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RATIONALE: From the viewpoint of quantum

gone two major revolutions over the previous
two centuries. The first—by Grimaldi, Huygens,
Fresnel, Young, and Maxwell—established light
as a wave phenomenon, and the second—by
Planck, Einstein, and Glauber—established
light as a combined particle-wave quantum
phenomenon. Despite the quantum revolution, entire areas of science still find the
classical wave description of light sufficient,
especially so for interactions between light
and charged particles such as free electrons.
Light and all forms of electromagnetic fields
remain pure wave phenomena at the frontiers of free-electron physics, microscopy, accelerators, and radiation sources. We present
experiment and theory in which the quantum
nature of light plays the key role in its interaction with free electrons.

optics, the wave theory of light is sufficient
to model its interaction with matter, provided
that light and matter do not become entangled during their interaction. This wave description was justified thus far because classical
light can be described as coherent states,
which stay approximately unchanged under
interactions and thus do not become entangled.
Our work demonstrates the interaction of
free electrons with light of nontrivial quantum photon statistics. The electron evolves into
an entangled joint state with the photons, imprinting their quantum statistics on the electron energy spectrum. By measuring the
electron spectrum, we extracted the quantum photon statistics of light, finding the
second-order photon correlations g(2)(0)
and higher-order correlations g(n)(0). We

-3

RESULTS: The interacting electron in our experiment acts as a “walker,” performing a
quantum/classical walk on the ladder of energy levels, each step corresponding to singlephoton emission or absorption. When light
interacts as a wave (coherent state, Poissonian
statistics), the resulting electron dynamics is
also that of a wave—quantum walk, in which
a well-defined phase is maintained between
the electron energy states. By contrast, when
the particle-nature of light becomes dominant (super-Poissonian statistics), the resulting electron dynamics is also that of a
particle—classical random walk, in which collapse washes out the relative phase between
the electron energy states. This emergence of
classical random walk represents a manifestation of Bohr’s correspondence principle between classical and quantum physics—one
of the cornerstones of quantum mechanics
since its earliest days.
CONCLUSION: We overcame the challenge of
the usually weak coupling between light and
free electrons by exploiting an inverse design
silicon-photonic nanostructure that combines
two critical ingredients: photonic cavities and
phase-matching between electron wave functions and light waves. Our integrated solution
can equip state-of-the-art microscopes with
capabilities for temporal electron wave modulation by using continuous-wave (CW) lasers,
paving the way toward microscopes operating
at simultaneous subangstrom-spatial and fewattosecond-temporal resolution. Coherent temporal modulation of electron wave functions
opens possibilities for electron microscopy of
phenomena that cannot be explored by other
means: imaging nonequilibrium quantum states
of matter, measuring their coherence properties and decoherence rates.

▪

Quantum optics with free electrons. A silicon-photonics device integrated in an electron microscope provides
efficient electron interactions with CW light, enabling the detection of the quantum photon statistics. (A) CW
modulation of electron wave functions in transmission electron microscopy. (B) Highly efficient electron-light
interaction facilitated by an inverse-designed silicon-photonic nanostructure (scanning electron microscope
image), consisting of a Bragg mirror and a periodic channel that achieves quasi—phase-matching of electron and
quantum light. (C) The electron energy spectrum after the interaction with two types of light states: coherent
and thermal. (D) The corresponding photon statistics reconstructed from the measured spectra.
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INTRODUCTION: The science of light has under-

demonstrate quantitative measurement of
different photon statistics using an optical
amplifier operated in different amplification
regimes, showing transition from Poissonian
statistics in deep saturation to super-Poissonian
statistics due to amplified spontaneous emission and eventually a thermal state with BoseEinstein statistics. Electrons can perform
nondestructive quantum measurements, inspiring possibilities in quantum optics such
as ultrafast free-electron—based quantum tomography of light at deep suboptical wavelength resolution.
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U

nderstanding of light as a wave phenomenon was firmly established in the
early days of the 19th century, forming
the foundations of Maxwell’s equations
(1), the entirety of electrodynamics, and
the study of light-matter interactions. Later
discoveries revealed the quantum-particle nature of light: starting from the photoelectric (2)
to the discovery of entanglement many decades later (3), constituting modern quantum
optics (4, 5). Yet, entire areas of science still
find the wave description of light fully sufficient. This is true for light in the optical range
and for all other forms of electromagnetic
waves. For example, classical electromagnetic
waves determine the dynamics of charged particles in numerous applications, from freeelectron lasers and synchrotrons to radars,
communication satellites, and even microwave
ovens. Light remains purely a wave phenomenon also at the frontier of free-electron–light
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experiments, in which laser-driven electron
acceleration [specifically, wakefield accelerators (6, 7) and dielectric laser accelerators
(8–12)] still consider the particle motion by
using a wave description of the laser. Thus
far, the quantum-particle nature of light in its
interactions with free electrons has remained
hidden, without any direct consequences. This
is in sharp contrast to the quantum nature of
the electron, which is now regularly observed
in ultrafast transmission electron microscopy
(13–16). The critical role of the electron quantum wave function in its interaction with light
is already well understood (17–22): The electron exchanges integer multiples of the photon
energy, as shown in the theoretical description
of the technique called photon-induced nearfield electron microscopy (PINEM) (13, 17, 18).
However, even in this case—in which the electron must be treated quantum-mechanically—
the description of light as a classical wave was
sufficient in all experiments to date.
Here, we present experiments showing that
quantum statistics of photons alter their interaction with free electrons; we demonstrate
free-electron–light interactions that cannot be
described by treating light as a wave phenomenon. Moreover, we used the electron-light
interaction to measure the photon statistics
of the light. This capability stems from a fundamental aspect of quantum optics: The interaction with light can create entanglement
between the light and the interacting object.
Consequently, the joint free-electron–light state
becomes a nonseparable state from which we
can extract the photon statistics by measuring
the electron energy spectrum. Our experiment
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Bohr’s correspondence principle: From
free-electron quantum walk to random walk

Our experiment shows that the measured electron acts as a “walker” performing a generalized quantum/classical walk (Fig. 1) on the
ladder of energy levels (separated by the singlephoton energy ℏw), similar to an upside-down
(quantum) Galton board experiment (Fig. 1A).
At each infinitesimal step, the electron walker
either remains in its current energy level,
moves to a lower energy level by emitting a
photon, or moves to a higher energy level by
absorbing a photon. Each step either maintains a well-defined phase between the electron energy states, such as in interactions with
a coherent state of light (Fig. 1, left), or washes
out the phase and acts in a random fashion,
such as in interactions with thermal light (Fig.
1, right). We observed the walk dynamics by
measuring the electron energy spectrum as a
function of illumination power for different
photon statistics (Fig. 1, C and D). The measurement shows that when light interacts as
a wave (coherent state), the resulting electron dynamics is also that of a wave—a pure
quantum walk. By contrast, when the particlenature of light becomes dominant (superPoissonian and thermal statistics), the resulting
electron dynamics is also that of a particle—a
classical random walk. This emergence of the
classical dynamics of random walk from the
interaction of a free electron with superPoissonian light represents a new manifestation of the correspondence principle between
classical and quantum physics, which has been
one of the cornerstones of quantum mechanics
since its earliest days (24).
We begin by formulating the theory of light–
free-electron interaction and its dependence on
photon statistics. The theory, henceforth called
the electron walker theory (explained in Fig. 1,
A and B), captures the entire range of experimental parameters, including both limiting
cases of coherent and thermal states of light:
For the interaction with coherent-state light
(Fig. 1, left), the electron undergoes pure quantum walk in energy-space [as shown in (14)],
and for the interaction with thermal light (Fig.
1, right), the electron undergoes pure random
walk. The intermediate cases of interactions
1 of 8
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The interaction between free electrons and light stands at the base of both classical and quantum
physics, with applications in free-electron acceleration, radiation sources, and electron microscopy. Yet
to this day, all experiments involving free-electron–light interactions are fully explained by describing the
light as a classical wave. We observed quantum statistics effects of photons on free-electron–light
interactions. We demonstrate interactions that pass continuously from Poissonian to super-Poissonian
and up to thermal statistics, revealing a transition from quantum walk to classical random walk on
the free-electron energy ladder. The electron walker serves as the probe in nondestructive quantum
detection, measuring the second-order photon-correlation g(2)(0) and higher-orders g(n)(0). Unlike
conventional quantum-optical detectors, the electron can perform both quantum weak measurements
and projective measurements by evolving into an entangled joint state with the photons. These findings
inspire hitherto inaccessible concepts in quantum optics, including free-electron–based ultrafast
quantum tomography of light.

demonstrates this concept on amplified light,
exhibiting different photon statistics for varying amplification regimes. The free-electron
interaction enables us to characterize the amplifier output, showing its transition from a
coherent state with Poissonian statistics in the
regime of deep saturation to super-Poissonian
statistics owing to amplified spontaneous emission and eventually to a thermal state with
Bose-Einstein statistics. Our experiments offer
a pathway for using free electrons for quantumstate tomography of light, with high resolution
in both time and frequency (23).
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Fig. 1. Free-electron–light interactions imprint the quantum photon statistics
on the electron energy spectra, demonstrating the transition from quantum
walk to classical random walk of a free electron. (A) The electron walker performs
consecutive interactions with the photons. At each infinitesimal step, there are
three possibilities: (i) the electron remains in its current energy level; (ii) the electron
emits a photon, moving to a lower energy level; or (iii) the electron absorbs a
photon, moving to a higher energy level. Each such emission or absorption either
maintains a well-defined phase between the electron energy states, as in interactions
with coherent-state light (red), or “collapses” and acts in a random fashion, as in
interactions with thermal light (yellow). The collapse washes out the phase between
the electron energy states. The transition from quantum walk to random walk is
expressed by the continuous transition in the photon statistics from Poissonian
(coherent state) to super-Poissonian and all the way to a thermal light state. (B) The
electron walker theory exactly matches with the Q-PINEM theory, in which the shape
of the photon statistics determines the degree of decoherence of the electron. The
resulting electron energy spectra show either quantum walk, random walk, or an
intermediate case displaying partial decoherence, depending on the photon statistics
(a measurement of the continuous transition is provided in Fig. 3). (C and D) Electron

with super-Poissonian light all correspond to
mixtures of quantum walk and random walk,
showing a continuous transition between the
two phenomena. We show in supplementary
text S1 that despite its simplicity, the walker
theory provides the same results as those of
the quantum-optical generalization of PINEM
(Q-PINEM), proposed theoretically in (25, 26)
[in particular, Fig. 1D precisely matches the
prediction in (26)]. The comparisons in Fig. 1,
Dahan et al., Science 373, eabj7128 (2021)

energy spectra for coherent and thermal states evolving with the electric field
amplitude. Theory gives an excellent agreement with experimental results, measured
in the setup presented in Fig. 2, with more data shown in fig. S13. The white circles
indicate that the observed electron energy width is the same for the same driving light
intensity, regardless of the quantum statistics. This comparison reveals that the
electron interactions with thermal states are as efficient as interactions with coherent
states. In (C), we indicate with green dashed lines the electron energy width for
light with partial optical coherence (spatial coherence length of 1 mm; calculation
with other values are shown in fig. S16), predicting a different slope than for the
measured data that corresponds to light with full optical coherence, indicated with
white lines in (C) and (D). Thus, we conclude that the measurements in (D) cannot be
explained by a short optical coherence length (further discussion and results are
in supplementary text S6 and fig. S16). This shows that the interaction of superPoissonian light with a free electron does not cause the electron to decohere in time or
space. Rather, the electron remains in a coherent superposition of energy states that
become more entangled with the light for stronger super-Poissonian statistics, with
maximum entanglement for thermal light. The electron energy axis here and in all
figures refers to energy loss, as is conventional in electron energy loss spectroscopy.

C and D, show that the theories successfully
describe the measured electron energy spectra, the experimental details of which we describe below.
The agreement of both walker and Q-PINEM
theories with the experimental data in Fig. 1, C
and D, allows us to draw decisive conclusions
about the role of quantum decoherence in the
interaction. The photon statistics directly determine the degree of decoherence of the elec-
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tron walker: Broader photon distributions (such
as super-Poissonian) increase the free-electron
decoherence in energy (27) during the electron
walk. The limit of thermal light can be understood exactly as the complete decoherence of
the electron quantum state at every step of the
walk, showing the emergence of classical random walk from the decoherence of quantum
walk. The phenomenon of quantum walk has
been observed experimentally in a wide range of
2 of 8
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physical systems (28–33). In our experiment, there
is a fundamental difference: the quantum-toclassical transition of the electron walker we observed arises from the photon distribution rather
than from dephasing and disorder-induced
decoherence as in many other systems (30, 33–37).
Experimental setup: High-efficiency
silicon-photonic electron-light coupler

B

A

ing the desired strong electron-light interaction with lower-intensity light, which is especially important for quantum light. The
interaction efficiency is high enough to enable the use of continuous-wave (CW) light
while still maintaining the strong interaction.
Recent experimental works have shown that
even weak CW electron-light interactions (up to
one photon absorbed or emitted by the electron) have intriguing applications (44–47). Our
experiment offers an avenue for taking these
ideas forward to regimes of stronger interactions with CW light and specifically enables
us to probe the quantum statistics of the photons.
Free-electron–quantum-light interactions

In all free-electron experiments to date, the
electron dynamics has been accurately captured
by its interaction with classical electromagnetic fields. The dynamics of a single-electron
wave function has been fully described by the
time-dependent Schrödinger equation (or the
Dirac equation in the more general relativistic

C

D

E

Fig. 2. Free electron interaction with light of different photon statistics in
a high-efficiency silicon-photonic nanostructure. (A) We used a highefficiency electron-light coupler in a transmission electron microscope (TEM) to
facilitate efficient interaction of free electrons with CW light. With this, we
observed the effect of photon statistics in electron-light interactions. The
electron energy spectrum was measured with an energy resolution better than
that of the single-photon energy, using EELS. The photon statistics is varied
continuously with the fiber amplifier from Poissonian to super-Poissonian and up to
thermal. (B) Scanning electron microscope image of the coupling structure. Light
and electrons are efficiently coupled by using a resonating quasi–phase-matched
structure consisting of a periodic channel and a Bragg mirror. (C) Simulation of
Dahan et al., Science 373, eabj7128 (2021)

17 September 2021

F

the longitudinal quasi–phase-matched electric field in the nanostructure,
optimized with photonic inverse design methods for efficient free-electron–
light interaction. (D) Image of the entire nanostructure in three dimensions.
More information is provided in the supplementary materials, materials and
methods, and fig. S1. (E) Electron energy spectra for interactions with coherent
and thermal states. The colored curves denote the theory (fit is explained in
fig. S13 and supplementary text S4), and dashed black curves denote the
experiment, showing almost perfect overlap. (F) The measured electron
spectra are used to extract the photon statistics shown here. The slight
asymmetry between gain and loss observed in (E) and in Fig. 3D is explained
in supplementary text S4.3.
3 of 8
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Our experiment achieved an efficient electronlight interaction by use of two critical ingredients:
photonic cavities (38, 39) and phase-matching
between the electron wave function and the
light wave (40), inspired by phase-matching
of classical electron-light interactions (41).
We used quasi–phase-matching in custom-made
silicon-photonic nanostructures to create efficient free-electron–quantum-light interactions
inside a transmission electron microscope (TEM)
(Fig. 2A). Our nanostructures are inspired by
miniaturized electron accelerators (8–11), which
were recently used in a silicon photonics PINEM
experiment (12). We used photonic inverse de-

sign methods to design and optimize a highefficiency electron-light coupler (Fig. 2D) (11, 42),
operating at a wavelength of 1064 nm and
electron kinetic energy of 189 keV (Fig. 2). The
quantum statistics of the output light is modified by controlling the input power to a fiber
amplifier and then coupling the light into the
nanostructure inside the TEM by using two
cylindrical lenses (supplementary materials,
materials and methods).
Our experiment realizes strong electron-light
interactions; each electron exchanges multiple photons with the light field. Such strong
interactions were previously only realized with
intense laser pulses synchronized with photoemitted free electrons (8–15, 38–40, 43). In
contrast with such intense laser pulses that
can be considered as coherent states (classical
waves), all other states of light are usually not
so intense. The low intensity poses a challenge
for investigating their interactions with free
electrons. We thus developed nanostructures
for enhancing the interaction efficiency, reach-
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case) with the classical vector A and scalar V
potentials
iħ@t jyiel ¼


ðp þ eA ðt ÞÞ2 =2m þ eV ðt Þ jyiel

ð1Þ

where gq is the quantum coupling constant;
a and a† are the photonic annihilation and
creation operators, respectively; and b and b†
are the free-electron energy ladder operators
describing the electron losing or gaining a
single-photon energy quantum, respectively.
The resulting joint electron-photon state is
generally nonseparable, and its density matrix
can be written as
∞
X

relph ¼

n;m¼0

rph ðn; mÞjyn ielph hym jelph
ð3Þ

whererph ðn; mÞ ¼ hnjrph jmi is the density matrix element of the light in Fock space. Each
pure-state component jyn ielph is a superposition of electron-photon product states. The
experimental conditions allow us to consider
the initial electron as a single-energy state
jE0 iel with energy uncertainty smaller than
the energy ℏw of a single photon of the field
with which it interacts. In this case, we can
express the joint electron–photon state as
jyn ielph ¼
∞
X
cnk jE0  kħwiel  jn þ kiph

ð4Þ

k¼∞

where jn þ kiph is a Fock state of light with
n + k photons, and jE0  kħwiel is the electron
Dahan et al., Science 373, eabj7128 (2021)

Extracting the photon statistics from the
electron energy spectrum

The photon statistics encapsulated in the
photonic density matrix rph can dramatically
change the measured electron energy spectrum (23, 25, 26). We used this concept to experimentally demonstrate how the statistics of
light interacting with free electrons is imprinted
on the corresponding electron energy spectra.
The probability Pk to measure an electron
energy shiftedXby k photons depends on rph
2
through Pk ¼ n cnþk
rph ðn þ k; n þ kÞ. By
k
inverting this relation, we can extract the
photon statistics from the measured electron energy spectrum (Fig. 3). Specifically,
five electron energy spectra (experiment and
theory, respectively) are shown in Fig. 3, A
and B, throughout the continuous transition
between amplified spontaneous emission and
amplified coherent-state of light; the extracted
photon statistics for each case are shown in
Fig. 3C.
To unveil the role of photon statistics, the
state of light (Fig. 3A) was gradually varied
from coherent to thermal, and the statistics
were reconstructed at each stage (Fig. 3C). The
statistics were determined by varying the power
of a laser beam seeding the fiber amplifier,
varying the gain saturation and output power
(50, 51). The optical power entering the electron microscope was kept constant by using
an attenuator. This way, the photon statistics
can be changed without changing the average
number of photons (Fig. 3F). Therefore, the
measurement in Fig. 3A directly corresponds
to the quantum-to-classical transition of the
free-electron quantum/classical walk shown
in Fig. 1, A and B. As explained in supplementary text S4.4 and fig. S16, our observations
cannot arise from the lack of spatial or temporal optical coherence nor from spatial or
temporal inhomogeneity of the light driving
the interaction.
To clarify, the term “coherence” is used in
two different contexts: (i) The classical optical
coherence is characterized by spatial coherence
lengths and temporal coherence duration. All
types of light in our experiment have the same
optical coherence during the interaction with
the electron (supplementary text S6). (ii) The
quantum coherence relates to the quantum
photon statistics and is defined by the corre-
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lations g(n). Specifically, g(2) is different for coherent and thermal states. Here, in the context
of quantum optics, the term “coherent” also
appears as the name of the “coherent state”
as defined by Glauber (52). In this sense, the
thermal light is incoherent (given by a diagonal density matrix). This notion of coherence
generalizes the classical optical coherence,
which is given as the special case of g(1). The
effect of quantum coherence is what we studied
in our experiment.
The limiting case of a coherent state corresponds to an approximately separable rel–ph,
whereas the other limiting case of a thermal
state corresponds to a nonseparable rel–ph. This
can be directly seen in Eq. 3, where rph of
thermal light is diagonal, making the joint rel–ph
nonseparable. Both limiting cases, and all
cases in between, can be accurately captured
by the Q-PINEM theory (Eqs. 2 to 4). To quantify the quantum-optical state of light, the corresponding second-order degree of coherence
g(2)(0) was extracted from each electron spectrum (Fig. 3F), as first proposed in (26). Moreover, because the entire photon distribution
can be extracted (Fig. 3C), it directly provides
all the photon-number moments hnm i (23) and
thus also the higher-order g(n)(0) (26).
The ability to control and measure the photon statistics during light–free-electron interaction offers a variety of applications. As a
proof-of-concept application, we characterize
the amplifier output when it undergoes a
transition from the limit of Poissonian statistics in the regime of deep saturation to superPoissonian statistics created by amplified
spontaneous emission (5). The amplifier has a
coherent input seed
 of amplitude a and a saturable gain G ¼ G jaj2 , generating light with
the following photon statistics (supplementary text S3):
rph ðn; nÞ ¼
ejaj

2

1
1
1
G
G

n

Ln 

jaj2
G1

ð5Þ

where Ln(x) is the nth Laguerre polynomial.
By tuning a and G, the photon statistics of the
output light can be continuously tuned between amplified coherent state (for jaj≫1 saturated G, approaching a Poissonian photon
distribution) to thermal amplified spontaneous
emission (for jaj ≈ 0 linear G ≫ 1, approaching
a thermal photon distribution).
We extracted the amplifier gain curve from
the analysis of the electron energy spectrum
(fig. S10) and performed two additional independent measurements of the amplifier gain
that both show good agreement (fig. S10E),
from the optical spectra and from direct power
measurements. This comparison supports our
estimation of the photon statistics from the
amplifier model. Furthermore, the gain curves
can be used to estimate the quantum coupling
4 of 8
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where p ¼ iħ∇ is the momentum operator,
e and m are the electron charge and mass, and
jyiel denotes the electron quantum state. This
description was justified so far because in the
quantum picture, classical electromagnetic fields
can be described as coherent states jaiph (48),
and intense coherent states stay approximately unchanged under interactions. Consequently,
in a full quantum description, the joint electronphoton state jyielph ≈ jyiel  jaiph remains
separable after the interaction with an intense
classical field.
By contrast, for some of the photonic states
we considered in this work, the joint electronphoton state after the interaction is nonseparable
—that is, entangled (49). This situation cannot
be described by the commonly used theoretical analysis of a time-dependent Schrödinger
equation with nonquantized potentials (Eq. 1)
but requires a quantum-optics theory. Below,
we present the formulation of the quantum
interaction of light with a highly paraxial freeelectron beam—the Q-PINEM theory (23, 25, 26),
which has the scattering matrix


ð2Þ
S ¼ exp gq ba†  gq b† a

state with energy E0 – kℏw. Equation 4 shows
that the free-electron–light interaction can create nonseparable quantum states. By solving
Eq. 2 for the state evolution, we find thecoeffici
cnk ¼ jgqﬃ j1 ð1Þn eiφg k Wnþ21ðkþ1Þ;21 jkj jgq j2 =
ents
p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðn þ kÞ!n! , where W is the Whittaker function and ϕg is the phase of gq (supplementary
text S2). In the limit of weak interaction and
a large number of photons,
pﬃﬃﬃ the coefficients become cnk ≈ eiφg k Jk ð2jgq j nÞ (23, 26), which is
reminiscent of the PINEM theory (17, 18).
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B
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Fig. 3. Experimental reconstruction of photon statistics from electron
energy spectra. (A) The measured electron energy spectra for a range of fiber
amplifier parameters, showing a continuous transition from coherent Poissonian
light in the regime of deep saturation to super-Poissonian and eventually thermal
light, created through amplified spontaneous emission. The average photon number
is the same in all cases. (B) The corresponding theoretical calculation of the electron
spectra is based on the Q-PINEM theory (Eqs. 2 to 4) with the quantum-optical
amplifier model (Eq. 5 and supplementary text S3). (C) We reconstructed the
photon statistics of light from the experimentally obtained electron spectra (A) by
using the fitted parameters of the theoretical model (B) and substituted them in

constant gq up to the coupling efficiency of the
light to the structure (supplementary text S4).
In this fashion, the free-electron quantumoptical detection can be applied to extract the
ultrafast quantum statistics emerging from amplifiers operating on subpicosecond and even
subfemtosecond time scales.
The free electron as a probe of quantum
weak measurement

The free electron can serve as the probe in
quantum nondestructive detection of the state

F

the amplifier model (supplementary text S4). (D) Selected cases of measured electron
energy spectra after the interaction with different states of light. The data (dashed
black curve) show an excellent match to the Q-PINEM theory (colored solid curve).
By contrast, simulations using a point electron (solid black curve) do not at all agree
with the quantum predictions, indicating that the effects cannot be obtained from
an incoherent point electron mixture or collapse in time (supplementary text S7).
(E) Reconstructed photon statistics corresponding to the selected cases of (D).
(F) The average number of photons hni and second-order correlation (degree of
coherence) g(2)(0) extracted from the measurements. The black curves correspond
to the theory (supplementary text S2) with the same parameters.

of light rph (53), as suggested theoretically in
the context of PINEM (54). The electron plays
the role of the measurement device and pointer,
and the light plays the role of the system to be
measured. Specifically, the electron detection in
the electron energy loss spectrometer (EELS) is a
strong projective measurement of the electron
that can be modeled by a set of projection operators Mk ¼ jE0  kħwihE0  kħwj. After a
projection by Mk, the state of light changes
from rph to a new state denoted by rkph (the
superscript k indicates the correlation with
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the electron measurement). The density matrix of this light rkph may or may not differ significantly from the original state rph, depending
on the level of entanglement with the electron.
The difference
is quantified
h nqﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃoi by the fidelity
pﬃﬃﬃﬃﬃﬃﬃ k pﬃﬃﬃﬃﬃﬃﬃ 2
rph rph rph
(55) between rph
Fk ¼ tr
and rkph for each value of k (plotted in Fig. 4A).
High fidelity (Fk → 1) means that the light is
mostly unchanged by the measurement, whereas
low fidelity (Fk → 0) means that the light is
substantially changed by the measurement.
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The electron can act as a probe for weak
quantum measurements (56–60) with a nearunity fidelity for interactions with a coherent
state of light—that is, the electron performs a
measurement of the light yet does not substantially affect the quantum state of the light,
which is why the process is a weak quantum
measurement. By contrast, the interaction with
thermal light causes a substantial reduction in
the fidelity, implying that the electron probe
acts more like a projective measurement that
does alter the state of light. Therefore, the same
electron probe manifests both extremes: weak
measurement and projective measurement
(Fig. 4A), depending on the state of the mea-

sured system. To test this observation, a direct
measurement of the outgoing state of light after
the interaction could be performed by using
high-efficiency coupling into or out of the nanophotonic structure (supplementary text S5.4),
which is beyond the scope of this work.
To show theoretically the role of the electron probe in the measurement process, we
calculated the purity of the post-interaction
electron (Fig. 4B), which shows that the electron maintains a purity of unity for coherent
state of light, but the purity substantially decreases for thermal light. Such a substantial
reduction in purity can be understood as the
“collapse” of the electron wave function in the

energy domain. The walker theory we developed (supplementary text S1) shows that this
description accurately captures the measured
effect and precisely matches the Q-PINEM
theory. Through the walker theory, the electronlight interaction can be understood as consecutive infinitesimal steps at which the electron
quantum state partially collapses in energy,
with full collapse occurring for a thermal state
of light, resulting in a pure random walk, or
no collapse occurring for a coherent state of
light, resulting in a pure quantum walk. The
electron wave function never collapses in time
and space but only in the energy domain. Spatially and temporally, the electron remains a

B

A

A

behavior closer to strong projective measurement. As a comparison, we also
present the fidelity for a Fock state, for which the measurement is projective
(fidelity of zero) for any k ≠ 0. The fidelity asymmetry for the coherent case is
explained by the fundamental difference between subtracting or adding photons
to a coherent state (supplementary text S2). (B) Electron purity after its
interaction with different states of light as a function of the classical coupling
2
strength jgj2 ¼ gq hni. The electron stays pure after an interaction with a
coherent state, but its purity diminishes much faster for a thermal state, as an
indication of emerging entanglement between the electron and light.

C

D

Fig. 5. Measurement of the quasi–phase-matching condition. (A) Electron energy spectra measured for a range of electron kinetic energies, (B) showing a good
2
agreement with theory. (C) The classical interaction strength jgj2 ¼ gq hni and effective interaction length are extracted from the data by comparing it with
the quasi–phase-matching theory (supplementary text S5). (D) Simulation of jgj2 as a function of electron kinetic energy and laser wavelength, showing the resonant
nature of the quasi–phase-matched interaction. A version of (D) for a longer structure is provided in fig. S15, allowing a better frequency resolution for isolating a
single mode in the structure.
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Fig. 4. Photonic fidelity and electron purity after a free-electron–quantumlight interaction. (A) Calculated fidelities between the photonic state before and
after its interaction with a free electron, which subsequently undergoes a
projective measurement. The fidelity is plotted as a function of the energy state
jE0  ħwki in which the electron is detected. We present the fidelity for different
states of light, all with an average photon number hni ¼ 100 and quantum
coupling gq = 0.1. The fidelity is high for a coherent state, indicating that for
small-enough gq, the electron can serve as a probe of quantum weak
measurement. For the thermal state, the fidelity is much lower, indicating a

RES EARCH | R E S E A R C H A R T I C L E

coherent wave function that extends over many
cycles of the field, as evident by the emergence
of discretized energy peaks (such as in Fig. 3D
and in all other figures), occurring even with
thermal light. A collapse in time or space, if it
ever appears, would manifest as an incoherent
mixture of point particles interacting with the
light field, which cannot result in discrete energy peaks (Fig. 3D, solid black curves, and
supplementary text S7). By contrast, the collapse in energy occurring in our experiment
causes the electron to split into multiple extended wave functions, in a joint quantum
state entangled with the state of light.
The role of quasi–phase-matching and
connection to the Smith-Purcell effect

Discussion and outlook

The underlying quantum-optical theory that
describes our experiment is best understood in
light of recent theoretical advances (25, 26, 64),
which have caused a paradigm shift in how we
think about the interaction of free electrons
and light. Specifically, these and other works
show how the interaction becomes sensitive to
the photon statistics (23, 25, 26, 64–67) and
provide opportunities for shaping electron wave
functions (65). These promising ideas provide
new opportunities for research in free-electron
quantum optics, suggesting new concepts such
as electron-light entanglement that can induce
electron-electron entanglement (25, 68, 69). This
entanglement can in turn be used to create new
quantum light sources (66), improve cathodoluDahan et al., Science 373, eabj7128 (2021)
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equipping state-of-the-art microscopes with
CW silicon-photonic light couplers. The modulation capabilities may be further extended to
combined spatial and temporal shaping, with a
structured light-electron nanophotonic coupler
and/or specially shaped light beams (83). Such
dream microscopes could operate at simultaneous subangstrom-spatial and few-attosecondtemporal resolution (19–21, 84) and lead to
breakthrough experiments in some of the
hardest fundamental problems: providing direct observation of molecular excitation dynamics, electron transport phenomena, transient
subcycle phenomena in optical nonlinearities,
ultrafast plasma oscillations, and many more
effects that cannot be explored by other means.
A related work that also shows CW PINEM
by using silicon photonic structures was placed
on arXiv in parallel with our work (85).
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Electrons see the quantum nature of light
We know that light is both a wave and a particle, and this duality arises from the classical and quantum nature of
electromagnetic excitations. Dahan et al. observed that all experiments to date in which light interacts with free
electrons have been described with light considered as a wave (see the Perspective by Carbone). The authors
present experimental evidence revealing the quantum nature of the interaction between photons and free electrons.
They combine an ultrafast transmission electron microscope with a silicon-photonic nanostructure that confines and
strengthens the interaction between the light and the electrons. The “quantum” statistics of the photons are imprints
onto the propagating electrons and are seen directly in their energy spectrum. —ISO

