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Scanning Microbeam X-Ray Scattering of Fibers
Analyzed by One-Dimensional Tomography
Norbert Stribeck,* Ulrich Nöchel, Armando Almendárez Camarillo
The investigation of structure gradients in polymer fibers or pipes by the X-ray microbeam
scanning technique is put on its theoretical fundament. The inverse Abel transform desmears
measured data in X-ray scattering fiber computer-tomography (XSF-CT). Fast, low noise
algorithms from one-dimensional tomography are available. They are applicable to scan data
in which the X-ray absorption, the small-angle X-ray scat-
tering (SAXS), or thewide-angle X-ray diffraction (WAXD) is
measured. The method is demonstrated by application to
SAXS scan data from a polymer fiber. The resulting
sequence of image-space SAXS patterns is reflecting the
nanostructure variation along the fiber radius.
Introduction

Products with cylindrical symmetry are frequently inves-

tigated in applied polymer science. An important example

are fibers. Their structure is studied by X-ray scattering

since this method has been devised.[1–4] Continuous

scientific interest is reflected in the fact that nowadays

fibers are frequently studied by the application of an X-ray

microbeam scanning technique.[5–19] In this process, the

fiber is irradiated in the direction perpendicular to the fiber

axis by a fine X-ray beam that is stepwise translated across

the fiber. The result is a series of absorption values or of

projected scattering patterns, which vary as a function of
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the scan position x on the fiber diameter. The variation is

interpreted and qualitatively related to structure variation

along the fiber radius.

In a general SAXS tomography study,[20] we have

pointed out the shortcoming of such interpretation, which

has clearly been stated in a paper of Paris et al.[21] ‘‘the

long-term goal is to proceed from microbeam scanning

experiments to a real imaging technique’’. In the general

case, experiment and image reconstruction are still time

consuming. Routine studies of structure gradients in

polymer materials are not yet possible. The situation is

much more favorable, if fibers or pipes are studied. A

complete set of low-noise scattering patterns can be

collected in less than 30min. Thus, an application-oriented

X-ray analytics with spatial resolution for fibers is already

available. Nevertheless, for routine application the com-

putational effort for image reconstruction must be

decreased considerably. In fact, image reconstruction, as

well, should be much easier than in the case of general

tomography. In many of the microbeam scanning studies

published during the last decade, a complete set of

projection data for a tomographic experiment has been
DOI: 10.1002/macp.200800242
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collected, but the image reconstruction has been omitted.

The considerable potential of information increase after

tomographic imaging is well known. Sporadic efforts to

solve the image reconstruction problem in X-ray scattering

stay rudimentary. This is astonishing, because the

mathematically isomorphous problem of slit smearing

and its solution is exemplified in many textbooks of X-ray

scattering.[22–28] Nevertheless, it appears inappropriate to

re-activate the classical tools of slit-desmearing, because

they are noisy and slow. An illumination considering the

progressmade in other fields of sciencewith the numerical

solution of the same problem is more adequate. This study

is dedicated to the introduction of a suitable reconstruc-

tion method for materials with fiber symmetry in the field

of polymer analytics; namely the X-ray scattering fiber

computer-tomography (XSF-CT).

Compared to common tomographic imaging, the XSF-

CT does not arbitrarily choose an imaging function which

must be matched for the purpose of optimum contrast

visualization of certain structural features. Because no

imaging function is chosen, there is no need to validate

the reconstruction itself. Imaging is pure mathematics. In

fact, this mathematics is equivalent to the well-known

slit-desmearing which has extensively been applied in

scattering decades ago, when slit cameras (Kratky camera,

Rigaku-Denki camera) were used to compensate the low

intensity of former X-ray sources. Moreover, here each

voxel in the fiber is not simply represented by a gray

value (zero-dimensional scalar number), but by a

complete scattering pattern (three-dimensional function).

On the one hand, this means that the reconstruction

cannot be presented in a gray-scale picture without

arbitrarily choosing an imaging function. On the other

hand, the scattering pattern contains the complete

information on the nanostructure from inside its voxel

– provided the scattering pattern itself exhibits (local)

fiber symmetry.
Figure 1. A fiber is irradiated by an X-ray microbeam (long vertical
bar) at an offset x from its center. The structure r (rf) inside the
fiber shows fiber symmetry. The X-ray beam is probing a super-
position (integration, projection) of all the structures that are
interacting with the beam. y is the variable of the integration.
Close to the fiber surface (short vertical bar) the recorded data are
not subjected to superposition.
Theoretical Review

In a general tomographic X-ray experiment,[29] a volumi-

nous sample is scanned by a thin X-ray beam. As a function

both of the position x of the scanning beam on the sample,

and of the sample rotation angle f, projections (notation:

{}) of the absorption {A}(x,f) or even of complete scattering

patterns fIgðs; x; fÞ are measured, in order to analyze the

structure variation in the plane of the sample that is

scanned by the X-ray beam.[20,30,31] Here, s is the scattering

vector with jsj ¼ s ¼ ð2=lÞ sin u, the X-ray wavelength l,
and the scattering angle 2u. In the examples mentioned, a

tomographic image reconstruction[29,32,33] returns either

the spatial variation of the absorption in the plane, or of

the scattering emanating from small volume elements
Macromol. Chem. Phys. 2008, 209, 1976–1982

� 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
(voxels) in the plane. The smearing caused from projection

is eliminated by application of the Fourier transform

theory, and a clear image of the inner structure is obtained.

If the studied material shows cylindrical symmetry,

the results of the measurement are no function of f

any more, and the complete image information is in a

single microbeam scan. The fundamental geometry is

sketched in Figure 1. The information in the measured

signal {A}(x) or {I}(s,x), respectively does not represent the

sought information {A}(x) or {I}(s,x) originating from the

small square (voxel) around the position x. Instead, to a

first approximation it is represented by the projection

integral
If g s; xð Þ ¼ 2

Z 1

x
I s;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p� �
dy (1)
¼ 2

Z 1

x

I s; rf

� �
rf drfffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2f � x2
q : (2)
In the equation only the accumulated attenuation of the

primary beam by X-ray absorption is not accounted for.

The sought information in image space (I(rf)) along the

radius rf of the fiber has to be reconstructed from the

information in projection space ({I}(x)).
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N. Stribeck, U. Nöchel, A. A. Camarillo

1978
Equation (1) is the definition of the Abel transform.[33] In

X-ray scattering Equation (1) is established textbook

knowledge.[22–28] There it describes the slit smearing.

Even the inverse Abel transform
Macrom

� 2008
I s; xð Þ ¼ � 1

p

Z 1

0

d If g s; rf

� �
drf

dy

rf
(3)
Z 1 d If g s; r
� �
¼ � 1

p x

f

drf

drfffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2f � x2

q ; (4)
which first has been derived by Niels Abel[34] is found in

scattering textbooks since Guinier[35] and DuMond.[36]

Thus, fiber symmetry simplifies tomography considerably.

Instead of a reconstruction by filtered backprojection,[32,33]

the inverse Abel transform according to Equation (3) or

Equation (4) suffices. It must be mentioned that, here, we

implicitly assume that the scattering from every irradiated

voxel in the fiber shows fiber symmetry itself (local fiber

symmetry). Otherwise reconstruction errors[20] are

expected.

Scattering curves from the Kratky camera,[37] have

frequently been desmeared by application of Equation (3).

For that purpose, the measured data must be smoothed

and derived in the direction of rf.
[38] In order to avoid

derivation, loss of a background, and generation of excess

noise, several iterative numerical algorithms have been

devised.[39–45] They are fast enough for the desmearing of a

few scattering curves. On the other hand, several direct

methods have been proposed,[46,47] which interpret the

smearing integral of Equation (1) by a system of linear

equations which are solved by matrix inversion using

Gauss–Jordan elimination. The main problem with this

approach is the control of noise in the result.[47]

In other fields of science, different and more effective

solutions have been developed in the last decades. A

frequent pedestrian method for the inversion of Equation

(1) starts from the discussion of the case, in which the

probing beam is just touching the fiber (in Figure 1

demonstrated on the left side of the fiber plane). In this

case, the recorded signal contains only the information on

the outmost shell that cannot be resolved any further.

Thus, this shell can be peeled off. According to Equation (2)

the contribution of an infinitesimal thin layer

IðxÞ ¼ d x� rf

� �

at the position rf to the projection is (cf. also Bracewell[33]

p. 354)
If g xð Þ ¼
2rfffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2f � x2

q Yrf xð Þ; (5)
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with Yr (x)¼ 1 for jxj< r and Yr (x)¼ 0 elsewhere being the

symmetric shape function of width 2r. After respective

subtraction, the shell beneath has been excavated and is

ready for peeling. This method is called onion peeling

technique or topological thinning and is used in several

fields (cf. citations in Bitter et al.[48]).

More powerful and accurate algorithms for the compu-

tation of the inverse Abel transform are continuously

enhanced in the one-dimensional tomography, i.e., the

tomography of objects with cylindrical symmetry.[49,50] In

principle, these algorithms first compute a general

reconstruction matrix, R, which does not need to be

inverted any more. Thereafter, the reconstruction of the

projection-space signal {I} to the image space is simply

accomplished by
I ¼ RfIg (6)
multiplication of the projection-space vector with the

reconstruction matrix. Because of this general property

there are no principal differences of numerical effort, if

different algorithms are compared. The art of matrix setup

is in the consideration of the derivative from Equation (4).

Dasch[49] is approximating the derivative in a two-point

Abel inversion by linear differences. The three-point Abel

inversion is based on polynomial approximation. In the

laboratory of Reisler,[50] the BASEX method has been

developed. In this method, every voxel in image space is

represented by a Gaussian basic functionwith thewidth of

a voxel. The representation of each Gaussian in projection

space is analytical [Reisler[50], Equation (15)], based on

Equation (5). Thus, the projection space data are expanded

in terms of these basis functions without the need to

perform approximated derivatives during the computa-

tion of R. The result is a detailed and low-noise

reconstruction.

It is recommended to scan the fiber with constant step

size and to carry out the reconstruction in relative units of

this step size. The index 0 is associated to the image

obtained when irradiating the center of the fiber. Under

these premises the reconstruction matrices R can be used

universally. Once a matrix has been computed and stored

for a hypothetical scan with a narrow step size, it can be

reused over and over again. If a coarse-grid experiment has

been carried out, the reconstruction matrix is simply

cropped to fit the length of the voxel–vector along the fiber

radius.

For example, if a fiber scan comprises 11 scattering

patterns, the radius contains six elements labeled by the

indices 0–5. Then, a precomputed reconstruction matrix

rmp yields the required matrix rm by cropping

rm¼ rmp(0:5, 0:5). Then, for the BASEX algorithm the

elements of rm are:
DOI: 10.1002/macp.200800242



Scanning Microbeam X-ray Scattering of Fibers Analyzed . . .

0.753745 �0.203849 0.0182095 �0.00168307 1.52606e�4 �1.34885e�05

�0.693183 0.572202 �0.0661508 0.00625179 �5.67699e�4 5.01819e�05

0.0694336 �0.363726 0.336305 �0.0355081 0.00324849 �2.87272e�4

�0.0711409 0.0772521 �0.272953 0.271834 �0.0266249 0.00236337

8.02250e�4 �0.0501747 0.0617679 �0.228969 0.235275 �0.0220235

�0.0161177 0.00644846 �0.0428576 0.0563194 �0.201629 0.210617
Although it might not be obvious at the first glance, the

resulting sequence of scattering patterns forms, in fact, a

tomographic image of the fiber. Rotation about the central

point generates the two-dimensional image of the cross-

sectional plane (annular rings), and extrusion of this plane

in the direction of the fiber axis yields the three-

dimensional image of the nanostructure variation inside

the fiber.
Experimental Part

Material

The studied polymer material is a microfibrillar reinforced

composite[51] (MFC) containing poly(ethylene terephthalate)

(PET) microfibrils embedded in a poly(ether)-block-amide (PEBAX)

matrix (composition: PEBAX/PET 70:30 wt.-%). After co-extrusion

the material has been cold-drawn to a draw ratio ld� 3.

Setup

Scanning microbeam SAXS experiments are carried out at

HASYLAB, Hamburg, beamline BW4. The incident primary beam

(wavelength l¼0.13 nm) is focused by means of a stack of Be-

lenses yielding a beam cross-section at the sample of 40 mm

integral width and 39 mmheight as measured by a knife edge. The

demonstration sample is a cylindrical strand of 1.95mmdiameter.

Thematerial is linearly scanned through the beamwith a step size

of 50 mm. The distance between sample and detector is 1910 mm.

Each scattering pattern is exposed for 40 s using a 2-DmarCCD 165

detector (mar research, Norderstedt, Germany). A low-noise

machine background pattern is exposed for 3 min. The absorption

of the primary beam is measured by monitoring the beam

intensity before and after the sample.

A simple check for fiber symmetry has been carried out by

performing a second scan after rotating the fiber by 908 about its
axis and comparing the results. The scans are identical.

Due to the long exposure the signal on the detector is high

above the noise level. The typical intensity of the equatorial streak

is 20 000 counts above a background level of 50. A ring-shaped

reflection observed in all patterns shows a maximum of 2 000

counts even in the center of the fiber where it is the weakest.

Pre-Evaluation

The measured machine background pattern is subtracted from

each scan pattern after weighting by the absorption factor. No

normalization to constant sample thickness is performed. Further,
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pre-evaluation steps follow the standard method.[28] The images

are centered and aligned, some blind spots can be filled from

symmetry consideration. The remnant hole in the center is filled

by extrapolation. A border area is cut off, in order to obtain

quadratic scattering patterns of valid pixels. The pre-evaluated

scattering patterns hold data in the interval �0.2 nm�1< s12,

s3<0.2 nm�1. Here, s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s212 þ s23

p
is the modulus of the scattering

vector s with s ¼ ð2=lÞ sin u. 2u is the scattering angle. s12 and s3
are the equatorial and the meridional (fiber axis) components,

respectively. The generation of a valid-pixel mask and the

determination of the penumbra region around the blind spots

takes 2 h. The pre-evaluation of each image is manually controlled

and the processing of a series of 39 patterns takes 10 min.
Preparation of Image Reconstruction

For image reconstruction, the center of the fiber has to be

determined. The first image of the input data series has to be an

image from the exact center of the fiber. For this purpose,

interpolation between the recorded images is carried out. By fine-

tuning of the center, the series from the left side of the fiber can be

made identical to the series from the right side.

Because of the size of each scattering pattern (666�666 pixels),

neither the whole pattern stack measured in projection space, nor

the whole image stack of reconstructed images can be kept in the

computer memory. Thus, we keep input and output tile stacks in

memorywith each tile comprising only 32�32 pixels. Most of the

time of the reconstruction (6min) is spent by the tilemanagement

(moving tile contents between memory and disk).

Then, the reconstruction work according to Equation (6) is

accomplished in one line of source code:

tsrðxi; yi; �Þ ¼ rm#REFORMðtsiðxi; yi; �Þ;nÞ

tsi(xi, yi,�) is piercing (�) through the input-tile stack tsi at

the position xi, yi. The input tile stack is n patterns high.

REFORM(. . ., n) makes the collected pixel data a vector, which is

matrix-multiplied (#) to the (n�n) reconstruction matrix rm to

yield the reconstructed pixels in the tile stack tsr. Reconstruction

algorithms are only differing by the elements of the reconstruc-

tion matrix.
Reconstruction Matrices

Following the paper of Dasch,[49] we tried to compute the

reconstruction matrices related to the two-point and the three-

point Abel inversion method. The published equations of the
www.mcp-journal.de 1979
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Figure 3. Results of one-dimensional tomography. Comparison of
reconstruction algorithms. The two-point Abel inversion (left) is

1980
three-point inversion contain several errors (indices pointing

outside the matrix, square roots of negative numbers). The

reported two-point Abel inversion method contains only one typo

which could be corrected. In Dasch’s Equation (9) the denominator

in the bottom line must be changed to

ðj2 � i2Þ1=2 þ j:

After the correction, the matrix setup algorithm is producing

the elements of the reconstruction matrix reported by Dasch.

Moreover, we have implemented the BASEX[50] method.
more noisy than the BASEX method (right). SAXS scattering
patterns from a volume element taken at half the fiber radius.
The scattering patterns display the range �0.1 nm�1 < s12,
s3 <0.1 nm�1.
Results

Both the BASEX algorithm and the two-point Abel

inversion return essentially the same results. Only in

the center of the fiber differences are found, which can

even be seen in a logarithmic scaling of the scattering

intensities (Figure 2).

Compared to a typical direct matrix inversion method

developed in X-ray scattering,[46] already the two-point

Abel inversion is a considerable improvement, because the

returned noise is sufficiently low. Nevertheless, the BASEX

method is even much less noisy (cf. Figure 3) if it is applied

to the low-noise scattering data of the test sample. Thus,

both methods appear suitable to reconstruct SAXS data.

Moreover, bymeans of the BASEX algorithm it should even

be possible to reconstruct WAXD data with narrow peaks.

Figure 4 shows the result of the demonstration sample

in three bands of double-rows. In the representation,

each pattern is individually scaled to its maximum

intensity. The upper row of each band displays the
Figure 2. Results of one-dimensional tomography. Comparison of
reconstruction in the fiber center. The two-point Abel inversion
(top) predicts more remnant scattering than the BASEX method
(bottom). The scattering patterns display the range
�0.1 nm�1< s12, s3 <0.1 nm�1. Logarithmic intensity scaling.
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projections, {I}(s12, s3, rf), measured when looking through

the fiber at the position rf. The lower row of each band

reports the corresponding reconstructed scattering pat-

terns, I (s12, s3, rf), in image space. Every pattern describes

the scattering emanating from a small voxel at the
Figure 4. One-dimensional tomography in practice. The upper
rows show the measured scattering patterns, {I}(s12, s3, rf), from
a scanning microbeam experiment as a function of the scan
position rf with respect to the fiber center (logarithmic intensity
scale). The lower rows display the reconstructed scattering pat-
terns, I (s12, s3, rf) as a function of a position rf on a fiber radius.
The plots display only the central part of the patterns in the range
�0.1 nm�1< s12, s3 <0.1 nm�1. The fiber axis, s3, is vertical.

DOI: 10.1002/macp.200800242
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position rf on the fiber radius. The perturbing information

from volume elements before and behind the central

voxels has been eliminated by tomographic reconstruc-

tion. Consequently, the reconstructed images contain clear

quantitative information on the variation of the nanos-

tructure along the fiber radius.

The recorded scattering patterns of the material show

two peculiar features. In the center of each pattern there is

an equatorial streak extending in horizontal direction. It

can be related to the PET microfibrils embedded in the

material. The second feature is a diffuse ring reflection

related to a long period in the PEBAX block copolymer

matrix. In the projection-space patterns the two features

can hardly be separated with respect to their position

inside the fiber. Only the reconstructed images clearly

show that the ring-shaped feature is completelymissing in

the center of the fiber. In image space, the indication of a

long period is first visible at an offset rf of 100mm from the

fiber axis. With increase in offset a widening of the ring

and a broadening of the reflection indicates a decrease in

the average long period and a widening of the long period

distribution. At the fiber surface the diffuse reflection

shows maxima in the (vertical) fiber direction. In the

measured projections this orientation is observed from

rf¼ 800 mm outward. Nevertheless, the reconstructed

patterns reveal that, actually, the hard domain orienta-

tion is limited to a thin zone on the fiber surface around

rf ¼ 900 mm. As the fiber surface is approached from the

center, the projection space information shows a contin-

uous widening of the equatorial streak. Inspection of the

image-space patterns reveals that, in fact, the streak is

suddenly widening at about rf¼ 850 mm.
Conclusion

The method of one-dimensional tomography that is

applied in X-ray scattering for the first time, is imple-

mented with low experimental and numerical effort.

Whereas, the experimentalmicrobeam technique has been

considerably advanced in recent decades,[7] themethodical

aspect has so far been insufficiently considered. This is

demonstrated by many studies in which microbeam scans

of fibers are interpreted without resorting to desmearing.

The undoubted academic value of such studies can be

turned into quantitative and practical value, if analytical

methods are developed which are established in the

theory. As has been shown by our study, a fundamental

solution of the analytical problem is obvious. By applica-

tion of the adapted method clear, significant, and

quantitative data concerning the structure gradient in a

textile fiber can be obtained. However, for this purpose the

use of a synchrotron beamline which is dedicated for

microbeam applications is recommended. For the pre-
Macromol. Chem. Phys. 2008, 209, 1976–1982

� 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
sented material reconstruction is perfect. This is due to the

fact that the scattering from every single voxel shows fiber

symmetry. If this premise is not fulfilled, reconstruction

aberrations will show up. How such aberrations can be

utilized to gain deeper understanding of the nanostructure

will be reported in a follow-up study.

Comparing the power of the available direct reconstruc-

tion algorithms to the early desmearing algorithms from

X-ray scattering, reassessment of the potential of the direct

desmearing methods is indicated. As demonstrated in

tomography, the direct algorithms are not necessarily

returning noisy results.
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