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A method for collimation correction and combination of anisotropic scattering
patterns recorded in tandem experiments is proposed. It includes both an advanced
two-dimensional (2D) extrapolation procedure for the center of the pattern, and
(compared to the “blind deconvolution” method) a more justified procedure for
desmearing from an unknown broad primary beam profile. This semi-blind decon-
volution rests on the availability of unsmeared data in a region of the smeared
image.
Materials exhibiting both ultra-small-angle X-ray scattering (USAXS) and small-
angle X-ray scattering (SAXS) must be studied in both angular bands (tandem
experiment), in order to collect the complete discrete scattering for nanostructure
analysis. Merging of the patterns requires desmearing of atleast the SAXS pat-
tern from its point-spread function, i.e. the primary beam profile. The distorting
effect of single-band experiments on the reconstructed nanostructure of polymer
materials is demonstrated.

1. Introduction

Whenever small-angle X-ray scattering (SAXS) patterns are
recorded in practice, the profile of the primary beam is non-
ideal. This means that a collimation correction is required, in
principle. In the classical SAXS literature considerable atten-
tion has been paid to the desmearing(Kratkyet al., 1951;
Synecek, 1960; Ruland, 1964; Glatter, 1974; Deutsch & Luban,
1978; Solimanet al., 1998) of scattering curves. In modern
SAXS the smearing is usually disregarded, because the approx-
imation of an ideal point focus is frequently sufficient for the
applied methods of data analysis.

a b

Figure 1
Collimation effect on the scattering pattern of a polypropylene nanofiber mea-
sured at different synchrotron beamlines of HASYLAB, Hamburg. (a) USAXS
pattern measured at beamline BW4.(b) SAXS pattern measured at A2. Both
images display the same region: -0.05 nm−1≤ s1,s3 ≤0.05 nm−1

Nevertheless, desmearing can no longer be avoided, if data
must be merged which have been measured with differing pri-
mary beam profiles in order to cover the complete angular range
in which discrete scattering is observed. Frequently the corre-
sponding materials exhibit both SAXS and ultra-small-angle
X-ray scattering (USAXS). Comparing the two patterns, the

smeared nature of the SAXS pattern is readily established. Fig-
ure 1 demonstrates that pattern merging cannot be successful
if the SAXS pattern is not desmeared. As far as we know, a
desmearing method for two-dimensional (2D) scattering data
has not yet been published.

2. Experimental

2.1. Materials

Different polymer materials are investigated (hard-elastic
polypropylene (PP), PP-nanofibers, fibers from polyethylene
terephthalate/PP blends) in heat load experiments or during
mechanical testing. For the purpose of structure evolutionstud-
ies, the experiments are monitored by X-ray scattering bothin a
USAXS setup, and – during a repetition of the experiment – in
a SAXS setup (“tandem experiment”).

2.2. USAXS

Ultra-small-angle X-ray scattering is performed in the syn-
chrotron beamline BW4 at HASYLAB, Hamburg. The wave-
length of radiation is 0.13 nm. The sample-detector distance
is ranging between 8 m and 13 m. Scattering patterns are
collected by a two-dimensional position sensitive marccd 165
detector (mar research, Norderstedt, Germany) operated in
2048× 2048 pixel mode (79µm quadratic pixel size). Samples
are exposed for typically 50 s with a cycle time of 1 min.

2.3. SAXS

Small-angle X-ray scattering is performed in the synchrotron
beamline A2 at HASYLAB, Hamburg. The wavelength is
0.15 nm. The sample-detector distance is ranging between 2 m
and 3 m. Collection of the scattering patterns is identical to that
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of the USAXS experiment.

2.4. Pre-evaluation

The measured machine background weighted by the absorp-
tion factor is subtracted from the raw scattering patterns.Invalid
pixels (e.g. behind the beam stop) are discarded. The pattern is
aligned by moving its physical center to the center of the image
map, rotated so that the fiber axis becomes the vertical axis,
and harmonized. The last-mentioned step comprises the fill-
ing of missing pixels by utilization of the 4-quadrant symmetry
of the fiber pattern. Finally, the scattering intensity is normal-
ized to constant sample thickness by means of the absorption
factor as determined from the readings of ionization chamber
monitors(Stribeck, 2007b).

Figure 2
Digitized image of a primary beam profile at beamline A2, HASYLAB. The
length of the bright spot is 3 mm

2.5. Primary beam profile

In order to determine the actual primary beam profile, a scin-
tillation screen is provided with a ruler and placed in the posi-
tion of the detector. The image of the beam spot is monitored
by a TV-camera, and a digitized video frame,WV (x1,x3), is
obtained. Herex1 andx3 are the horizontal and the vertical co-
ordinate of the beam spot image expressed in absolute units of
length. Figure 2 shows the raw snapshot of a rather fine primary
beam profile recorded at beamline A2 after a good adjustment.
In its centerWV (x1,x3) is overexposed. Therefore, an analytical
model of the beam profile is defined and fitted to the beam pro-
file snapshot. Because the beam shaping is carried out by means
of horizontal and vertical slits, the sought point spread function
(PSF) is modeled by

W (x1,x3) = W1 (x1) W3 (x3) (1)

a product of co-ordinate functions. Moreover, from the calcula-
tion of the beamline optics it is known that each of these func-
tions is closely approximated by the shape of a Gaussian.

After a transformation to the units of reciprocal space,s =
(2/λ)sinθ with λ the wavelength of radiation and 2θ the scat-
tering angle, the PSF is
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with s1 ands3 the components of the scattering vectors in equa-
torial and meridional direction, respectively. The 2D Fourier
transform ofW (s1,s3) is
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= w1 (r1) w3 (r3) .

For the profile presented in Fig. 2 we determine the standard
deviationsσ1 = 2.110−3nm−1 andσ3 = 5.910−4nm−1 in hori-
zontal and vertical direction, respectively.
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Figure 3
Flow chart of USAXS and SAXS pattern merging combined with collimation
correction by desmearing. The straightforward method (curved arrows) suffers
from artifacts originating from insufficient hole filling

3. The pattern merging procedure

Figure 3 displays a flowchart both of the obvious straightfor-
ward pattern merging procedure (curved arrows), and of a com-
plex pattern merging method proposed by us.

It has been necessary to develop the complex procedure
because the simple method is unstable in practice, whereas
the complex procedure has proven robust. Thus, it can be uti-
lized for automatic processing of extensive series of scatter-
ing patterns from time-resolved experiments. Unfortunately, in
the SAXS pattern the blind hole is large, and the data must be
desmeared. This is only possible after filling the hole. In the
complex procedure the central hole in the SAXS is filled from
smeared USAXS data of the same sample in the same state,
whereas the simple procedure is based on filling by data extrap-
olation.

Due to the fact that desmearing is the inversion of an inte-
gration, the hole-filling procedure has to return extremelygood
estimates. Even small errors concerning differentiability will
turn into artifacts during desmearing. In the following we
present a new 2D extrapolation method. It only appears suit-
able for filling the beam-stop area of scattering patterns, which
do not require desmearing. Later in our data evaluation we use
it for filling the hole in the center of the USAXS pattern.
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Beyond that, a new method for the determination of an
unknown primary beam profile (i.e. the point-spread function
(PSF)) of the SAXS is presented.

G

P’

Pa b

dc

∆

Figure 4
Filling of the central hole.(a) The common 2D extrapolation by a “rubber
cloth” is only good for filling the hole on a high intensity level. (b) The central
hole and the concept of filling by a “tent rod” generated by Guinier extrapola-
tion (G), on which another tent rod (P’) is moving in transverse direction. The
shape of this rod is borrowed from valid data (P). The remaining error∆ is lead-
ing to an artificial step.(c) The pattern before and(d) after error correction by
affine transformation of P’

3.1. Improved blind-hole extrapolation

Until recently we have used a standard method for 2D extrap-
olation. It is based on radial basis functions(Buhmann, 2000;
VNI, 2007). Figuratively, the procedure is filling the blind
region by some kind of stiffened “rubber cloth”. For a direct
analysis of the multidimensional chord distribution function
(CDF)(Stribeck, 2001) this practice is acceptable. Obviously, it
is unsuitable if we have to desmear a scattering pattern. There-
fore, we have developed an advanced method which is less
prone to produce desmearing artifacts. Figuratively, thispro-
cedure is filling the hole by an “igloo tent” supported by bent
tent rods. The extrapolation is performed in 3 steps. Figure4
demonstrates both the previously used method for 2D extrapo-
lation (Fig. 4a), and the new extrapolation procedure.

3.1.1. Step 1 In the first step, two 1D sections (curves) are
extracted from the pattern. One curve is extending in merid-
ional, the other in equatorial direction through the centerof
the pattern. A parabola is fitted to each section. In order to
retain some flexibility, an even, 4th-order polynomial is used.
The resulting curve closely resembles the beginning of the
series expansion of the Guinier extrapolation(Guinier & Four-
net, 1955). The section of the two, in which the intensity climbs
highest becomes the principal section. In the example (Fig.4b)
the equatorial section is the principal one. The parabolic fit is
indicated by a solid line labeled by the letter “G”.

3.1.2. Step 2 In the secondary direction, but sufficiently off
the blind spot, a complete profile “P” is extracted from the mea-
sured data. This profile is put on every pixel of the Guinier-
parabola G. Mathematically, the resulting submatrix of intensi-
ties in the vicinity of the origin,I′0 (s), is generated by the matrix
product of the vectors G and P (I0P = G # P/MAX(P), in
the notation of PV-WAVE(VNI, 2007)). Already this 2D inten-
sity distribution, I′0 (s), is a better fill than the rubber cloth
(Fig. 4c). Nevertheless, it must be improved because of an arti-
ficial step in the resulting data: Let the edge ofI′0 (s) which is
running parallel to the principal direction be called the correc-
tion edge. At the correction edge a step of varying height∆ is
observed (Fig. 4b).

3.1.3. Step 3 Let Iobs (s) the measured SAXS pattern. Like
I′0 (s) it is a matrix, and both matrices are overlapping. After
computing the ratio of both matrices in the overlap region, a
useful compensationvector is extracted along the correction
edge ofI′0 (s). Each of its elements is the local compensation
factor for one of the profiles, P’, which are hanging down from
the G-parabola. Finally, after affine deformation of each ofthe
P’ (by multiplication with its local compensation factor),the
filling is smoothly approaching the measured data. The result
is shown in Fig. 4d. At the former edge of the hole the lacks
concerning differentiability are now smaller than after rubber-
cloth filling, but not necessarily small enough if we are aiming
at desmearing.

The source code of the procedure is in the function
sf_i0estimate.pro, which is part of our free program library
sf_progs(Stribeck, 2007a).

hole
fill?
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a
smeared : rubber cloth desmeared

c

d f

e g

h

: true USAXS: igloo tent

Figure 5
Desmearing artifacts close to the blind hole as a function of the hole-fill pro-
cedure in linear intensity scale (top row) and logarithmic scale (bottom row)
for hard-elastic PP fiber material.(a,b) measured SAXS pattern, central part.
Desmearing results after filling the blind hole:(c,d) by a rubber cloth;(e,f) by
the 2D Guinier estimate;(g,h) by the smeared USAXS of the same sample

3.2. Hole-fill method compatible with desmearing

A hole-fill method is compatible with desmearing, if it does
not introduce perturbing artifacts to the desmeared scattering
pattern. This can easily be tested by means of, first, desmearing
and, second, inspecting the central part of the desmeared SAXS
pattern. Figure 5 demonstrates the differences resulting from
different hole-fill methods. The leftmost column (Fig. 5a,b)
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shows the original smeared SAXS in the vicinity of the blind
hole. Filled by different methods and desmeared, the results are
displayed in the columns to the right.

The next column (Fig. 5c,d) shows the result after filling
by the radial-basis-function method (rubber cloth). Consider-
able distortion is observed inside and outside the former blind
spot. The distortion is manifested in strong “over-desmearing”,
which even causes the apparent intensity to become negative.

Applying the new hole-filling procedure (cf. Fig. 4) to the
large SAXS hole, the remnant artifacts are less severe. Theyno
longer cause meaningless intensity values (Fig. 5e,f). Neverthe-
less, the area of the former hole is full of artificial reflections.

Unfortunately, smooth appearance outside the hole area is not
sufficient to guarantee proper desmearing. Only in the next step
of data evaluation, in which SAXS and USAXS patterns are
merged, it sometimes turns out that there is a mismatch of the
slopes in the overlap region. Thus, a more reliable hole-filling
method is required.

Finally, if the USAXS pattern is smeared and then taken to fill
the SAXS hole (cf. Fig. 4b), the comparison (Fig. 5g,h) shows
that inside the blind hole we only observe shallow artificial
modulations. Nevertheless, not even these modulations canbe
taken serious, thus the measured USAXS data must be filled in.
Outside the beam-stop area the artifacts are very weak. Conse-
quently, the desmeared SAXS and the USAXS can be matched
and merged after simple multiplication by an almost constant
factor.

During straight-forward desmearing of SAXS patterns cut-
off artifacts are generated close to the edge of the detector,
because the measured SAXS intensity has not faded to zero.

In fact, later during analysis the nanostructure information
is reduced to a perfectly bandlimited(Stribeck, 2007b; Glat-
ter, 1981) function,G(s), which describes the undulation of
the scattering intensity about Porod’s law. This interference
function(Stribeck, 2001) would not suffer from cut-off, but we
do not know a way to keep the data numerically stable under the
required transforms. Anyway, the cut-off effects can at least be
decreased by subjecting the SAXS intensity to cyclic boundary
conditions.

In a preceding step, the pixels outside the sensitive circular
disk on the detector are filled from extrapolated data in order to
obtain a rectangular pattern matrix filled with valid data. For this
purpose the rubber-cloth extrapolation(Buhmann, 2000; VNI,
2007) works sufficiently, provided all data points are eliminated
that are affected from the penumbra close to the circumference
of the vacuum tube.

There is a simple test criterion for the complete elimination of
the penumbra region: As long as the penumbra is not eliminated
completely, the extrapolated apron is rapidly descending to neg-
ative intensity. The penumbra region is readily removed by
application of the erode operator(Stribeck, 2007b; VNI, 2007;
Rosenfeld & Kak, 1982) to the region of valid pixels.

Finally, the pattern is made a periodic function by subjecting
it to cyclic boundary conditions. We do not save memory but
computing time and put 8 shielding copies of the image around
the central scattering pattern. After each iteration we restore

integrity by copying the central tile onto all its outward neigh-
bors. Programmed this way in PV-WAVE(VNI, 2007), loops are
avoided. This assures fast desmearing without visible artifacts
at the edge of the intensity matrix.

3.3. Smearing and desmearing

Before we start to describe the desmearing procedure itself,
a brief summary of the well-known(Alexander, 1979; Glat-
ter & Kratky, 1982; Baltá Calleja & Vonk, 1989; Stribeck,
2007b) mathematical background shall be given. The mea-
sured scattering pattern,Iobs (s1,s3), appears smeared because
of imperfect collimation quantified by the point-spread function
(PSF)W (s1,s3). Its relation to the ideal intensity sought after,
I (s1,s3), is given by the correlation integral

Iobs (s1,s3) =
∫ ∞

−∞
I (y1,y3)W (s1 + y1,s3 + y3) dy1dy3(4)

:= I (s1,s3)⋆W (s1,s3) . (5)

Correlation is equivalent to convolution, if at least one ofits
partners is an even function, e.g.W (s) = W (−s). Inversion of
Eq. (4) is carried out either directly, or by iteration. The direct
inversion by means of Fourier transforms

I (s) = F
−1
2 (F2 (Iobs (s)) /F2 (W (−s))) (6)

= F
−1
2 (F2 (Iobs (s)) /w(−r)) . (7)

has first been proposed by Stokes(Stokes, 1948), and is a
corollary of the Fourier-slice theorem(Stribeck, 2007b). In the
equation lets = (s1,s3). F2 () designates the two-dimensional
Fourier transform, the back-transform of which is realizedby
the operatorF−1

2 (). w(r) is referring to Eq. (3).
The iterative desmearing is, in general, implemented by vari-

ants of the method devised by v. Cittert(Burger & van Cit-
tert, 1932; Ergun, 1968; Glatter, 1974). The variants differ in
the way, in which the correction function is smoothed – a func-
tion which is computed in each iteration step. In the com-
mon algorithm of Glatter(Glatter, 1974) the smoothing is per-
formed by convolution with a triangle. Modern signal process-
ing manuals(VNI, 2007) recommend the use of an adapted dig-
ital filter. As recommended, we utilize a 10th order adapted
digital filter with standard parameters from the library of PV-
WAVE(VNI, 2007).

The principle of the iterative desmearing is based on the obvi-
ous fact that the correlation of the sought-after intensity, I (s),
with the primary beam profile,W (s), is broadening the signal
Iobs (s). Now the simple idea is to smear the already smeared
signal Iobs (s) a second time, then to determine the resulting
intensity variation at each point of the pattern yielding a correc-
tion function, and – after the above-mentioned smoothing step
– to invert the variation in order to obtain an improved guess
of the sought function. Evidently, this principle can be iterated
and convergence is found afterm iterations if the guess intensity
Im (s) smeared byW (s)

Im (s)⋆W (s) = Iobs (s) (8)

is equal to the measured intensity.
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3.4. SAXS desmearing

After the pre-evaluation of the SAXS patterns has been
described and the two deconvolution methods have been
sketched, let us now turn to the selection of the deconvolution
method itself.

3.4.1. The direct method As we are modeling the actual PSF
by a model (cf. Eq. (2) and Eq. (3)), we can save a numeri-
cal Fourier transform as we utilize Eq. (7). Nevertheless, the
division in Fourier space leads to a serious problem, because
it is strongly amplifying noise in the outer part of the matrix,
and similar noise is observed in the “desmeared” function(Deng
et al., 2003). The square of the mentioned matrix is the power
spectrum of the scattering pattern. IfIobs (s) could be made
bandlimited as in the area of tomography(Denget al., 2003)
or in crystallography(Ida & Toraya, 2002), acceptable results
could perhaps be obtained by adaption of a low-pass filter
applied in Fourier space.

(  )Iobs s

a

W (  )s

b

I (  )s direct

c

I (  )s iterated

d

Figure 6
Comparison of direct and iterated desmearing algorithms. SAXSpattern of
a polypropylene fiber. The images show the extracted region -0.045 nm−1≤
s1,s3 ≤ 0.045 nm−1

Our directly desmeared patterns always show both discrete
artifacts where the intensity is low, and – even worse – incom-
plete desmearing. The data are unsuitable for structure analy-
sis. Figure 6 shows the SAXS pattern of a polypropylene fiber
before and after desmearing. For the purpose of artifact demon-
stration, the central blind spot has been filled by the poor rubber-
cloth extrapolation.

Figure 6c shows the result of the direct deconvolution. It has
already been optimized by individual adaption of the low-pass

filter, but such manual optimization cannot be tolerated, aswe
are aiming at the automatic processing of extensive series of
patterns. Moreover, the complete region of low intensitiesis
filled with artificial ripples, and the desmearing effect in the
main peaks is clearly limited by the distorting effect of thelow-
pass filter.

3.4.2. The iterative method A representative result of the
iterative method is shown in Fig. 6d. The general result can
be accepted because of the built-in check used in the conver-
gence test. Compared to Fig. 6c the reflections are narrower
indicating that desmearing achieved by the direct method has
been incomplete. Nevertheless, even the result of the iterative
method shows artifacts. Due to the fact that they are localized at
the border of the filled central hole, they are readily attributed
to improper hole-filling.

a b

c d

Figure 7
a) USAXS pattern of a PP nanofiber measured at BW4.b) The same sample
measured at A2.c) Pattern (a) smeared with the actual beam profile of beam-
line A2. d) (b) filled with (c)

3.5. Filling by smeared USAXS and semi-blind deconvolution

Figure 7 demonstrates the filling of the central hole for a stud-
ied polypropylene nanofiber. This example is extreme, because
the USAXS of the material is particularly distinct (Fig. 7a).
Moreover, the adjustment of the beamline optics has been rather
poor during the measurement of the SAXS (Fig. 7b). The scat-
tering pattern of Fig. 7c is obtained by smearing of the measured
USAXS pattern with the primary beam profile of the SAXS
according to Eq. (4). It is readily fitted into the hole of the mea-
sured SAXS pattern. The result is shown in Fig. 7d.

In order to merge the patterns, the average fit factor is com-
puted from the region, where both SAXS data and USAXS data
are present.
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Demonstration of the semi-blind deconvolution approach in the desmearing
procedure (Fig. 3): Choose the size of the primary-beam profile that flattens the
image of fill factors best. Images of the fill-factor are presented in pseudo-color
as a function of width,σ1, and height,σ3, of the profile. The labels indicate the
pairsσ1/σ3 in units of 10−4nm−1 in reciprocal space

Moreover, even an individual fit factor for each pixel in the
overlap zone can be computed. The result is a fill-factor matrix.
The variation of this fill-factor matrix as a function of primary-
beam length and height is shown in Fig. 8. The fill-factor matrix
in the center of the figure is the flattest, because there the param-
eters of the real PSF of the SAXS,σ1 = 3.1×10−3 nm−1 and
σ3 = 3×10−3 nm−1, are used. Admittedly, even in this matrix
shallow local maxima and minima are observed. Nevertheless,
both the amplitude between the highest peak and the lowest val-
ley is smallest, and the peaks and the valleys are broader com-
pared to the other fit factor matrices. Deviation from the opti-
mum leads to an increasingly wavy fill factor image. Thus, the
flatness of the fill-factor matrix appears to be a suitable criterion
for having chosen a primary beam profile of proper width and
height. In this way a suitable SAXS-PSF,W (s), can be deter-
mined even if it has not been measured. After the determina-
tion, the SAXS pattern is desmeared using this PSF. We call
this PSF-search method a “semi-blind” deconvolution in con-
trast to the PSF search in the blind deconvolution that depends
on the detection of over-desmearing.

In detail, as the beam is made longer and longer (Fig. 8, mid-
dle row), the fill-factor matrix is compensating this changeby
lifting the main peaks. On the other hand, as the primary beam
height is increased (middle column), the overcompensationof
the equatorial streak first is corrected and then lifted above
the average fill factor. After understanding this mechanism, the
direction of optimization can already be determined after the

first test with some starting values for length and height of the
primary beam.

4. Results and discussion

Whenever both SAXS and USAXS exhibit discrete scatter-
ing (“double-band scattering”), SAXS and USAXS should be
merged, as long as there is no special reason to focus on only
part of the nanostructure information offered by the material’s
scattering.

If in this case only one of the experiments is carried out
(“single-band experiment”), the results of nanostructureanaly-
sis will be biased. Pure SAXS returns low-pass-filtered struc-
ture information, whereas the features accessible from the
USAXS experiment will result in an image of the nanostruc-
ture that emphasizes the longer-ranging structural features from
the high-pass-filtered structure information of its pattern.
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Figure 9
PP fiber. Comparison of the results of single-band SAXS and USAXS experi-
ments. All data on a logarithmic scale.(a,b): Scattering data(c,d): The corre-
sponding CDFs computed separately from each pattern. The sensitivity of each
pattern to the features of the nanostructure is different: (1) The first pair of tri-
angular peaks indicates layer structure. (2) The second order indicates stacks of
layers. (3) The meridional streak indicates needle-shaped domains extending in
fiber direction

4.1. Polypropylene fiber

Clear double-band scattering is shown by a hard-elastic
polypropylene fiber (Fig. 9a,b). The plot (Fig. 9a) displays
only the central part of the recorded SAXS. The USAXS data
(Fig. 9b) show that the blind spot is so large that an essential
fraction of the discrete scattering is still missing. On thecon-
trary, the USAXS provides the scattering inside the blind spot,
but not the higher orders of the main SAXS reflections.

If we take each part for the whole and compare the results,
both matches and differences are observed. For the purpose of
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demonstration the nanostructure computed from each single-
band experiment is displayed in real space by means of the
multi-dimensional chord distribution function (CDF)(Stribeck,
2001; Stribeck, 2007b) (Fig. 9c,d).

Obviously, the long period and the average layer thickness
(label (1) in the graphs) can be extracted from both patternswith
little difference. Nevertheless, the advanced topological infor-
mation is quite different. From the SAXS-CDF weak correla-
tion among neighboring lamellae would be deduced (Label (2))
which is not visible in the USAXS. On the other hand, only the
USAXS-CDF clearly shows the counterpart of the equatorial
streak (Label (3)).
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Figure 10
After pattern merging.(a) the inner part of the scattering merged from USAXS
and SAXS. In the center the filling of the small USAXS hole by thenovel
extrapolation method is visible. The outward part of the pattern originates
from the desmeared SAXS.(b) The CDF computed from the merged scatter-
ing pattern shows a combination of all the nanostructural features observed in
Figs. 9c,d and a reduced level of artifacts

The result of merging USAXS and SAXS by means of the
new method is shown in Fig. 10a. Obviously, the novel 2D
extrapolation method yields an acceptable intensity shapein the
vicinity of zero scattering angle, when applied to fill the small
central hole in the USAXS. Moreover, in the transition region
between USAXS and SAXS even in the presented logarithmic
scaling neither a step nor a sudden change of slope is observed.

The CDF obtained from the merged pattern is shown in
Fig. 10b. In this CDF from the double-band (i.e. SAXS and
USAXS) experiment the nanostructural features of the pre-
viously discussed single-band CDFS are combined: Both the
weak correlation among the lamellae, and the meridional
double-ridge related to the needle-shaped domains which gen-
erate the equatorial streak in the USAXS are observed.

4.2. Polypropylene nanofiber

Finally, we present a material with even more pronounced
discrete scattering in both angular ranges. Correspondingly, the
filter effect of single-band experiments becomes even stronger.
Similar effects can be expected with other ordered nanostruc-
tured polymeric materials that presently are in the focus of
research.

For such materials even cursory inspection of the SAXS scat-
tering pattern clearly exhibits that the recorded data are incom-
plete, because not only part of the equatorial streak, but also

part of the long period reflection are masked by the beam stop.
On the other hand, if the USAXS is recorded first, the missing
higher orders of the long period reflection may be overlooked.
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Figure 11
PP nanofiber material. Nanostructure information extracted from the SAXS pat-
tern, the USAXS pattern and the merged scattering pattern. The Real-space
CDFs are trimmed to the same region, respectively.

Without resorting to the scattering patterns, let us directly
demonstrate the effect of band-pass filtering on the CDF nanos-
tructure image. Figure 11a exhibits the nanostructure of a pure
lamellae system. The layer thickness distribution appearsto be
rather broad. Only a shallow groove (Fig. 11a, (1)) is indicating
that the material might be made from stacks of finite lamellae
with some transverse offset.

On the other hand, the USAXS CDF (Fig. 11b) presents
a nanostructure which is dominated by the effect of needle-
shaped domains oriented in fiber direction (r3). For the purpose
of direct comparison we have chosen to display the same region
of real space in all plots. Based on Fig. 11b we cannot discuss
the details of the needle structure, but the peaks forming trian-
gles in equatorial direction (r12) are clearly visible and demon-
strate that even the single-band USAXS is noticing some of the
features of the lamellae system.

Finally, the CDF based on the merged data (Fig. 11c) is dis-
playing the complexity of the nanostructure of this material
in high spatial resolution. Triangles(Stribeck, 2001) of narrow
extension in fiber direction are characterizing lamellae ofrather
uniform thickness (Fig. 11c (1′)). The bulky peaks in front of
them (2′) which are split at the meridian are identified by thicker
layers in between with a broad thickness variation, and the
splitting is resulting from individual transverse offset(Stribeck
et al., 2005; Keumet al., 2005) among the other layers, i.e.
the ones of well-defined thickness. Consequently, the crystalline
layers (1′) now appear distinguishable from the amorphous gaps
(2′) between them.
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Besides that, the modulation of the triangular layer peaks
(Fig. 11c (3)) is indicating that the lamellae are either made
from blocks(Hugel et al., 1999), or that a cross-hatched
structure(Olley & Bassett, 1989) is present. The explanation
which is more probable can be deduced from the structure evo-
lution during heat-treatment of the material, which has notyet
been published.

The completeness of the double-band data would be guar-
anteed, if we could verify that outside the limits of the com-
bined angular band sensed in our experiments (0.001 nm−1

< |s| <0.3 nm−1) there were no discrete scattering. In this case
even an extension of the angular bandwidth would not further
clarify the perception of nanostructure.

5. Conclusion and outlook

The discrete modulation of the intensity measured in a scatter-
ing experiment is, in principle, the power spectral densityof the
information on the nanostructure topology. We assume that this
information is bandlimited. In case the bandwidth of the stud-
ied material is wider than the angular band of the instrument
employed, alteration of the reconstructed nanostructure cannot
be avoided. In this paper we have proposed a method that can
be used to minimize the corresponding shift by means of tan-
dem experiments, desmearing, and merging of the scattering
patterns.

In order to avoid the proposed complex procedure one might
think of increasing the angular bandwidth of the instrumentby
employing both a microbeam and a large-area high-resolution
detector(Riekel, 2000). In such a setup USAXS and SAXS
would be recorded simultaneously. Nevertheless, a new prob-
lem is arising with such a setup from the steep fall-off of the
scattering intensity and the necessity to collect low-noise data
over the complete angular range. In the case of static measure-
ments and if a detector with high (or cyclic) dynamics were at
hand, one simply could wait until even at high angles enough
photons were collected. On the other hand, longer exposure is
no solution if structure evolution shall be studiedin situ. In
this area of research the available devices even for the singe-
band setup are still slow. Thus, tandem experiments carried
out at dedicated synchrotron beamlines appear to be a serious
option for the investigation of nanostructure evolution ofcom-
plex polymer materials.

Another pathway may become viable, as detector technol-
ogy and data treatment are advancing. With the novel PILA-
TUS detector technology(Broennimannet al., 2006) large-area
detectors with a short readout time can be realized, and by appli-
cation of 3D adapted smoothing technique it may become pos-
sible to produce low-noise sequences of double-band scatter-
ing data with high time resolution in a single experiment – a
microbeam-setup with a large, fast and effective high-resolution
detector. The addressed 3D smoothing procedure would resort

to the elapsed time,t, as the 3rd dimension considering the mea-
sured intensityI (s12,s3, t) a function of 3 variables. Adaption
could be realized by increasing the number of considered pixels
for smoothing with increasing distance

(

s2
12+ s2

3

)0.5
from the

center of the pattern.
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Synopsis

Combination of two-dimensional scattering patterns measured with different instruments requires collimation correction. The method is demon-
strated by SAXS and USAXS of polymer fiber materials
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