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(54) X-ray analyzing system for x-ray scattering analysis

(57) An X-ray analyzing system for x-ray scattering
analysis comprising an x-ray source for generating a
beam of x-rays propagating along a transmission axis
(3), at least one hybrid slit (5b) with an aperture which
defines the shape of the cross section of the beam, a
sample on which the beam shaped by the hybrid slit (5b)
is directed, and an X-ray detector for detecting x-rays
originating from the sample, wherein the hybrid slit (5b)

comprises at least three hybrid slit elements (7), each
hybrid slit element (7) comprising a single crystal sub-
strate (8) bonded to a base (9) with a taper angel a≠0,
the single crystal substrates (8) of the hybrid slit elements
(7) limiting the aperture, is characterized in that the hybrid
slit elements (7) are staggered with an offset along the
transmission axis (3). The inventive X-ray analyzing sys-
tem shows improved resolution and signal to noise ration.
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Description

[0001] The invention relates to an x-ray analyzing sys-
tem for x-ray scattering analysis comprising: an x-ray
source for generating a beam of x-rays propagating along
a transmission axis, at least one hybrid slit with an aper-
ture which defines the shape of the cross-section of the
x-ray beam, a sample on which the x-ray beam shaped
by the hybrid slit is directed, and an x-ray detector for
detecting x-rays originating from the sample, wherein the
hybrid slit comprises at least three hybrid slit elements,
each hybrid slit element comprising a single crystal sub-
strate bonded to a base with a taper angel α≠0, the single
crystal substrates of the hybrid slit elements limiting the
aperture.
[0002] Such an x-ray analyzing system is known from
WO 2011 086 191 A1.
[0003] X-ray measurements, in particular x-ray diffrac-
tion (XRD) and small angel x-ray scattering (SAXS)
measurements are used for chemical analysis and struc-
tural analysis of samples in a variety of applications.
[0004] In particular in SAXS measurements using lab-
oratory sources it is important to have a high photon flux
and a low background. The photon flux is important to
have short data acquisition times and the low background
is important since the scattering signal is often very low.
The aperture of the slit defines the size and shape of the
beam cross-section and the divergence of the beam
which are important parameters for the achievable res-
olution.
[0005] By directing x-rays to an aperture of a slit of
polycrystalline material parasitic diffraction can happen,
which results in a decreased signal to noise ratio. In order
to limit the divergence of the x-ray beam it is known to
use three aperture slits within the optical path of the x-
ray beam. However, this results in a reduction of the pho-
ton flux and therefore in an increased measurement time.
[0006] Li Youli; Beck Roy; Huang Tuo; et al. (Scatter-
less hybrid metal-single-crystal slit for small angle x-ray
scattering and high resolution x-ray diffraction; JOUR-
NAL OF APPLIED CRYSTALLOGRAPHY Volume: 41
Pages: 1134-1139 (2008)) suggested the use of hybrid
slits where the edges are made of single crystals such
as Germanium or Silicon. The hybrid slits comprise a
metal base on which a rectangular single crystal sub-
strate is mounted, wherein the single crystal substrates
of the hybrid slit elements limiting the aperture. Parasitic
scattering due to total reflection and scattering at grain
boundaries can be avoided. The introduction of hybrid
slits has made it possible to use only two slits (square
pinholes) and still have a low background.
[0007] WO 2011 086 191 A1 discloses an x-ray ana-
lyzing system for SAXS measurements using hybrid slits
comprising two sets of two hybrid slit elements being ar-
ranged opposite with respect to each other to form a rec-
tangular or square aperture. In SAXS measurements the
resolution is determined by the smallest achievable scat-
tering angle which in turn depends on the size of the

cross-section of the direct beam which is blocked by an
appropriate beamstop. Since the minimal beamstop size
is determined by the distance from the center to the out-
ermost point of the beam cross-section, the resolution of
the x-ray analyzing system known from WO 2011 086
191 A1 is limited by the dimensions of the hybrid slit el-
ements.

Object of the invention

[0008] It is the object of the invention to suggest an x-
ray analyzing system with improved resolution and signal
to noise ration.

Short description of the invention

[0009] In accordance with the invention this object is
achieved in that the hybrid slit elements are staggered
with an offset along the transmission axis.
[0010] The x-ray beam is directed on the sample,
whereby the edges of the single crystal substrates of the
hybrid slit limits the cross-section of the x-ray beam gen-
erated by the x-ray source. Therefore the hybrid slit ele-
ments are positioned circumferential around the trans-
mission axis with their basis facing away from the trans-
mission axis and their single crystal substrates facing
towards the transmission axis.
[0011] Due to the inventive staggered arrangement of
the hybrid slit elements the single crystal substrates are
positioned at different positions along the transmission
axis (offset in z-direction), in which the single crystal sub-
strates may overlap (seen in projection along the trans-
mission axis) without obstructing each other. Thus the
size of the aperture of the hybrid slit can be chosen in-
dependently of the size of the hybrid slit elements and
the shape of the aperture can be chosen independently
of the size if the aperture by selecting an appropriate
number of hybrid slit elements. Preferably the offset be-
tween corresponding parts of the single crystal sub-
strates complies with the dimension of the single crystal
substrates in direction of the transmission axis. The offset
of the hybrid slit elements then depends on the thickness
of the single crystal substrates.
[0012] By staggering the hybrid slit elements a polyg-
onal cross-section with a high number of edges can be
realized which - in spite of the high number of edges -
shows a small size. The bases of the hybrid slit elements
are preferably made of high density metal; the single crys-
tal substrates are of high quality in order to ensure a
minimum number of material defects (perfect single crys-
tal), preferably the single crystal substrates made of Ge,
Si are used.
[0013] The hybrid slit, the sample and the detector are
preferably positioned along the transmission axis, where-
by the sample is positioned between the hybrid slit and
the detector. The hybrid slit is positioned within the optical
path of the beam between the x-ray source and the sam-
ple. It is also possible to displace the detector perpen-
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dicular to the optical path in order to measure a wider
angular range. In this case the direct beam (beam pass-
ing the hybrid slit without being scattered) is directed to
the edge of the detector.

Preferred embodiments of the invention

[0014] In a preferred embodiment the hybrid slit ele-
ments are arranged to form a polygon with n edges
viewed in projection along the transmission axis, with
n>4, in particular n≥8.
[0015] Preferably the shape of the cross-section of the
beam defined by the aperture is a regular polygon. The
higher the number of edges in the polygon, the better it
approximates a circle and, thus, the higher the photon
flux that will pass it. Due to the increased photon flux the
number of slits and thus the size of the analyzing system
can be reduced. For a negligible offset of the single crys-
tal substrates the shape of the aperture of the hybrid slit
is also a regular polygon and the distances of the single
crystal substrates to the transmission axis is the same
for all single crystal substrates. With regard of a non-
negligible offset the distances d of the single crystal sub-
strates vary in dependence of the position of the single
crystal substrates along the transmission axis (Δd=OS
tan(2θ) with Δd=difference of distances to transmission
axis, 2θ=divergence angle, OS=offset between neigh-
boring single crystal substrates).
[0016] In a special embodiment of the inventive x-ray
analyzing system the hybrid slit elements are movable
perpendicular to the transmission axis, in particular radi-
al. The size and/or shape of the aperture of the hybrid
slit can be varied by varying the radial position of the
hybrid slit elements.
[0017] Since opposing hybrid slit elements do not ob-
struct each other opposing hybrid slit elements can form
a pair and the hybrid slit elements are staggered pairwise.
I.e. opposing hybrid slit elements are positioned at the
same z-position. Thereby the dimension of the hybrid slit
can be reduced.
[0018] In a preferred embodiment the x-ray analyzing
system is a small angle x-ray diffraction analyzing system
comprising a beamstop which is positioned between the
hybrid slit and the detector for blocking incident x-rays.
For SAXS measurements the detector is positioned close
to the transmission axis of the x-ray source in order to
detect signals of big nanoparticles. The beamstop is po-
sitioned between the sample under investigation and the
detector. The beamstop prevents any portion of the direct
beam from hitting the detector, which could otherwise
saturate the detector and make measurements of the
diffracted x-ray energy more difficult. Therefore the
beamstop has to be large enough to cover the area that
can be hit by the direct beam. On the other hand the
scattering angle should be as small as possible and
therefore the beamstop is chosen as small as possible.
[0019] Preferably the radial positions and the positions
along the transmission axis of the hybrid slit elements

are chosen to optimize the photon flux of the detected
scattered x-rays. Because of the divergence of the x-ray-
beam the radial positions of the single hybrid slit elements
depend on their respective positions along the transmis-
sion axis. In order to optimize the photon flux, the cross-
section of the x-ray beam passing the hybrid slit should
resemble the shape and size of the beamstop (usually
circular).
[0020] Most preferably the x-ray source is a laboratory
source, e.g. a sealed tube, a rotating anode, a micro-
source, or a metal-jet source. Laboratory sources show
a large divergence which lead to flux losses. In combi-
nation with a laboratory source the inventive x-ray ana-
lyzing system leads to significant photon flux increase
(compared to state of the art x-ray analyzing systems)
while the background is still low.
[0021] The taper angle is preferably larger than the
beam divergence, in particular α>10°. The beam defining
single crystal substrate is oriented far from any Bragg
peak position with respect to the incident beam in order
to inhibit abnormal transmission. In addition the taper an-
gle should be chosen wide enough in order to inhibit sur-
face scattering from the slit.
[0022] In a highly preferred embodiment two hybrid
slits are provided, wherein the slits are positioned and
spaced apart from each other along the transmission ax-
is. Additionally a further slit can be provided, in particular
a circular pinhole. The two hybrid slits are preferably sep-
arately adjustable in order to adapt the beam cross-sec-
tion to the requirements of the sample.
[0023] The present invention also relates to the use of
an inventive apparatus as described above, for optimiz-
ing the photon flux in SAXS measurements, in particular
using a laboratory source.
[0024] Further advantages can be extracted from the
description and the enclosed drawing. The features men-
tioned above and below can be used in accordance with
the invention either individually or collectively in any com-
bination. The embodiments mentioned are not to be un-
derstood as exhaustive enumeration but rather have ex-
emplary character for the description of the invention.

Drawing

[0025] The invention is shown in the drawing.

Fig. 1 shows a preferred setup of an inventive x-ray
analyzing system;

Fig. 2a shows a front view (along transmission axis)
of an inventive hybrid slit with an octagonal
configuration;

Fig. 2b shows a front view of a single hybrid slit ele-
ment;

Fig. 2c shows a side view (perpendicular to transmis-
sion axis) of a hybrid slit element;
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Fig. 3 shows a cross-section of the beam passing
an octagonal hybrid slit;

[0026] Fig. 1 shows an embodiment of an inventive x-
ray analyzing system 1, e.g. for SAXS measurements.
The x-ray analyzing system 1 comprises an x-ray source
2, in particular a laboratory source, emitting an x-ray
beam XB along a transmission axis 3. The x-ray beam
XB may be prepared by a beam forming element 4 which
collects the emitted x-rays, generates a beam of a defined
divergence and mono-chromatism which is then directed
to two aperture slits 5a, 5b. The aperture slits 5a, 5b are
arranged at a distance along the transmission axis 3 and
limit the size of the cross-section of the x-ray beam XB
which is directed to a sample 6.
[0027] The aperture slit 5b (hybrid slit) which is posi-
tioned near the sample 6 comprises several hybrid slit
elements 7, which are arranged circumferentially around
the transmission axis 3. Each hybrid slit element 7 com-
prises a single crystal substrate 8 bonded to a base 9
(fig. 2b). The single crystal substrate 8 is inclined with a
taper angel α with respect to the x-ray beam XB (see fig.
2c). Due to the tilted arrangement of the single crystal
substrates 8 the size and shape of the cross-section of
the beam XB is defined by sharp edges 12 of the single
crystal substrates 8 facing the transmission axis 3. By
using hybrid slit elements 7 with single crystal substrates
8 parasitic scattering due to grain boundaries and defects
can be avoided. In addition, parasitic scattering due to
total reflection can be reduced by choosing the taper an-
gle α of the single crystal substrates 8 wider than the
angle of total reflection.
[0028] The x-ray beam XB is directed to the sample 6
which is positioned at a distance from the hybrid slit 5b
in direction of the transmission axis 3. Scattered x-rays
are detected by an x-ray detector 10 (here: position-sen-
sitive area detector) positioned at a distance from the
sample 6 in direction of the transmission axis 3. In order
to prevent the detector 10 of being saturated, the direct
beam XB is blocked by a beamstop 11 positioned be-
tween the sample 6 and the detector 10, wherein the
transmission axis 3 hits the beamstop 11 at its center.
The size of the polygonal hybrid slit 5b and the size of
the beamstop 11 are chosen such, that the most diver-
gent rays 13 (indicated by thin black lines in fig. 2) of the
direct beam XB pass the hybrid slit 5b and the sample 6
is blocked by the beamstop 11. Usually one wants to
have the scattering angle 2θ as small as possible and
therefore the beamstop 11 should be chosen as small
as possible.
[0029] Fig. 2a shows a preferred embodiment of the
hybrid slit 5b with eight hybrid slit elements 4. The single
crystal substrates 8 of the hybrid slit elements 7 form an
octagonal inner contour. Generally for a hybrid slit 5b
with a polygonal aperture with n edges at least n hybrid
slit elements 7 are required.
[0030] According to the invention the hybrid slit ele-
ments 7 are staggered with an offset along the transmis-

sion axis 3. The staggered arrangement of the hybrid slit
elements 7 enables an overlapping arrangement of the
hybrid slit elements 7. Thus, small aperture slit sizes can
be achieved independently of the size of the single crystal
substrates 8 (length I of the aperture edges are not limited
to the length L of the single crystal substrates 8 - see fig.
2b, 2c). The offset between two neighboring hybrid slit
elements 7 preferably corresponds to the thickness (di-
mension in direction of the transmission axis 3) of the
according single crystal substrate 8 (neighboring single
crystal substrates 8 are in contact or nearly in contact
with each other). In contrast to the known hybrid slits, an
increased number of hybrid slit elements 7 can be pro-
vided to form the aperture slit 5b by staggering the hybrid
slit elements 7. Thus, the photon flux can be increased
by approximating a circular shape, wherein at the same
time parasitic scattering can be reduced by using tilted
single crystal substrates 8. Yet, the number of hybrid slit
elements is limited by the maximal length of the hybrid
slit 5b which can be integrated in the x-ray analyzing sys-
tem.
[0031] The aperture slit 5a which is positioned between
the source 2 and the hybrid slit 5b can be a circular pin-
hole, since this increases the total area of the slits and
therefore also increases the photon flux. It is almost en-
tirely the hybrid slit 5b that determines the background
and therefore only hybrid slit 5b needs to be polygonal,
however, both aperture slits 5a, 5b can be polygonal hy-
brid slits as it will in all cases increase the photon flux,
as shown in the following: For a given size of the beam-
stop 11 with radius R the maximum diameter of the po-
lygonal hybrid slit 5b is pre-determined, since the beam-
stop 11 has to be able to stop all x-rays that pass the
hybrid slit 5b. Fig. 3 shows the cross-section of an x-ray
beam that has passed an octagonal hybrid slit configu-
ration 5b. The maximum diameter of the cross-section is
2R.
[0032] The higher the number of edges in the polygonal
hybrid slit, the better it approximates a circle and, thus,
the higher the photon flux that will pass it. The area of a
polygon with n sides is: 

for a square, n = 4 the equation gives A = 2 R2 and for
an octagon A = 2.82843 R2. For n infinitely large, the
polygon approaches a circle for which A = R2Π. The gain
factor in photon flux for using a circular slit for aperture
slit 5a and an octagonal hybrid slit for aperture slit 5b is
1.414 and thus 41.4% compared to using a circular slit
for aperture slit 5a and a square hybrid slit for aperture
slit 5b. The gain factor in photon flux for using a circular
slit for aperture slit 5a and an octagonal hybrid slit for
aperture slit 5b compared to using two square hybrid slits
is 2.221 and thus 122.1 %. In experiments gain factors
very close to the predicted values have been determined.
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[0033] The hybrid slit elements 7 can be installed to be
movable along the direction of the transmission axis 3
and/or along a radial direction (perpendicular to the trans-
mission axis 3). The latter enables to create different
sized and/or shaped hybrid slits 5b in order to adapt the
hybrid slit 5b to different applications with different sized
beamstops 11. Please note that in order to produce a
symmetric cross-section of the x-ray beam different hy-
brid slit elements 7 have to be arranged at different dis-
tances to the transmission axis 3 due to the divergence
of the x-ray beam XB and the staggered arrangement of
the hybrid slit elements 7. Since the hybrid slit elements
7 are preferable staggered close to each other, the dif-
ferences of the distances of the hybrid slit elements 7 to
the transmission axis 3 are small and not shown in fig.
2a. Correspondingly, for changing the size but keeping
the shape of the aperture of the hybrid slit 5b, the different
hybrid slit elements 7 have to be moved by different dis-
tances depending on their position along the transmis-
sion axis 3, i.e. the further the hybrid slit element 7 are
away from the x-ray source 2, the further it has to be
moved radially.
[0034] The inventive staggered arrangement of hybrid
slit elements 7 provides more flexibility concerning size
and shape of the aperture of the hybrid slit 5b. A multitude
of hybrid slit elements 7 can be used to form a polygonal
aperture with a high number of edges, in particular with
more than four edges, wherein the length of the edges
of the aperture is smaller than the length of the single
crystal substrates 8. Thus, the photon flux for a given
beamstop size can be increased or the beamstop size
can be reduced and the resolution of the x-ray analyzing
system 1 can be increased for a given photon flux.

List of reference numbers

[0035]

1 x-ray analyzing system
2 x-ray source
3 transmission axis
4 beam forming element
5a aperture slit
5b aperture slit /hybrid slit

6 sample
7 hybrid slit elements
8 single crystal substrate
9 base
10 x-ray detector
11 beamstop

12 sharp edges of the single crystal substrates
13 most divergent x-rays of the x-ray beam
2θ scattering angle
α taper angle
XB x-ray beam

Claims

1. X-ray analyzing system (1) for x-ray scattering anal-
ysis comprising:

- an x-ray source (2) for generating a beam (XB)
of x-rays propagating along a transmission axis
(3),
- at least one hybrid slit (5b) with an aperture
which defines the shape of the cross section of
the beam (XB),
- a sample (6) on which the beam (XB) shaped
by the hybrid slit (5b) is directed, and
- an x-ray detector (10) for detecting x-rays orig-
inating from the sample (6),
wherein the hybrid slit (5b) comprises at least
three hybrid slit elements (7), each hybrid slit
element (7) comprising a single crystal substrate
(8) bonded to a base (9) with a taper angel α#0,
the single crystal substrates (8) of the hybrid slit
elements (7) limiting the aperture,
characterized in
that the hybrid slit elements (7) are staggered
with an offset along the transmission axis (3).

2. X-ray analyzing system according (1) to claim 1,
characterized in, that the hybrid slit elements (7)
are arranged to form a polygon with n edges viewed
in projection along the transmission axis (3), with
n>4, in particular n≥8.

3. X-ray analyzing system according (1) to claim 2,
characterized in, that the shape of the cross section
of the beam (XB) defined by the aperture is a regular
polygon.

4. X-ray analyzing system according (1) to claim 1,
characterized in, that the hybrid slit elements (7)
are movable perpendicular to the transmission axis
(3), in particular radial.

5. X-ray analyzing system according (1) to anyone of
the preceding claims, characterized in, that oppos-
ing hybrid slit elements (7) form a pair and that the
hybrid slit elements are staggered pairwise.

6. X-ray analyzing system according (1) to anyone of
the preceding claims,
characterized in, that X-ray analyzing system (1)
is a small angle X-ray diffraction analyzing system
comprising a beamstop (11) which is positioned be-
tween the hybrid slit (5b) and the detector (10) for
blocking incident x-rays.

7. X-ray analyzing system (1) according to claim 6,
characterized in that the radial position and the po-
sition along the transmission axis (3) of the hybrid
slit elements (7) are chosen to optimize the flux of
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the detected scattered x-rays.

8. X-ray analyzing system (1) according to anyone of
the preceding claims, characterized in, that the X-
ray source (2) is a laboratory source.

9. X-ray analyzing system according (1) to anyone of
the preceding claims, characterized in, that the ta-
per angle α is larger than the beam divergence 2θ,
in particular α>10°.

10. X-ray analyzing system (1) according to anyone of
the preceding claims, characterized in that two hy-
brid slits (5a, 5b) are provided, wherein the hybrid
slits (5a, 5b) are positioned and are spaced apart
from each other along the transmission axis (3).
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