Coded-mask-based wavefront sensing technique
for APS nanofocusing beamline diagnostics
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ABSTRACT

We extend our recently developed coded-mask wavefront sensing technique to enable single-shot measurements of nanofocused x-ray beams.
This method accurately reconstructs the focal beam profile by backpropagating the wavefront measured d ownstream of the beam focus.
To validate its performance, we benchmarked it against the conventional fluorescence wire scan method, successfully measuring ~120 nm
focal spots at the 28-ID-B beamline of the Advanced Photon Source using a polymeric compound refractive lens. The results highlight the
effectiveness of coded-mask wavefront sensing for high-precision beam profiling and its application as a real-time wavefront monitoring tool.

I. INTRODUCTION

Quantitative characterization of x-ray beam wavefronts is
essential for optimizing optics alignment and guiding experiments
at synchrotron light sources, particularly diffraction-limited storage
rings' and free electron lasers. Achieving real-time, accurate mea-
surements of nanofocused beams remains a challenge, particularly
for single-shot wavefront diagnostics crucial for optical alignment
and control.

Traditional methods, such as 1D edge or wire scans and direct
beam imaging, have limitations in spatial resolution and require
invasive setups. Ptychography’ offers high-precision beam profil-
ing but is experiment-specific and unsuitable for routine diagnos-
tics. Other full-field wavefront sensing techniques, like Hartmann
sensors’ and speckle-tracking,”” show promise but are limited by
spatial resolution, coherence requirements, or the need for reference
patterns.

To address these issues, we developed a coded-mask wave-
front sensing method’ "~ that combines the strengths of grating
and speckle-tracking techniques. By using a known coded mask to
generate high-contrast speckle patterns, this method enables true
single-shot measurements with high spatial resolution and phase
sensitivity. It has also been successfully applied in adaptive optics
control systems. '’

In this study, we extend this technique to measure nanofocused
x-ray beams, validating it against conventional fluorescence wire
scans. We demonstrate its efficacy by profiling 120 nm focal spots
at the APS 28-ID-B beamline using a polymeric compound refrac-
tive lens (CRL), showcasing its application as a real-time wavefront
monitoring tool.

Il. METHODOLOGY
A. Coded-mask wavefront sensing

A coded mask is a synthetic modulator that generates high-
contrast patterns when placed in an x-ray beam. By comparing these
patterns with simulations from an ideal wavefront (e.g., plane or
spherical), the phase information of the beam can be extracted. The
measurement requires only a single 2D intensity distribution Iexp (r)
captured on the transverse plane (x, y) with a scintillator-based
detector. A schematic of the measurement geometry for a focused
beam is illustrated in Fig. 1. The workflow for data analysis is detailed
below:

(I) Image Loading and Preprocessing. The raw image is normal-
ized by subtracting the dark image I4,(r) and, if available,
normalizing by the flat field image I, (r) (taken without the
mask in the beam path).
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FIG. 1. Schematic of the coded-mask wavefront sensing geometry for a focused
beam. The distances are defined as follows: dce—CRL to focus, d¢y—CRL to mask,
dyp—mask to detector, and drp—focus to detector.

(II)  Pattern Generation and Propagation. The coded mask’s
known design is used to simulate an image, Iim(r), at the
detector plane, assuming an ideal wavefront. Typically, a
toroidal wavefront is used, with its radii of curvature defined
as the estimated focus-to-detector distances along the x and y
axes. The beam’s partial coherence is modeled by convolving
the simulated image with a blur representing the estimated
focal spot size.

(III)  Pattern Alignment. A search algorithm aligns the simulated
pattern Iy (r) with the experimental image I (r) to deter-
mine displacements across the image for optimal pattern
matching.

(IV)  Focus-to-Detector Distance Recalculation (Optional). If nec-
essary, an additional adjustment to the estimated focus-to-
detector distance, drp, is performed based on the scaling
factor derived from the pattern size in the experimental and
simulated images. This requires repeating steps (II) and (III)
once more using the updated distance estimate.

(V) Speckle Tracking. This core analytical process involves
tracking the speckle pattern to obtain the 2D pixel displace-
ment field §(r) across the detector plane using the wavelet-
transform-based x-ray speckle tracking (WXST) method.

(VI) Wavefront Reconstruction. The displacement fields J(r)
are used to compute local beam deflection angles a(r)
= 8(r)/dump, as viewed from the mask plane, where dyp is the
mask-to-detector distance. The phase gradient at the detector
plane is then given by
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where A is the x-ray wavelength, and the projection factor
fp = (drp — dmp) /drp accounts for the magnification of the
deflection angle from the mask plane to the detector plane.
The wavefront phase ¢(r) is reconstructed by 2D integra-
tion of V¢(r), using techniques like the Frankot-Chellappa
algorithm.!' The wavefront amplitude, A(r), is obtained as

the magnitude of the flat field image, \/If.(r), or, when
I (r) is not available, from the filtered speckle image,

Vexp(T).

B. Wavefront backpropagation

Following step (VI) mentioned earlier, both the amplitude
and phase of the wavefront at the detector plane are retrieved and
combined to form the wavefront field,

U(r) = A(r) exp [ig(r) ] ©)

To locate the beam waist, U(r) is propagated in free space to a
distance where the beam size is minimized. The angular-spectrum
form of the Fresnel diffraction integral is used, incorporating a
user-defined grid scaling factor s, which adjusts the real-space sam-
pling interval to accommodate the changing beam size during
propagation.
Referring to Eq. (6.65) in Ref. 12, the wavefront propagation
over a distance Ad from the r; plane to the r, plane is described as
2
U(l‘z) = Q[ﬁ,l‘z] ]:_1 [fl, I'?z] X Q[— 4ﬂk5Ad, fl] ]‘—[l'l,fl]
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where k=2m/) is the wavenumber and f; and f, are spatial
frequencies. The operators are

O[b,r]{U(r)} = ! U(r), ()
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The scaling factor s is adjusted empirically to balance spatial resolu-
tion and field of view, being fine enough to resolve the focal spot and
broad enough to capture the full extent of the beam. In this study,
the Python package wofry'’ is utilized to perform the propagation,
allowing for different scaling factors s, and s, for the two orthogonal
directions.
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FIG. 2. Experimental configuration at the APS 28-ID-B IDEA beamline showing
both the wavefront sensing setup (top) and the fluorescence wire scan setup
(bottom).
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FIG. 3. (a) Raw image of the beam modulated by the coded mask. (b) Simulated
image generated after the workflow step (IV) in Sec. || A.

I1l. EXPERIMENTS

The experiment was conducted at the 28-ID-B Instrumentation
Development, Evaluation & Analysis Beamline (IDEA) beamline
of APS, with a photo of the experimental setup shown in Fig. 2.
The beamline had two horizontally oriented mirrors and a double-
multilayer monochromator to tune the x-ray energy to 20 keV with
an energy bandwidth of 1%. A polymeric CRL,'* positioned 67 m
from the source, generated a 2D focused beam 120 mm downstream.
The coded mask for the wavefront sensing was placed 400 mm
downstream of the CRL (dcy =400 mm), and the detector was
200 mm further downstream (dyp = 200 mm).

The coded mask was fabricated from electroplated gold (1.5 yum
thick) on a 1 um-thick silicon nitride membrane, with a total pat-
terned area of 2 x 2 mm?®. The pattern consists of a random

2D array of 2 ym squares with a 50% fill factor. The fabrication pro-
cess is described in detail in Ref. 15. The detector system comprised
a 20 ym thick LuAG:Ce scintillator, a 10x objective lens, and a Zyla
5.5 sCMOS camera, which had an effective pixel size of 0.65 ym.
For benchmarking, a fluorescence wire scan setup was inte-
grated as shown in Fig. 2. A 200 nm wide Au wire coated on a silicon
nitride membrane was placed in the beam path, and a Vortex sili-
con drift detector, positioned at a 135° angle from the x-ray beam,
detected the fluorescence signal. The motorized system allowed for
precise scans along the x and y axes, with a resolution of 20 nm.

IV. RESULTS

The accuracy of the speckle-tracking process relies heavily on
the accurate simulation of the coded mask pattern on the detec-
tor. Figure 3(a) shows the raw beam image modulated by the coded
mask. The corresponding simulated image after the workflow step
(IV) in Sec. IT A is presented in Fig. 3(b), demonstrating a strong
match with the measured image. This confirms that the simulation
effectively captures the main curvature and coherence of the beam.
Subtle variations between the patterns contain the key information
needed to reconstruct the phase gradient as per Eq. (1).

Applying the WXST analysis,” the displacement fields along the
x and y directions were retrieved, as shown in Figs. 4(a) and 4(b).
These fields are primarily linear, corresponding to the main cur-
vature of the wavefront. The reconstructed wavefront phase ¢(r)
was obtained via 2D integration and shown in Fig. 4(c). Embed-
ded within this dominant spherical curvature are finer phase errors
introduced by the CRL, which ultimately influence the focus quality.

In this study, I, (r) was not directly measured; instead, a uni-
form filter was applied to I (r) to eliminate the speckle pattern.
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Each pixel value was replaced with the mean of the pixel values
within a window size of ten pattern periods. Tests with filter sizes
ranging from 2 to 20 periods showed minimal differences in focal
spot size, confirming the robustness of this approach. The amplitude
A(r) shown in Fig. 4(d) was the square root of the uniformly filtered
Texp(1).

The wavefront is constructed from the extracted amplitude and
phase using Eq. (2). The backpropagation results at different longi-
tudinal distances z along the horizontal and vertical directions are
shown in Figs. 5(a) and 5(c). From these, we identify the beam waist
in both directions, where the beam size reaches its minimum.

Itis important to note that various metrics can define beam size,
such as the FWHM, the FWHM of a Gaussian fit, and the RMS size
over a given range. However, since the beam profiles in this study
deviate significantly from a Gaussian shape and exhibit multiple side
peaks, we used the direct FWHM values. This approach emphasizes
the smallest achievable beam width and provides insight into the
spatial resolution of the method.

The focused beam profiles at the horizontal and vertical waists
are shown in Figs. 5(b) and 5(d), respectively. For comparison, beam
profiles from the fluorescence wire scan are also plotted as circle
markers. The wavefront sensing results demonstrate higher spatial
resolution, revealing more detailed profile features. In addition, the
wire scan measurements are influenced by the wire’s 200 nm width,
which must be subtracted in quadrature from the measured beam
size. The extracted FWHM sizes from the fluorescence wire scan
are 0.11 ym in x and 0.24 ym in y, while those from the wavefront

(@ 4 () 1.0
-O- Wire scan
z | — WF sensing
~ 2L Z 0.8
g b
b S 0.6
S o 3
X N
§- —g' 0.4+
Shcln 5020
97 S R S Y B 0.0 =R
112 116 120 124 128 2 -1 0 1 2
Propagation distance, 7 (mm) X position (um)
(© 4 @10
_, £08)
I ]
§. L % 2 )
= /; E 0.6
] —— 3
S T = i
= £ :
=20 So0af :
97 SR RS B R 0.0 G |
112 116 120 124 128 2 -1 0 1 2

Propagation distance, z (mm) y position (nm)

FIG. 5. Wavefront backpropagation results showing the beam size as a function of
longitudinal distance along the (a) x and (c) y directions, with dotted lines indicating
the beam waist, where the beam reaches its minimum size. The focused beam
profiles at the (b) horizontal and (d) vertical waists from wavefront sensing (solid
lines) are compared with those from the fluorescence wire scan (circular markers).

sensing are 0.12 ym in x and 0.21 ym in y. The agreement in both
directions is within the acceptable range, considering the level of
measurement precision.

The horizontal and vertical waist positions from the wave-
front sensing show a discrepancy of a few millimeters, indicating
astigmatism, which does not align with the wire scan results. This
suggests the presence of a second-order systematic error in the wave-
front data. By removing an estimated second-order term from the
wavefront phase before propagation, we achieve matching longitu-
dinal waist positions in both directions, while the focal spot size
and shape remain largely unaffected. A calibration procedure is cur-
rently under development to correct this systematic error, primarily
addressing detector distortion.

V. CONCLUSIONS

In this study, we successfully extended our coded-mask wave-
front sensing technique to enable single-shot measurements of
nanofocused x-ray beams. The method was validated against the
conventional fluorescence wire scan at the APS 28-ID-B beamline,
showing superior spatial resolution and accuracy in detecting fine
beam features. We demonstrated that this technique can accurately
reconstruct the focal beam profile and provide real-time wavefront
monitoring with minimal deviation in focal spot size and shape.

The technique has proven effective for focal spots down to
~100 nm, with resolution primarily determined by the number of
pixels the beam spans on the detector. Achieving optimal perfor-
mance requires careful selection and configuration of the mask,
detector, and geometry tailored to the specific focusing optics. To
support this, we have developed a set of standard wavefront sen-
sors optimized for various APS beamlines.'® For even smaller beams,
precise characterization and correction of detector distortion may
become increasingly important.

These results underscore the potential of coded-mask wave-
front sensing as a robust diagnostic tool for advanced synchrotron
beamline operations, enabling precise beam profiling and alignment
optimization.
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