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ABSTRACT

Laterally graded multilayer optics play an important role in advanced X-ray applications, enabling precise control of beam
properties for spectroscopic and focusing techniques. The Multilayer Deposition System (MDS) at Diamond Light Source (DLS)
has demonstrated its ability to fabricate highly precise laterally graded X-ray optics. Developing such optics is challenging due
to stringent requirements for precise lateral thickness variations and sagittal uniformity, achieved through optimized substrate
speed profiles and advanced mask design. This study presents a comprehensive investigation into the design, fabrication, and
characterization of laterally graded multilayers. An adjustable mask design improves sagittal uniformity and reduces optimization
times. The structural and optical performance of the multilayers is evaluated, confirming their suitability for synchrotron
applications. Two types of laterally graded multilayers were developed: one with a constant lateral gradient (0.005 nm/mm) for
O-K edge polarizers, achieving sagittal thickness variations of approximately 0.3-0.4% across an 80 mm substrate, and another
featuring a strong variable gradient from 0.037 to 0.112 nm/mm, designed to match the elliptical periodicity profile. The constant
gradient multilayer polarizer has been successfully implemented on the state-of-the-art 121 beamline at DLS, highlighting the
MDS’s role in producing next-generation X-ray optics that meet the stringent demands of synchrotron beamlines.

applications that require tunable optical properties [9, 14-16].
These multilayer structures are typically deposited on three

1 | Introduction

Multilayer optics [1-4] are extensively used in synchrotron radia-
tion instrumentation, including micro-probes [5], spectrometers
[6, 7], monochromators [8], and polarimeters [9]. In magnetron
sputtering, by modulating the process parameters such as sub-
strate motion, target power distribution, and masking techniques,
multilayers with lateral or depth-graded profiles can be fabri-
cated, which is essential for applications such as variable-period
Bragg reflectors [10, 11] and supermirrors [12, 13].

Laterally graded multilayers, where the periodicity varies
along the substrate length, are typically used in synchrotron

primary substrate geometries, namely (i) flat, (ii) parabolic, and
(iii) elliptical, which are fabricated for the specific application
[17]. The nature of the gradient in periodicity can be designed
as either constant or variable, and is aligned with substrate
geometry. For example, as a focusing device, the multilayer-
based Kirkpatrick-Baez (K-B) mirror consists of two elliptical
cylindrical mirrors—either bent or polished—that are arranged
orthogonally and coated with laterally graded multilayers with
variable gradient that accommodate the variation in grazing
incidence angles across the mirror surface [15, 18]. The multilayer
K-B system enhances the numerical aperture and improves
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diffraction-limited spatial resolution despite a narrow energy
bandpass of a few percent; it can maintain achromatic focusing
over a range of photon energies [19].

Polarimeters, in particular those operating in the extreme ultra-
violet (EUV) and soft X-ray regions, face significant challenges
when crystal-based designs are employed due to their high
absorption and refractive index, close to unity [9]. Hence, mul-
tilayers have been considered as effective alternatives, offering an
improved signal-to-noise ratio. Their performance can be tailored
across a broad wavelength range by optimizing the material
combinations and periodicity. In polarization studies, periodic
multilayers are often used at quasi-Brewster angles owing to
their interference structures [20-23]. However, their narrow
spectral bandwidth limits their usage in broadband spectrum
applications.

To address these needs, laterally graded multilayers with a
constant gradient have attracted interest for use in polarimeters
as analyzers and phase retarders [7, 9, 24, 25]. This capability
is necessary for advanced experimental measurements, such
as Resonant Inelastic X-ray Scattering (RIXS), X-ray Magnetic
Circular Dichroism (XMCD), and X-ray Linear Dichroism (XLD)
[7]. Despite their advantages, the fabrication of laterally graded
multilayers is particularly challenging due to the requirement
for sub-nanometer precision in the layer thickness across the
substrate. For example, the 121 beamline at Diamond Light Source
(DLS), which is specialized for soft X-ray RIXS, requires sophisti-
cated optical elements to meet its high-performance criteria [26].
A key requirement for the beamline upgrade is the development
of a laterally graded multilayer polarizer with periodicity varying
from 3.36 nm to 3.65 nm with a constant gradient of 0.005 nm/mm
as well as a sagittal uniformity below 1% for operating at O-K edge
(~530 eV). Therefore, the challenges lie in not only achieving sub-
nanometer precision in layer thickness but also maintaining the
sagittal uniformity across a large substrate, typically in the range
0f 100 x 100 mm?.

Achieving this high level of precision over a large area necessi-
tates advanced deposition systems and innovative design strate-
gies. To mitigate these challenges, the recently commissioned
multilayer deposition system (MDS) at DLS enables dynamic
deposition, where the substrates are precisely translated across
the sputtering target [4]. This system allows the periodicity gra-
dient to be controlled through the translation speed. In addition,
to achieve a uniform thickness distribution along the sagittal
direction, a shadow mask technique is employed. The shadow
mask is typically placed between the sputtering target and the
substrate, selectively blocking the sputtered atoms. The aperture
of the shadow mask is optimized based on the geometry of the
sputtering system, the shape of the target, and the source profile.
Various aperture types, such as parabolic [27, 28], circular [1],
multi-Gaussian [29], multi-aperture [30, 31], have demonstrated
the potential to achieve an improved uniformity of less than
1.0%. However, detailed studies in mask optimization are limited
and, to date, most have focused on planetary rotation magnetron
sputtering systems [29, 31, 32|, proving limited insight into the
optimization process for linear deposition systems.

This paper presents the development of W/B,C laterally graded
multilayers with both constant and variable gradient, fabricated

on a flat substrate using the MDS at DLS. The design, fabrication,
and characterization of the multilayer optics are discussed,
highlighting the challenges of achieving lateral gradients through
an optimized speed profile and ensuring sagittal uniformity
using novel adjustable shadow masks. This mask design not
only enhances the sagittal uniformity but also reduces the time
taken during optimization. Furthermore, the parameters of the
multilayer structure and optical performance of the multilayer are
evaluated in detail, demonstrating its suitability for synchrotron
applications. A specific case is demonstrated in which a constant
gradient laterally graded multilayer functions as a multilayer
polarizer for a soft X-ray RIXS beamline. In addition, this
paper presents the development of an advanced variable-gradient
multilayer, with a strong lateral gradient from 0.037 to 0.112
nm/mm.

2 | Theory and Experimental

2.1 | Laterally Graded Multilayer Design and PID
Parameter Optimization

Generally, laterally graded multilayers are fabricated on three
types of substrate geometries—flat, parabolic, and elliptical—
depending on the intended application. Flat multilayers are
primarily used as monochromators, where a multilayer period
across the surface is critical for wavelength selection, while
curved multilayers, such as parabolic or elliptical designs, are
ideal for focusing optics to efficiently converge the X-ray beams.
Figure 1 illustrates two typical configurations: a flat substrate
(Figure 1a) and an elliptical substrate (Figure 1b). The flat mirror
configuration is described mathematically by the equation:

t2

sin’0 = 7 €))
Where 6 is the grazing angle, ¢ is the offset position in the
reflection plane, and [ is the local distance from the X-ray
interaction point to the focus (for a converging beam), as reported
by [17]. The solid and dashed lines represent reflections from two
different positions of the mirror along the gradient corresponding
to two different multilayer periods for a particular incident
photon energy. In contrast, the elliptical mirror configuration is
described by the Equation (2)

b
sin’0 = — 2
g @)

Where b is the semi-minor axis of the ellipse, p is the distance
from the source to the impact point of the optics, and q is the
distance impact point of the mirror and the focus.

To achieve the desired lateral gradient of the bilayer thickness,
the formula for different geometries must be applied to the Bragg

Equation:
2dsinf4/1 - ﬁ =ml ?3)
sin26

Here, d is the bilayer period, 6 is the grazing angle, & repre-
sents the real part of the refractive index, 1 is the wavelength,
and m denotes the diffraction order.
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FIGURE 1 | Reflection geometry of the grazing angle optics using laterally graded multilayer structure in (a) flat contour, where the solid and dashed
lines represent reflections from two different positions along the multilayer gradient and (b) elliptical contour.

The multilayer deposition is performed using a technique known
as dynamic deposition, in which the substrate is continuously
translated along the horizontal (meridional) direction in front
of the sputtering source. This movement is carefully controlled
at a precisely calibrated speed. By adjusting the translation
speed in synchronization with the deposition rates, it is possible
to accurately tailor the thickness profile of the multilayers,
enabling the fabrication of laterally graded or uniform multilayer
structures depending on the application requirements.

The translation speed of the substrate plays a critical role,
particularly during the deposition of laterally graded multilayers,
as it directly influences the achieved periodicity gradient across
the lateral direction. The speed profile is designed to control the
deposition time at each point on the sample, enabling precise
thickness adjustments and creating a lateral gradient in the
multilayer stack. The speed profile of the deposition is calculated
as follows:

fO-x

12155

dy 4)

where T(x) is the expected thickness, V() is the speed profile of
the moving substrate, and f{y — x) is a source deposition profile. To
calculate the speed profile that yields the desired thickness, it is
started with an initial speed profile and used an iterative method
to find the error in thickness by comparing it to the targeted
value. Then V() is adjusted to ensure that the simulated thickness
matches the targeted thickness profile.

The thickness error is defined by:

oT (X) = Texpected (x) - Tsimulated (x) (S)

Equation (4) can be written as:

T,=)
J

~

<

LAy ©)
J

Using this approach, the following expression can be derived,
which describes the change V, given 6T(x), leading to the Jacobian
matrix K

6T ~ K -6V @)
Where,

oT (x;) f(yj_xi)
ij = ~ = o -4y ®)
Toav(y) v(y)

By substituting Equation (5) into Equation (7), the least-squares
method can be used to calculate 8V, and update V + adV — V,
where a < 1is chosen to prevent large, noisy jumps. However,
sometimes the matrix K can be ill posed, and produces large
oscillations in V, giving an unrealistic speed profile. To prevent
that, Equation (7) can be modified to

K [5T
[ﬁD]'5V"_o] ©)
Where,
1-10 ... 0]
01 -1...0
D= : E oo S 7ﬁe[0’1] (10)
00 ..1 -1
00 0 1_

which can be solved using the least-squares method:
min (11K - 8V = 8T|I* + 82D - V)

This process is repeated until the thickness deviation (6T) is
reduced to approximately 0.2% or lower, which was used as the
target tolerance in this work.

The substrate translation speed during deposition determines the
periodicity gradient in laterally graded multilayers. Consequently,
achieving precise substrate motion requires advanced control
strategies that maintain consistent speed profiles throughout
deposition. The speed variations directly affect layer thick-
ness and periodicity, making robust speed control critical for
high-quality multilayer structures. Using standard commercial
software for motion control possibly resulted in discrete speed-
step adjustments. To overcome this limitation, the motion speed
control was integrated into the Diamond light source standard
motion control system, enabling a continuous and precisely
defined speed profile. This advancement not only allows very
stringent specifications to be met but also provides precise
control of non-linear thickness profiles. However, optimal PID
(Proportional-Integral-Derivative) parameter tuning is essential
to achieve the desired balance between speed accuracy, stability,
and dynamic performance [33]. These parameters, namely—
Proportional (KP), Integral (KI), and Derivative (KD) gains—
collectively determine how the system reacts to deviations from
a desired motion profile, thereby influencing both the position
accuracy and the overall dynamic behavior. Specifically, the pro-
portional gain (KP) makes the system respond faster to errors but
can cause overshooting, while also reducing steady-state error.
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FIGURE 2 | Speed profile during the deposition of the W and B,C layer, showing the effect of two different sets of PID parameters: KD = 33, KP =
8.2, KI = 0.45 (red curve) and KD =10, KP = 5, KI = 0.25 blue curve. The optimized set red curve achieves improved speed stability, with speed accuracy

refined to approximately 0.1%.

The derivative gain (KD) predicts future errors by responding
to the rate of error change, thereby reducing overshoot and
enhancing stability, but does not affect steady-state error. The
integral gain (KI) eliminates steady-state error by accumulating
past errors and continuously adjusting until the error reaches
zero. However, excessive KI can slow down the system and induce
oscillation. Together, these three parameters must be carefully
balanced: KP for quick response, KI for accuracy, and KD for
stability.

The PID parameters were tuned manually step-by-step following
the Galil velocity zone tuning approach. First, the Galil-Tools-
scope was set up to display commanded and actual velocity,
position error, and torque, while a step-response DMC (Digital
Motion Controller) program was prepared to move the motor
sufficiently to overcome static friction and achieve steady velocity.
The initial gains were set to KP = 0, KI = 0, and KD = 10, after
which the step response was executed to compare commanded
and actual velocity profiles. The KD gradually increased until the
actual velocity matched the commanded profile. Once the veloc-
ity terms were optimized, the KP was introduced, starting from
5 and increased stepwise to reduce position error, with position
error reset at each stage for safety. The KI was added with a small
starting value to remove steady-state errors, while the integrator
limit (IL) was tuned to suppress oscillations. Through iterative
refinement of KP, KI, and KD, with continuous monitoring of
the torque trace to avoid amplifier saturation, the final tuned
values ensured stable and accurate tracking of the commanded
motion profile. Fine-tuning these values allows the system to
maintain high-speed accuracy—typically within 0.1%—across a
wide operational speed range (5 to 50 mm/s), while also reducing
settling time and enhancing system stability. Figure 2 illustrates
how variations in these PID parameters influence the speed
profile during the deposition of the W and B,C layer in a laterally
graded W/B,C multilayer structure with a variable gradient.
Experimental optimization of the PID controller led to the values
KD = 33, KP = 8.2, and KI = 0.45, which significantly reduced
speed fluctuations compared with the default setting (KD = 10,
KP = 5, KI = 0.25) and ensured reliable performance with speed
accuracy maintained within 0.1%, as highlighted in the inset
figure. In Figure 2a,b, the two optimized speed profiles result

underscore the importance of precise PID tuning in delivering
consistent and high-quality thin film deposition in multilayer
fabrication processes.

2.2 | Multilayer Deposition and Characterization
The W/B,C laterally graded multilayers were fabricated using the
magnetron sputtering system at DLS [4]. The lateral thickness
gradients were achieved by controlling the translation speed
profile of the substrate, while sagittal profiles were adjusted using
custom masks. The base pressure achieved ~2.3 x 108 mbar dur-
ing deposition. A few sets of multilayer coatings were deposited
to optimize the period uniformity along the sagittal direction,
and at the optimized mask condition, the W/B,C laterally graded
multilayer has been deposited. The deposition power of W and
B, C were 100 and 400 W, respectively. The optimized deposition
rates of W and B,C are 0.1368 and 0.1748 nm/s, respectively.
For the working gas mixture, 90% high-purity argon (99.99%)
was combined with 10% nitrogen (N,). This reactive sputtering
environment was carefully selected to effectively reduce the
interface roughness, enhancing the optical performance of the
multilayer [34]. The multilayers were deposited at a fixed working
gas pressure of 3.1 x 107> mbar.

The parameters of multilayer structure were measured using
hard X-ray reflectivity (XRR) with a Bruker D8 Discover X-
ray diffractometer at an energy 8.047 keV. Measurements were
conducted with a 1 mm vertical slit and a 1 mm pinhole slit on
the incident beam and a 2.5 x 2.5 mm? slit on the reflected beam,
employing 6-20 geometry for the XRR analysis. To characterize
multilayer periodicity variations along the gradient direction,
XRR measurements were performed at sequential positions along
the sample’s central line spanning a 58 mm range. Additionally,
sagittal uniformity was assessed by conducting XRR measure-
ments at consecutive positions across the sagittal direction over
a 78 mm range of the multilayer sample. During the shadow
mask optimization process (detailed in Section 2.3), the thickness
of individual W and B,C layers deposited on Si substrates was
measured along the sagittal direction relative to the sample’s
center position across an 80 mm span. The measured XRR curves
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were fitted using the “IMD” code under the “XOP” software
package [35] and Genx software [36].

Complementing the structural characterization, the optical per-
formance of the multilayers was evaluated using synchrotron
radiation to assess their reflectivity behavior under actual oper-
ating conditions. The soft X-ray reflectivity performance of the
laterally graded multilayer was characterized using an 11-axis
UHV reflectometer at the Optics beamline of BESSY-II [37].
Reflectivity measurements were conducted through a 6-26 angu-
lar scan at an energy of 1000 eV in s-polarization geometry, as well
as a continuous energy scan at a fixed incident angle of 26 = 20° in
both s- and p-polarization geometries, covering the energy range
near the O-K edge (~530 eV).

The energy scan was performed at six positions along the lateral
gradient over a 29 mm range, centered at the middle of the
mirror, and at seven positions along the sagittal direction over
a 30 mm range. The cross-section of the incident beam at the
sample position is 0.35 x 0.25 mm?. The beam spot size on the
sample is proportional to the beam cross-section, but in the in-
plane dimension it is stretched over by factor of 1/sin(6), while
off-plane size is kept the same. Thus, for energy scans at an
incident angle of 20° in the s-polarization geometry, the beam
spot was 1.02 X 0.25 mm?. The beam angular divergence was
dé = 0.03°, and the energy divergence was 0.23 and 0.6 eV (at
560 and 1000 eV, respectively). The spectral purity of the incident
beam was ensured by an efficient high-order suppression system
(HiOS) at the Optics beamline [38]. The measured reflectivity
curves were analyzed using the IMD code within the “XOP”
software package [35].

Beyond this characterization, the fabricated multilayers were also
tested in the intended application environment to validate their
practical performance. In the polarimetric RIXS apparatus of
121 beamline, the fabricated W/B,C laterally graded multilayer
has been installed vertically perpendicular to the scattering
plane, positioned at a grazing incidence angle of 20° relative to
the incoming X-ray beam. This configuration is illustrated in
Figure 3. For detection, the setup includes two Andor Ikon L CCD
detectors: one positioned to record the direct RIXS signal, and
another to capture the signal reflected by the multilayer, enabling
polarization-resolved detection. The spatial resolution of both
CCD detectors needs to match each other for a proper analysis
of the RIXS scattered signal: hence, the two detectors, identical
with the same pixel size, are mounted with the same tilting angle
so that the scattered X-ray beam arrives on both detector sensors
with the same incidence angle of 20°.

2.3 | Mask Design and Optimization

The MDS features eight rectangular sources (dimensions W X
L = 254 x 89.9 mm), designed to provide a uniform flux at the
central region. The aperture size is rectangular of dimension
245 x 82 mm. The translational motion of the substrate within
the sputtering chamber is restricted to the lateral direction to
maintain thickness uniformity in that axis. Achieving lateral
period uniformity has been demonstrated, with a deviation of
only 0.26% over a 1500 mm range in dynamic deposition mode [4].
However, it is crucial to also investigate the thickness distribution

along the sagittal direction. Our observations indicate that the
sagittal thickness uniformity deviates, forming a parabolic profile.
This variation is influenced by the dimensions of the sputtering
source and the sputtering yield distribution.

As a result, the goal of the mask design is to cut out a section of
the total area that provides a non-uniform thickness distribution
along the sagittal direction. Accordingly, the shadow masks have
been designed in a hyperbolic shape with a sagittal depth, R as
shown in Figure 4. The length (L) is set to 220 mm. Given that
mask optimization is a time-consuming and iterative process,
the mask has been designed to be adjustable by modifying the
opening distance (D). This adjustment controls the opening width
(W) through which the plasma passes to deposit material on the
surface [39]. Consequently, deposition is repeated with different
opening distances until the desired uniformity thickness profile
is achieved.

To refine the control of mask size and shape, two sets of W
and B,C single layers were deposited on 90 X 25 mm? silicon
substrates, using a constant lateral translation speed. For B,C
deposition with the mask applied, a 1.3 nm W binding layer was
introduced to enhance the contrast between the B,C film and
the Si substate, thereby improving Kiessig fringe visibility for
more accurate data analysis. The coating thickness was measured
using the XRR technique to evaluate uniformity along the sagittal
direction of the substrate. The outcomes of these experiments are
discussed in the following sections. The X-ray reflectivity (XRR)
plot in Figure 5a shows reflectivity versus incident angle (theta)
for a B,C film measured at different sagittal positions ranging
from —40 mm to +40 mm, with and without a mask. The curves
measured at different sagittal positions (—40 to +40 mm) with
the mask overlapping almost perfectly, demonstrating excellent
lateral uniformity. Figure 5b shows the normalized thickness of
the B,C film along the sagittal direction, comparing single-layer
film deposited without the shadow mask and with the mask
under varying distances of D. The result indicates that without
the shadow mask (red line), the thickness of the B,C at the edge
of the sample is significantly lower than at the center, confirming
a parabolic distribution with higher sputtering yield at the center.
A thickness variation of a maximum 6% was observed from the
center toward the edges over an 80 mm range, exceeding the
desired tolerance of less than 1% over the same length. This
behavior is characteristic of the magnetron source profile, as also
observed in previous studies [1, 28]. The thickness distribution
curve is fitted using the parabolic equation:

y=ax*+bx+c (1)

where the coefficient “a” is the quadratic coefficient, which
represents the curvature of the curve. “b” is the linear coefficient
and “c” is the constant coefficient. We aim to bring "a” term as
close to zero as possible to flatten the thickness distribution curve,

hence improving the thickness uniformity.

The masks were initially configured with an R value of 20 mm.
At a fully open setting (D = 40 mm), the deposited film exhibits
the lowest thickness at the center of the sample, with a thickness
variation of 5%, indicating an overcorrection in the deposition
rate. Then, R was reduced to 15 mm, which is determined to be
the optimal sagittal depth. Figure 5b shows that varying the mask
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20°

Horizontal polarimeter
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W/B,C laterally graded
multilayer

Spherical grating

Sample

Incident X-rays

FIGURE 3 | Schematicof the direct beam and polarimeter setups in 121 at Diamond Light Source. The polarimeter configuration features two Andor
Ikon L CCD detectors;—one for measuring the direct RIXS signal and another positioned to detect the beam reflected by the multilayer analyzer. Here,
the fabricated W/B,C laterally graded multilayer polarizer optic for operating at O-K edge (~530 eV) has been installed vertically.

®) R

FIGURE 4 | Schematic of the shadow mask, where R represents
the sagittal depth of the arc of the mask. The opening distance (D) is
adjustable during the optimization process, allowing control over the
open area with the width (W) that the plasma particles can pass through.
The length of the mask (L) is set to 220 mm for all designs. The red areas
indicate the adjustable mask arms mounted on the green rectangular
frame, while the gray region represents the opening through which atoms
can pass. Figures (a) and (b) show different views corresponding to the
maximum and minimum openings of the mask.

opening distance from 50 mm to 20 mm causes the uniformity
distribution curve to shift from a downward to an upward
orientation, indicating a transition of the quadratic coefficient
from negative to positive values. Figure 5c plots the D of the mask
against the measured quadratic coefficient. The y-intercept of the
linear regression identifies the optimal mask opening distance for
achieving good sagittal thickness uniformity. The optimal D is
determined to be 32 mm for W and 43 mm for B,C. Figure 5d

presents sagittal thickness of B,C thin film corresponding to
different thickness (d) values (16 mm, 113 mm, and 146 mm)
with associated uniformity (4d/d) of 0.3%, 0.5%, and 0.6%,
respectively, demonstrating excellent spatial uniformity across
the measurement range of 80 mm. Following implementation
of the optimized mask opening, the thickness profile showed
significant improvement with excellent uniformity Ad/d < 1%
which met the beamline requirements and further confirmed
the reproducibility and precision of the deposition system under
different operational parameters. This refinement demonstrates
the effectiveness of the optimized mask in controlling layer
deposition for laterally graded multilayers.

3 | Results and Discussion

3.1 | Structural Analysis of Laterally Graded
Multilayer Using XRR

A W/B,C laterally graded multilayer polarizer optics for operating
at the O-K edge (~530 eV) on flat contour Si substrate geometry
has been designed. The fixed operational incidence angle is at
20°. To meet these requirements, we manufactured a W/B,C
laterally graded multilayer on Si substrate with a full dimensional
profile of (L x W) of 58 x 78 mm. The W/B,C multilayer is
selected for its high reflectivity in X-ray scattering applications
and excellent interface quality. Tungsten (W) provides strong
X-ray contrast, while boron carbide (B,C) serves as a low-
density spacer, minimizing interfacial roughness and diffusion.
This combination enhances optical performance, making it well-
suited for precision X-ray optics [40]. To optimize the reflectivity
performance, it is chosen that the I ratio of the multilayer is 0.29
to ensure that the W layer thickness is continuous layer [40-42]
and the number of layer pairs has been optimized at 100. The
designed period thickness ranging from 3.36 to 3.65 nm, with
a thickness constant gradient of 0.005 nm/mm, ensures a high
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FIGURE 5 | (a)Sagittal uniformity measurement of B,C thin film using XRR measurements at varying sagittal positions with and without mask.

(b) Normalized thickness profile of B,C single layer deposited on Si substrate along the sagittal direction over 80 mm. The profile compares the film
deposited without a mask and with a shadow mask of a 15 mm sagittal depth under varying mask opening distances. (c) Linear regression plot of the
mask opening distance versus the quadratic coefficient used to optimize mask width. The optimized mask opening distances, D, are 32 and 43 mm for

W and B,C targets, respectively. (d) Sagittal uniformity of B,C thin films with a 43 mm mask opening over an 80 mm range for 3 different thicknesses

of 16, 113, and 146 nm. Thickness uniformity of better than 0.6% was achieved across all conditions.

precision. The uniformity along the width is maintained at below
1%, optimizing the overall coating performance.

The deposition process ensures a highly precise thickness gra-
dient in the multilayer structure, allowing for variations in
thickness and composition that are fine-tuned across the surface
to meet the optical and energy requirements of the beamline. This
meticulous fabrication approach supports advanced synchrotron
radiation experiments, enhancing reflectivity and efficiency at the
designated energy levels.

The discussion of the experimental results is highlighted in
Figure 6. The XRR measurements were taken at 13 positions
along the 58 mm meridional range and 14 positions along the 78
mm sagittal range to confirm these results. Figure 6a shows the
lateral periodicity variation across a 58 mm range, illustrating the
successful design and fabrication of the laterally graded multi-
layer, which compares the calculated and measured periodicity
profiles. The results exhibit a strong correlation, affirming the
precision of the fabrication process with a measured gradient
of 0.0052 nm/mm. This verification emphasizes the efficacy of
the multilayer deposition in achieving targeted lateral gradient.
Figure 6b shows the periodicity deviation with respect to the
calculated profile where the maximum deviation is measured to
be ~0.2%.

As presented in Figure 6c, the measured and fitted XRR profile
at 8.047 keV provides insight into the multilayer’s structural
parameters at the center position, revealing a W layer density of
19.0 gm/cm?® (98.4% of the bulk value) and a B,C layer density
of 2.52 gm/cm?®, alongside an average interface roughness of
0.29 nm and a gamma ratio of approximately 0.31 as well as the
period thickness 3.50 nm. Figure 6d highlights the uniformity
in period thickness across the sagittal direction, showing that
a high degree of uniformity (0.3%) was maintained over an
80 mm length, meeting stringent specifications for beamline
optics. The comprehensive results, including the meticulous
structural parameter measurements, highlight the capabilities of
the newly installed MDS at DLS for advanced multilayer optic
production.

3.2 | Soft X-Ray Optical Performance

The fabricated W/B,C laterally graded multilayer is specifically
designed for precise soft X-ray manipulation near the oxygen K-
edge (~530 eV), requiring detailed structural characterization to
evaluate its performance for soft X-ray spectroscopy applications
in this critical energy range. The measured reflectivity perfor-
mance is illustrated in Figure 7, obtained from measurements at
the BESSY-II Optics beamline. Figure 7a presents the measured
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and fitted reflectivity performance at 1000 eV with s-polarized
light at the center of the mirror. The reflectivity profile clearly
demonstrates well-defined Bragg peaks up to the 4th order, con-
firming the multilayer’s ability to produce high-quality diffraction
patterns. Structural parameters are extracted by fitting both the
Bragg peaks and the critical angle, yielding precise values for the
multilayer’s period thickness, density of the layers, and roughness
of the interfaces. These parameters show a strong agreement
with those obtained from hard X-ray reflectivity measurements.
The best-fit results indicate a period thickness of 3.51 nm and a
gamma ratio of 0.31, suggesting a well-controlled layer structure.
The densities of the individual layers were determined to be
approximately 19.0 g/cm?® for W (98.4% of the bulk value)
and 2.52 g/cm?® for B,C. The average interfacial roughness is
0.28 nm. The strong agreement between the two measurement
techniques confirms that the multilayers were fabricated with
a consistent and well-controlled interface quality across all 100-
layer pairs, from top to bottom. The small peak-like features
observed between the 2nd and 4th Bragg peaks may arise from
instrumental artifacts (higher-order harmonic contamination)
from the beamline plane grating monochromator. Furthermore,
the reflectivity curve exhibits a slight modulation between the
critical angle and the first Bragg peak, suggesting the presence of
a contaminated top layer. This contamination is most likely due
to the formation of B,O, (boron oxide) on the surface [43, 44], as
indicated by the observed modulation in the reflectivity data. The
oxide layer is estimated to have a thickness of approximately 3.4
nm, a density of 2.35 g/cm? (95% of bulk density), and a roughness
of 1.6 nm.

Figure 7b presents the reflectivity performance along the sagittal
direction, demonstrating a high degree of uniformity over a 29
mm span. This stability is essential for maintaining consistent
optical performance across the entire multilayer surface. The
reflectivity remains steady at approximately 10.8% over this range,
while the fitted periodicity remains uniform at 3.51 nm. The
consistency of both the reflectivity data and periodicity confirms
that the multilayer structure maintains its uniformity across
a broad area, highlighting the success of the fabrication and
deposition process.

Figure 7c,d display the reflectivity performance along the gradi-
ent, with measurements taken using s-polarized (Figure 7c) and
p-polarized (Figure 7d) X-rays. The reflectivity of the multilayer
when illuminated with s-polarized light is approximately 10.8%,
while for p-polarized light, it is approximately 6.5%. These mea-
surements highlight the polarization-dependent performance of
the multilayer, which is a key consideration in its applica-
tion, especially in precision soft X-ray optics. The difference
in reflectivity between s- and p-polarized light emphasizes the
multilayer’s ability to manipulate the polarization of the incident
X-rays, an essential feature for many spectroscopy applications.

To validate the soft X-ray reflectivity performance character-
ized at BESSY-II and investigate the multilayer’s performance
for its intended application, the multilayer was further tested
at the 121 beamline of DLS as a polarimeter supporting the
RIXS experiment. The fabricated W/B,C multilayer polarizer has
been tested by measuring the signal of the photons elastically
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E;, = 528, 529, and 530 eV are consistent, highlighting the multilayer’s
tunability and its efficiency in energy-selective polarization analysis.

scattered by an amorphous carbon sample. As illustrated in
Figure 8, the integrated intensity of the elastically scattered
photons is plotted as a function of the multilayer’s verti-

cal position, which corresponds to different positions along
the graded periodicity profile. The multilayer was specifically
designed with a periodicity gradient tailored to match the
energy dispersion of the outgoing X-rays, which are diffracted
by the spherical grating. The peak reflectivity values at var-
ious incoming photon energies (E;, = 528, 529, 530 eV),
demonstrating that, when the multilayer is properly positioned,
the maximum reflectivity remains nearly constant. This con-
sistency across different energies confirms the effectiveness of
the multilayer design in achieving energy-selective polarization
analysis without significant loss in reflectivity.

Since the multilayer operates at a grazing angle that deviates
from the exact Brewster’s angle, the reflected RIXS signal contains
a mixture of s- and p-polarized components rather than being
purely polarized. As a result, the outgoing spectra represents a
partial polarization state.

Figure 9 presents the elastic scattering peaks recorded for both
s-polarized light (Figure 9a) and p-polarized light (Figure 9b),
measured under two different detection conditions: with the
multilayer polarizer inserted in the beam path i.e. reflection mode
(shown in blue for s and black for p), and without the polarizer,
i.e., in direct detection mode (shown in red for s and orange for p).
These measurements were performed to evaluate the efficiency
of the multilayer polarizer in distinguishing polarization states
of the soft X-ray beam. The reflectivity of the multilayer polar-
izer was quantitatively assessed by calculating the ratio of the
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and (b) p-polarized light. Comparison illustrates the effect of the multilayer analyzer on polarization-resolved measurements.

integrated area under the elastic scattering peak obtained in the
reflection detection mode to that in the direct detection mode.
Based on this analysis, the reflectivity is measured to be ~ 11.81%
for s-polarized light and 7.17% for p-polarized light. These values
closely match the anticipated optical performance (Figure 7c,d)
for soft X-rays at the BESSY-II Optics beamline, providing further
confirmation of the design and measurement.

These values indicate the differential response of the multilayer
to the polarization state of incoming X-rays and demonstrate its
capability to function as an effective polarization analyzer in soft
X-ray scattering experiments.

Building upon the successful demonstration of linear gradient
multilayers for polarization analysis, our fabrication capabilities
have been further extended to encompass more sophisticated
gradient designs for advanced X-ray optical applications. A partic-
ularly advanced implementation is the variable gradient laterally
graded multilayer, where the multilayer period does not change
linearly, but instead follows a controlled, non-uniform gradient
across the substrate surface. This design offers enhanced spectral
tuning capabilities, enabling optimization for complex beam
geometries i.e., Kirkpatrick-Baez (K-B) optics configuration. The
fabrication of variable gradient laterally graded multilayers is
more challenging than that of constant gradient multilayers
because the d-spacing needs to be precisely controlled at specific
substrate positions to achieve the desired focusing properties.
To address this, the source profile (e.g., W and B,C) are used
to calculate layer thickness, resulting in accurate motor speed
profiles that in combination with optimized PID parameters,
enable accurate deposition control.

Using the MDS at DLS, a W/B,C laterally graded multilayer
with a spatially variable gradient has been successfully fabricated,
demonstrating precise control over the layer structure across
the substrate. The multilayer was intentionally designed with
an elliptical profile, where the p and q parameters (defined in
Equation (2)) are 144.6 m and 0.043 m, respectively, optimized
for operating at 10 keV (6 = 0.825°). The multilayer period varies
across a 70 mm lateral span, ranging from 5.80 nm at one edge
to 1.86 nm at the opposite edge. The lateral gradient is from 0.037
to 0.112 nm/mm. Figure 10 presents both the design target and
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—— Design periodicity
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£ [4,]
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FIGURE 10 | Designed (blue solid line) and measured (red solid
square dot) periodicity profile along a gradient direction over 70 mm. The
periodicity range spans from 5.79 to 1.85 nm.

the experimentally measured variation in multilayer periodicity,
clearly illustrating the successful fabrication of the desired gra-
dient profile. The development of this variable-gradient laterally
graded multilayer marks a significant advancement in multilayer
optics, enabling precise spatial tuning of optical properties. This
innovation greatly enhances the versatility of reflective compo-
nents used in advanced X-ray and soft X-ray instrumentation,
particularly in applications requiring spatially resolved or tunable
optical performance.

4 | Conclusion

This study successfully demonstrates the advanced capabilities
of the MDS at DLS in fabricating high precision laterally
graded multilayer X-ray optics tailored for synchrotron appli-
cations. The adjustable mask design is shown to not only
enhance the sagittal uniformity but also reduce the time-
consuming during optimization. As a result, W/B,C multi-
layer polarizer with a well-defined constant lateral gradient
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of 0.005 nm/mm and low surface roughness of 0.29 nm was
developed, highlighting the system’s control over nanoscale
interface quality. To ensure high optical performance, sagit-
tal thickness uniformity was optimized using an adjustable
mask design strategy, achieving excellent uniformity with thick-
ness variation limited to 0.3-0.4% across an 80 mm substrate
length.

Comprehensive testing using soft X-rays confirmed the optical
quality and polarization selectivity of the fabricated multilayers.
The successful integration and operation of the multilayer polar-
izer on the state-of-the-art 121 RIXS beamline at DLS further
validates its functionality and practical integration into high-
precision spectroscopic setups. In addition, the MDS demon-
strated its versatility by enabling the fabrication of laterally
graded multilayer optics with variable gradient from 0.037 to 0.112
nm/mm, which are essential for applications such as variable-
angle Bragg reflectors in focusing optics. In summary, this work
establishes the MDS as a robust platform for advancing custom
multilayer X-ray optics, supporting the growing demands of
cutting-edge synchrotron research.
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