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Abstract

New-generation transmission electron microscopes (TEMs)
are equipped with detectors that approach the shot-noise
limit. Hence it is timely to ask: What are the ultimate limits
of electron scattering experiments in the TEM? For
example, for a given electron dose, what is the ultimate
accuracy that can be achieved for the atomic structure of a
material? And what determines this accuracy? In this talk,
we show how quantum estimation theory can be used to
provide quantitative answers to such “big” questions. We
report the following: (1) A quantitative prediction of the
ultimate precision that can be achieved for the coordinates
of atoms within a material. As expected, higher doses allow
better precision, and so this prediction is decidedly
relevant to radiation-sensitive materials. The prediction
also exhibits a strong and unexpected "threshold" effect,
which occurs when the dose is high enough for the
statistics to become Gaussian. (2) The ultimate (quantum)
limit for simultaneous estimation of multiple sample
parameters can be achieved under weak scattering
conditions, such as when the phase-object or weak-phase-
object approximation applies. Zernike phase-contrast
imaging combined with maximum likelihood estimation
provides a possible experimental realization. (3) This same
quantum limit generally cannot be achieved under
conditions of strong multiple scattering, due to the
incompatibility of the projection measurement.
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Hence strong multiple scattering precludes the quantum
limit - a fascinating result which can be traced back to the
guantum-mechanical phase. Finally, while our main focus
here is TEM, many of our important conclusions extend to
other techniques which utilize the scattering of coherent
radiation, such as coherent x-ray scattering and neutron
scattering [1].

[1] C. Dwyer. Phys. Rev. Lett. 130, 056101 (2023).
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