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The complex range of interactions between electrons and electromagnetic fields gave rise to countless scientific Commons Attribution

and technological advances. A prime example is photon-induced nearfield electron microscopy (PINEM), en-
abling the detection of confined electric fields in illuminated nanostructures with unprecedented spatial reso-
lution. However, PINEM is limited by its dependence on strong fields, making it unsuitable for sensitive samples,
and its inability to resolve complex phasor information. Here, we leverage the nonlinear, overconstrained nature
of PINEM to present an algorithmic microscopy approach, achieving far superior nearfield imaging capabilities.
Our algorithm relies on free-electron Ramsey-type interferometry to produce orders-of-magnitude improve-
ment in sensitivity and ambiguity-immune nearfield phase reconstruction, both of which are optimal when
the electron exhibits a fully quantum behavior. Our results demonstrate the potential of combining algorithmic
approaches with state-of-the-art modalities in electron microscopy and may lead to various applications from
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imaging sensitive biological samples to performing full-field tomography of confined light.

INTRODUCTION

The interaction of electrons with static and dynamic electromagnet-
ic fields lies at the center of numerous discoveries and applications.
This interaction serves as the basic principle behind achieving
atomic resolution (I, 2); it can result in important methods for char-
acterizing the electronic (3) and magnetic (4) properties of materi-
als, allows to promote and explore chemical processes (5), and helps
in understanding many key cellular functions by visualizing macro-
molecular machines (6). In all abovementioned examples, the non-
trivial and multifaceted nature of the interaction is essential.

A prime example for the interaction of electrons with electro-
magnetic fields is photon-induced nearfield electron microscopy
(PINEM) (7-9). PINEM is an imaging technique relying on the in-
elastic scattering of free electrons from illuminated structures to re-
construct nearfield amplitudes on the nanoscale with potentially
subnanometer (10) and subpicosecond (11) spatiotemporal resolu-
tions. Beyond the time-resolved imaging of field dynamics (12),
PINEM enables a plethora of additional abilities (13—18) such as de-
tecting quantum emitter decoherence (19), reconstructing the
quantum state of free electrons (20), generating attosecond electron
bunches (21), and performing free-electron wavefront shaping
(22, 23).

However, when used for imaging, PINEM extracts only the am-
plitude of the nearfield without any information about its phase and
routinely neglects the inherent nonlinear connection between the
nearfield and electron distributions (13, 14, 23). Therefore, it is
clear that a large amount of latent information still exists in
PINEM and can be exploited for the efficient electromagnetic inves-
tigation of nanoscale objects including weakly interacting ones. This
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can only be achieved by integrating PINEM with another method-
ology, to increase the possible degrees of freedom for investigation.

In recent years, multiple techniques that rely on interferometry
of electrons and light were developed to extend the abilities of
PINEM. Notable examples include free-electron Ramsey-type
phase control (20, 24), which relies on premodulating free electrons
with a reference field while scanning over their relative phase. In-
elastic electron holography (22) relies on premodulating free elec-
trons with a reference field to generate an electron hologram of the
sample field via the electron energy spectrum. Attosecond-pulse
train techniques (21, 25) are based on premodulation of the free
electrons followed by free propagation that shapes their charge dis-
tribution into a short attosecond trains. All these techniques enable
phase-resolved measurement of nearfields due to their interfero-
metric nature. However, these techniques primarily focused on
the ability to perform phase-resolved (i.e., subcycle) measurements
and did not consider the possibility of enhancing the imaging
sensitivity.

In this work, we will focus on Ramsey-type free-electron inter-
actions. Although sharing similar names, this phenomenon funda-
mentally differs from conventional, atom-based Ramsey
interferometry schemes (26, 27), primarily because free electrons
do not have a fixed set of internal degrees of freedom. Hence, the
evolution of their quantum state under an applied ac electric field
involves only a change in their total kinetic energy via photon ab-
sorption/emission (8), therefore applicable at arbitrary frequencies
(28) and with a diverse range of samples.

It boasts a large, multidimensional parameter space, including
the intensities and relative phase of the applied reference and
sample fields, as well as the spectral and temporal properties of
the fields and the free electron itself. Thus, integrating Ramsey-
type control with PINEM is highly suitable for an algorithmic ap-
proach to optimize the extracted sample information, while poten-
tially gaining added advantage from the quantum dynamics the
electron undergoes by changing its kinetic energy.
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Here, we propose free-electron Ramsey-type imaging (FERI) to
achieve enhanced imaging of both amplitude and phase of electro-
magnetic nearfields. We develop an algorithmic approach that op-
timizes the signal extracted from the overconstrained interaction,
showing imaging with orders-of-magnitude less illumination
power compared to conventional PINEM. We exemplify the ap-
proach by simulating FERI with illuminated gold nanospheres,
which are potential markers in bioimaging (Fig. 1) (29, 30). FERI
also enables ambiguity-immune phase-resolved nearfield imaging,
requiring no prior knowledge regarding the sample, which we dem-
onstrate by simulating the interaction of electrons with a hexagonal
array of plasmonic vortices (23, 31).

Instead of relying on transverse electron coherence, as in elec-
tron holography methods (32, 33), FERI relies on temporal (longi-
tudinal) coherence, greatly simplifying the electron source and
optics, at the expense of more complex electromagnetic optics
and addressing scheme. While our scheme is compatible with
both quantum and classical, point-particle electrons, we provide an-
alytical and numerical evidence that it performs optimally when the
free electrons behave entirely as quantum particles. Thus, our ap-
proach promotes the use of light-driven electron microscopy in a
plethora of platforms that could not have been investigated before
and allows sensitive, low-dose characterization of materials, gaining
advantage from the quantum nature of the free electron.

RESULTS

Imaging via premodulated electron pulses (FERI)

We begin by describing the interaction of electrons with nearfields
—the theory that lies at the core of PINEM. The conventional
PINEM theory usually considers an approximately monoenergetic
electron of mean energy E, that interacts with a nearfield of central
frequency w (79, 11, 24). In addition, it is assumed that the electron

energy spread og, which is much smaller than E,, is also smaller
than the light quanta 7w, such that energy measurements distin-
guish between different number of absorbed/emitted quanta by
the electron. This situation, commonly occurring in optical and
near-infrared (IR) frequencies, is akin to requiring a quantum be-
havior of the electron. The majority of our analysis will focus on this
case, but special attention will be given to the scenario o > hw
when analyzing the difference between a classical and quantum
electron in FERL

PINEM theory further assumes a paraxial electron with energy
substantially higher compared to the light it interacts with (E, >
hw), such that the dispersion of the electron can be linearized. All
the abovementioned approximations are typically satisfied under
the operating conditions of ultrafast scanning and transmission
electron microscopes as shown in previous works in the field (7—
9, 11, 24, 34-38).

In this case, the Hamiltonian describing the interaction between
the electromagnetic field and the electron is given by

H = E, — ihvd, + evE,(x,y,2)/w (1)

Here, v is the velocity of the electron, e is the fundamental charge,
and z is the direction of propagation of the electron. According to
this Hamiltonian, interactions between the electron matter wave
and the electromagnetic wave result in a discrete energy exchange,
such that the probability P; to measure the electron with energy E, +
Ihw (with [ being an integer) is given by |J,(2|g])|>, where g =
ﬁﬁowdzEz(x, y,z)e” " is the dimensionless interaction constant.
This parameter is thus the field's spatial Fourier component with
wave vector w/v. In general, g = g(x, y) is a complex number and
a function of the transverse coordinates (x, y). Because of the inte-
gral linear relation between g(x, y) and the electric field, the ampli-
tude and phase of g are proportional to those of the electric field
along a specific line parallel to the z axis. One can recover both
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Fig. 1. FERI: Leveraging the complex free-electron interaction with confined fields for enhanced imaging. (A) Conventional photon-induced nearfield electron
microscopy (PINEM) imaging versus (B) free-electron Ramsey-type imaging (FERI). Left: The interaction configuration. Middle: Reconstruction of the amplitude and phase
of plasmonic nearfields with hexagonal symmetry, at a similar noise floor and laser intensity. Right: Reconstruction of the weak nearfield induced by a gold nanosphere,

which can be used as a marker for bioimaging. UV, ultraviolet.
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the amplitude and the phase of a specific Fourier component of the
nearfield E, (x, y, k., = w/v), which in the case of single nearfield
mode can suffice to reconstruct the full field information such
as in (31). In any case, currently, measuring g(x, y) is the most that
can be done in terms of nearfield imaging using the kind of
interaction of PINEM. Using different sample tilts and electron
velocities, one can in principle measure additional Fourier compo-
nents of the nearfield. However, any energy-filtered spectrum
measurement » e, P; can only extract information about the
absolute value of the interaction constant, |g]|.

This is the case in conventional measurement schemes (Fig. 1A),
where one filters the signal over the entire gain side (I > 0) to extract
the nearfield at the sample, given by the interaction constant g,(x, y).
In this case, we can use identities of Bessel functions (39) to con-
clude (see section S2 in the Supplementary Materials for full deri-
vation)

Signal(x, y) ZP; X, y) = —{1 —Jol2|g:(x. )|’}

~ |gi(x ) 2)

In the weak field regime (g < 1), the signal is directly propor-
tional to the field intensity. The quadratic dependence requires rel-
atively intense fields to collect enough signal, making conventional
PINEM inappropriate for sensitive samples.

Because g is linear in the electric field, it can contain the super-
position of two spatially separated fields, one acting as a reference
and the other is the unknown sample field (22, 24, 25). Figure 1B
presents the FERI scheme: It relies on the electron temporal (longi-
tudinal) coherence to improve the detected PINEM signal at the
sample by exploiting the additional coherent interaction with the
reference field (with interaction constant g,).

Figure 2 shows the working mechanics of the FERI scheme for
phase reconstruction. By adding an additional subcycle phase delay
A¢ between the reference and sample fields, it is possible to extract
both the amplitude and phase of the sample field using energy fil-
tering on the postinteraction electron. The relative phase delay over-
constrains the measurement, as it adds up several images taken with
different relative phases. The different raw measurements are
sampled from different distributions, thus enhancing image con-
trast rather than just improving signal-to-noise ratio (as would
happen in conventional PINEM if more images were to be
added up).

In the particularly interesting case of samples characterized by
weak fields, we can replace Eq. 2 using a modified formula that
takes directly into account the presence of a reference field (see
section S2 in the Supplementary Materials for full derivation)

DUE

Signal(x, y) 1 [1—Jo(21g:)*] + 2621 &)1 (2 &)

|8(x, y) cos[ £ gs(x, y) — Ad] 3)

A critical point in Eq. 3 is the fact that the signal range of the
measurement (in the limit of |g| < 1) scales as g, rather than of
|g?|. This fact alone results in substantial enhancement of the
sensitivity of FERI when compared to conventional PINEM.
Furthermore, using Eq. 3, we find the optimal amplitude of the
reference field interaction constant (|g°P™|) for any given case
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where |g| < 1. It is given by the first positive solution to the
equation Jo(2x)* = 1,(2x)Jo(2x) — 2J,(2x)* = 0 (see section S2), which
yields |goPim¥| ~ 0.541—a value well within reach of typical
PINEM experiments (11). Using this optimal reference
interaction, the signal range of the signal in a sample with maximal
interaction |g"| < 1 increases by the factor of 2J,(2]goPtima]
Jo(2|gePimal|)/ | g™ |~ 0.678/ | g™ |; (see section S2). It is notewor-
thy that more degrees of freedom arise from this analysis, such as
scanning over different reference field interaction constants |g,| or
by introducing and varying free-space propagation (see section S1).

This section discussed the limit of small |g|, which is the most
interesting limit for sensitive samples, limited to weak illumination
intensities. The analysis shows why and how FERI provides en-
hancement in this limit. In the following section, we describe our
reconstruction algorithm, which applies for arbitrary values of
|gs|- The algorithm uses additional degrees of freedom of the inter-
action between electrons and nearfield to provide a general imaging
enhancement, even in the limits of relatively large |g,|. The regime of
small |g;| shows the maximum enhancement and is also the most
relevant.

Enhanced and phased-resolved nearfield imaging

PINEM applications for field imaging have thus far used energy-
filtered transmission electron microscopy (EFTEM), filtering
electrons over a certain range, only extracting part of the spatial
information of the field. The signal in such cases is linear in the
field intensity. Once we perform a premodulating interaction, the
field at the sample can interfere with different interaction orders /,
and by energy filtering the electrons, the nonlinearity of the
relation between field and electron distributions provides a
substantial additional information. The general energy-filtered
electron distribution measurement can be described as
M= ZZEmePl = ZlEme ]1(2 2) with Grotal = &r T &s and
Lgyeer being the range of filtered energies. The measured signal for
each relative subcycle delay A¢ and each transverse sample
coordinate x, y is

Mlx,y, A Lo, 185 (%:7)], £85(%,7)]

2
=D el IJI{Z\/\gr\Z +gs(x ) +21grllgs (x.9) cos[£gs (x.) — Ad]}

(4)

The measurement model expression is ambiguous, i.e., multiple
values of {|g,|, £ g} can output the same value of energy-filtered
electron distribution measurement, denoted as Y(x, y, A}, Lgyer)-
To remove this ambiguity and extract the correct field g, the opti-
mization procedure (Fig. 3) scans over the relative phase between
the reference field and sample field. Although not used here,
additional information can also be gained by scanning over the
filtered energy range. By using maximum likelihood estimation
(MLE) with the measurement model M, the reconstruction of the
amplitude and phase of the sample is performed per {x, y} coordi-
nate by minimizing the following expression

argmin Y g | V(6080 Ly) = Mxy A Ly g5(x0)] g5 (x.9)] [P
lgs (xoy)l, 285 (x.9)

(5)

The measurement scheme can also be more generally performed
with scanning TEM electron energy loss spectroscopy (STEM-
EELS), where the entire electron energy spectrum is measured per
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Fig. 2. FERI measurement scheme. A free electron in an ultrafast transmission electron microscope is premodulated via an interaction with a reference field. The pre-
modulated electron probes the sample field, which is delayed by less than an optical cycle relative to the reference field. The complex value of the field (both amplitude
and phase) is probed by measuring the distribution of energy-filtered electrons. (A) Evolution of the electron spectral probability density (SPD) as it propagates through
the system, in given coordinates (x, y). The bottom two SPD showcase how the phase information of the field and the nonlinear connection between its value and the
electron distribution changes the measured signal at different locations. (B) lllustration of the free-electron Ramsey-type imaging (FERI) scheme. (C) Top: The reference
field, consisting of a uniform amplitude and phase. Middle: The sample field (amplitude and phase). Bottom: Energy-filtered electron distribution measurements for
conventional photon-induced nearfield electron microscopy (PINEM) (left) and FERI (right). From the latter, both the amplitude and phase can be reconstructed. a.u.,

arbitrary units.

point, as opposed to EFTEM, which measures the entire spatial dis-
tribution for a given electron energy range. Performing STEM-
EELS (which acts similarly to performing EFTEM while scanning
over the energy filtered range) may improve the field reconstruction
but requires longer data acquisition times.

As the MLE expression in Eq. 5 is not convex, gradient descent
can converge to a local minimum. To solve this issue, the minimi-
zation method used is summation of MLE heatmaps for all relative
phases (and energy filters, if relevant), while choosing the minimum
value of the joint MLE heatmap. This approach guarantees conver-
gence to the global minima, as exemplified in Fig. 3 for an arbitrary
phase profile and for plasmonic optical vortices (31) (simulated
using the Huygens principle method (40) as described in section
S4). After reconstructing |gi(x, ¥)|, £ g(x, y) for every coordinate
{x, y}, we further use a denoising convolutional neural network
(DnCNN) (41) for further signal improvement, making use of
natural image prior knowledge. The DnCNN uses the concept of
residual learning, making it possible to denoise arbitrary confined
field images.

Many phase retrieval methods require solving optimization
problems for the transverse plane, but they often encounter ambi-
guities such as global phase shifts, conjugate inversions, and spatial
shifts. More complex ambiguities stem from the nonconvexity of
the optimization problem (42, 43). In our example of plasmonic
optical vortices, determining the rotation direction of the vortex
presents an ambiguity. However, FERI prevents these ambiguities
because its optimization is performed per pixel instead of on the

Bucher et al., Sci. Adv. 9, eadi5729 (2023) 22 December 2023

entire transverse plane, while using combinations of several MLE
heatmaps.

We exemplify this procedure on plasmonic standing waves with
hexagonal geometry (Fig. 2C), which can be measured in PINEM
experiments (23). We choose this example as it presents a physical
field with varying field strengths and oscillating phase and define
the |g| as the average |g| over the entire image. We measure the re-
construction fidelity relative to the ground truth using the structural
similarity index measure (SSIM) (44) and use it to compare our
FERI scheme with conventional PINEM. The SSIM comparison
shows an improvement by almost two orders of magnitude for
the minimal interaction strength necessary for the reconstruction
(Fig. 4A).

The signal in our simulation is the empirical probability of the
electron to pass a given energy filter, which then gets an additional
white Gaussian noise with SD oy to take into account the many
sources of potential noises inside an electron microscope. We
derive the minimal interaction strength needed to successfully
image a given on. For conventional PINEM, it follows
|gmnEM|~ 0.315,/Gy; when with FERI, |ghi'; ~ 0.1505; and
when introducing DnCNN, | gDRENN=FERI| ~ 0 0756y. The parame-
ters were extracted from a linear fit to the data in Fig. 4A and can
vary by the choice of SSIM threshold. That said, the difference in
scaling follows an approximate analytical relation for the minimal
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several maximum likelihood estimation (MLE) heatmaps are generated, for different relative phases between the reference and signal fields (bottom row, second from the
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convolutional neural network (DnCNN) enhances the amplitude/phase reconstruction. To the right are two phase-reconstruction examples: plasmonic optical vortices
and an arbitrary phase (a pixelated Einstein portrait), with the corresponding ground truth images in insets. The average g;(x, y) used for these examples is ~1 and g, ~
0.541. The ground truth of the absolute value of gjasmon Presented in this figure is ~1; however, the algorithm is completely general for arbitrary parameters.

interaction strength
1
5 (6)

This square relation between PINEM and FERI is consistent with
Egs. 2 and 3, while the factor of L= relates to the signal range derived
in section S2. We can see here that by using further algorithmic im-
provements, such as DnCNN, we can improve the multiplying
factor to the minimal interaction strength.

Such improvements in sensitivity and low-dose operation are es-
pecially important when attempting to image sensitive materials or
objects weakly interacting with the applied electromagnetic field. To
quantify these prospects, we analyze the FERI-based enhancement
of PINEM signals from gold nanospheres, which can be used as part
of markers in bioimaging, sequencing, and diagnosis (29, 45-48).
Detection of nanospheres induced by weak laser fluence can be
used in DNA labeling to enhance or replace fluorescence markers
(49-51). We envision nanospheres that are attached to DNA mole-
cules (as illustrated in Fig. 4B) to help visualize, detect, and label
DNA inside light-driven electron microscopes.

By using laser intensities that are conventional in such experi-
ments and identical noise floor (14), we demonstrate a quantitative
advantage of FERI over PINEM. For the same parameters in which
conventional PINEM can detect gold nanospheres with a radius of
30 nm, FERI can detect nanosphere with radius of 14 nm (Fig. 4B).
From the perspective of power efficiency, this corresponds to 100-
fold reduction in the necessary laser fluence for the detection of a
nanosphere with a given size. For details regarding the nanosphere
simulation [based on (52)] and the parameters used to generate Fig.
4B, we direct the reader to section S5.

PINEM

| 8mmin /| gFERI| /2 - 4 /| gDRCNN-—FER(|

| ~2 :
min min

The quantum nature of free electrons and its effect on FERI

Up until now, we only considered the electron as a quantum parti-
cle, i.e., having energy spread op smaller than the light energy
quantum 7. In the limit g, < g, < 1, Eq. 3 directly reproduces
the result of using the quantum coherence of a free electron for
sensing applications (53), up to a redefinition of the measured

Bucher et al., Sci. Adv. 9, eadi5729 (2023) 22 December 2023

signal. In the following section, we consider the case of an electron
as a classical particle, i.e., that its energy spread o is larger than the
light energy quantum Zw. One might initially think that FERI
would not be effective under these conditions, as it may appear im-
possible to resolve the PINEM peaks, for example, in the case of
mid-IR PINEM (12). However, even this classical electron should
gain substantial improvement in sensitivity by using our scheme.
The reason is that the electron-mediated interference term
between the fields in Eq. 3 relies solely on the coherence of the
fields, regardless of the electron energy spread. The information is
then stored in the classical analog of the quantum phase—the elec-
tron velocity.

A classical, point particle electron can be directly defined by the
limit o > hAw, and it produces a conventional PINEM signal only
when ghw > oy, requiring a substantial investment of energy (g >
1). This is a direct result of the inability to completely separate the
initial and light-induced electron spectral probability density or
more generally—to resolve specific PINEM orders. Although
FERI should improve sensitivity, the interference term within the
PINEM signal, which is responsible for this improvement, is

reduced by the factor erf (ﬁ—‘;’) (53). The direct consequence of

this reduced sensitivity is a rescaling of interaction constants, in-
creasing both the optimal reference interaction constant and the re-

quired sample interaction constant by the same factor, erf (’Z—:’)

In the classical regime, some electrons always pass the energy
filter due to the erf function, contributing a constant background
signal. In this case, even in the limit of shot-noise-limited measure-
ments, FERI introduces an additional enhancement exemplified in
the linear regime (g,, g, < 1) by

classical __
Og; =

a
b g b )

1
2V/N
hw ,;i

Toron ¢ (7)
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Fig. 4. Enhanced nearfield imaging using FERI. (A) Successful amplitude reconstruction for the plasmonic field [structural similarity index measure (SSIM) > 0.4] for
conventional photon-induced nearfield electron microscopy (PINEM) (turquoise), free-electron Ramsey-type imaging (FERI) (light gray), and with an added denoising
convolutional neural network (DnCNN) (dark gray). Additional information, such as that gained by using several energy filtering ranges, increases sensitivity even further.
|gs| is defined as the average interaction strength over the image. (B) Imaging of laser-excited gold nanospheres for different sphere radii. The figure shows the recon-
structed |g;| using (top) conventional PINEM imaging and (bottom) FERI. We considered the same white noise with oy = 0.27 and same excitation intensity in all panels.
Scale bar, 15 nm. The spheres could be envisioned as markers for biological samples, e.g., single DNA strings. See section S5 for full details regarding the simula-

tion details.

where Ey is the energy filter with respect to the electron'’s initial
mean energy E, (see section S6).

Equation 7 shows that the estimation error is decreasing with
respect to g,, because of the background signal, making FERI par-
ticularly useful in the case where the zero-loss peak spread is wider
than the photon energy Aw, for example, in the mid-IR and Tera-
hertz regimes.

DISCUSSION

The enhancement of FERI fundamentally arises from the longitudi-
nal (temporal) coherence of the electron (either quantum or classi-
cal). It is intriguing to compare this approach with more
conventional methods that rely on transverse coherence, such as
electron holography (32), which were recently studied with ultrafast
electron microscopes (22, 33, 54). Using longitudinal coherence
avoids limitations due to electron beam quality and could enable
operation with simpler, higher-flux electron sources. Because lon-
gitudinal electron coherence represents a robust parameter, FERI
measurements can even be performed with slower electrons in scan-
ning electron microscopes (55). Thus, FERI seems to be a route that
is easier to follow.

Possible extensions of our work can explore increasing the
spatial resolution to the atomic scale, using sample tilt to perform
full-field tomography, and operate at low (<10 K) temperatures
using liquid helium cryo-holders (56), providing a unique probe
for cold condensed matter physics. The sensitivity enhancement
showed in this work also makes FERI a promising approach to dem-
onstrate enhanced cathodoluminescence (57) as well as free-elec-
tron—-bound-electron resonant interaction (58), which had not
been realized experimentally so far, due to its intrinsically weak
interaction.

As a final remark, we note that 1 month after the submission of
the first version of this work, a paper by the Baum group (59) dem-
onstrated the first phase-resolved interferometric nearfield imaging
inside a transmission electron microscope. In parallel with the

Bucher et al., Sci. Adv. 9, eadi5729 (2023) 22 December 2023

submission of the first version of this work, experiments by the
Ropers group and by our group (60, 61), also demonstrated
phase-resolved interferometric nearfield imaging inside transmis-
sion electron microscopes. These experiments show the increasing
interest and rapid development in Ramsey-type interferometric
schemes in the field. Relative to these works, our current manuscript
is unique in proposing the concept of coherent amplification using
free electrons and in providing the algorithm for its implementa-
tion. Bucher et al. (60) are the first to demonstrate this concept ex-
perimentally. The approach we presented here can be directly
applied in other interferometric experiments, such as (59, 61).

Supplementary Materials
This PDF file includes:

Sections S1 to S6

Fig. S1
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