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Fig. 1. Three-dimensional dispersion surfaces and enlarged
views of their cross-sections: (a), (b) 0 < 90°; (c), (d) O =
90° .
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Fig. 2. Three-demensional DuMond diagram of Si(800)

backscattering.
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Fig. 3. Schematic of the experimental setup and the energy calibration system.
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Fig. 4. Projections onto the (AE,©) plane with an incident bandwidth of 450 meV: (a) Experimental measurements; (b) theoretic-

al simulations; (¢) comparison of experimental and theoretical contour profiles.
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Table 2. Comparison of experimental and theoret-

ical radial FWHM in (©,® ) projections at various

energies.

AE 22 FWHM/(°) i %
0
0K [meV HRHIILE R SRR SR
Wiz 0.666 0.778 16.8
400 )
HME 1.3327 1.329 0.27
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Fig. 5. Projections onto the ( ©,® ) plane with an incident bandwidth of 450 meV at different energies: (a)—(c) Theoretically simu-

lative projections at central energies of 400, 0, and 200 meV; (d)—(f) corresponding experimental measurement results.
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Abstract

X-ray backscattering diffraction (6 = 90°) exhibits an ultra-narrow intrinsic energy bandwidth at the meV
scale together with a relatively large angular acceptance on the mrad scale, making it essential for high-
resolution X-ray optics such as monochromators and X-ray free-electron laser oscillator (XFELO) cavities.
However, conventional descriptions based on one-dimensional rocking curves or two-dimensional DuMond
diagrams fail to capture the intrinsic coupling between photon energy and angular variables under these
extreme diffraction conditions, thus limiting a comprehensive understanding of the diffraction behavior.

In this work, a three-dimensional (3D) DuMond diagram for X-ray backscattering is systematically
established and experimentally validated using a Si(800) crystal as a model system. Starting from the geometric
representation of dispersion surfaces in reciprocal space, a modified deviation parameter is derived within the
framework of dynamical diffraction theory. This formulation explicitly incorporates both two-dimensional
angular deviations and photon energy, enabling a unified and quantitative description of the diffraction process
in a three-dimensional phase space. Based on this theoretical model, numerical simulations are performed to
reconstruct the full diffraction intensity distribution, revealing that the 3D DuMond diagram forms an inverted
paraboloid of revolution in the coupled energy-angle phase space.

To verify the validity of the theoretical model, experiments are carried out at the BLO9B beamline of the
Shanghai Synchrotron Radiation Facility (SSRF). By scanning rocking curves under different conditions, the
characteristic projections of the three-dimensional DuMond diagram in both the transverse (©,¢) and
longitudinal (AE,© ) phase spaces are reconstructed. The results show that: 1) the longitudinal projection in
the energy-angle plane exhibits a clear parabolic profile, directly confirming the quadratic coupling relationship
between energy deviation and angular deviation; 2) the transverse projection in the two-dimensional angular
space undergoes a distinct topological evolution, evolving from a filled disk to an expanding annulus as the
incident energy increases away from the backscattering energy. The experimentally measured phase-space
distributions and their full width at half maximum (FWHM) are in good quantitative agreement with
theoretical simulations.

This work provides a three-dimensional phase-space framework for describing X-ray backscattering,
revealing the intrinsic energy-angle coupling mechanism and offering a clear physical picture of the diffraction
process. It establishes a solid theoretical and experimental foundation for precision metrology and the design of
high-resolution backscattering-based X-ray optical systems.

Keywords: X-ray Backscattering, 3D DuMond diagram, diffraction dynamics, phase space
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