
Applied Physics Letters

Mapping the local nanostructure inside a specimen by tomographic small angle x-ray scattering
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Small angle x-ray scattering is combined with scanning microtomography to reconstruct the small angle
diffraction pattern in direction of the tomographic rotation axis at each location on a virtual section through
a specimen. This data yields information about the local nanoscale structure of the sample. With rotational
symmetry present in the diffraction patterns, e. g., for isotropic or fibre-textured scatterers, the full reciprocal
space information in the small angle scattering regime can be reconstructed at each location inside the specimen.
The method is illustrated investigating a polymer rod made by injection moulding.

Hard x-ray scanning microscopy allows one to perform x-
ray analytical techniques, such as fluorescence analysis, ab-
sorption spectroscopy, and diffraction with high spatial resolu-
tion, revealing the elemental composition, the chemical state,
and the nanostructure of a specimen. In combination with to-
mographic techniques, the structure inside a specimen can be
reconstructed without the need for destructive sample prepa-
ration. A variety of hard x-ray microtomography techniques
has been developed in the past few years, such as fluores-
cence microtomography1 and tomographic x-ray absorption
spectroscopy.2 The main advantage of these techniques is that
one can obtain elemental and chemical information from in-
side a specimen.

In this Letter we exploit small angle x-ray scattering
(SAXS) as contrast in scanning microtomography to obtain
information about the local nanostructure on a virtual section
through a sample. A variety of scanning micro-SAXS tech-
niques have been developed over the past few years and are
widely used to determine the local nano-structure in many
fields of science and technology.3 SAXS contrast is of par-
ticular interest for samples that are homogeneous in elemen-
tal composition and density, but whose nanoscopic structure
varies as a function of position. As an example, we inves-
tigate the variation in structure resulting from the solidifica-
tion of polyethylene inside a mould during injection mould-
ing. While the density and composition of the polyethylene
rod is quite homogeneous, its nanoscopic structure and thus
its mechanical properties are not.

The experimental setup is shown in Fig. 1. Monochromatic
x rays coming from the left are focused onto the sample po-
sition by means of an appropriate x-ray optic. The guard slit
suppresses parasitic scattering from optical components and
residual air paths upstream. The small angle diffraction pat-
tern is recorded by a two-dimensional (2D) detector placed
at a distanceLSD behind the sample. Primary and trans-
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FIG. 1: (a) Side view of the setup for micro-small angle scattering
tomography. (b) Top view of the sample region.

mitted intensity are measured by an ionization chamber and
a positive-intrinsic-negative (PIN) diode inside a lead beam-
stop, respectively. The sample is mounted on a stage with
three translations(s, r, z) (Fig. 1(b)) and one rotationφ about
the verticalz-axis. The coordinate system(x, y, z) is fixed in
the sample frame.

Prior to a tomographic scan, the position of the virtual slice
inside the sample is fixed using thez-translation. Thes-
translation along the beam is positioned such as to bring the
axis of rotation into the focus. To record a SAXS tomogram,
the sample is scanned through the microbeam in translation
alongr and rotationφ. To acquire a single tomographic pro-
jection, the sample is scanned through the microbeam in trans-
lation alongr, recording at each position of the scan a full
SAXS pattern with the 2D detector and the incident (I0) and
transmitted (I1) flux with the ionization chamber and the PIN
diode, respectively. After a projection is completed, the sam-
ple is rotated by an integer fraction of180 degrees and the
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FIG. 2: (Color online) Small angle x-ray scattering patterns of
an injection-moulded polyethylene rod (cylinder axis parallel to z)
recorded with an x-ray microbeam impinging (a) peripherally and
(b) centrally. The intensity scale is logarithmic.

next projection is recorded. This procedure is repeated until
the sample has completed a180 degree rotation.

We have acquired a SAXS tomogram of a polyethylene
rod (Lupolen 6021D by BASF) that was made by injection
moulding4 and that was subsequently stretched at elevated
temperatures (T ≈ 80◦C). To this end, the x rays from
the wiggler source at beamline BW4 at HASYLAB were
monochromatized by a Si 111 double crystal monochroma-
tor (λ = 1.38Å). The first pair of slits at20.2m from the
source was used to define a secondary source that was im-
aged onto the sample position by parabolic refractive x-ray
lenses made of beryllium.5 The full width at half maximum
beam size on the sample was57 × 39µm2. A 2D detector
(marccd 165 by mar research) was placed at a distance of
LSD = 1850mm behind the sample, covering aq-range from
0.06nm−1 to 2nm−1. 101 projections with 69 translational
steps of∆r ≈ 80µm were recorded. At each position in the
scan, the exposure time was 20s. Fig. 2 shows two SAXS
patterns recorded with the microbeam impinging peripherally
and centrally onto the sample.

The attenuation coefficientµ(x, y) can be reconstructed
from I1 = I0 exp{−

∫
ds′ µ[x(s′, r), y(s′, r)]} by stan-

dard tomographic reconstruction techniques, e. g., filtered
backprojection.6 It is shown in Fig. 3(a) as a function of po-
sition on the virtual section through the sample and is homo-
geneous throughout the sample (µ(x, y) = (2.4± 0.1)cm−1),
corresponding to a homogeneous polyethylene density ofρ =
(0.88 ± 0.04)g/cm3.

The reconstruction of the SAXS data is more involved.
Within first Born approximation, the SAXS pattern at a given
position in the tomographic scan is given by (cf. Fig. 1(b))

I~q(r, φ) = I0

∫
ds f(φ, s, r)p~q,φ(x, y)g(φ, s, r), (1)

where I~q(r, φ) is the full SAXS pattern measured at
point (r, φ) as a function of~q = (qr, qz), p~q,φ(x, y)
is the SAXS cross section at the location(x, y) un-
der illumination from the angleφ, and f(φ, s, r) =
exp{−

∫ s

−∞
ds′ µ[x(s′, r), y(s′, r)]} and g(φ, s, r) =

exp{−
∫
∞

s
ds′ µ[x(s′, r), y(s′, r)]} describe the attenuation

of the incident and the forward scattered beam, respectively.

FIG. 3: Reconstructed attenuation coefficientµ and integral scat-
tered intensity along theqz-axis (qr = 0) as a function ofx andy

on a virtual section through the sample. The diffraction patterns re-
constructed at the locations marked in the right image are shown in
Fig. 4.

f and g can be combined and pulled out of the integral in
eq. (1). At each position of the tomographic scan

I~q(r, φ) = I1

∫
ds p~q,φ[x(s, r), y(s, r)], (2)

whereI1 is the transmitted intensity of the sample. Thus, to
eliminate the effect of attenuation inside the sample, the mea-
sured SAXS patterns need to be normalized by the transmitted
intensityI1. In general,p~q,φ(x, y) is different and uncorre-
lated for each angleφ andqr 6= 0, such that eq. (2) can not
be inverted without additional knowledge about the sample.
The cross sections along theqz-direction (qr = 0), however,
are independent of the angleφ and can be reconstructed using
standard tomographic reconstruction techniques. If additional
symmetry is present in the sample, e. g., isotropy or fibre sym-
metry along theqz-direction, thep~q,φ(x, y) are independent
of φ as-well and the full three-dimensional reciprocal space
information can be reconstructed around each location in the
sample.

We have reconstructed the local small angle scattering cross
section of the polyethylene rod inqz-direction. The inte-
gral of the scattering signal along theqz-axis is shown on
the right in Fig. 3. While in absorption contrast the sample
appeared homogeneous, this is not the case for the scattering
signal that clearly shows the core-shell structure of the rod. At
each location in the sample, the full SAXS pattern along the
qz-direction is available from the tomographic reconstruction.
Fig. 4(left) shows these SAXS patterns at different locations
inside the rod referred to in Fig. 3.

At the periphery of the rod, an almost lattice-like arrange-
ment of alternating crystalline and amorphous lamellae is in-
dicated by strong and clear diffraction peaks. In Fig. 4(a) and
(b) they are marked by arrows. In the bright shell in Fig. 3
the structure is dominated by the more or less diffuse scatter-
ing of uncorrelated domains (cf. Fig. 4(c),(d)) (stacked crys-
talline and amorphous lamellae of varying thickness7). To-
wards the center (cf. Fig. 4(e)) discrete scattering is observed,
again. The corresponding broad long period reflection indi-
cates some short-range correlation among neighboring lamel-
lae. Nevertheless, the homogeneity of layer thicknesses and
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FIG. 4: (Color online) Reconstructed SAXS cross section along the
qz-direction (p(0,qz)(x, y)), left) and 2D sections through reciprocal
space (p(qr,qz)(x, y), right) at different locations(x, y) in the to-
mographic reconstruction shown in Fig. 3. The arrows indicate the
period of the lamellar structure.

distances remains much smaller than that observed at the pe-
riphery of the rod. These observations can be explained by
the variations of both the temperature and the shear program
during materials processing as a function of the radial coordi-
nate in the rod. Since the polyethylene rod is strongly fibre-
textured along its cylinder axis that was aligned with the rota-
tion axis in the tomographic scan (cf. Fig. 2), the full recipro-
cal space at each location in the sample can be reconstructed.
Fig. 4(right) shows sections through reciprocal space at the
locations marked in Fig. 3. The diffraction patterns are rota-
tionally symmetric about theqz-axis.

SAXS microtomographyas an invasive, but non-destructive
technique allows one to gain information about the local
nanostructure inside a specimen for example with fibre-
texture. In the example of the polyethylene rod, the con-
stant absorption shows that density and thus crystallinityis
almost constant. Nevertheless, considerable variation ofthe
semicrystalline structure with several zones is documented
along the radial coordinate in the cross-section by means
of SAXS tomography. For comparison, conventional SAXS
from sliced samples using a larger beam can only resolve a
binary core-shell structure4 and requires destructive sample
preparation.

SAXS tomography can be easily combined with other scan-
ning tomography techniques, such as fluorescence microto-
mography. Micro-SAXS experiments like this one require a
high flux in a small and well collimated beam. Higher spatial
and angular resolution can be obtained at third generation un-
dulator sources that are optimized for brilliance, i. e., flux per
source size, divergence, and energy band pass.
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