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A focusing multilayer analyser for local diffraction studies
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A novel X-ray diffraction technique for the local structural characterization of thick specimens is
presented. Broad energy-band focusing elements are used both on the incoming and exit (diffracted)
side of the sample. The geometry allows imaging, and magnification, of a line through the thickness of
the sample. In comparison with conventional methods of defining three-dimensional gauge volumes
the new technique provides superior depth resolution, higher flux, and a remedy for some systematic
errors occurring in strain measurements due to, for example, grain size effects. The technique is
validated by a synchrotron test experiment using a bent and meridionally graded multilayer as the
focusing analyser element. The incoming beam is monochromated, at 30 keV, and focused to a 15 pm
spot size by means of a bent Laue crystal. The resulting depth profile from the (222) reflection of a
21 pm-thick rolled Au foil has a width of 44 pm. The depth resolution, magnification and reflectivity
as a function of the energy bandwidth are found to be well matched by theory. The prospect of the
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technique and the associated aberrations are discussed.
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1. Introduction

Three-dimensional structural characterization of thick
samples is of considerable interest in metallurgy and
related scientific fields, where surface investigations often
do not represent bulk behaviour. Measured materials
properties can be strain or the orientation, size or shape of
grains. As such, neutron diffraction techniques with spatial
resolutions of approximately 1 x 1 x 1 mm’ are widely
used to map out stress and strain fields (e.g. Allen et al.,
1985).

Recently, it has been shown that the spatial resolution
can be vastly improved by using high-energy X-ray
diffraction (E > 40 keV) from third-generation synchrotron
sources (Poulsen et al., 1997). X-rays in this energy range
have penetration depths of millimetres in typical metals.
Moreover, efficient optical devices based on bent Laue
crystals and/or multilayers have been demonstrated that
can focus and monochromatize the beam from such sources
(Lienert et al., 1998). The flux in the focal spot is thereby
increased by up to six orders of magnitude as compared
with a conventional set-up with a flat perfect crystal
monochromator. It should be remembered that broad-band
optics do not prevent strain measurements, as the position
of the centres of diffraction peaks can typically be deter-
mined to within 1% of their width.

In order to take full advantage of these developments it
is necessary to reconsider the way depth information is
obtained. Conventionally, this is performed by cross-beam
techniques, where both the incoming and the exit
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(diffracted) beams are confined by collimators. For the case
of high-energy X-rays such an approach poses two major
problems, discussed below.

Firstly, in order to absorb the hard X-rays efficiently,
collimators have to be of the order of millimetres in length.
At the same time, in order to maintain depth resolution,
collimator gaps have to be smaller at higher energies due to
the smaller Bragg angles. Moreover, the collimators will
often need to be placed at some distance from the sample
due to restrictions made by the sample environment, e.g.
furnaces or stress rigs, which again tend to deteriorate the
depth resolution. In total these effects imply that collimator
openings must have large aspect ratios of 10°~10%. Hence,
manufacturing becomes complicated and the exit colli-
mator will have a narrow angular acceptance. This in turn
prohibits an efficient focusing scheme for the incoming
beam, thereby diminishing the available flux.

Secondly, it is well known that the use of a collimator on
the exit side can give rise to systematic errors in strain
determinations, when sample characteristics are inhomo-
geneous on the scale of the resolution (Webster et al., 1996;
Lorentzen, 1997), e.g. due to grain size effects.

Here we propose an alternative approach for defining
the local volume, where broad-band focusing optics are
used on the exit as well as the incoming side. We will use the
term ‘focusing analysing optics’ for this principle. On the
exit side a bent and meridionally graded multilayer is used
to image a line along the monochromatic beam in the
sample onto a line perpendicular to the exit beam direction.
It is shown theoretically as well as experimentally that such

Journal of Synchrotron Radiation
ISSN 0909-0495 © 1999



980 A focusing multilayer analyser

a set-up gives superior depth resolution without any of the
problems associated with the use of collimators. We start by
introducing the geometry and basic concepts of the
focusing analysing optics. Next, results of a synchrotron test
experiment are presented and compared with model
calculations for aberration-free optics. Finally, we discuss
the prospect of the technique. The work is restricted to
focusing in one plane only.

2. Optics principle

A general analysis of the imaging properties of the focusing
analysing optics is beyond the scope of this paper. Instead
we elucidate the principal ideas of the particular experi-
mental setting used in the synchrotron test experiment.

A sketch of the set-up is shown in Fig. 1. Focusing of the
incoming beam is obtained by means of a bent Laue
monochromator. The focused beam has an energy gradient
AE/E of the order of 1%. A periodic multilayer is bent into
an elliptical shape and positioned behind the sample such
that a point B in the sample coincides with one of the focal
points. For a given reflection, all rays from B will be focused
onto the other focal point B*. All rays from other points in
the sample such as A will similarly be imaged onto (broa-
dened) spots such as A*. We define the object plane as the
plane that contains the focal point B and is perpendicular
to the beam that impinges onto the multilayer. The image
plane contains the focal point B* and is perpendicular to
the diffracted beam. Let &, be the projection of the vector
AB, of length s, onto the object plane, and h, be the
projection of the vector A*B* onto the image plane. The
geometry of the set-up then implies a magnification

Sample 26

Laue
monochromator

h, = h,(q/p) = ssin(20)(q/p), 1)

where p and q are the focal distances. Hence, the multilayer
produces a magnified image of the diffracted intensity
along the line defined by the incident beam. This image will
be strongly tilted against the image plane and it might be
more convenient to analyse the projection onto the image
plane. Characterization of this projection may be
performed by means of slit scans across the image plane.
The slope W of the ideal elliptical shape of the focusing
multilayer may be approximated by the Taylor expansion
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1/R = Oy (p + q9)/2pq. 3)

Here, Oy and R are the glancing angle and radius of
curvature, respectively, at position x,. In general, the
inclusion of second-order terms is sufficient.

The elliptic geometry implies that the glancing angle of
the X-rays, 6y, will change along the multilayer. This must
be compensated by an appropriate variation of the
d-spacing (meridional grading). For reference we give the
expansion up to the second order,
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In practice, the focus will be broadened by various aber-
rations. Firstly, the perfection of the shape of the multilayer

Figure 1

Sketch of the set-up used in the synchro-
tron test experiment. The energy band
reflected by the focusing bent Laue
crystal is indicated by long/short dashed
lines which indicate low/high energy
beams. The insets (@) and (b) clarify the
focal properties in the object and image
planes, respectively. Symbols are
explained in the text.
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is limited by the polishing errors. Slope errors of 1 prad
r.m.s. (root-mean-square) are typically achieved. Secondly,
among the points in the sample only the one positioned at
the actual focal point of the ellipse will be imaged ideally.
Other points will be associated with some image broad-
ening. Thirdly, the points A*, B* efc. in inset Fig. 1(b) lie in
a plane, which is rotated with respect to the image plane.
Unfortunately, the rotation angle is generally close to 7/2,
which makes slit scans in the A*B* plane impractical. Slit
scans were therefore performed in the image plane, and the
images consequently broadened by a factor proportional to
h,, cf. Fig. 1(b).

The optics principle presented here also applies for
mirrors and aperiodic multilayers. Such components have
the advantage that a longer line segment can be imaged,
due to the increased bandwidth. However, the small critical
angle for total external reflection complicates the use of
mirrors at high energies.

3. Experimental set-up

The experiment was performed on the triple-axis diffract-
ometer at the bending-magnet beamline BMS5 at the ESRF
synchrotron facility in Grenoble, France. The r.m.s. source
size of this beamline is 126 pm and 37 pm in the horizontal
and vertical planes, respectively.

The set-up with a horizontal scattering plane is illu-
strated in Fig. 1. A perfect Si(111) crystal was bent to a
radius of curvature of 2.1 m and installed as a Laue
monochromator on the first axis of the diffractometer. The
crystal was asymmetrically cut to avoid a focal broadening
by the crystal thickness (Schulze et al., 1998). A set of
crossed slits, slit 1, in front of the monochromator allowed
for variation of the impinging beam dimensions. The
vertical gap was set at 2 mm throughout, while the hori-
zontal gap was varied between 0.3 mm and 1 mm during the
experiment. The energy was set to 30.0 keV.
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Figure 2

Monochromator focus: the result of a knife-edge scan through the
focus of the bent Laue monochromator (circles), cf. Fig. 1. The
intensity is measured by the current induced in an Si diode. The
dashed line is a best fit of these data to an error function. The
derivative of the fit is shown as a full line.

On the second axis a gold foil was mounted as a test
sample. The foil had been cross-rolled to a high degree of
deformation to obtain a powder sample with an almost
random texture. It had a thickness of 21 um, roughly
corresponding to the penetration depth of the X-rays. It
was placed in the focus of the monochromator with the
surface perpendicular to the beam. The (222) powder line
with a Bragg angle of 20 = 20.2° was used throughout.

On the third axis a bent (Ni, B4,C) multilayer was
installed. It was 170 cm long, had a nominal d-spacing of
26.1 A, and a meridional grading of (Ad/d)/Ax =038 m™".
It was mounted in a two-moment bender (Zhang et al.,
1998). By means of a long-trace profiler (Ziegler et al.,
1996) the shape of the central 100 mm had been optimized
to an elliptic shape, as determined by the parameters p =
0.640 m, g = 1.254 m and a Bragg angle of Oy = 8.20 mrad.
The corresponding radius of curvature is R = 103.4 m. The
bending was associated with r.m.s. slope and shape errors of
1.5 prad and 54 A, respectively. Including parts of the
surface closer to the clamps gave significantly poorer
results, e.g. 3.2 prad r.m.s. slope errors integrally over the
central 150 mm. Hence, a crossed-slit system, slit 2, was
installed in front of the multilayer to limit the illuminated
length to 100 mm. The distance between the centre of the
multilayer and slit 2 was 160 mm. The vertical gap of the slit
was kept at 2 mm.

Distances were adjusted such that the sample was posi-
tioned in one of the focal points of the multilayer. In the
other one, on an additional stage behind the diffractometer,
a high-precision crossed-slit system, slit 3, was placed, with
a scintillation detector behind it. By additional translations
this unit could be moved in the horizontal plane, both along
the beam and in a direction transverse to it. The precision
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Figure 3

Reflectivity measurements: the detector count rate as a function
of the energy bandwidth of the beam impinging on the Au test foil
(circles). The full line shows a model calculation for an aberration-
free multilayer with a Gaussian Ad/d distribution with a width
(FWHM) of 1.8%.
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of the translations of the blades of slit 3 was found to be
1 um or better. The vertical gap of slit 3 was kept fixed at
2 mm.

4. Experimental results

Initially the focal spot of the bent Laue monochromator
was analysed. A W knife-edge was translated across the
focus and the resulting intensity variation monitored by the
current in an Si diode positioned behind the edge. The
result for a horizontal gap of 0.5 mm of slit 1, corresponding
to an energy band of 0.38%, is shown in Fig. 2. From a fit to
an error function the FWHM (full width at half-maximum)
was determined to be w = 15 pm. The width was indepen-
dent of the horizontal gap of slit 1. For the case shown in
Fig. 2 the flux in the focal spot was determined to be
10" photons s~ (100 mA)~". Next, ¢ was optimized
experimentally for p fixed at a distance of 1335 mm.

The reflectivity of the complete set-up, behind the
multilayer, is illustrated in Fig. 3. Here the detector count
rate is plotted as a function of the energy bandwidth of the
incoming beam, as given by the horizontal gap of slit 1.
(The count rate is normalized to a ring current of 100 mA..)
For these measurements slit 3 was fully open horizontally.
Also shown in Fig. 3 is the calculated response for an
aberration-free multilayer with an assumed Gaussian-type
bandwidth of AE/E = 1.8%. The response is scaled to the
experiment, as no information on absolute reflectivity was
obtained. The model describes the data well below a
bandwidth of ~0.6%. Above this value the angular
acceptance of slit 2 limits the signal.

The width of the central focal spot in the image plane
was determined by a knife-edge scan within the image
plane, using one of the blades in slit 3. The result, for a
horizontal gap of 0.3 mm for slit 1, is shown in Fig. 4. Also
shown is the expected response for aberration-free optics,

600

400

Counts

200

—100 —50 0 50 100
Knife-edge position, /1 (um)

Figure 4
Image-plane focus: the result of a knife-edge scan through the
focus of the image plane (circles), cf. Fig. 1. The dashed line
represents the expected response for aberration-free optics, cf.
equation (5). The derivative of the expected response is shown as
a full line.

! 2

f(h,) = / exp { - 4%2 [Ph" _x tan(29)i| } dx. (5)
0

Here ¢ = 21 pm is the sample thickness, w = 15 pm is the

width of the Gaussian-type Laue focus, and g/p is the

magnification. Clearly the match is almost perfect.

Next, we estimated the depth resolution of the set-up.
The horizontal gap of slit 3 was fixed at A = 8 um and the
effect of scanning the test foil along the monochromatic
beam path was monitored. The result is shown in Fig. 5,
along with the expected response for aberration-free optics.
In this case the response may be expressed as

g(s) =
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where s is the translation of the sample along the mono-
chromatic beam. Again a near-perfect match is observed.
The FWHM width of the experimental curve is 44 um.
From (6), in the limit + — 0, we infer that the depth reso-
lution, FWHM, of the present set-up is 41 pm. From Fig. 5
we further infer that the depth resolution will be of the
order of 10 um or below, provided the gap of slit 3 and the
monochromator spot both are infinitesimally narrow.

Finally, the imaging characteristics of the set-up were
checked by translating the test foil in the direction of the
monochromatic beam. For each position of the foil, knife-
edge scans were made with slit 3 in a direction perpendi-
cular to the diffracted beam. The resulting variations in
focal shift are shown in Fig. 6 together with the expected
response for an aberration-free system, 4, = (q/p) s sin(20).
The correspondence is good. The corresponding width of
the images increased with distance to the focal point of the
ellipse. The main contribution to this broadening was found
to be related to the rotation of the plane containing points
A*, B* etc. with respect to the image plane, cf. Fig. 1.
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Figure 5

Depth resolution in the sample: the intensity through a centred slit
in the image plane with an 8 pum gap upon translating the Au test
foil in the direction of the monochromatic beam. Experimental
data are plotted as circles. The full line represents the expected
response for aberration-free optics, ¢f. equation (6). The dashed
line is the best fit to a linear background.
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5. Discussion

Throughout the analysis we have assumed that the slits and
knife-edges are infinitely sharp. A full transmission study of
each blade would be rather time consuming and has not
been performed. Instead we estimate that the X-rays will
partially penetrate the blades within a few micrometres
from the edge. Hence, the focal spots are actually slightly
narrower than indicated by the data points in Figs. 2, 4 and
5. With w slightly too large, the theoretical curves expressed
by equations (5) and (6) will also be slightly too wide. These
facts in turn imply that the depth resolution will be slightly
better than inferred from Fig. 5. Moreover, the theory
curve in Fig. 5 will tend to be more square-like, reminiscent
of the shape of the sample, in accordance with the experi-
mental data points. None of the conclusions of this work
will be affected by these adjustments.

The experiment verified the optics principles as laid out
in §2. However, the alignment of the set-up was tedious. If
the technique is to be used in a standard way, new align-
ment algorithms based on, for example, the observed
aberrations may be needed.

It should be emphasized that cost constraints made it
necessary to use existing optics elements. In particular the
multilayer substrate was rather thick. This prohibited a
stronger bending and thereby the option of reducing slope
error effects by shortening p. Also, the width of the focal
spot of the Laue monochromator can be reduced consid-
erably by changing the focal plane from the horizontal to
the vertical.

The first use of the optics presented here may be in
connection with the installation of a so-called three-
dimensional X-ray microscope (3DXRD) at wiggler
beamline ID11 at the ESRF (Kvick & Poulsen, 1997).
Actually, this work is a pre-study within that context. The
3DXRD instrument will be dedicated to local materials
science studies in thick specimens, and is to operate in the
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Figure 6

Shift of focal point, A, in the image plane upon translating the Au
test foil a distance s in the direction of the monochromatic beam
(circles). The straight line represents the expectation that the set-
up will magnify the 26 projection of s with a factor of g/p. The
various symbols are defined in Fig. 1.

energy range 40-100 keV with a spatial resolution of 5 x
5 x 50 pm®. To obtain three-dimensional information from
such small volumes the incoming beam must be focused in
both directions. At energies above 30 keV, this can be
performed either by combining vertical focusing by a bent
Laue crystal with horizontal focusing by means of a
multilayer or alternatively by using two multilayers in a
Kirkpatrick—-Baez-type configuration (e.g. Underwood et
al., 1988). For comparison, at ID11 at 60 keV the flux in a
5 x 5 um” spot is estimated to be 8 and 500 times higher in
these two cases than the flux reported here for the 30 keV
15 x 2000 um? line focus. The out-of-plane divergence
introduced by such an extra focusing element will be
smaller than the out-of-plane acceptance of the multilayer
after the sample.

In the following we provide some comments on stress/
strain characterization. A test of the new technique for such
purposes was not performed due to space restrictions at the
BMS experimental station. Nevertheless we will comment
on the prospect. The discussion will be restricted to the case
where the local gauge volume contains a large number of
randomly oriented grains. In practice, this assumption is
often violated if the gauge volume is small. Oscillating the
sample can then simulate a random orientation.

The conventional technique for stress and strain char-
acterization is based on scanning a collimator, which is
positioned after the sample. Alternatively, and more
simple, a stationary slit is positioned closely behind the
sample and the position of the diffracted beam is detected
far behind the sample. These methods are associated with
some systematic errors, as already mentioned in §1
(Webster et al., 1996; Lorentzen, 1997). Firstly, common to
both techniques, a shift in the centre of mass of the
diffracting material within the local gauge volume will lead
to a shift of the diffracted peak at the detector, and
therefore an erroneous strain. Secondly, the slit may cut the
high- or low-angle part of the diffracted beam, leading to
asymmetric strain profiles with an erroneous centre of
mass.

Instead we propose to use focusing optics after the
sample and position a narrow slit at the focal point. The
local strain is determined by the mean angular position of
the X-rays that pass the slit. It can be measured by its
position on a detector far behind the slit. The principle is
analogous to the above-mentioned combination of a slit
and a position-sensitive detector but the imaging properties
of the multilayer allow placing the slit effectively infinite-
simally close to the selected gauge volume. This method
requires that the whole beam diffracted by the local gauge
volume is accepted by the multilayer. In practice, the
bandwidth and length of the multilayer can be made
sufficiently large to meet this condition. For ideal aberra-
tion-free optics, either all or none of the X-rays from a
particular point in the sample will pass through, and the
systematic errors mentioned above will be avoided. In
practice, as illustrated by the results presented here, aber-
rations are rather small close to the focal points and may be
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controlled, e.g. by varying p. Hence, it seems that focusing
optics may be a way to investigate local strain gradients
across discontinuities. However, a conclusion on this item
will have to await a test of strain measurements with the
focusing analyser optics.

Finally, we emphasize that the focusing analyser prin-
ciple presented will of course also apply for lower X-ray
energies. In fact, it may be simpler to implement it in such
cases, as Bragg angles will be larger and the multilayer may
be substituted by a mirror. Towards higher energies, a
limitation will arise by the decreasing Bragg angle and
therefore acceptance of the multilayer. We expect that
multilayers will be applicable up to about 100 keV.

6. Conclusions

An implementation of the focusing analysing principle by
means of a bent and meridionally graded multilayer has
been successfully tested. The concept of diffraction studies
in millimetre-thick powder samples with a depth resolution
of 10 um seems within reach. Applications for investiga-
tions of surface-near areas (lower X-ray energies) can also
be foreseen.
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