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Abstract

The performance of a high-angular-resolution small-
angle X-ray camera combined with an undulator source
is presented in the form of examples .

1. Introduction

Recently, a high-angular resolution X-ray camera has
been used in combination with the high-brilliance X-rays
from an undulator source (Diat et al., 1995). We high-
lighted the advantage of a low-divergence X-ray beam
that allows us to handle channel-cut crystals with high-
order Bragg planes, i. e. crystals with narrow angular
acceptances. Thus, one can increase the angular resolu-
tion and decrease the acquisition time, which are very
important criteria for ultra-small-angle X-ray scattering
experiments. It was pointed out that the angular resolu-
tion of the analysis should be comparable in both the
vertical and the horizontal directions to avoid smearing of
the measured scattering curves . In addition, the `para-
sitic' tails [in (20-20Bragg)-2] ' of the crystal rocking
curves (Diat et al., 1995; Bonse et al., 1988; Pahl, 1990 ;
Lambard et al., 1992; Chapman et al., 1992; Graf et al.,
1981) give a relatively high background signal at small
scattering angles and reduce the limit of performance of
such a camera. Therefore, to increase the signal-to-noise
ratio, the rejection rate, which is defined as the ratio
between the remaining background for a given scattering
angle and the maximum intensity of the related rocking
curve, has to be improved . The X-ray camera is described
in the first part of this article and the rocking-curve data
and the smearing effect are discussed. In the second part,
some raw data collected at the European Synchrotron
Radiation Facility (ESRF) on the high-brilliance beam-
line ID2 are presented, showing the features and perfor-
mance of the camera.

camera coincides with the general optical part of the
beamline, which is already designed and optimized for
the small-angle X-ray scattering station in the second
experimental hutch of the beamline (Bósecke, Diat &
Rasmussen, 1995 ; Bósecke & Diat, 1997) . It consists of
an undulator source (26 mm period) that provides a very
intense and low-divergence white beam (V 20 grad x H
40 µrad full width at half-maximum) . Then, a first two-
reflection (in the vertical direction) channel-cut Si(111)
crystal (Cl) is used as a monochromator. For our
experiments, a wavelength of 1 A was selected with
0X/X = 3 x 10-4. The beam is focused with a toroidal
mirror ori a focal point upstream of the detection point
(with a demagnification ratio of 1 :1) . Sets of slits are
installed at different positions to provide a 'clean' and
collimated beam at the beginning of the second part of
the camera . This second part, which is not permanent but
which could be easily restored, is placed at the usual
sample position for small-angle X-ray scattering (SAXS)
experiments on ID2 (the high-brilliance beamline) . This
part consists first of a three-reflection channel-cut Si
crystal (C2) using the 220 Bragg planes . Secondly, in
order to analyse either the Bragg reflected beam or the
scattered intensity from a sample, we use a set of two
crossed analyser crystals . The first one, C3, is also a

Undulator 26 mm Slits Slits
+ mono . Cl, 2 refl . Si(Ill)
+ torordaltnuror

2 . Experimental set-up

A schematic top view of the high-angular-resolution
camera set-up is shown in Fig. 1 . The first part of the

Analyser C4,
2 refl. Si(111)

9 scan Nal detector
Analyser C3, ?!7,~--{~i.-{-~._.
3 refl. Si(220) 4° Bs¢an ~ Sltts

.,.

(7)
Attenuator

Fig. 1 . Configuration of the experiment . The distance between the
undulator and the camera (first part) is about 65 m and the camera
length (second part) is 1 m.
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three-reflection (in the horizontal plane) channel-cut
Si(220) crystal and is used as the actual analyser ; the
second one, C4, a vertical two-reflection Si(111) crystal,
is used as a collimator in the vertical direction in order to
obtain a comparable angular resolution in both vertical
and horizontal directions . The C2, C3 and C4 crystals
(cut and polished by A. Paul of the optics group at the
ESRF) are mounted on in-house goniometers providing
tilt and translation movements for positional and
rotational adjustments . The angular resolution is 0 .2 µrad
per motor step and the adjustment reproducibility of the
rotations is 2 µrad. The goniometers also ensure that
translations of the crystals are parallel . The beam stability
is excellent (beam monitors are available) and therefore
no realignment is required during the user experiment
time (on average 2 or 3 d) .

Although the five-reflection option (i. e. five reflections
option in C2 and C3) would give a better rejection rate
(Diat et al., 1995; Lambard et al., 1992), we have kept
the three-three reflection configuration in order not to
decrease too much the photon flux and also to simplify
the alignment procedure .

The detector is a scintillator with a 10 µm-thick Nal
crystal that is less sensitive to the remaining harmonics,
which are already partially removed by the mirror . It is
connected to a single-channel analyser and behaves
linearly over four decades . A set of aluminium foils with
different thicknesses of between 0 .5 and 5 mm can be
inserted in the beam, just before the detection point, in
order to cover the large detection dynamics over the total
angular scattering range. In future, these attenuators will
be placed upstream of the crystal C2, so as to further
reduce the beam intensity on the sample. Tó reduce
sample X-ray damage, the development of the synchro-
nization between a fast beam shutter and the detector is in
progress.

10'6 10-5 10-4 10-3
q (A1)
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3. Rocking curve and smearing effects

The monochromator C2 response function, the rocking
curve, can be measured by rocking the crystal C3 around
the vertical z axis as described in Fig . 1 . It corresponds to
the correlation function of the reflection curves Rn(q) of
both crystals, where n is the number of reflections in each
crystal (Dumond, 1937; Bonse & Hart, 1965, 1966) and
q is the scattering vector. However, whatever the number
n of Bragg reflections in the channel-cut crystal, it was
always observed that the parasitic tails following the
power law q z[or (8-BBragg)-2 if we refer to the rocking
angle] are superimposed on the expected theoretical
curve (Diat et al., 1995; Bonse et al., 1988; Pahl, 1990 ;
Lambard et al., 1992; Chapman et al., 1992; Graf et al.,
1991). The curve (a) in Fig. 2 corresponds to the rocking
curve of the crystal C2 with only one analyser crystal C3
and a 1 mm opening vertical slit (instead of the C4
crystal and called configuration 1). We observe these
parasitic tails following the power law q 2 for which the
origin is at this time not well understood (Diat et al.,
1995; Pahl & Bonse, 1995) but which seems not to be
dependent on the crystal or on the experimental set-up
(Arthur, 1996) .

We focused our efforts on reducing the background
and other parasitic scattering events as much as possible
in order to achieve the best rejection rate P for the small-
angle X-ray scattering experiments . We obtain P = 10-6
at q = 10-3 A-', which is two orders of magnitude less
than that obtainable with an X-ray generator (Lambard et
al., 1992). Therefore, we analysed the rocking curve
again, but with two crossed analysers [configuration 2,
see (b) in Fig . 2] : the FWHM is the same (see the inset of
Fig. 2) but the main difference is the large change in the
slope of the scattering tails from q-2 to q-3, which is
clearly visible on the log-log plot .

1072 101

Fig. 2 : Log-log plots of (a) the rockmg curve of
the crystal C2 with the crossed analysers C3
and C4, and (b) the rocking curve of the
crystal C2 with one analyser 0 and a vertical
slit with an opening of 1 mm height. The inset
corresponds to the hi-In representation of the
two rocking curves in order to compare the
corresponding fall widths at half-maximum .
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In the first configuration, the vertical resolution is
defined by vertical slits placed in front of the detector,
whereas in the second configuration it is defined by the
acceptance of the crystal C4. In other words, the detected
scattered signal contains in the first case a large con-
tribution of the scattering out of the horizontal plane that
smears the real scattering at small and ultra-small scat-
tering angles but that is eliminated by the crystal C4 in
the second case . Since the angular acceptance of the
crystal C4 is approximately 2000 narrower than that of
the slits, the use of both crossed analysers requires a large
photon flux (about 5 x 1010 photons s-1) at the sample
position, which is available on ID2 . Moreover, no un-
folding operations are necessary to analyse the raw data .

4. Experimental examples

We present two types of applications . The first concerns
two types of silica materials and reveals the minimum

o-5

101

10-4
q ( AL 1)

10-3

scattering angle required in some SAXS experiments and
the advantage of using crossed analysers . The second
shows the benefit of the high-angular-resolution detection
at larger scattering angles .

Silicas are materials with a wide variety of properties
due to the large choice of possible preparation methods,
and are used in many industrial applications, such as
filter agents, filling materials, abrasive products and as
catalyst carriers in heterogeneous catalysis, and so on .
For example, different kinds of preparations, like
hydrolyse-condensation-polymerization (Stóber type) or
pyrogenation techniques, lead to different aggregation
states. Their structures can be characterized on different
scales by SAXS . Two scattering patterns on different
silica systems are presented.

Fig. 3 corresponds to the scattering profile (dotted
curve) of a solution of silica spheres (Stdber type,
6000 A diameter) in ethylene glycol solvent, kindly

102

Fig . 3 . Log-log plot of the scattering
pattern (dotted line) from a silica
sphere in an ethylene glycol liquid
system (15% in volume fraction,
6000 A diameter) recorded through
the crossed analyers . The full line
corresponds to theoretical form factor
for a hard sphere with 6000 A diameter
and the cross points correspond to the
background (the rocking curve of C2) .
In the inset, the data are plotted in (q°,
1q4) representation, making evident the
mean slope of theform factor.

Fig . 4 . Comparison between non-smeared
(a), smeared (,B), and desmeared
curves (y), obtained with two crossed
analysers, one analyser + slit, and after
the deconvolution operation, respec-
tively. For the sake of intelligibility the
curves have been offset by an arbitrary
quantity.
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provided by Rhóne-Poulenc Cie . With a very high
resolution, we managed to reveal-the intensity oscilla-
tions from the form factor of the spheres (oscillations at
large q values) and the liquid order (at ultra-low q
values). The raw data can be analysed without any
deconvolution operation; the inset presents the same data
in Porod representation. The black line corresponds to a
fit of the form factor for monodispersed spheres with a
diameter of 6000 A. The three scattering-angle decades
were covered in 5 min (1 s per point). The same
experiment has been reproduced using configuration 1
(only one analyser crystal + vertical slits). The
corresponding curve is displayed in Fig . 4 (curve ,B),
making evident the smearing effect arising essentially

865

from the vertical acceptance of the slits (compared to
curve - a). A deconvolution operation was applied
following the procedure described by Lambard et al.
(1992), which considers a triangular folding function.
The desmeared curve corresponds to curve y in Fig . 4,
and it is clear that the total information from the real
scattering intensity (curve a) has not been recovered . For
the sake of intelligibility, all the curves have been offset
by an arbitrary quantity.

The second silica system example concerns a zeolite
system, a crystalline silica-alumina material with a well
defined microporous structure . The sample was investi-
gated during its crystallization process (Dokter, 1994) . In
general, zeolites may crystallize from an amorphous

Fig. 5. SAXS patterns from a zeolite
system recorded at different steps of the
crystallization process : (a) at room
temperature; (b) at 433 K and t = 0 s;
(c) at 433 K and t = 3 h. The inset
corresponds to a zoom of the ultra-
small and q range.

q (A-') 1 li I'

Fig . 6. Typical Bragg peak profiles (1st
order): (2) from a lyotropic lamellar
phase with a periodicity of 120 A ; (1)
from the mixed lamellar phase and
20% of added polymer, between the
membranes and with the same periodi-
city. (3) corresponds to the background.
Curve (4) corresponds to the peak
profile of the same mixed system and
recorded on the standard two-dimen-
sional camera with a gas-filled detector.
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precursor gel, which is heated in such a way that the
duration of the process-is controlled by the pH of the
solution. In this case, the necessity of investigating the q
range below the standard limit region 10-3 to 5 x
10-3 A-1 is very stringent owing to the fractal aggrega-
tion observed in such a system. The evolution of these
aggregates also needs to be followed during the crystal-
lization process (in situ), which occurs within a few
hours. Fig. 5 shows three different curves extracted from
a series recorded every 10 min (Beelen, Bolt & de Moor,
1996) . The first one (a) corresponds to an amorphous
precursor gel at room temperature. Curves (b) and (c)
correspond to the same system heated at 433 K : (b) refers
to the beginning of the crystallization and (c) was
obtained 3 h afterwards. The three decades of the q range
allow one to follow very precisely the size and shape
evolution of the primary particles in the 10 nm range, the
correlation length between these particles and scattering
excess in the 100 urn range, and the crystallization of
large aggregates (see the Bragg peaks between 10-4 and
10-3 A-I displayed in the inset) in the µm range . We did
only some rapid scans over the total scattering range but,
in principle, there is the possibility of increasing the scan
steps by a factor of 50, which would allow the occurrence
of the Bragg peaks to be solved much better at ultra-low
scattering angles .

The second application shows the benefit of the high-
angular-resolution detection at larger scattering angles .
Relevant information can be obtained by analysing the
profile of the Bragg peaks or the crystal mosaicity in
ordered systems (Snell et al., 1995 ; Ferrer, Hirschler,
Roth & Fontecilla-Camps, 1996; Roux & Safinya, 1988 ;
Safinya, Sirota, Roux & Smith, 1989) . This, however,
requires a very high resolution and very stable angular X-
ray detection.

As an example, we have chosen to study the singular
scattering around the Bragg peak profiles in some
lyotropic lamellar phases in which different concentra-
tions of polymer have been added. The analysis of the
decay of such tails gives some quantitative information
on the elasticity characteristics of this system of
membranes. Curve (1) in Fig . 6 corresponds to a
Bragg-peak profile for a lamellar phase with a lamellae
periodicity of 120 A (Bouglet & Ligoure, 1997) . The
second curve corresponds to the Bragg-peak profile of
the lamellar phase with 20% (volume faction) polymer
between the surfactant bilayers keeping the distance
between the membranes constant . By analysing the decay
of the Bragg peak tails we can obtain some quantitative
information on the elastic constants of the smectic liquid
crystal. Curve (3) corresponds to the background of the
camera and curve (4) represents the Bragg-peak profile of
the same lamellar phase mixed with polymer and
obtained with the standard SAXS camera on the
beamline (Bbsecke & Diat, 1997) . The resolution
difference between the two cameras can be clearly seen .

5. Conclusion

These examples are still-under investigation and are
presented as an indication of the possibilities offered by a
high-angular-resolution camera installed on a high-bril-
liance beamline at a third-generation synchrotron. Sev-
eral other tests have been performed on clays, large
molecules such as asphaltene in toluene, as well as ho-
lograms in a polymer matrix, and all look very promis-
ing. A user group has already tested this set-up and
appreciated the ease of use of this camera . It is obvious
that the choice between this camera and a standard 2D
camera depends on the specific needs of the experimental
studies, i.e. high or low resolution A B/0, 1D or 2D de-
tection, static or time-resolved experiments, small- or
large-beam cross section, but the opportunity is given to
use both systems on ID2 at the ESRF .

We are greatly indebted to J. Gorini, P. Wattecamps, J.
Giovani and V. Rey Bakaikoa for providing quick
solutions to many technical and computing problems .
We are grateful to A. Paul and the optics group for
providing the very good set of channel-cut crystals .
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