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A method for collimation correction and combination of arispic scattering
patterns recorded in tandem experiments is proposed|dides both an advanced
two-dimensional (2D) extrapolation procedure for the eewtf the pattern, and
(compared to the “blind deconvolution” method) a more fiesti procedure for
desmearing from an unknown broad primary beam profile. Tnig-$lind decon-
volution rests on the availability of unsmeared data in aore@f the smeared
image.
Materials exhibiting both ultra-small-angle X-ray scatig (USAXS) and small-
angle X-ray scattering (SAXS) must be studied in both armghbéands (tandem
experiment), in order to collect the complete discretetedat for nanostructure
analysis. Merging of the patterns requires desmearing Iefast the SAXS pat-
tern from its point-spread function, i.e. the primary beawfife. The distorting
© 2008 International Union of Crystallography ~ €ff€Ct Of single-band experiments on the reconstructedstaucture of polymer
Printed in Singapore — all rights reserved materials is demonstrated.

1. Introduction smeared nature of the SAXS pattern is readily establishigd. F

Whenever small-angle X-ray scattering (SAXS) patterns ardre 1 demonstrates that pattern merging cannot be suctessfu

recorded in practice, the profile of the primary beam is non! the SAXS pattern is not desmeared. As far as we know, a

ideal. This means that a collimation correction is requiiad desmearing method for two-dimensional (2D) scattering dat
principle. In the classical SAXS literature considerabera has not yet been published.

tion has been paid to the desmearing(Krattyal., 1951; .

Synecek, 1960; Ruland, 1964: Glatter, 1974; Deutsch & Lubar?- Experimental

1978; Solimanet al., 1998) of scattering curves. In modern

SAXS the smearing is usually disregarded, because thexappro2.1. Materials

imation of an ideal point focus is frequently sufficient fbet Different polymer materials are investigated (hard-étast
applied methods of data analysis. polypropylene (PP), PP-nanofibers, fibers from polyethg/len
terephthalate/PP blends) in heat load experiments or glurin
mechanical testing. For the purpose of structure evoligiod-
ies, the experiments are monitored by X-ray scattering ioogh
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 diganc
Figure 1 is ranging between 8 m and 13 m. Scattering patterns are

Collimation effect on the scattering pattern of a polypremd nanofiber mea- . . " "
sured at different synchrotron beamlines of HASYLAB, Hamb@a) USAXS collected by a two-dimensional position sensitive marc68 1

pattern measured at beamline BWH) SAXS pattern measured at A2. Both detector (mar research, Norderstedt, Germany) operated in
images display the same region: -0.05Td 1,3 <0.05 nntt 2048 x 2048 pixel mode (7@&m quadratic pixel size). Samples

are exposed for typically 50 s with a cycle time of 1 min.
Nevertheless, desmearing can no longer be avoided, if data
must be merged which have been measured with differing pri2-3. SAXS
mary beam profiles in order to cover the complete angularmang Small-angle X-ray scattering is performed in the synclaomotr
in which discrete scattering is observed. Frequently threeeo beamline A2 at HASYLAB, Hamburg. The wavelength is
sponding materials exhibit both SAXS and ultra-small-angl 0.15 nm. The sample-detector distance is ranging between 2 m
X-ray scattering (USAXS). Comparing the two patterns, theand 3 m. Collection of the scattering patterns is identicalhat
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of the USAXS experiment. For the profile presented in Fig. 2 we determine the standard
deviationsr; = 2.1103nm~1 ando3 = 5.910*nm~1 in hori-
2.4. Pre-evaluation zontal and vertical direction, respectively.

The measured machine background weighted by the absorp-
tion factor is subtracted from the raw scattering pattdmalid

pixels (e.g. behind the beam stop) are discarded. The paster  (g,0ce Fill Cg‘;”;g‘ / (;”A‘;S;
aligned by moving its physical center to the center of thegena Méﬁﬁgﬂ] profile / profile
map, rotated so that the fiber axis becomes the vertical axis, / V

and harmonized. The last-mentioned step comprises the fillt

. . . ™ . _ Expose mear (convolve) USAXS pattern
ing of missing pixels by utilization of the 4-quadrant synirge SAXS E With SAXS beam profile

of the fiber pattern. Finally, the scattering intensity ismal- V / V
ized to constant sample thickness by means of the absorption £ _

factor as determined from the readings of ionization chambe F'ftan’fC’?;Slr;”;gj’;ﬁ;g’piz;gi‘e
monitors(Stribeck, 2003). .

New guess for SAXS profile
"semi-blind deconvolution")

fit factor image

Desmear the
measured SAXS

after hole filling

Desmear the
smeared combined

Figure 2 pattern
Digitized image of a primary beam profile at beamline A2, HASYLABwe ﬂz
length of the bright spot is 3 mm
Eupplement original USAXS pattern ]
by the desmeared SAXS

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 theipo Figure3

tion of the detector. The image of the beam spot is monitored© chart of USAXS and SAXS pattern merging combined withiouition
correction by desmearing. The straightforward method (clareows) suffers

by a TV-camera, and a digitized video framW (x1,X3), IS from artifacts originating from insufficient hole filling
obtained. Here; andxz are the horizontal and the vertical co-

ordinate of the beam spot image expressed in absolute uUnits o

length. Figure 2 shows the raw snapshot of a rather fine pyimar

beam profile recorded at beamline A2 after a good adjustmend. The pattern merging procedure

In its centeM, (X1, x3) is overexposed. Therefore, an analytical . . . .
model of the beam profile is defined and fitted to the beam proFIgure 3 displays a flowchart both of the obvious straightfor

il hot. B the b haping i iod out b ward pattern merging procedure (curved arrows), and of a com
'e Snapshol. because the beam Shaping IS carried out bysmeglyq,, pattern merging method proposed by us.
of horizontal and vertical slits, the sought point spreattfion

. It has been necessary to develop the complex procedure
(PSF) is modeled by . . . .

because the simple method is unstable in practice, whereas

W (X1, %3) = Wi (X1) W5 (X3) (1) the complex procedure has proven robust. Thus, it can be uti-
lized for automatic processing of extensive series of ecatt
ing patterns from time-resolved experiments. Unfortulyate
the SAXS pattern the blind hole is large, and the data must be
desmeared. This is only possible after filling the hole. la th
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 datapxtra

a product of co-ordinate functions. Moreover, from the chle
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 spage;
(2/)) sinf with X the wavelength of radiation and 2he scat-
tering angle, the PSF is

2 2 olation
W (s;,s3) = exp|—= (=) |exp|-2 3 ' o : . _
1 2ro103 2\ o1 2\ o3 ’ Due to the fact that desmearing is the inversion of an inte-
) gration, the hole-filling procedure has to return extrengzlgpd

with s; ands; the components of the scattering vectorequa- ~ €Stimates. Even small errors concerning differentighbiiill
torial and meridional direction, respectively. The 2D Feur turn into artifacts during desmearing. In the following we

transform oW (s;, Sg) is present a new 2D extrapolation method. It only appears suit-
_r - able for filling the beam-stop area of scattering patterrtschy
w(ri,rs) = exp(—2r°oiri)exp(—2r°03r3)  (3)  do not require desmearing. Later in our data evaluation we us
= wi(ry) ws(ra). 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 3.1.2. Step 2 In the secondary direction, but sufficiently off
unknown primary beam profile (i.e. the point-spread funrctio the blind spot, a complete profile “P” is extracted from theame
(PSF)) of the SAXS is presented. sured data. This profile is put on every pixel of the Guinier-
parabola G. Mathematically, the resulting submatrix ofisi-
ties in the vicinity of the originl{ (s), is generated by the matrix
product of the vectors G and PGP = G # P/ MAX(P), in
the notation of PV-WAVE(VNI, 2007)). Already this 2D inten-
sity distribution, 15(s), is a better fill than the rubber cloth
(Fig. 4c). Nevertheless, it must be improved because oftan ar
ficial step in the resulting data: Let the edgelpfs) which is
running parallel to the principal direction be called thereo-
tion edge. At the correction edge a step of varying helyig
observed (Fig. 4b).

a b P
‘ \ 3.1.3. Step 3 Let Igps(S) the measured SAXS pattern. Like
I5(s) it is a matrix, and both matrices are overlapping. After
computing the ratio of both matrices in the overlap region, a
useful compensatiomnector is extracted along the correction
edge ofl|(s). Each of its elements is the local compensation
c ' d \ factor for one of the profiles, P’, which are hanging down from

the G-parabola. Finally, after affine deformation of eaclhef
P’ (by multiplication with its local compensation factothe
. filling is smoothly approaching the measured data. The tresul
Figure 4 is shown in Fig. 4d. At the former edge of the hole the lacks
Filling of the central hole(a) The common 2D extrapolation by a “rubber . ] g. i g
cloth” is only good for filling the hole on a high intensity kev(b) The central ~ concerning differentiability are now smaller than aftebier-
hole and the concept of filling by a “tent rod” generated byr@eriextrapola-  cloth filling, but not necessarily small enough if we are aigi
tion (G), on which another tent rod (P’) is moving in transeedirection. The gt desmearing.
;hape ofth|s_ _ro_d is borrowed from valid data (P). The remaieimorA is !ead- The source code of the procedure is in the function
ing to an artificial step(c) The pattern before and) after error correction by . . . . .
affine transformation of P’ sf_|0est|mat_e.pro, which is part of our free program ligrar
sf_progs(Stribeck, 20@J.

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,0200
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 fuoat

: rubber cloth desmeared = : igloo tent : true USAXS

(CDF)(Stribeck, 2001) this practice is acceptable. Obsfiguit
is unsuitable if we have to desmear a scattering pattermethe
fore, we have developed an advanced method which is le
prone to produce desmearing artifacts. Figuratively, s
cedure is filling the hole by an “igloo tent” supported by bent

tent rods. The extrapolation is performed in 3 steps. Figure
demonstrates both the previously used method for 2D extrapo

lation (Fig. 4a), and the new extrapolation procedure. Figure 5
( 9 ) P P Desmearing artifacts close to the blind hole as a functiorhefttole-fill pro-

] ) cedure in linear intensity scale (top row) and logarithmialsqbottom row)
3.1.1. Step 1 In the first step, two 1D sections (curves) are for hard-elastic PP fiber materigh,b) measured SAXS pattern, central part.

extracted from the pattern. One curve is extending in meridDesmearing results after filling the blind hole;d) by a rubber cloth(ef) by
ional, the other in equatorial direction through the cemr the 2D Guinier estimatdp,h) by the smeared USAXS of the same sample
the pattern. A parabola is fitted to each section. In order to

retain some flexibility, an even, 4th-order polynomial i®dis 3-2- Hole-fill method compatible with desmearing

The resulting curve closely resembles the beginning of the A hole-fill method is compatible with desmearing, if it does
series expansion of the Guinier extrapolation(Guinier &0 not introduce perturbing artifacts to the desmeared saadte
net, 1955). The section of the two, in which the intensityntls  pattern. This can easily be tested by means of, first, degmgear
highest becomes the principal section. In the example @). and, second, inspecting the central part of the desmear¥$SA
the equatorial section is the principal one. The parabdlisfi pattern. Figure 5 demonstrates the differences resultiog f
indicated by a solid line labeled by the letter “G”. 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 integrity by copying the central tile onto all its outwardigie

hole. Filled by different methods and desmeared, the iratdt  bors. Programmed this way in PV-WAVE(VNI, 2007), loops are

displayed in the columns to the right. avoided. This assures fast desmearing without visibléaats
The next column (Fig. 5c,d) shows the result after filling at the edge of the intensity matrix.

by the radial-basis-function method (rubber cloth). Cdesi

able distortion is observed inside and outside the formiadbl 3.3. Smearing and desmearing

spot. The distortion is manifested in strong “over-desnnegr Before we start to describe the desmearing procedure, itself

which even causes the apparent intensity to become negativea brief summary of the well-known(Alexander, 1979; Glat-
Applying the new hole-filling procedure (cf. Fig. 4) to the ter & Kratky, 1982; Balta Calleja & Vonk, 1989; Stribeck,

large SAXS hole, the remnant artifacts are less severe. iihey 2007%) mathematical background shall be given. The mea-

longer cause meaningless intensity values (Fig. 5e,fleNleg- ~ sured scattering patteriys(S1,S3), appears smeared because

less, the area of the former hole is full of artificial reflecs. of imperfect collimation quantified by the point-spreaddtion
Unfortunately, smooth appearance outside the hole ared is n(PSF)W (s1,Ss). Its relation to the ideal intensity sought after,

sufficient to guarantee proper desmearing. Only in the rtept s | (S1,Ss), is given by the correlation integral

of data evaluation, in which SAXS and USAXS patterns are ©

merged, it sometimes turns out that there is a mismatch of the lobs(S1,%) = / I (y1,y3)W (s1+Y1,S3+Y3) dyidys4)

slopes in the overlap region. Thus, a more reliable holedill ] o

method is required. = 1(s1,5%)xW(s1, %) )
Finally, if the USAXS pattern is smeared and then taken tofill - Correlation is equivalent to convolution, if at least onétsf

the SAXS hole (cf. Fig. 4b), the comparison (Fig. 59,h) showspartners is an even function, eW.(s) = W (—s). Inversion of

that inside the blind hole we only observe shallow artificial Eq. (4) is carried out either directly, or by iteration. Thieedt
modulations. Nevertheless, not even these modulationbean jnversion by means of Fourier transforms

taken serious, thus the measured USAXS data must be filled in.

Outside the beam-stop area the artifacts are very weak.eCons 1(9) = F N (F2(lows(9))[.F2 (W (-9))) (6)
quently, the desmeared SAXS and the USAXS can be matched = F5 N (Fa(lops(S)) W (—T)). @)

and merged after simple multiplication by an almost cortstan

factor. has first been proposed by Stokes(Stokes, 1948), and is a

During straight-forward desmearing of SAXS patterns cut-corollary of the Fourier-slice theorem(Stribeck, 2007n the
off artifacts are generated close to the edge of the detectogquation les = (s1,s3). #2 () designates the two-dimensional
because the measured SAXS intensity has not faded to zero. Fourier transform, the back-transform of which is realizsd

In fact, later during analysis the nanostructure infororati the operatorZ, *(). w(r) is referring to Eq. (3).
is reduced to a perfectly bandlimited(Stribeck, 200Glat- The iterative desmearing is, in general, implemented by var
ter, 1981) functionG (s), which describes the undulation of ants of the method devised by v. Cittert(Burger & van Cit-
the scattering intensity about Porod’s law. This intenfieee  tert, 1932; Ergun, 1968; Glatter, 1974). The variants diffie
function(Stribeck, 2001) would not suffer from cut-off, thue the way, in which the correction function is smoothed — a func
do not know a way to keep the data numerically stable under thon which is computed in each iteration step. In the com-
required transforms. Anyway, the cut-off effects can asidge ~ mon algorithm of Glatter(Glatter, 1974) the smoothing is-pe

decreased by subjecting the SAXS intensity to cyclic bounda formed by convolution with a triangle. Modern signal prases
conditions. ing manuals(VNI, 2007) recommend the use of an adapted dig-

In a preceding step, the pixels outside the sensitive @rcul ital filter. As recommended, we utilize a 10th order adapted

disk on the detector are filled from extrapolated data inoiale  digital filter with standard parameters from the library &-P
obtain a rectangular pattern matrix filled with valid datar this WAVE(VN'- _2007)- . ) o )
purpose the rubber-cloth extrapolation(Buhmann, 2000|, VN The principle of the iterative desmearing is bas_ed on 'Fhe obv
2007) works sufficiently, provided all data points are efiated ~ 0US fact that the correlation of the sought-after intensitg),

that are affected from the penumbra close to the circuméeren With the primary beam profileyV (s), is broadening the signal
of the vacuum tube. lobs (S). Now the simple idea is to smear the already smeared

signal lops (S) a second time, then to determine the resulting

There is a simple test criterion for the complete eliminatd ) e ' -
the penumbra region: As long as the penumbra is not eliminate/Ntensity variation at each point of the pattern yieldingarec-

completely, the extrapolated apron is rapidly descendimgy- tion function, and - gfter_ the above—men_tionec_i smoothieg st
ative intensity. The penumbra region is readily removed by~ ' invert the variation in order to obtain an improved guess
application of the erode operator(Stribeck, 260VNI, 2007; of the sought fun(?t|on. EwdenFIy, th_'s pr|'nC|pIe can t_)erateq
Rosenfeld & Kak, 1982) to the region of valid pixels and convergence is found aftaiterations if the guess intensity
’ * m

Finally, the pattern is made a periodic function by subjegti I™(s) smeared by (s)
it to cyclic boundary conditions. We do not save memory but 1™ (S) *W (S) = lops (S) (8)
computing time and put 8 shielding copies of the image around
the central scattering pattern. After each iteration weores is equal to the measured intensity.
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3.4. SAXS desmearing filter, but such manual optimization cannot be toleratedyas

After the pre-evaluation of the SAXS patterns has beerré aiming at the automatic processing of extensive sefies o
described and the two deconvolution methods have beepatterns. Moreover, the complete region of low intensitges

sketched, let us now turn to the selection of the deconwiuti filled with artificial ripples, and the desmearing effect het
method itself. main peaks is clearly limited by the distorting effect of the-

pass filter.
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- 3.4.2. The iterative method A representative result of the
cal Fourier transform as we utilize Eq. (7). Nevertheleks, t iterative method is shown in Fig. 6d. The general result can
division in Fourier space leads to a serious problem, becaude accepted because of the built-in check used in the conver-
it is strongly amplifying noise in the outer part of the matri gence test. Compared to Fig. 6c the reflections are narrower
and similar noise is observed in the “desmeared” functiemg  indicating that desmearing achieved by the direct methad ha
et al., 2003). The square of the mentioned matrix is the powepP€en incomplete. Nevertheless, even the result of thetiitera
spectrum of the scattering pattern. Iif,s(s) could be made method shows artifacts. Due to the fact that they are loedlat
bandlimited as in the area of tomography(Desical., 2003)  the border of the filled central hole, they are readily attieiol

or in crystallography(lda & Toraya, 2002), acceptable tesu to improper hole-filling.

could perhaps be obtained by adaption of a low-pass filte
a
E

applied in Fourier space.
Figure 7

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

Figure 6 3.5. Filling by smeared USAXS and semi-blind deconvolution

g%?lf,zr,'ss;ged;ifg_ ?rr;i '};f;‘;‘s’ Sﬁzmﬁgn&ﬁﬁ?g??;;}&%ﬁﬁgg _ Figure 7 demonstrate; the fiIIirjg of the central hole for dstu
51,83 < 0.045 nnr! ied polypropylene nanofiber. This example is extreme, bezau
the USAXS of the material is particularly distinct (Fig. 7a)
Our directly desmeared patterns always show both discretiloreover, the adjustment of the beamline optics has bebamrat
artifacts where the intensity is low, and — even worse — incompoor during the measurement of the SAXS (Fig. 7b). The scat-
plete desmearing. The data are unsuitable for structurg-ana tering pattern of Fig. 7c is obtained by smearing of the messku
sis. Figure 6 shows the SAXS pattern of a polypropylene fibetJSAXS pattern with the primary beam profile of the SAXS
before and after desmearing. For the purpose of artifacodem according to Eq. (4). Itis readily fitted into the hole of thean
stration, the central blind spot has been filled by the poolbes-  sured SAXS pattern. The result is shown in Fig. 7d.
cloth extrapolation. In order to merge the patterns, the average fit factor is com-
Figure 6¢ shows the result of the direct deconvolution. # ha puted from the region, where both SAXS data and USAXS data
already been optimized by individual adaption of the lovega are present.
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first test with some starting values for length and heightef t
b 26140 31/50 36/40 o a boam J J J
) 1) 1 | | primary '
4. Results and discussion
E Whenever both SAXS and USAXS exhibit discrete scatter-
8 ing (“double-band scattering”), SAXS and USAXS should be
o 1 i} | merged, as long as there is no special reason to focus on only
> 21/30 31/30 41/30 part of the nanostructure information offered by the matisri
E I i ) i} | scattering.
c If in this case only one of the experiments is carried out
= (“single-band experiment”), the results of nanostructumaly-
o sis will be biased. Pure SAXS returns low-pass-filteredcstru
— ture information, whereas the features accessible from the
g | 1 B B " USAXS experiment will result in an image of the nanostruc-
o 26/20 31/10 36/20 ture that emphasizes the longer-ranging structural featinom
= ip N | the high-pass-filtered structure information of its patter
SAXS USAXS
| i B A i

longer primary beam

Figure 8

Demonstration of the semi-blind deconvolution approach & diesmearing
procedure (Fig. 3): Choose the size of the primary-beam pritidt flattens the
image of fill factors best. Images of the fill-factor are presdnt pseudo-color
as a function of widthg 1, and heightgs, of the profile. The labels indicate the
pairsoi/os in units of 10*nm~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-factorimatr
The variation of this fill-factor matrix as a function of prary-
beam length and height is shown in Fig. 8. The fill-factor ixatr C
in the center of the figure is the flattest, because there tia@pa
eters of the real PSF of the SAX&; =3.1x 103 nmtand 2%
o3 =3x 1023 nm 1, are used. Admittedly, even in this matrix
shallow local maxima and minima are observed. Neverthgless
both the amplitude between the highest peak and the lowkst va
ley is smallest, and the peaks and the valleys are broader corpigure 9
pared to the other fit factor matrices. Deviation from the-opt PP fiber. Comparison of the results of single-band SAXS and XEéxperi-
mum leads to an increasingly wavy fill factor image. Thus, thements. All data on a logarithmic scal@,b): Scattering datéc,d): The corre-

- . . .. sponding CDFs computed separately from each pattern. Tiséisiiy of each
flatness of the fill-factor matrix appears to be a suitabkeran attern to the features of the nanostructure is differdntThe first pair of tri-

for haVing chosen a primary beam pmﬁle of proper width an(ﬁngular peaks indicates layer structure. (2) The secoret ordicates stacks of

height. In this way a suitable SAXS-PSF,(s), can be deter- Jayers. (3) The meridional streak indicates needle-shapethihs extending in

mined even if it has not been measured. After the determingiber direction

tion, the SAXS pattern is desmeared using this PSF. We call

this PSF-search method a “semi-blind” deconvolution in-con 4.1. Polypropylene fiber

trast to the PSF search in the blind deconvolution that dépen  Clear double-band scattering is shown by a hard-elastic

on the detection of over-desmearing. polypropylene fiber (Fig. 9a,b). The plot (Fig. 9a) displays
In detail, as the beam is made longer and longer (Fig. 8, midenly the central part of the recorded SAXS. The USAXS data

dle row), the fill-factor matrix is compensating this charmye (Fig. 9b) show that the blind spot is so large that an esdentia

lifting the main peaks. On the other hand, as the primary bearfraction of the discrete scattering is still missing. On ton-

height is increased (middle column), the overcompensatfon trary, the USAXS provides the scattering inside the blindtsp

the equatorial streak first is corrected and then lifted abovbut not the higher orders of the main SAXS reflections.

the average fill factor. After understanding this mechantsm@ If we take each part for the whole and compare the results,

direction of optimization can already be determined after t both matches and differences are observed. For the purpose o

r, .90 r .
3y o 3 lhmy g
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demonstration the nanostructure computed from each singl@art of the long period reflection are masked by the beam stop.
band experiment is displayed in real space by means of th@&n the other hand, if the USAXS is recorded first, the missing
multi-dimensional chord distribution function (CDF)(ibeck, higher orders of the long period reflection may be overlooked
2001; Stribeck, 200 (Fig. 9c,d).

Obviously, the long period and the average layer thicknes a2
(label (1) in the graphs) can be extracted from both pattsitiis SSAXS ' j USAXS
little difference. Nevertheless, the advanced topoldgitar- g Y/
mation is quite different. From the SAXS-CDF weak correla-
tion among neighboring lamellae would be deduced (Labgl (2)
which is not visible in the USAXS. On the other hand, only the a
USAXS-CDF clearly shows the counterpart of the equatorial / ‘ 3
streak (Label (3)). - SN il 100

’7/77] —-100 <42
00 g
S g —oos SAXS+USAXS
? : SH’
Figure 11
Figure 10 PP nanofiber material. Nanostructure information extractad the SAXS pat-

After pattern merging(a) the inner part of the scattering merged from USAXS tern, the USAXS pattern and the merged scattering pattere. Réal-space
and SAXS. In the center the filling of the small USAXS hole by timvel CDFs are trimmed to the same region, respectively.

extrapolation method is visible. The outward part of the grattoriginates
from the desmeared SAX$b) The CDF computed from the merged scatter-
ing pattern shows a combination of all the nanostructurdufea observed in
Figs. 9c¢,d and a reduced level of artifacts

Without resorting to the scattering patterns, let us diyect
demonstrate the effect of band-pass filtering on the CDFsyano
tructure image. Figure 11a exhibits the nanostructure afra p

The result of merging USAXS and SAXS by means of thelamellae system. The layer thickness distribution appieebe
new method is shown in Fig. 10a. Obviously, the novel 2Drather broad. Only a shallow groove (Fig. 11a, (1)) is intiza
extrapolation method yields an acceptable intensity shefiee  that the material might be made from stacks of finite lamellae
vicinity of zero scattering angle, when applied to fill theadm with some transverse offset.
central hole in the USAXS. Moreover, in the transition regio  On the other hand, the USAXS CDF (Fig. 11b) presents
between USAXS and SAXS even in the presented logarithmi@ nanostructure which is dominated by the effect of needle-
scaling neither a step nor a sudden change of slope is ololserveshaped domains oriented in fiber directiog) (For the purpose

The CDF obtained from the merged pattern is shown inof direct comparison we have chosen to display the samerregio
Fig. 10b. In this CDF from the double-band (i.e. SAXS andof real space in all plots. Based on Fig. 11b we cannot discuss
USAXS) experiment the nanostructural features of the prethe details of the needle structure, but the peaks formiag-tr
viously discussed single-band CDFS are combined: Both thgles in equatorial directiorr{2) are clearly visible and demon-
weak correlation among the lamellae, and the meridionagtrate that even the single-band USAXS is noticing someef th
double-ridge related to the needle-shaped domains which gefeatures of the lamellae system.

erate the equatorial streak in the USAXS are observed. Finally, the CDF based on the merged data (Fig. 11c) is dis-
playing the complexity of the nanostructure of this materia
4.2. Polypropylene nanofiber in high spatial resolution. Triangles(Stribeck, 2001) afnow

Finally, we present a material with even more pronouncecxtension in fiber direction are characterizing lamellasatier
discrete scattering in both angular ranges. Correspohylig  uniform thickness (Fig. 11c (). The bulky peaks in front of
filter effect of single-band experiments becomes even gaon them (2) which are split at the meridian are identified by thicker
Similar effects can be expected with other ordered nanostru layers in between with a broad thickness variation, and the
tured polymeric materials that presently are in the focus osplitting is resulting from individual transverse offsgtifbeck
research. et al., 2005; Keumet al., 2005) among the other layers, i.e.

For such materials even cursory inspection of the SAXS scathe ones of well-defined thickness. Consequently, theaitirss
tering pattern clearly exhibits that the recorded datarmremn-  layers (1) now appear distinguishable from the amorphous gaps
plete, because not only part of the equatorial streak, mat al (2') between them.
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Besides that, the modulation of the triangular layer peakso the elapsed time, as the 3rd dimension considering the mea-
(Fig. 11c (3)) is indicating that the lamellae are either mad sured intensityl (s12,s3,t) a function of 3 variables. Adaption
from blocks(Hugelet al., 1999), or that a cross-hatched could be realized by increasing the number of considereglgix
structure(Olley & Bassett, 1989) is present. The explamati for smoothing with increasing distano{e§2+§)o'5 from the
which is more probable can be deduced from the structure ev@enter of the pattern.
lution during heat-treatment of the material, which hasymeit
been published.

The completeness of the double-band data would be guaf

anteed, if we could verify that outside the limits of the com-yo g 5 Fynari and A. Timmann for their support. We grate-

: - - 1
bined gnsgularlb{aﬁd sensed md_our ?Xpe”?ems (Io'?ﬁl "M £,lly acknowledge funding by the Deutsche Forschungsgemei
< |5| <0.3 n1™*) there were no discrete scattering. In this case o oo ot STR 501/4-2.

even an extension of the angular bandwidth would not further
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Synopsis

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