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The tomography of photonic quantum states is key in quantum optics, impacting quantum sensing,
computing, and communication. Conventional detectors are limited in their temporal and spatial resolution,
hampering high-rate quantum communication and local addressing of photonic circuits. Here, we propose
to utilize free electron-photon interactions for quantum state tomography, introducing electron homodyne
detection with potential for femtosecond-temporal and nanometer-spatial resolutions. The detectable
quantum information level depends on the electron-photon interaction strength. Our Letter opens avenues
for free-electron-based photodetection utilizing the ultrafast, subwavelength, nondestructive nature of free

electrons.
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Introduction—Advances in quantum optics [1-4] over
the past decades enabled fundamental tests of quantum
mechanics [5,6], measurement of the quantum photonic
states [7-9], and the realization of quantum technologies
[10—14]. These achievements stem from the development
of photon detection schemes like the Hanbury Brown-
Twiss experiment [15], coincidence measurements [6],
photon-number resolving detectors [16,17], and homodyne
detection [7-9] for quantum state tomography [18-20].
Conventional quantum-optical detectors rely on the inter-
action of photons with solid-state systems such as ava-
lanche photodiodes [21-23], superconducting nanowires
[24,25], and photomultiplier tubes [26,27]. Other sensitive
quantum optical detectors rely on photonic interactions
with effective two-level systems (e.g., atoms, trapped ions,
or superconducting qubits) [28—32]. More advanced detec-
tion schemes facilitate optical nonlinearities to increase the
detection bandwidth [33,34]. However, current quantum-
optical techniques are limited in spatial resolution and have
restricted detection rates and bandwidths due to the
response time of electronic components.

Here, we propose a quantum-optical detection scheme
using free electron-photon entanglement [35-37] for quan-
tum photonic state tomography. We show how a homo-
dyne-type free-electron interaction with a photonic state
(Fig. 1) extracts the maximal information about this state in
phase space via electron energy spectra measurements. This
approach, which we call free-electron quantum-optical
detection (FEQOD), has a fundamental information limit
set by the electron-photon coupling strength, allowing
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quantum photonic state and Wigner function reconstruction
only for sufficiently strong coupling.

Recent experiments have shown increasing electron-
photon coupling constants g, [38-41,43-46], toward the
strong coupling |gy| ~ 1 required for quantum state recon-
struction, which was theoretically explored [47-50] and
experimentally observed [51]. Additionally, classical homo-
dyne-type detection [52-54] and sensitivity to photon
statistics [55] have been demonstrated using free electrons.
Altogether, unlike conventional detectors, FEQOD offers
femtosecond temporal resolution due to the ultrafast PINEM
interactions [38,40,41,43-46,52-56] and can achieve nano-
meter spatial resolution due to the small de Broglie electron
wavelength in electron microscopes. This combination of
high resolution across temporal and spatial domains makes
FEQOD promising for applications requiring local address-
ing and selectivity among multiple spectral modes [57] at
high modulation rates [58], particularly in photonic chips
[59,60] for quantum information processing.

Extracting quantum information from electron-photon
interaction—Recent interest in free-electron quantum op-
tics spawned from theoretical and experimental advances in
photon-induced nearfield electron microscopy (PINEM)
[35,38-46,50,52-56,61,62], which showed how free-elec-
tron wavepackets can coherently absorb and emit multiple
photons. The free electron-photon interaction strength is
maximized when phase-matching conditions are met [38],
allowing the electron to selectively interact with individual
photonic modes to extract their quantum state [45] or
interact with several modes simultaneously to extract the
quantum state of a propagating photonic wavepacket.

FEQOD relies on the interaction between free electrons
and photons. Here, we investigate how much information

© 2024 American Physical Society
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Free-electron quantum-optical detection (FEQOD). Center right: FEQOD scheme. A free electron interacts with a coherent

state acting as a local oscillator (interaction #1), having the same frequency and phase-locked with the target quantum signal (interaction
#2). The photonic structure should support a mode with a strong electric field component parallel to the electron velocity, yielding a high
value when integrated along the electron trajectory. This mode’s phase velocity should match the electron velocity, fulfilling the phase-
matching condition [38]. Potential experimental implementations include metal tips [35,39], photonic crystals [40], whispering gallery
modes in microspheres [41], Cherenkov phase-matched structures [38], silicon-photonic dielectric laser accelerators [42], and integrated
silicon photonic waveguides [43—45]. Bottom: postinteracted electrons are measured by electron energy-loss spectroscopy. Scanning the
phase 6 between the coherent reference and the target photonic state provides multiple electron spectra, which are used for the
reconstruction of the Wigner function of the quantum signal. Reconstruction accuracy improves with stronger electron-photon coupling.
Left: example electron energy spectra before interactions, after interaction #1, and after interaction #2.

about the quantum photonic state is in the electron energy
spectrum following such interaction. The interaction
between a free electron and a single-mode photonic state
is described by the scattering matrix [36,37]

A

S =exp [gqlafﬂ' — gél?&}, (1)

where a, a" and b, b' are the energy ladder operators for the
photonic state and the free electron respectively. The b =
e (@/v)z Jadder operator represents an electron losing
energy /Aw under the paraxial and no-recoil approxima-
tions, with » being the electron velocity and z its longi-
tudinal position operator. The commutation relation is
[l;, IQT] = 0. The approximations used in Eq. (1) hold when
the electron energy E, (around 100 keV [35]) is much
larger than the photon energy (around eV in the optical
domain and much lower for THz or microwave photonics).

As building blocks for the FEQOD scheme, we define
comb electron states as follows:

1 &
_ ik¢
comb(@)) == 3 MIE). @)
where |E;) is a narrow energy state of the electron
(i.e., energy uncertainty narrower than any other energy
scale) with energy E, = E, + hwk, around the reference
energy E, Pure comb states have infinite energy
and cannot be normalized. However, they can be

well-approximated by broadband superpositions of discrete
electron energy states, preparable through PINEM [63].
Comb electrons form a complete orthonormal basis
(comb(¢p)|comb(¢')) = 5(¢p — ¢'), so that any pure state
of the electron, which is a superposition of discrete energies
|E), can be decomposed on this basis. Moreover, comb
electrons are the eigenfunctions of the scattering matrix S
from Eq. (1):

Slcomb(¢)) = D(gqe'® ) comb(¢)),  (3)

where D (g,e™) = exp|gqe'a’ — gie="a] is the coherent
displacement operator [2]. For comb electrons, the free elec-
tron-photon interaction acts as a displacement on the
photonic field without changing the electron’s state
(Fig. 2(a)). Thus, the comb electron stays unentangled
with photons after the interaction. Since FEQOD relies on
electron-photon entanglement, interaction with a comb
electron state provides no information about the photonic
state.

Let’s investigate how the scattering matrix acts on an arbi-
trary electron state |y ), decomposed into a superposition of
combs,

+00
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FIG. 2. Quantum-informational aspects of free electron-photon interaction. (a) A comb electron interacting with a photon state results in
adisplacement without altering the electron’s state. Consequently, the electron spectrum after this interaction has no information about the
quantum photonic state. (b) Any noncomb electron state entangles with the photons during the interaction. Measuring the electron energy
spectrum in this case unveils information about the target quantum signal. (c) An initial single-energy electron |E;) is a superposition of all
comb electrons with equal amplitudes and phases. (d) After shaping (interaction #1) using a coherent photonic state with relative phase 6,
the electron remains in a superposition of all comb states with equal amplitudes but different phases dependent on 6. (¢) The quantum

photonic state can be reconstructed from the Fourier series of the electron spectrum P (6), which is P(¢, 0)

The coefficients a; and ¢, are connected by the Fourier
series relation a; = (27)'/2 [*7 c,e™*%d¢p. Then, the
action of the scattering matrix on this state is

S = | " deyD (e )eombi). (5)

The final state of the electron becomes entangled with the
photonic state because the phase of the coherent displace-
ment is dependent on the comb phase ¢ in Eq. (2) [see also
Fig. 2(b)]. The probability of measuring electron energy £,
i.e., the electron energy spectrum, is

1
k27z

+r . .
X / dacy,,cCq (gqe’”(e’¢ — 1)), (6)

T

d¢ ezk¢et|gq\2 sin ¢

where C,(£) = Tr [pphﬁ(f)] is the photonic characteris-
tic function [4] with p,, being the density matrix. This
function describes the photonic quantum state and relates
to the Wigner function: W(B) = n2 [ d?EC(£)el* V<.
According to Eq. (5), only the part of the characteristic
function & = ge™(e’” — 1) that satisfies |£| < 2|g,| con-
tributes to the formation of the electron spectrum P;.
Consequently, P, contains no information about the char-
acteristic function outside the region of |£| < 2|g,|. This sets
a limit on the information we can extract from the electron

= €™ P(0).

energy spectrum: the characteristic function Cy(&) can be
reconstructed only inside a circle |&] < 2|g,| [Fig. 2(e)].

We formulate the FEQOD reconstruction procedure
according to Eq. (6): (i) the electron is emitted with a
single energy |E,) [Fig. 2(c)]. The Supplemental Material
(SM) [64] shows that it is impossible to reconstruct the
photonic state using a single energy electron state |E).
(ii) The emitted electron interacts with a reference photonic
coherent state |a) with phase 6 = arga (interaction #1).
Consequently, the electron is shaped by the interaction and
the phase 6 is imprinted on the coefficients c,, () [Fig. 2(d),
Eq. (7)]. (iii) Then, the electron interacts with the target
photonic state (labeled as interaction #2), and its energy is
measured. The process is repeated for multiple electrons to
get the spectrum Py (0), described by Eq. (6). (iv) Finally,
the electron energy spectrum P,(0) is measured for
different coherent reference phases. Using the inverse
transform of P,(6), [4] we reconstruct C (&) within the
circle |§] < 2|gq| [Fig. 2(e); SM].

There are several options for electron states allowing the
reconstruction of Cy(&). We consider the most experimen-
tally accessible one, as described in step (ii), which utilizes
electron shaping using a coherent photonic state of phase 6.
This procedure is analogous to optical homodyne detection,
where the target photonic state is superimposed with the
coherent local oscillator of phase 8 on a beam splitter. By
varying @, the target photonic state can be reconstructed.
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FIG. 3.

Reconstruction of Wigner functions from electron energy spectra. (a) Electron energy spectra vs delays € for coherent, thermal,

cat, mixed cat, squeezed vacuum, and Fock photonic states. (b) Reconstructed real and imaginary parts of the characteristic functions
according to Eq. (8) for the corresponding states. Only the part of the characteristic function inside the circle of radius 2|gy| is
reconstructed, while other parts are inaccessible. (c) Reconstructed Wigner functions via Fourier transform of the reconstructed
characteristic function [4]. (d) Original Wigner functions for comparison. In the simulation, the mean photon number is 3 for Fock,
coherent, thermal, and squeezed vacuum states, or 1 for cat and mixed-cat states; || =20 and gq = 1.0. Larger g, improves

reconstruction of negative Wigner function features (SM).

In our scheme, the electron wavefunction acts as the beam
splitter, mediating interference between the local oscillator
and the target signal.

Reconstruction of the quantum photonic state—In this
section, we show that the electron wavefunction shaped by
a coherent photonic state can extract maximum information
about the target photonic state [Fig. 2(e)]. The relative
phase between the coherent reference and the target
quantum state is 6. Initially, the electron has a single
energy |Ey) [Fig. 2(c)]. After the interaction with the local
oscillator, the electron is described by [Fig. 2(d)] [61]

+00

> JlB)e )

k=—0o0

1 /+ﬂ
B \/271' -

where f = gq\/m is the semiclassical coupling constant
between the electron and a strong coherent reference with
(n) average number of photons; J; are Bessel functions of
the first kind.

lwe(6))

dpePisin@=9)|comb(gp)),  (7)

The comb coefficients in Eq. (5) for the spectrum are
cs(0) = (2m)71/2e2Plisin0=4) " Electron energy spectra
P;(6) are measured for different delays 6, enabling
reconstruction of the characteristic function inside the
circle of radius 2|g,| via the inverse transformation (SM),

c (o ) ¢ e—i\gq|2 sin ¢ e—ina
| 2ig,e'*sin— | = - -
( % 2) V2r  “=J,(4]p|sing)i"

+r . .
X / dﬁe’"QZPk(H)e_”“b,

4 k

(8)

where a €[0,2z] and ¢ €0, z]. This allows us to recon-
struct C, (&) inside the circle |&] < 2|gy| from the measured
spectra P, (). Equation (8) can be significantly simplified
if |f| > 1 (SM). Moreover, the Fourier transform of the
reconstructed characteristic function gives the Wigner
function [4]. We simulated Eq. (8) for different quantum
photonic states in Fig. 3.

The limitation restricting the characteristic function
within a circle of radius 2|gy| sets a boundary on the
precision of the quantum state reconstruction (SM). This
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FIG. 4. Prospects of FEQOD. (a) Femtosecond temporal resolution enables tracking real-time dynamics and mapping the decoherence
of quantum states. (b) Nanometer spatial resolution allows measuring quantum photonic states in nano-resonators and addressing
desired points in dense optical circuits. (c) The electrons modify but do not destroy quantum photonic states during measurement,
enabling in-cavity measurements without coupling photons out. (d) Free electrons can generate [71-76] and measure different photonic

states in cavities, providing a complete quantum optics toolset.

boundary imposes significant limitations on the states that
can be successfully reconstructed. Figure 3 presents a
conservative reconstruction approach, assuming the
unknown part of the characteristic function Cy(&) with |£| >
2|gy| to be zero. This results in a reconstructed Wigner
function being different from the original, as shown in Fig. 3.
However, incorporating prior information about the target
state can substantially improve the accuracy of the recon-
structed Wigner function for the same g,. This improvement
is achieved by making informed estimates of the unknown
part of the characteristic function. This highlights the
importance of prior knowledge in enhancing the efficiency
and accuracy of quantum state reconstruction.

Discussion—Recent PINEM advancements [38,40,41,43—
46,52-56] make FEQOD promising using current laser-
driven electron microscopes. Experimental demonstrations
of free electron-photon interactions show an ever-increasing
coupling constant g, [38-40,43,44,46,65]. Structures for
reaching the strong-interaction regime include photonic
crystals [40], whispering gallery modes in microspheres
[41], Cherenkov phase-matched structures [38], silicon-
photonic dielectric laser accelerators [42], and integrated
silicon photonic waveguides [43—-45]. A coupling constant
|gq| ~ 1 was recently observed in a hybrid photonic-plas-
monic structure [51], showing spontaneous emission of a
few plasmonic quanta per electron. The recent theoretical
analysis predicted promising g, upper bounds [47,66], and
nonlinearities in electron-guiding structures [50].

FEQOD is inspired by homodynelike quantum state
tomography schemes proposed for cavity quantum electro-
dynamics with flying atoms [30,31]. Unlike two-level
atomic systems, FEQOD can reconstruct the characteristic
function using a single coupling constant, varying only the

local oscillator phase, making it adaptable to various
discrete energy level systems.

FEQOD offers several prospects in comparison to
conventional quantum optical detectors, which are limited
by spatial resolution, integration time, and detection rate
[34,35,67]. It provides femtosecond temporal resolution
[Fig. 4(a)], owing to the ultrafast PINEM interaction
[38,40,41,43-46,52-56], with the potential for subfemto-
second timescales [56,68—70]. Another key advantage of
FEQOD is its nanometer spatial resolution when imple-
mented in electron microscopes [Fig. 4(b). Thus, FEQOD
can visualize quantum photonic properties in time and
space with deep subwavelength resolution, which is espe-
cially important for designing and validating photonic
chips [59,60] for quantum information processing.

Unlike conventional quantum state tomography schemes,
FEQOD can probe quantum states nondestructively, even
inside cavities, resonators, and integrated nanostructures.
This eliminates the need to couple photons out of the system,
making it ideal for studying quantum phenomena in com-
plex photonic circuits or nanoscale devices [Fig. 4(c)].

Another attractive feature of FEQOD is the inherent
tunability of free electrons, which do not have a fixed
resonance frequency. Consequently, FEQOD can be adapted
to systems at different energy scales, from the optical to the
microwave domains. In both domains, FEQOD enables real-
time mapping of the photonic state’s dynamics, e.g.,
following the decoherence dynamics of a Schrodinger cat
state (similar to [31]). In the optical domain, FEQOD’s
nanometer resolution enables precise characterization of
quantum photonic chips, such as measuring entangled
photon states in complex on-chip interferometers or visu-
alizing the spatiotemporal profiles of quantum photonic
states inside photonic waveguides. In the microwave
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domain, FEQOD could measure squeezed photonic states
inside circuit quantum electrodynamics, and facilitate
tomography of complex states in cavities and waveguides,
e.g., reconstructing states of bosonic codes in continuous
variable quantum information processing [77-79].

These features position FEQOD as a powerful tool
for quantum optics research, offering insights not
readily accessible through other approaches. This Letter
contributes to free-electron quantum optics and adds
quantum state tomography to analytical electron micros-
copy [35,38-46,50,52-56,61,62] and spectroscopy [80]
toolboxes. Recent suggestions to use electrons to generate
and control quantum photonic states [71-76] broaden the
applications of FEQOD to measure these photonic states
without additional optical detectors [Fig. 4(d)]. The
FEQOD concept can potentially apply to other quantum
information processing platforms, such as superconducting
qubits [81], neutral atoms [82], and free-electron bound-
electron interaction [83—88].

The implementation of FEQOD faces several technical
challenges. The primary concern is achieving a suffi-
ciently strong electron-photon coupling |gg| ~1 for
effective quantum state reconstruction (SM). While
recent experiments have approached this threshold
[51], issues with losses and decoherence of the electron
wave function persist [89]. Specifically, the interaction
between electrons and photons must be much stronger
than other channels of electron energy losses. Another
challenge for FEQOD in the optical domain relates to
electron beam conditions for grazing interaction, neces-
sitating a narrow, collimated beam maintaining a constant
distance from the photonic structure to minimize fluc-
tuations in g, [38]. For implementing FEQOD in the
infrared domain, a narrower electron energy spread is
also needed. Current ultrafast electron microscopes
typically have an energy spread around 1 eV [35,38—
46,50,52-56,61,62], which can be reduced using electron
monochromators [90,91]. Ongoing advancements in
electron microscopy pave the way for higher-quality
FEQOD implementations. Future developments of such
capabilities in free-electron quantum optics could have an
impact on studies at the foundations of quantum mechan-
ics, from quantum tomography [18-20] to weak mea-
surements [92].
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