integrated intensities �Ihk‘ were obtained from full

or partial topographs Ihk‘ð�x; �yÞ by performing a pixel-wise

division of Ihk‘ð�x; �yÞ by PSðhk‘Þ. Where warranted, the

topographs can also be divided, pixel-wise, by the transmission

factor of equation (10) to correct for absorption in the crystal.

Each pixel value of this map should be proportional to the

squared structure factor, and so the entire map provides many

independent measures of that quantity. The mean of this map,
�Ihk‘, accounts for the measurement of an incomplete topo-

graph. The median can also be computed as a more robust

estimate that avoids the influence of outliers.

The integrated intensities �Ihk‘ were finally corrected by the

factors P [equation (9)], L [equation (3)] and W ¼ 1= cos �.

For higher precision, these corrections can instead be first

performed pixel-wise on the topographs Ihk‘ð�x; �yÞ. The

errors in the corrected integrated intensities were evaluated as

the standard deviation of the pixel-wise division of Ihk‘ð�x; �yÞ

by PSðhk‘Þ. Errors were estimated for individual reflection

measurements, and also by comparing with the values of

symmetry-related reflections in the merging stage.

5.3. Structure determination of vitamin B12

The structure was solved using SHELXT (Sheldrick, 2015b)

using the known space group and unit-cell parameters, as well

as the atom types that form the molecule. The initial structure

was inspected using ShelXle (Hübschle et al., 2011) and Olex2

(Dolomanov et al., 2009), and corrected to match the known

composition of cyanocobalamine. The H atoms were located

according to their heavier bonding partner atoms (‘riding-H’)

with constraints on all bond lengths and angles to ensure they
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are chemically reasonable. The model was further refined

using SHELXL (Sheldrick, 2015a), where non-H atoms were

refined anisotropically. The final refinement parameters can be

assessed by the respective .res, .ins and .cif files (see the

supporting information). The images of Figs. 8(d) and 8(e)

were created using PyMOL (Schrödinger, 2024). The

�-weighted 2Fo � Fc map of vitamin B12 is shown contoured at

1.5� and carved at 1.2 Å around the atoms. The H2O mol-

ecules in the structure, as well as the hydrogen atoms of the

vitamin B12, are hidden. For these maps, ccp4-maps were

created from .fcf files in Coot (Emsley et al., 2010) and, like-

wise, .res files were exported to .pdb files for better handling in

PyMOL.

6. Discussion and conclusions

Using newly available multilayer Laue lenses, CBXD

combines X-ray microscopy with crystallography. The

convergence angles of MLLs can be as high as several degrees,

creating a focused probe that is only several nanometres in

size, comparable to the unit-cell size of a protein crystal

(Dresselhaus et al., 2024). Even when illuminated by this small

focus, the diffraction of a 3D crystal consists of Bragg reflec-

tions, essentially due to the periodicity apparent along the

beam axis. These reflections occur for RLPs that are located in

the volume of reciprocal space swept by Ewald spheres

generated from all incident wavevectors supplied by the lens.

The Bragg reflections take the form of streaks, each formed by

diffraction of the corresponding deficiency line of incident

wavevectors from the lens that together lie on the Kossel cone

(Frank, 1972). The length of the Bragg streaks is thus deter-

mined by the lens convergence angle and the short direction of

the streak provides the full rocking curve of the reflection.

For a crystal in focus, all Bragg streaks originate from a

common focal volume that intersects the crystal. Images could

therefore be constructed from various diffraction signals by

rastering the crystal through the beam, as in the approach of

Bragg ptychography (Hruszkewycz et al., 2017). In practice,

using synchrotron radiation, the tightly focused beam quickly

damages molecular crystals, and here we explored a different

approach of generating magnified topographs (maps of the

diffraction efficiency) with the crystal placed out of focus. The

resolution of these topographs is set by the pixel size of the

detector or mosaicity of the crystal and the magnification as

set by the relative distance of the detector or the crystal to the

focus. Since the detector is usually set to a short distance (tens

of centimetres) as needed to measure Bragg reflections to a

high scattering angle, the magnification may depend on the

crystal size (placed as close to the focus where it is still fully

illuminated by the diverging beam). The topographs of the

crystal will then be sampled according to the number of pixels

that the diverging beam covers at the detector. For a semi-

convergence angle � = 1.6� and detector distance of 17.4 cm,

as used here, there were 74 pixels (75 mm wide) across the

beam, and so sub-micrometre sampling is achieved for crystals

smaller than 74 mm and with mosaicities smaller than about

0.02�. Larger crystals could be analyzed at this resolution by

additionally translating the defocused crystal to form a

number of rotation topographs that are then stitched together.

A 2D topograph of the defocused crystal can be formed

from a single static diffraction pattern that has been accurately

indexed to map streaks back to their incident deficiency lines.

This mapping is usually dense enough to provide a detailed

image of the diffraction efficiency after normalizing each

streak by the square modulus of the structure factor, as shown

in Fig. 3, which then allows a better estimation of the structure

factors – essentially solving a real-space partiality problem.

This analysis is valuable for serial crystallography (Chapman

et al., 2025), but in rotational crystallography, full topographs

can be obtained from each Bragg streak as its deficiency line

sweeps across the illuminated crystal. In this case, lattice strain

can be discerned from the distortion of the Bragg streaks and,

using information from many reflections, it may be possible to

generate maps of the strain tensor. Here, we demonstrated

reconstructing the 3D image of the diffraction efficiency by a

tomographic analysis of topographs from a Si crystal and a

vitamin B12 crystal.

In a single-crystal X-ray diffraction experiment, structure-

factor estimates are usually obtained by integrating the counts

in Bragg peaks as the crystal is rotated to sweep the Ewald

sphere through each RLP volume. The measured intensities

may be dependent on the crystal morphology, such as crystal

defects, twinning or polycrystallinity (Vlahakis et al., 2024),

and the absorption of the incident and diffracted beams in the

crystal volume. Methods to account for these factors include

comparing the intensities of symmetry-related reflections

(Walker & Stuart, 1983) or acquiring additional tomographic

measurements of the sample density (but not necessarily of

the crystallinity) (Lu et al., 2024; Polikarpov et al., 2019). The

topographic analysis obtained by CBXD can be used to solve

for a self-consistent set of structure factors while accounting

for crystal shape and order. The analysis pipeline was vali-

dated by obtaining structure factors of Si to 2% of known

values and by solving the structure of vitamin B12 using direct

methods.

The approach can be used to extract structure factors from

particular regions of the crystal. Here, we obtained the

structure from two halves of the vitamin B12 crystal. In

general, extracting structure factors from arbitrary volumes in

the crystal requires rotating the crystal about more than one

axis, which requires further development. Achieving that may

improve time-resolved crystallography measurements, where

a reaction may sweep through the volume of a crystal

(Ramakrishnan et al., 2021; Chapman et al., 2025; Naumov et

al., 2015), or when the absorption of an optical pulse leads to

non-uniform excitation of photo-active molecules in a crystal

(Schotte et al., 2003). It should also improve the analysis of

binding in crystals, such as in compound-screening crystal-

lography measurements where ligands diffuse into protein

crystals or in the binding of compounds into host framework

structures (Cai et al., 2019; Han et al., 2023). Partitioning the

signal into maps of the crystal does come with the cost of

lower signal-to-background ratio compared with conventional

rotational crystallography on the same sized crystal using a
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collimated beam. Nevertheless, background scattering is low

(no worse than conventional crystallography) and accurate

structure factors could be obtained. The union of diffraction

and imaging in convergent-beam X-ray diffraction should

open many analysis opportunities for a diverse range of

molecular, macromolecular and polymeric crystals.
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