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A multilayer-Laue-lens (MLL) comprised of WSi2/Al layers stacked to a full thickness of 102
microns was characterized for its diffraction efficiency and dynamical diffraction properties by x-ray
measurements made in the far field. The achieved aperture roughly doubles the previous maximum
reported aperture for an MLL, thereby doubling the working distance. Negative and positive first
orders were found to have 14.2 % and 13.0 % efficiencies, respectively. A section thickness of 9.6
µm was determined from Laue-case thickness fringes in the diffraction data. A background gas
consisting of 90 % Ar and 10 % N2 was used for sputtering. This material system was chosen
to reduce grown-in stress as the multilayer is deposited. Although some regions of the full MLL
exhibited defects, the presently reported results were obtained for a region devoid of defects. The
data compare well to dynamical diffraction calculations with Coupled Wave Theory (CWT) which
provided confirmation of the optical constants and densities assumed for the CWT calculations.

Many experiments at synchrotrons require nanofocus-
ing at high x-ray energies with a high flux of photons
in the focus. One desires not only a lens that focuses
efficiently, but also one that provides a reasonably large
working distance. MLLs can achieve nanofocusing be-
cause the outer most layer thickness of the linear zone
plate structure, which determines the spatial resolution,
is limited only by the technology of thin film sputtering
[1–8], and a sputtered layer thickness less than 0.7 nm has
been demonstrated [9]. Furthermore, focusing efficien-
cies can be dramatically increased by satisfying a Bragg
condition [10]. However, apertures of MLLs are limited
by the achievable multilayer stack thickness. In this re-
gard, overcoming the consequences of built-up stress is
a challenge. The present work demonstrates an aperture
of roughly twice the largest previously reported aperture
for an MLL. This was accomplished with a bilayer ma-
terial system not previously used for an MLL. Largest
apertures reported to-date are 43 µm [11] and 53 µm
[12].

The MLL was comprised of 15170 individual layers
with Fresnel zones numbered 15802 down to 632 and
paired as bilayers. Two layers in each bilayer were of
equal thickness. The interfaces were parallel by design.
The first-to-grow layer was WSi2 grown on a Si substrate
with a deposited thickness of 4 nm. This layer formed the
outermost zone. Subsequent zones with increasing thick-
ness were deposited until 80 % of a single-sided zone plate
structure was fabricated. After deposition a sectioned
portion was cut-out and thinned to form a lens useable
for experiments [3]. The lens was 2.7 mm long (in the
out-of-the-page direction in Fig. 1) with portions along
this length that were deformed by bending and also ex-
hibited abrupt changes in angle between adjacent zones
at some locations [13]. The present study is for a section
of 0.17 mm located at the extreme end of the 2.7 mm

length which was found to be devoid of such defects.

Diffraction measurements as a function of rocking an-
gle were made at beamline 1-BM at the Advanced Photon
Source [14]. The MLL was mounted in a prototype mi-
croscope [15]. The photon energy was set to 12 keV by
the main beamline monochromator with a Si(111) dou-
ble crystal arrangement. The full lens aperture was set to
diffract onto a Pilatus 100K area detector placed 900 mm
downstream of the lens. The experimental arrangement
is shown in Fig.1. The Pilatus detector was operated at
low gain and 50 % threshold. The incident flux was re-
duced so that the direct beam count rate was 75 kHz,
and counting times were 5 sec. Under these conditions a
dead-time correction to the measured count rate is neg-
ligible [16]. Both negative (focusing) and positive (de-
focusing) first order diffraction patterns were recorded.
The pixel size of this detector was 172 µm, with negligi-
ble space between pixels [16]. The negative and positive
first orders were recorded in far-field patterns after a real
downstream focus and a virtual upstream focus, respec-
tively. However, because the focal length of 9.6 mm at 12
keV was far less than far-field location of the detector,
the diffraction exhibits a high degree of symmetry be-
tween the positive and negative first orders. We present
the diffracted intensity as a function of tilting angle and
radial position on the lens. A similar data presentation
limited to one order of diffraction was reported previ-
ously [7, 8]. ImageJ [17] was found to be very useful to
view the data. We present the data in Fig.2 in a so-called
stacked orthogonal view, in which the diffraction at dif-
ferent rocking angles are stacked vertically. This provides
an efficient visualization of the uniformity of diffraction
angles as function of d-spacings which, in turn, are a
function of deposition thickness. This way of represent-
ing the data enables initial screening for defective regions
[13].
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FIG. 1. Experimental arrangement for diffraction measure-
ments. The schematic view is from above. The focusing or-
der is shown. The defocusing order has a virtual focus 9.6
mm upstream of the lens. However, since the distance to the
area detector of 900 mm is much larger, the far-field patterns
of both orders are effectively symmetric. A scintillator plus
CCD (not shown) was placed 330 mm downstream of the MLL
to image the transmitted beam. By means of images on the
CCD, a slit was set to illuminate only the full MLL. That is,
the MLL was neither underfilled nor overfilled.

The sloping behavior of the diffraction peak with rock-
ing angle arises because by design there is a monotonic
decrease in zone width, and, consequently, increase in
Bragg angle, as one proceeds from inner zones to outer
zones. We will refer to this as the position on the lens.
For an ideal MLL of the present design, i.e., with all
parallel interfaces, the orthogonal view in Fig. 2 would
show a linear dependence of the Bragg angle on position,
as indicated by the dashed line in Fig.2 [13]. This also
follows directly from the zone plate law [18]. However,
as shown in Fig.2 the peak diffraction as a function of
position deviates from the dashed line, and this indicates
that there is bending [13] . We note that wedged MLLs
which have interfaces that are angled to preserve a Bragg
condition would ideally have a purely horizontal diffrac-
tion pattern for the focusing order in a plot such as Fig.2
[19]. Wedging is desired for increased efficiency since an
increasing number of zones come into the Bragg condi-
tion at an optimum rocking angle. Bending strain can
result in effective wedging [20], and such wedging would
result in a distinct asymmetry between the negative and
positive first orders [19]. We infer that in the present case
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FIG. 2. Diffraction recorded for negative and positive first or-
ders. The MLL was set to diffract horizontally. The abscissa
corresponds to horizontal distance along the detector, and the
ordinate is for the rocking angle. The vertical stripe in the
center is the transmitted beam. We defined the zero of angle
as the crossing point between the dashed line and the vertical
line for the transmitted beam. The thicker inner zones con-
tribute to the diffraction nearer to the transmitted beam for
both orders, and diffraction from the thinner outer zones oc-
curs at larger absolute rocking angles. An artificial diagonal
dashed line is included to show that there is some bending of
the lens since the diffraction should follow the straight dashed
line in the absence of bending.

a slight bending was present, but the attendant wedging
is not pronounced.

We also observed an extensive fringe system for both
orders. These fringes were used to determine the section
thickness. We determined a section thickness of 9.6 µm
using a similar method of analyses as that reported earlier
for Laue-case diffraction from a sectioned multilayer [21].

Measurements with the lens withdrawn were also made
to allow calculation of the measured efficiency. As is well
known for MLLs, the efficiency is a strong function of
rocking angle and exceeds that of a conventional Fres-
nel zone plate because dynamical diffraction (also called
volume diffraction) is applicable for zones having a small
deposition thickness. Consequently, satisfying the Bragg
condition yields high efficiency. The efficiency was ob-
tained by summing over all pixels corresponding to the
aperture of the lens for each rocking angle and normal-
izing to the total counts obtained with the MLL with-
drawn. A slit was set to aperture only the full MLL.
This allowed a calculation of the efficiency. The depen-
dence of the efficiency on rocking angle is show in Fig. 3.
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FIG. 3. Effiency as a function of rocking angle. The results
of coupled wave theory are also shown.

Also shown in Fig.3 are the results of coupled wave theory
(CWT) simulations for an ideal lens in accordance with
its design [22]. For the calculations optical parameters
based on bulk material densities were applied [23].

As reasonably expected, the measured efficiencies are
somewhat smaller than predicted by CWT. CWT pre-
dicts perfect mirror symmetry for the plus and minus
orders as seen in Fig.3. The asymmetry between the or-
ders is an indication of bending as discussed above. An
intriguing and unexpected aspect of both the data and
the CWT simulation is the occurrence of shoulders in
both orders. These shoulders arise for diffraction from
the thinner zones and can be explained as a manifesta-
tion of a transition from kinematical to dynamical diffrac-
tion between inner and outer zones. Rocking curves nar-
row as the dyamical diffraction regime is approached. In
the case of dynamical diffraction, rocking curves are nar-
rower. This results in a lower efficiency as the MLL is
rocked to diffract from the outer zones.

Summarizing, we report on the efficiency of an MLL
comprised of WSi2/Al layers stacked to a multilayer stack
thickness of 102 microns, which roughly doubles the pre-
vious record aperture for an MLL. There were no defects
in the layer structure for the portion of the MLL reported
on here, but a slight overall bending was observed. The
measured efficiencies compare well to results of coupled
wave theory. Measurement of the focus are planned.
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