Modeling X-Ray Propagation Through
Beryllium CRLs in the MEC Beamline

Wavefront & aperture aberration simulation as an integrated PyDM tool for
Matter in Extreme Conditions (MEC) hutch; Graphic User Interface (GUI)

development for beryllium Compound Refractive Lenses (CRLS) ¢ig 1).
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Beamtime at MEC is scarce, and the CRL configuration that
shapes the X-ray beam is still chosen by hand. Among other
questions, operators ask: given a photon energy and lens
inventory, how do I prepare the beam to arrive at the Target
Chamber Center (TCC) at this spot size and energy density?

Building the Model (Fig. 2). The MEC acceptance table gives
the Full-Width Half Maximum (FWHM) source divergence on a
50-point grid from 800 eV to 25 keV. A single power law fits
the whole range to 1.2 % RMS (Fig. 3). Source size is not an
input. It is the product of two independent columns,
divergence and tabulated virtual-source location, which sits
inside the undulator and so adds to the undulator distance.
At 8.3 keV this returns 59.9 um against a published spec of 60
um, and 2.05 urad against a spec of 2 uyrad.

Divergence With Respect to Photon Energies for the MEC Beamline
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Figure 3. FWHM source divergence for the HXR Cu branch,
from the beamline acceptance table.

Tabulated atomic scattering factors fix the refractive index,
and with the apex radius the individual lens’ focal lengths
where & is the refractive-index decrement, r. the classical
electron radius, A the wavelength, n, the atomic number
density of the lens material, f, the real scattering factor, R the
apex radius and f the single-lens focal length: 5= re\” na f1(E)
The geometric clear radius of a parabolic lens follows from
the same two numbers [8]: R, = /R (1 —dws) Where R, isthe
geometric clear radius, | and d,,, the disk and web thickness

Beam size is computed by marching a marginal ray (h, u) the
full 409 m from source to sample where h is the ray height
from the axis, u its angle, and M, ... M, the matrices in beam
order, so the rightmost acts first. Free space and a thin lens
are the two standard ray-transfer matrices, so a whole
cassette is one matrix product. For example, a 12-lens pack is
expanded into 12 elements at 1 mm pitch rather than
lumped into a single thin lens, so the thick-pack focal shift
emerges from the trace instead of being applied afterwards
as a correction. The pack integrals factorize exactly into
three independent channels: absorption through the flat
web, absorption through the parabolic body, and hard
truncation at the aperture where T is the fraction of photons
through one pack, p the lens material's attenuation
coefficient, o the incident beam width, and X the width after
absorption narrows it [1], [8]: T — o—tiduen | i)z _ [1 R ]
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Figure 2. Plot showing the full width half maximum along the beamline with positioners for each instrument and or optic.

The absorption- narrowed width and the stack curvature
sum given by 52 = 52 ¢ ¢=2.% ,where G is the stack's
combined curvature and N; the lens number of radius R;. So
because the channels separate, the photon budget can say
why the flux went, not just how much. For the default 17.2
keV hutch stack the body term dominates so a wider
pinhole would not help. Slit jaws are finite slabs with an
attenuation length A,;, not perfect absorbers; X-rays are
not fully clipped: T = Topen + Tiaw (1 = Topen)  Tjaw = €~ /720

An aperture bounds the beam's 95 %-containment radius,
not its half-FWHM where dq5 is the diameter holding 95 %
of a Gaussian's power. The coefficient 2.079 is exact; using
the half-FWHM instead makes clipping look about twice as
gentle as it is: do5s = 2.079 x FWHM < 2R, Now, the
truncated opening then diffracts, and the spread is carried
downstream [4] by =04437 0a=05l475  wevur+6® where
0, is the sinc? half-angle from a slit of gap g, 0, the Airy
equivalent for a circular aperture of diameter D, and u the
ray angle, which the spread adds to in quadrature.

YAG Screen (Fig. 4). Key simulation tool for aberrations.
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Figure 4. Spatial beam profile at a YAG3 +2.2m on beamline.
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Every lens contributes its own complex pupil where T(r) is
the complex transmission at radius r, k = 2m/A the
wavenumber, circ(-) the unit disc, and h(r) the surface error
(the deviation from an ideal parabola, converted to optical
path by 8) B 81 1) e i -
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Propagation between planes is one law, and it carries the
same matrix that marched the ray:

1,kL
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where E;,, E.: are the complex field before and after, r, r' the
transverse coordinates in each plane, A, B, C, D the system's
ray-transfer matrix elements, and L the on-axis path. For free
space A=D=1,B=L,C=0, and this reduces to the ordinary
Fresnel integral. And this evaluated as a single Fourier
transform per hop:

Eyy o e*Dr?/2B { E.T e'ikArzﬂB} J\;ix

where F is the two-dimensional Fourier transform, Ax the
input grid spacing, Ax' the output spacing and M the padded
array size. The focal-plane pixel size is set by B and the grid.

Ax' =

Discussion & Future Feature Development. Several
features remain to explain, but the GUI will soon be
uploaded to GitHub and integrated into MEC devops. On the
simulation side: because the pupils multiply, figure error
accumulates coherently rather than averaging out, so
aberration grows with lens count. Seiboth et al. measured
exactly this on beryllium CRLs and corrected it with a
refractive phase plate [6]. A stack chosen for focusing power
alone therefore pays for it in wavefront quality. The tightest
configuration is not always the best one. * Simulated images

report this with the Strehl ratio: ¢ _ aberr((o)) with T = |E|?
1(192] 0
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Figure 1. Schematic of the XRT - MEC beamline with respective components; active/clickable components include the attenuator, the Yyttrium Argon Garnet (YAG) screens, the CRLs & slits.
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