Double gradient multilayers for broadband focusing
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ABSTRACT

We have designed and fabricated a new type of focusing multilayer mirror, capable of reflecting a divergent beam over a
large energy band around 9 keV. A flat energy response about 10% wide and providing a reflectivity of 50% has been
achieved by a non-periodic bi-layer sequence while a lateral thickness gradient follows the varying Bragg condition over the
whole mirror length. The focusing setup is based on a simple one-point bender and a pre-shaped substrate. A focal spot size
of about 8 micrometers has been obtained at a distance of 285 mm from the center of the mirror using synchrotron radiation
from an undulator source. Energy dependent scans have shown that this device enables focusing experiments with fixed
geometry at variable energies.
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1. INTRODUCTION

A useful way to illustrate the overall performance of reflecting optics in the hard x-ray regime around 8keV is to plot the
integrated reflectivity versus the intrinsic energy bandwidth of each device as shown in Fig.1. The graph is divided into two
sectors separated by a diagonal line indicating the ideal peak reflectivity of 100%. The triangle above this line is therefore a
naturally “forbidden area”. Below this line we find gray zones representing familiar x-ray optical elements ordered as a
function of their energy resolution: from perfect single crystals on the left, over multilayers in the middle, to total reflection
mirrors and filters to the right. Some data points are added for particular elements. Diamond symbols represent perfect
single crystals (values taken from [1]). Squares indicate experimental data from multilayers prepared at ESRF. One essential
message one can deduce from this graph is the tremendous potential gain in flux when going from highly resolving crystals
to multilayers or mirrors. The second is the existence of open areas between the three traditional families of devices.

The gap between single crystals and multilayers could be filled-up by distorted crystals [2]. However, coherence
preservation has become an important issue at 3" generation synchrotron sources, limiting somehow the use of these
elements. Recently, the development of weakly absorbing, high-resolution multilayers on super-polished substrates has
helped to overcome this obstacle [3-6].

The open zone between traditional multilayers and mirror-filter combinations can be bridged by non-periodic layered
structures. First attempts to apply such structures in short wavelength radiation concerned the design of supermirrors for
neutron beams [7]. This concept was then extended to hard x-rays [8]. The main obstacle is to find a layer sequence that
provides the required, mostly broad and smooth reflectivity spectrum. A more recent approach consists in the use of
analytical calculations to obtain approximate solutions for the layer thickness dependence that are then optimized by
numerical algorithms [9]. This technique is able to design various given reflectivity spectra both energy and angle-
dependent and in a reasonable amount of time. Consequently, depth-graded structures have been developed and fabricated
to fulfil the Bragg condition either for fixed incident angle and varying energy or vice versa [10, 11].

Focusing or collimating multilayer optics generally require a lateral thickness gradient to account for the variation of the
incident angle [12, 13] given by the focusing geometry. Thanks to the bigger angle of incidence, they provide an up to four
times larger beam acceptance as compared to total reflection mirrors, but with the drawback of their limited energy
bandwidth.
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Fig.1: Integrated reflectivity versus energy bandwidth of reflecting optical elements at 8keV. Only the triangle below the limiting diagonal
line corresponding to a peak reflectivity of 100% is physically relevant. The shaded area is therefore naturally “forbidden”. Gray zones
indicate familiar elements such as single crystals, multilayers, and total reflection mirrors. Diamond symbols represent perfect single
crystals, squares show experimental data of various multilayers produced at ESRF.

The next step would be to merge the two techniques of lateral and depth gradient into one device, that is, depositing a
multilayer with a lateral thickness gradient to account for the varying Bragg condition along the mirror, and adding a depth
gradient to increase the energy bandwidth. This would allow the design of a focusing mirror with fixed focal distance and
large beam acceptance over a reasonably wide energy range.

The concept is illustrated in Fig.2 and is similar to that of DuMond diagrams [14]. In the energy dispersion equation
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the angular dependence has to be interpreted in terms of the distance f from the position on the mirror to the focal spot, that
is 0=0(f). Here, h is the Planck constant, ¢ the speed of light in vacuum, A the multilayer period, n the average complex
optical index in the multilayer, and 0 the grazing angle of incidence. Equation (1) represents Bragg’s law including a
refraction correction. In the case of a parabolic mirror, we have

S 2)
2-f
The corresponding geometry is illustrated in Fig.3. Here, p defines the opening of the parabola by
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Fig.2: Energy dispersion of different types of multilayers. The plot shows the reflected energy E versus the distance f from the focal spot
along the multilayer surface. Thick solid lines represent periodic multilayers either with or without lateral thickness gradient. A purely
depth-graded non-periodic multilayer covers the zone shaded in light gray. A combination of lateral and depth gradient is indicated by the
area colored in dark gray.

One can therefore plot the locally reflected energy or energy interval versus the distance f from the focal spot along the
multilayer surface.

A periodic multilayer without lateral gradient is characterized by the curved thick solid line in Fig.2. Such a structure
reflects x rays only in a narrow “intersection volume” of (E,f) space, defined by the intrinsic multilayer line width of
typically a few percent. If one adds a lateral period thickness gradient, the energy response becomes constant (horizontal
solid line). In practice, this has the advantage that the multilayer reflects at the same energy over the whole mirror length. A
non-periodic multilayer without lateral gradient widens the energy band pass and therefore opens the dispersion area from
the curved solid line to the zone in light gray, thereby increasing the intersection zone in (E,f) space. The most attractive
solution, however, is a combination of lateral and depth gradient. Such a multilayer is characterized by the dark gray
rectangular area in Fig.2. It provides a broad and constant energy bandwidth over its whole length.

In this work we have designed and fabricated a focusing multilayer mirror based on a simple bending device and a pre-
shaped substrate [13]. It is meant as a proof of feasibility for the combination of lateral and vertical thickness gradient in
multilayers.



2. MULTILAYER DESIGN

Several aspects have to be taken into account during the design phase of a double-graded multilayer. The lateral thickness
gradient has to match the variation of the Bragg angle caused by the curvature of the mirror within the chosen focusing
geometry sketched out in Fig.3. In the present case, the mirror shape is parabolic with a focal distance of f=285mm and an
angle of incidence of 6=0.93°, given with respect to the center of the mirror. For synchrotron applications with a source
distance of the order of q=50m, the incoming beam is sufficiently parallel to justify the use of a parabolic shape. The
multilayer has an active length of 270mm leading to a maximum beam acceptance of 4.5mm in the plane of incidence. The
useful width of the coating is about 10mm. The design of the lateral d-spacing variation was done for a mean energy of
9keV. W and B4C were chosen as coating materials due to the strong optical contrast in this energy range. Fig.4 shows the
d-spacing A of the multilayer along the total active length of the mirror indicating the steep lateral gradient necessary to
reflect the x rays at every point of the mirror. The ratio I'=t(W)/A was kept constant throughout the multilayer to facilitate
the following steps of the design.
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Fig.3: Focusing geometry of the parabolic multilayer mirror. Due to the long distance to the source the incoming x rays can be
approximated as parallel. The substrate is clamped at the left side and pushed by a screw near its tip. The d-spacing increases from the left
to the right due to the decreasing angle of incidence.

The additional thickness variation with depth was added using the center of the mirror as a reference. The goal was to
enlarge the intrinsic bandwidth of 4-5% FWHM of a periodic W/B,C multilayer to about 9% and to provide a flat plateau
with a constant reflectivity of 50%. Fig.5 shows the layer sequence after the optimization procedure. The period thickness
oscillates between 3.5nm and 5.0nm with only slight variations near the top of the stack. To avoid surface modifications of
the structure after exposure to air, a B4C cap layer was added in the design.

Fig.6 shows the reflectivity as a function of energy corresponding to the layer structure in Fig.5. The design goal is
indicated as a horizontal line. No effort was made to suppress the reflectivity outside of the optimization region between
8.6keV and 9.4keV. 40 periods were chosen to obtain the required performance. A purely numerical refinement routine
based on a least square fit algorithm was applied. A periodic multilayer with a d-spacing of 4.0nm was used as a starting
point for the refinement.



theory

active area

Y

experimental
data

/

d-spacing [nm]
58] B
/

machine
5  performance :

10 20
X [em]

Fig.4: W/B,C multilayer d-spacing along the total length of the
mirror following the required lateral gradient. The solid line is
the ideal curve obtained from geometrical and optical
considerations. The broken line takes into account the realistic
performance of the coating facility. Open circles show
experimental data points derived from x-ray reflectivity scans.
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Fig.6: Calculated reflectivity (solid line) at the center of the
optimized non-periodic W/B,C multilayer. The design goal
(box function) is indicated as a horizontal line.
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Fig.5: Bi-layer thickness versus bi-layer number at the center of
the W/B,C multilayer as obtained from numerical optimization
(open circles). A protecting B,C layer is indicated separately
(solid circle). The line is a guide to the eye
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Fig.7: Calculated local reflectivity at different positions on the
flat multilayer varying from -14cm (top curve) to +14cm
(bottom curve) with respect to the center.



To estimate the performance of the total curved multilayer, some more steps have to be carried out. Since the d-spacing
varies along the multilayer the reflectivity spectra will not be exactly the same everywhere. Fig.7 is a compilation of local
reflectivity spectra of the flat multilayer calculated for different positions from -14cm to +14cm in intervals of 2cm with
respect to the center of the sample. It is evident that, due to the decreasing d-spacing and the increasing angle of incidence 0,
the overall reflectivity decreases when going from -14cm to +14cm. In addition, since the penetration depth varies as well,
the shape of the curves change qualitatively. Here, the limits of the present approach using independent optimization
procedures for lateral and depth gradient become visible. At this point the geometrical influence on the flux density of the
curved mirror has to be taken into account. When a uniform parallel beam hits a parabolic mirror (Fig.3) as defined in
equations (2) and (3) the local flux density reflected to the focal spot from a given solid angle around an incident angle 8(f)
is given by

1(0) ~R(0)- T (0) ~ R(0)-

“4)

sin’@

The series of curves in Fig.7 representing R(0(f)) therefore have to be multiplied by the last term in equation (4). The result
is plotted in Fig.8. The intensity variation is more emphasized due to the effect described above. Nevertheless, as long as the
total flux in the focal spot remains the main interest, the 6-dependence does not play an important role. As shown in Fig.9,
the average intensity profile versus energy remains rather flat (to be compared with Fig.6), despite the influence of the local
multilayer reflectivity and the geometrical effect of the curvature.
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Fig.8: Local intensity (flux density) after reflection from Fig.9: Average intensity at the focal spot after reflection from
different points on the curved multilayer. The respective curves the whole curved multilayer.

correspond to those in Fig.7.

3. DEPOSITION TECHNIQUE

The multilayers were deposited by Distributed Electron Cyclotron Resonance (DECR) sputtering [15]. The Ar plasma was
maintained at p(Ar)=1.3-10"mbar. The W and the compound B,C target were polarized with —800V and —1950V DC,
respectively, leading to deposition rates of R(W)=0.09nm/s and R(B4C)=0.03nm/s. The coatings discussed here were done
in a dynamic mode, where the targets are moved with a well-defined speed profile underneath the substrate. The irregular
layer stacking as shown in Fig.5 was obtained using a data table that modifies the speed profiles from one period to the next.
As mentioned in section 2, the relative speed distribution and therefore the lateral gradient is the same for all layers. Only
the total average speed and accordingly the mean thickness changes from layer to layer. All other coating parameters were



kept constant during the process. The final coatings for the bent mirror were done on pre-shaped glass substrates. Equivalent
depositions were made for reference purpose on flat Si substrates.

4. CHARACTERIZATION

The samples were characterized by 0:26 X-ray reflectivity scans taken on a fixed anode reflectometer at E=8048eV
followed by numerical simulation of the data. Fig.10 gives an example of two measured curves, one at the center of the
multilayer deposited on the pre-shaped but flat glass substrate (circles), and one of a reference sample on a flat Si substrate
(squares) with respective numerical fits (solid lines). For comparison, the dashed line indicates the design goal.
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Fig.10: Experimental reflectivity data of two equivalent flat Fig.11: Bi-layer thickness versus bi-layer number of the W/B,C
multilayers. Circles are data of a coating on a glass substrate, multilayer coated on a Si substrate (squares) after numerical
squares those from a deposition on a Si substrate. The solid refinement compared to the design goal (circles). Protecting
lines are numerical fits to the data. The dashed line corresponds B,C layers are indicated separately (solid symbols).

to the original design.

Both curves show a broad peak with a width of about 0.1° corresponding to an energy bandwidth of 10% and a well-
pronounced plateau. The peak reflectivity, however, differs between 35% for the multilayer on glass and almost 50% for the
one on Si. It is known from former studies [13] that the glass substrates utilized here do not have a surface finish
comparable with state-of-the-art Si substrates as used for the reference sample in Fig.10. This difference in substrate quality
explains the loss in reflectivity for the multilayer on glass. The undulations on the reflectivity plateau as well as some
variations in the fringes around the peak can be attributed to minor thickness modifications at the top and the bottom of the
multilayer stack, as shown in Fig.11. The plot shows the layer sequence for the coating on Si (open squares) compared to
the ideal structure (open circles). The B4C cap layer is added using solid squares and circles, respectively. When using high
quality Si substrates, the overall agreement in structure and reflectivity response between design and experiment is
remarkable.

In order to verify the lateral thickness gradient, the multilayer was measured at different positions from -12cm to +12cm
with respect to the center. The derived period thickness is plotted in Fig.4 as open circles on top of the theoretical curves.
The mean error between experiment and design is below 1%. Since the multilayer under study is non-periodic, “period
thickness” means here a reference value representing the entire stack. No relative thickness variations between layers were
allowed during this operation.



Fig.12 gives an impression of the evolution of the local reflectivity as one scans along the flat multilayer mirror from -12cm
to +12cm. As discussed in section 2, shape and intensity of the profiles change as the angle of incidence changes. Since this
characterization was done on a monochromatic laboratory source, no energy dependent spectra as shown in Fig.7 could be
measured. The unexpected drop in reflectivity for the curve at -12cm is caused by the reduced reflecting area near the tip of
the substrate. Nevertheless, the qualitative similarity of the curves in Fig.7 and Fig.12 is obvious.
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Fig.12: x-ray reflectivity curves measured at various positions from -12cm to +12cm along the flat multilayer mirror. -12cm corresponds
to the zone near the tip of the substrate as indicated in Fig.3.

5. FOCUSING EXPERIMENTS

The above-characterized multilayer was mounted on a simple bending device as indicated in Fig.3. The setup is explained in
more detail in [13]. Focusing experiments were carried out at the Advanced Photon Source (APS) on the undulator beamline
7ID (MHATT-CAT). In order to image the focused beam, a lens-coupled CCD with 1k x 1k pixels was used, in which the
visible light produced by the x-rays striking the scintillator is magnified by an objective lens and detected by the CCD. The
camera head was protected against external light by a 25um thick Al foil. The effective pixel resolution for the experiment
using 5x objective magnification was 1.34pum. The point spread function of the scintillator was determined to about
Spsr=2um. The CCD system was mounted on a detector arm of a six-circle Kappa diffractometer and the distance from the
center of the multilayer to the scintillator of the CCD was set to be 285mm. An ion chamber was placed 157cm upstream
from the multilayer to monitor the primary intensity. The beam was reflected and focused horizontally. The curvature of the
multilayer was pre-set on the optical Long-Trace-Profiler (LTP) of the APS Metrology Laboratory and then in-situ refined
using x rays and the CCD camera. Several series of scans were taken with fixed focusing geometry while varying the
photon energy of the incoming beam. This was achieved by simultaneously moving the undulator gap and following with
the fixed exit double Si crystal monochromator [16].

Fig.13 shows an image of the focal line at 9.1keV when the multilayer was exposed with the maximum available beam size,
which is 1.5mm in the horizontal and 1.0mm in the vertical direction, as defined by slits. Under these conditions a section of
about 70mm of the multilayer is illuminated. Fig.14 shows a cross section through the focal line after integration over 5
central pixel rows to improve the signal-to-noise ratio. From a Gaussian fit to the data one extracts a full width at half
maximum (FWHM) of the focal line of about Sgxp=8um. This value corresponds roughly to the results obtained earlier
using a similar substrate on the same bending device [13]. With a source distance of 54m and a focal distance of 285mm,
one obtains a geometrical demagnification of 0.00528. Since the horizontal source size (FWHM) is about 830um, one
would expect a source limited line width of Sg=4.4um. The measured figure error of the flat mirror contributes to about
Spg=4.0um to the total line width. Adding the squares of all relevant sources of line broadening, one obtains a theoretical
estimate of Sty=6.3um which represents a lower limit compared to the measured Sum.
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Fig.13: CCD image of the focal line at 9.1keV and at 285mm
from the center of the multilayer. The size of the incoming
beam was 1.5mm (horizontal) and 1.0mm (vertical).
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Fig.15: Normalized total intensity of the focal line measured on
the CCD detector (circles) versus photon energy. The
background was removed. The dashed line indicates the ideal
spectrum, the solid line is the result after corrections due to
absorption and energy offset.
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over 5 central pixel rows. The experimental data (+) has been
fitted by a Gaussian function.
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of a series of cross sections as indicated in Fig.14. All values
have been derived from Gaussian fits to the respective data.



The main goal of this experiment was, however, to test the focusing performance as a function of energy. In Fig.15 the
measured total intensity (circles) of the focal line is plotted versus the photon energy. Comparing the data with the expected
spectrum as obtained from simulations (dashed line) as presented in Fig.10, a clear disagreement in shape and position can
be observed. To understand this difference, some details of the experimental setup have to be considered. Between the CCD
camera and the ion chamber, that detects the reference intensity, the x-ray beam is attenuated by air. The Al window of the
CCD and additional Al absorbers enhance this effect. Since the absorption of x-rays in matter is energy dependent, a
correction has to be applied to the expected intensity distribution. The scintillator response is roughly proportional to the
photon energy, which has to be taken into account. In addition, small errors during the sample alignment cannot be
excluded, since the mirror was curved and since the multilayer reflection is rather broad. A rough analysis of the alignment
procedure shows that errors up to 500eV in energy may have occured due to errors in 6 and in the impact point of the beam.

If one takes into account a total air path of 185cm and 0.25mm of Al, and if one allows for an energy offset of -220eV due
to misalignment, one obtains a simulation as indicated by the solid line in Fig.15. All main features of the measured data can
be reproduced. The principal effect of the absorption correction is a strong intensity reduction at lower energies. Although
the derivation contains several experimental parameters, the good agreement between experiment and theory is quite
convincing.

Besides the total intensity, the stability of the focal line was an important issue under study. In Fig.16 the position and the
FWHM of the focus are plotted as a function of the photon energy. All values have been derived from Gaussian fits to the
respective data sets. It can be seen that, within the error margin, the FWHM is approximately constant between 7 and 8um,
in good agreement with the above estimate of the line width. The position of the focal line moves only slightly by about
Sum, which gives a good measure of the reliability of the whole experimental setup including the incoming beam.

6. DISCUSSION

The focusing experiments have shown that the double-graded multilayer performs approximately as expected from the
characterization done beforehand. Special care has to be taken on the experimental conditions, in particular during the
sample alignment and on the monitoring of the total intensity.

The size of the focal line is clearly limited by the moderate substrate quality and by the relatively simple bending device. An
improvement of the focal spot would be straight forward using one of the ESRF state-of-the-art bending devices [17]
equipped with a substrate with low figure error. Given a sufficiently small virtual source size, focal spots below 1um would
then be possible [18].

In the present case, the high absorption, the steep lateral gradient and, in a similar manner, the strong geometrical effect on
the local flux density, provoke a huge intensity variation along the curved multilayer. This means a challenging task for the
design of the depth gradient. The latter remains, in the present approach, qualitatively the same at all positions on the
substrate. As a consequence, the spectra change in shape and intensity as the angle of incidence and therefore the
penetration depth of the beam into the multilayer increase. Theoretically, one could design optimized non-periodic layer
sequences at various points on the mirror, separated from each other by a finite lateral distance. This, however, could lead to
completely different solutions for neighbouring zones and therefore to non-continuous lateral thickness profiles which, in
turn, would be in conflict with the need for a smooth lateral gradient. A global optimization algorithm would have to be
developed, capable of optimizing simultaneously the lateral and the vertical thickness profiles within the multilayer.

Most applications on 3™ generation synchrotron beamlines, however, require less severe boundary conditions than those
discussed above. Photon energies above 10keV and less pronounced lateral gradients significantly reduce the mentioned
drawbacks on the performance leaving enough space for devices using double-graded multilayers.

7. SUMMARY

It has been shown that the combination of lateral and vertical thickness variations in multilayered structures is feasible from
a theoretical as well as from a practical point of view. Based on a simple focusing setup, a multilayer based focusing device
has been designed, fabricated, and tested. It provides a fixed focusing geometry while offering a broad and flat energy
response of about 10%. It therefore unifies the advantage of the wide energy range of a total reflection mirror with the
increased angle of incidence of a multilayer. Further efforts will be made to integrate such a device into ESRF beamline
optics.
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