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Filming plasma resonances



FIG. 6: Attosecond-nanometer modulation of plasmonic near-fields. (a) Energy-filtered

image of the plasmonic interference pattern created in the designed plasmonic Fabry-Perot res-

onator. The tilt angles are set to # = 0� and ↵ = 12.9�, while the optical pulses are 60 fs long.

(b) Spatiotemporal mapping of the plasmonic coherent control at attosecond-nanometer scale. (c)

Measured temporal modulation of the plasmon mode amplitude. (d) Fourier transform of the

measured temporal trace.
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What about the e- after these interactions? 



 
Fig. 1 A Electron interacting with classical beer. B Electron interacting with quantum beer.  
 
The Photon Induced Near-field Electron Microscopy (PINEM) (4) effect, which Dahan et al 
exploit in their work, has been modelled until now with electrons as the quantum particles 
and light as a classical field (5,6), as in the alternative description of the photoelectric effect.  
This example and other similar cases make one wonders: Are we actually arguing that 
quantum light is a mere theoretical sophism? Quite the opposite. Provocatively, we are 
arguing that the choice of who to treat quantum or classical in semi-classical theories can 
often be dictated by convenience rather than necessity. Consequently, while semiclassical 
theories may provide an excellent description for many experiments, they might not capture 
some subtle quantum effect. 
A full quantum mechanical treatment of PINEM has been developed recently (7,8). Now it is 
the time to explore its consequences and opportunities. 
Until now, the possibility to characterize and manipulate the interaction between light and 
electrons in the proximity of nano-structures in TEMs allowed to obtain 
attosecond/millielectronvolt/nanometer resolved snapshots of materials as well as to 
manipulate the wavefunction of the electrons to generate and control advanced beams for 
applications in sensing, bio-physics, optoelectronics, accelerator physics and even nuclear 
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of a wave – a pure quantum walk. In contrast, when the particle-nature of light becomes dominant 

(super-Poissonian 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 super-Poissonian 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 (23).   

 

Figure 1| Free-electron–light interactions im
print the quantum

 photon statistics on the electron energy 

spectra: dem
onstrating the transition from

 quantum walk to classical random
 walk of a free electron. 

(a) The electron “walker” perform
s consecutive interactions with the photons. At each infinitesim

al step, 

there are three possibilities: 1) the electron rem
ains in its current energy level; 2) the electron emits a 

photon, moving to a lower energy level; 3) the electron absorbs a photon, moving to a higher energy level. 

Each such em
ission/absorption either maintains quantum coherence with a well-defined phase between 

the electron energy states, as in interactions with coherent light (red), or collapses and acts in a random 

fashion, as in interactions with therm
al 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 m
atches with the Q-PINEM

 theory, in which 
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But what if an electron interacts with incoherent light?

• Coherent light can be easily described as a wave (in the 
high intensity limit)

• Incoherent light needs a quantum description of its noise
distribution

R. Dahan et al., Science 373, eabj7128 (2021).



But what if an electron interacts with incoherent light?

R. Dahan et al., Science 373, eabj7128 (2021). See in 
the lab
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Holographic imaging of electromagnetic fields via
electron-light quantum interference
I. Madan1*, G. M. Vanacore1*, E. Pomarico1, G. Berruto1, R. J. Lamb2, D. McGrouther2,
T. T. A. Lummen1†, T. Latychevskaia1, F. J. García de Abajo3,4, F. Carbone1‡

Holography relies on the interference between a known reference and a signal of interest to reconstruct both the
amplitude and the phase of that signal. With electrons, the extension of holography to the ultrafast time domain
remains a challenge, although it would yield the highest possible combined spatiotemporal resolution. Here, we
show that holograms of local electromagnetic fields can be obtained with combined attosecond/nanometer reso-
lution in an ultrafast transmission electron microscope (UEM). Unlike conventional holography, where signal and
reference are spatially separated and then recombined to interfere, our method relies on electromagnetic fields to
split an electron wave function in a quantum coherent superposition of different energy states. In the image plane,
spatial modulation of the electron energy distribution reflects the phase relation between reference and signal
fields. Beyond imaging applications, this approach allows implementing quantum measurements in parallel,
providing an efficient and versatile tool for electron quantum optics.

INTRODUCTION
Holography allows capturing both the phase and the amplitude of a
signal distribution by superimposing it with a known reference. This
idea was originally proposed byGabor (1, 2) to improve the resolution
of an electron microscope. He first demonstrated the principle using
light optics, while holography with electrons was shown shortly after-
ward (3). With the invention of intense coherent light sources (lasers)
and theirmost recent technological advancements, optical holography
has become a popular technique for three-dimensional (3D) imaging
of macroscopic objects, security applications (4, 5), and microscopic
imaging (6). Electron holography (7, 8) has been successfully used in
materials science (9) and also to image electrostatic potentials (10, 11)
and magnetic structures (12). More generally, the holography princi-
ple can be extended to any kind of detection configuration involving a
periodic signal capable of undergoing interference, such as sound
waves (13), x-rays (14), or femtosecond pulse waveforms (spectral ho-
lography) (15).

Various recent experiments have been implemented to extend the
concept of holography from a static imaging method to a dynamical
probe, capable of recording the temporal evolution of both the ampli-
tude and the phase of a signal. Time-resolved optical holography has
been successfully realized in the femtosecond regime (16, 17) and fur-
ther used in combination with photoemission for plasmon imaging
with enhanced spatial resolution in time-resolved photoemission elec-
tron microscopy (tr-PEEM) (18, 19).

The introduction of temporal resolution in electron holography
is more challenging, and so far, the adopted schemes use temporal
gating working in the microsecond time scale (20, 21). Reaching the

ultrafast domain could become a reality owing to recent develop-
ments in the ultrafast transmission electron microscope (UEM), in
which femtosecond lasers are used to create ultrafast electron pulses
(22, 23). Those developments have enabled real-time filming of elec-
tronic collective modes (24–26), strain fields (27), and magnetic tex-
tures (28, 29) with a temporal resolution down to a few hundred
femtoseconds. Holography with ultrafast electron pulses should also
be attainable (23, 30), yielding similar time resolution and allowing
subpicosecond imaging of magnetic and electric fields to be per-
formed. However, most applications of interest involve spatially re-
solved phase dynamics of electromagnetic fields on the time scale of
one to a few femtoseconds. These include electronic excitations in
condensed matter, nonradiative energy transfer in molecules, and
excitonic currents and condensates, as well as optical fields in meta-
materials and photonic crystals.

Here, we demonstrate a time-domain holographic imaging tech-
nique implemented in UEM and based on the quantum coherent in-
teraction of electron wave packets with multiple optical fields. We
illustrate this method by capturing attosecond/nanometer-resolved
phase-sensitive movies of rapidly evolving local electromagnetic fields
in plasmonic structures, which serve as an example of nanoscale im-
aging of phase dynamics. We implement two experimental config-
urations. The first and simplest one relies on using electron pulses to
map the optical interference between a polaritonic reference and a
polaritonic signal, both excited with ultrashort light pulses, which is
similar to near-field optical or tr-PEEM instruments. The second im-
plementation, which is conceptually different and unique to UEM, is
based on Ramsey-type interference (31) and relies on the coherent
modulation of the electron wave function by means of spatially sepa-
rated reference and signal electromagnetic fields. Because the inter-
action with the sequence of optical fields occurs along the electron
propagation direction, the constraint imposed by high transverse elec-
tron coherence, necessary for conventional electron holography, is
now removed. This limitation has so far prevented the practical reali-
zation of holography in time-resolved experiments using pulsed elec-
trons, particularly because multielectron pulses necessary for imaging
applications have degraded coherence. Besides the obvious implications
for the investigation of ultrafast coherent processes at the nanometer
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Holography relies on the interference between a known reference and a signal of interest to reconstruct both the
amplitude and the phase of that signal. With electrons, the extension of holography to the ultrafast time domain
remains a challenge, although it would yield the highest possible combined spatiotemporal resolution. Here, we
show that holograms of local electromagnetic fields can be obtained with combined attosecond/nanometer reso-
lution in an ultrafast transmission electron microscope (UEM). Unlike conventional holography, where signal and
reference are spatially separated and then recombined to interfere, our method relies on electromagnetic fields to
split an electron wave function in a quantum coherent superposition of different energy states. In the image plane,
spatial modulation of the electron energy distribution reflects the phase relation between reference and signal
fields. Beyond imaging applications, this approach allows implementing quantum measurements in parallel,
providing an efficient and versatile tool for electron quantum optics.

INTRODUCTION
Holography allows capturing both the phase and the amplitude of a
signal distribution by superimposing it with a known reference. This
idea was originally proposed byGabor (1, 2) to improve the resolution
of an electron microscope. He first demonstrated the principle using
light optics, while holography with electrons was shown shortly after-
ward (3). With the invention of intense coherent light sources (lasers)
and theirmost recent technological advancements, optical holography
has become a popular technique for three-dimensional (3D) imaging
of macroscopic objects, security applications (4, 5), and microscopic
imaging (6). Electron holography (7, 8) has been successfully used in
materials science (9) and also to image electrostatic potentials (10, 11)
and magnetic structures (12). More generally, the holography princi-
ple can be extended to any kind of detection configuration involving a
periodic signal capable of undergoing interference, such as sound
waves (13), x-rays (14), or femtosecond pulse waveforms (spectral ho-
lography) (15).

Various recent experiments have been implemented to extend the
concept of holography from a static imaging method to a dynamical
probe, capable of recording the temporal evolution of both the ampli-
tude and the phase of a signal. Time-resolved optical holography has
been successfully realized in the femtosecond regime (16, 17) and fur-
ther used in combination with photoemission for plasmon imaging
with enhanced spatial resolution in time-resolved photoemission elec-
tron microscopy (tr-PEEM) (18, 19).

The introduction of temporal resolution in electron holography
is more challenging, and so far, the adopted schemes use temporal
gating working in the microsecond time scale (20, 21). Reaching the

ultrafast domain could become a reality owing to recent develop-
ments in the ultrafast transmission electron microscope (UEM), in
which femtosecond lasers are used to create ultrafast electron pulses
(22, 23). Those developments have enabled real-time filming of elec-
tronic collective modes (24–26), strain fields (27), and magnetic tex-
tures (28, 29) with a temporal resolution down to a few hundred
femtoseconds. Holography with ultrafast electron pulses should also
be attainable (23, 30), yielding similar time resolution and allowing
subpicosecond imaging of magnetic and electric fields to be per-
formed. However, most applications of interest involve spatially re-
solved phase dynamics of electromagnetic fields on the time scale of
one to a few femtoseconds. These include electronic excitations in
condensed matter, nonradiative energy transfer in molecules, and
excitonic currents and condensates, as well as optical fields in meta-
materials and photonic crystals.

Here, we demonstrate a time-domain holographic imaging tech-
nique implemented in UEM and based on the quantum coherent in-
teraction of electron wave packets with multiple optical fields. We
illustrate this method by capturing attosecond/nanometer-resolved
phase-sensitive movies of rapidly evolving local electromagnetic fields
in plasmonic structures, which serve as an example of nanoscale im-
aging of phase dynamics. We implement two experimental config-
urations. The first and simplest one relies on using electron pulses to
map the optical interference between a polaritonic reference and a
polaritonic signal, both excited with ultrashort light pulses, which is
similar to near-field optical or tr-PEEM instruments. The second im-
plementation, which is conceptually different and unique to UEM, is
based on Ramsey-type interference (31) and relies on the coherent
modulation of the electron wave function by means of spatially sepa-
rated reference and signal electromagnetic fields. Because the inter-
action with the sequence of optical fields occurs along the electron
propagation direction, the constraint imposed by high transverse elec-
tron coherence, necessary for conventional electron holography, is
now removed. This limitation has so far prevented the practical reali-
zation of holography in time-resolved experiments using pulsed elec-
trons, particularly because multielectron pulses necessary for imaging
applications have degraded coherence. Besides the obvious implications
for the investigation of ultrafast coherent processes at the nanometer
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Holography relies on the interference between a known reference and a signal of interest to reconstruct both the
amplitude and the phase of that signal. With electrons, the extension of holography to the ultrafast time domain
remains a challenge, although it would yield the highest possible combined spatiotemporal resolution. Here, we
show that holograms of local electromagnetic fields can be obtained with combined attosecond/nanometer reso-
lution in an ultrafast transmission electron microscope (UEM). Unlike conventional holography, where signal and
reference are spatially separated and then recombined to interfere, our method relies on electromagnetic fields to
split an electron wave function in a quantum coherent superposition of different energy states. In the image plane,
spatial modulation of the electron energy distribution reflects the phase relation between reference and signal
fields. Beyond imaging applications, this approach allows implementing quantum measurements in parallel,
providing an efficient and versatile tool for electron quantum optics.

INTRODUCTION
Holography allows capturing both the phase and the amplitude of a
signal distribution by superimposing it with a known reference. This
idea was originally proposed byGabor (1, 2) to improve the resolution
of an electron microscope. He first demonstrated the principle using
light optics, while holography with electrons was shown shortly after-
ward (3). With the invention of intense coherent light sources (lasers)
and theirmost recent technological advancements, optical holography
has become a popular technique for three-dimensional (3D) imaging
of macroscopic objects, security applications (4, 5), and microscopic
imaging (6). Electron holography (7, 8) has been successfully used in
materials science (9) and also to image electrostatic potentials (10, 11)
and magnetic structures (12). More generally, the holography princi-
ple can be extended to any kind of detection configuration involving a
periodic signal capable of undergoing interference, such as sound
waves (13), x-rays (14), or femtosecond pulse waveforms (spectral ho-
lography) (15).

Various recent experiments have been implemented to extend the
concept of holography from a static imaging method to a dynamical
probe, capable of recording the temporal evolution of both the ampli-
tude and the phase of a signal. Time-resolved optical holography has
been successfully realized in the femtosecond regime (16, 17) and fur-
ther used in combination with photoemission for plasmon imaging
with enhanced spatial resolution in time-resolved photoemission elec-
tron microscopy (tr-PEEM) (18, 19).

The introduction of temporal resolution in electron holography
is more challenging, and so far, the adopted schemes use temporal
gating working in the microsecond time scale (20, 21). Reaching the

ultrafast domain could become a reality owing to recent develop-
ments in the ultrafast transmission electron microscope (UEM), in
which femtosecond lasers are used to create ultrafast electron pulses
(22, 23). Those developments have enabled real-time filming of elec-
tronic collective modes (24–26), strain fields (27), and magnetic tex-
tures (28, 29) with a temporal resolution down to a few hundred
femtoseconds. Holography with ultrafast electron pulses should also
be attainable (23, 30), yielding similar time resolution and allowing
subpicosecond imaging of magnetic and electric fields to be per-
formed. However, most applications of interest involve spatially re-
solved phase dynamics of electromagnetic fields on the time scale of
one to a few femtoseconds. These include electronic excitations in
condensed matter, nonradiative energy transfer in molecules, and
excitonic currents and condensates, as well as optical fields in meta-
materials and photonic crystals.

Here, we demonstrate a time-domain holographic imaging tech-
nique implemented in UEM and based on the quantum coherent in-
teraction of electron wave packets with multiple optical fields. We
illustrate this method by capturing attosecond/nanometer-resolved
phase-sensitive movies of rapidly evolving local electromagnetic fields
in plasmonic structures, which serve as an example of nanoscale im-
aging of phase dynamics. We implement two experimental config-
urations. The first and simplest one relies on using electron pulses to
map the optical interference between a polaritonic reference and a
polaritonic signal, both excited with ultrashort light pulses, which is
similar to near-field optical or tr-PEEM instruments. The second im-
plementation, which is conceptually different and unique to UEM, is
based on Ramsey-type interference (31) and relies on the coherent
modulation of the electron wave function by means of spatially sepa-
rated reference and signal electromagnetic fields. Because the inter-
action with the sequence of optical fields occurs along the electron
propagation direction, the constraint imposed by high transverse elec-
tron coherence, necessary for conventional electron holography, is
now removed. This limitation has so far prevented the practical reali-
zation of holography in time-resolved experiments using pulsed elec-
trons, particularly because multielectron pulses necessary for imaging
applications have degraded coherence. Besides the obvious implications
for the investigation of ultrafast coherent processes at the nanometer
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Attosecond electron microscopy of 
sub-cycle optical dynamics

David Nabben1,2, Joel Kuttruff1,2, Levin Stolz1, Andrey Ryabov1ಞᅒ & Peter Baum1ಞᅒ

The primary step of almost any interaction between light and materials is the 
electrodynamic response of the electrons to the optical cycles of the impinging light 
wave on sub-wavelength and sub-cycle dimensions1. Understanding and controlling 
the electromagnetic responses of a material2–11 is therefore essential for modern 
optics and nanophotonics12–19. Although the small de Broglie wavelength of electron 
beams should allow access to attosecond and ångström dimensions20, the time 
resolution of ultrafast electron microscopy21 and di!raction22 has so far been limited 
to the femtosecond domain16–18, which is insu"cient for recording fundamental 
material responses on the scale of the cycles of light1,2,10. Here we advance 
transmission electron microscopy to attosecond time resolution of optical responses 
within one cycle of excitation light23. We apply a continuous-wave laser24 to modulate 
the electron wave function into a rapid sequence of electron pulses, and use an energy 
$lter to resolve electromagnetic near-$elds in and around a material as a movie in 
space and time. Experiments on nanostructured needle tips, dielectric resonators and 
metamaterial antennas reveal a directional launch of chiral surface waves, a delay 
between dipole and quadrupole dynamics, a subluminal buried waveguide $eld and a 
symmetry-broken multi-antenna response. These results signify the value of 
combining electron microscopy and attosecond laser science to understand light–
matter interactions in terms of their fundamental dimensions in space and time.

We use an electron microscope with a Schottky field emitter at an 
electron energy of 183 keV (Fig. 1a). Continuous-wave laser light 
with a wavelength λ = 1,064 nm and a cycle period of 3.6 fs is used to 
excite the material under investigation. The laser light also modu-
lates the electron beam into a train of ultrashort electron pulses of 
attosecond duration by periodically accelerating and decelerating 
the free-electron wave function with the optical electric fields24. The 
electron wave function persists in time for more than one optical cycle 
period25, so we obtain coherent sidebands in the energy domain16,26, 
separated by Eph = hc/λ ≈ 1.17 eV, where Eph is the energy of a photon, 
h is the Planck constant and c is the speed of light. At the specimen 
material, the electron pulses, which have a velocity ve ≈ 0.67 c, cover 
around 200 nm in sub-femtosecond times; electromagnetic near-fields 
in and around the material therefore seem to be approximately fro-
zen in time. The longitudinal fields shift the sideband spectrum of 
the pulsed electrons coherently towards a larger or smaller central 
energy, and the positive or negative sidebands therefore become 
more or less intense, depending on position and arrival time. With 
the help of an imaging energy filter, we reject the zero-loss peak and 
select only the positive electron energy sidebands at ∆E > 1 eV for 
image formation. Consequently, we obtain a spatiotemporal movie 
of the near-field response at the specimen. In this way, we extend the 
ability of electron microscopy to measure optical near-field intensi-
ties16 and their interference patterns around complex materials27,28 far 
enough to reveal the underlying electromagnetic field oscillations in  
space and time.

Before recording attosecond videos, we characterize our experi-
ment with quantum path interference24,26. Figure 1b depicts a series 
of electron energy spectra from the direct beam as a function of ∆t. 
Figure 1c shows the asymmetrically shifted electron energy spectrum 
at delay 2 in comparison with the symmetric sideband amplitudes at 
delay 1. Figure 1d depicts time traces at ∆E = Eph (left) and ∆E = 0 (right), 
demonstrating our ability to resolve sub-femtosecond dynamics. Fig-
ure 1e explains the timing in our pulse-train experiment. The red line 
denotes the optical excitation field, the green line marks a reproduc-
ible material response and the blue line denotes our train of electron 
pulses. Our continuous-wave laser modulation means we can use the 
entire electron beam for the experiment (about 1010 electrons per sec-
ond) and maximize the repetition rate to one optical cycle period23, 
which is the optimum for investigating any linear-optical and most 
nonlinear-optical effects.

Figure 1f depicts the geometry of a first proof-of-principle experi-
ment. The specimen (yellow) is a tungsten needle with a tip radius of 
about 150 nm excited by linearly polarized light (red) at an incidence 
angle of around 45°. The needle converts this excitation wave in part 
into a near-field surface wave that propagates along the tip and the 
shaft. Indeed, the energy-filtered electron-microscopy images (Fig. 1g 
and Supplementary Video 1) reveal around the surface of the needle a 
set of local regions with electron energy gain (white) and energy loss 
(black) as a function of time in attosecond dimensions. These maxima 
and minima correspond to the approximately time-frozen electric 
near-fields of the structure in a longitudinal direction (z axis), where 
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Attosecond spectroscopy1–7 can resolve electronic processes 
directly in time, but a movie-like space–time recording is 
impeded by the too long wavelength (~100 times larger 
than atomic distances) or the source–sample entanglement 
in re-collision techniques8–11. Here we advance attosecond 
metrology to picometre wavelength and sub-atomic resolu-
tion by using free-space electrons instead of higher-harmonic 
photons1–7 or re-colliding wavepackets8–11. A beam of 70-keV 
electrons at 4.5-pm de Broglie wavelength is modulated by 
the electric field of laser cycles into a sequence of electron 
pulses with sub-optical-cycle duration. Time-resolved dif-
fraction from crystalline silicon reveals a!< !10-as delay of 
Bragg emission and demonstrates the possibility of ana-
lytic attosecond–ångström diffraction. Real-space electron 
microscopy visualizes with sub-light-cycle resolution how an 
optical wave propagates in space and time. This unification of 
attosecond science with electron microscopy and diffraction 
enables space–time imaging of light-driven processes in the 
entire range of sample morphologies that electron micros-
copy can access.

Our concepts for generating attosecond electron pulses, direct 
streaking-oscilloscope characterization, atomic diffraction and 
proof-of-principle attosecond electron microscopy of electromag-
netic fields are depicted in Fig. 1. A femtosecond laser12 triggers 
electron emission from a photocathode (yellow) and produces 
electron pulses of ~1 ps duration at a central energy of Eel =  70 
keV (ref. 13). The de Broglie wavelength is λel ≈  4.5 pm and space-
charge effects are avoided by using fewer than one electron per 
pulse at the sample. A first laser beam (‘modulation’) is used to 
compress the electron pulse into a sub-cycle pulse train. For this 
purpose, we let the laser beam and the electron beam intersect 
at a 50-nm-thick silicon nitride membrane that lets the electrons 
pass through. The membrane is also transparent to the laser beam 
(1,030 nm wavelength), but the refractive index of ~2 in combina-
tion with thin-layer interferences generates a phase shift between 
the incoming and outgoing electromagnetic waves. Therefore, 
the periodic electromagnetic acceleration and deceleration of the 
propagating electrons in the optical field cycles before and after 
the membrane do not cancel out after passage through the laser 
focus, as would happen in free space13. In the end, there remains 
a time-dependent overall momentum kick that is proportional 
to the change of vector potential at the membrane and therefore 
dependent on the optical phase. In contrast to metal foils13,14, 

graphite15 or nanostructures16, a dielectric membrane has negli-
gible linear or nonlinear optical absorption and can therefore sus-
tain an extreme level of power and fields, enabling strong/effective 
compression and metrology.

In the experiment, we let the electron beam (0.48 ×  speed 
of light) and the laser beam (p-polarized, ~15 mW, peak field 
~5 ×  107 V m–1) hit the membrane under 35° and 60° from the 
surface normal, respectively. In this geometry (close to Brewster’s 
angle), there is predominantly a periodic acceleration and decel-
eration of the electrons that is dependent on the arrival time at the 
membrane with respect to the laser cycles. Calculations predict17–19 
that such a periodic energy modulation19 can reshape the incom-
ing electron packet after some free-space propagation into a train 
of attosecond pulses15,18–20 (see Fig. 1). A homogeneous compression 
of the entire electron beam (diameter 135 µ m) is achieved by setting 
the optical focus larger (diameter ~300 µ m) and the pulses longer 
in time (~1.7 ps). For temporal pulse characterization, we apply at 
3.7 mm distance a second dielectric membrane (60 nm of silicon) 
and a second laser beam (‘excitation’ in Fig.  1). The optical peak 
field at the silicon membrane is several times higher (~2 ×  108 V m–1) 
and the foil’s refractive index is greater (~3.5). Therefore, the pre-
viously negligible sideways forces are now substantial and create a 
time-dependent beam deflection; that is, a cathode ray oscilloscope 
at optical frequencies (petahertz). Further modulations in time are 
now irrelevant. As the sub-cycle electron pulse train generated at 
the first membrane is temporally synchronized to the characteriza-
tion laser’s optical cycles17, each attosecond electron pulse in the 
pulse train sees the same kind of deflection dynamics, and a time-
integrated measurement characterizes the average pulse duration 
and shape1.

Figure  2a shows the electron beam shape when all lasers are 
off. Figure 2b depicts the beam when the characterization oscillo-
scope (‘excitation’ in Fig. 1) is activated. We observe an elongated 
spot with two maxima at the ends (Fig. 2b), which can be identi-
fied as the turning points of the periodic deflection at the optical 
frequency. We infer a streaking speed of ~0.2 mrad fs–1, which is 
~25 times faster than previously achieved with terahertz radiation13. 
When the compression laser is also activated and adjusted to proper 
field strength, the streak of Fig. 2b turns into a localized spot that 
moves up and down with a sinusoidal dependence on the optical 
phase delay between the two laser beams (see Fig. 2c). This real-
space streaking result directly demonstrates, in probably the clearest 
possible way, the presence of electron pulses with sub-optical-cycle 
localization in time15,18–20.

The duration of the laser-compressed electron pulses can be 
inferred from the streaked spot width divided by the streaking 
speed13, but numerically fitting the entire deflectogram to a model 
is more accurate. We assume a Gaussian electron pulse shape of 
width τel on top of a time-independent background originating 
from uncompressed electrons from the non-converging optical 
cycles17. The deflection is modelled by a sinusoidal oscillation with 
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at times where α∕ xd d  is maximum (converging rays, see Fig. 4d), 
the highest or lowest intensities are observed at the membrane edges 
(±  64 µ m) at times where α is highest or lowest, respectively. Indeed, 
the phase shift of the edge features is close to π /2 (see Fig. 4f, right 
panel). Figure 4g shows the y-integrated phases along x, revealing 
the travelling-wave parameter (12 as µ m–1), the phase shift at the 
edges and a ~10-as accuracy of this proof-of-principle microscopy 
experiment. State-of-the-art instrumentation19 and appropriate 
waveform electron microscopy32 with our attosecond pulses will 

reveal nanoscale and potentially smaller electric and magnetic near-
fields with spatial, temporal and vectorial resolution, hence the 
entire nanophotonic information.

Electron pulses at tens or hundreds of kiloelectronvolts can, in 
principle, have multi-kiloelectronvolt bandwidths and therefore 
zeptosecond duration. In our experiment, the degree of compres-
sion is limited by the available peak field strength at the compres-
sion membrane, by the distance to the sample, by the nonlinear 
shape of the optical cycles and by the uncorrelated energy spread 
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gain is produced by field vectors pointing against the electron trajec-
tory and loss is produced for fields in a parallel direction. As time passes, 
the optical cycles (black arrows) travel from the tip towards the shaft 
(white dotted line). The polarity of the optical cycles is opposite on the 
top and the bottom because the tip acts effectively as a dipole source 
(Extended Data Fig. 1). We conclude that our electron microscopy can 
resolve the sub-cycle and sub-wavelength dynamics of optical field 
oscillations with attosecond and nanometre precision.

We next apply our light-cycle-contrast microscopy to selected phe-
nomena in nanophotonics. We first investigate the possibility of con-
trolling locally the spatiotemporal chirality of the near-fields around 
a plasmonic needle tip. Such electromagnetic fields, which have local 
handedness29, are important for scanning near-field microscopy30, 
tip-enhanced photoluminescence31 and chiral metamaterials32. Our 
specimen is a scanning-tunnelling-microscopy needle with a slit cut 
into the apex by a focused ion beam. The excitation laser is now circu-
larly polarized and impinges on the needle from a symmetry-breaking 
direction with polar and azimuthal angles of about 45°.

Figure 2a shows a static electron-microscopy image and Fig. 2b 
depicts some selected snapshots in time (Supplementary Video 2). 
For both circular polarizations (top and bottom in Fig. 2b), there is 
movement of the plasmonic field cycles from the end of the needle to 
the shaft, but each side of the needle has a different periodicity and a 
distinct phase velocity (dotted lines). Furthermore, the induced dynam-
ics are directional in that the measured field cycles propagate almost 
exclusively on the lower side of the needle for a left-handed excitation 
(top) and almost exclusively along the upper side for a right-handed 
excitation (bottom).

Figure 2c shows, as a function of time, the measured electron energy 
gain or loss in the near-field around the surface of the needle (dotted 
black line in Fig. 2b). We determine phase velocities of (1.4 ± 0.1)c for 
the bottom right side of the needle side and (1.0 ± 0.1)c for the top 
left surface. We attribute these results to the interference dynamics 
between the plasmon polariton wave on the surface of the needle 
(phase velocity ≈ 0.95c and propagation decay length is around 10 µm), 

the remaining plane wave of the excitation (v = c) and its reflection 
(Extended Data Fig. 2). On the side of the needle that faces towards 
the laser (bottom right in Fig. 2b), the plasmonic near-field is super-
imposed with incoming and outgoing plane waves at angles of around 
45°, producing a standing wave with superluminal phase velocity. On 
the averted side (top left in Fig. 2b), only the plasmon polariton wave 
of the curved surface with its subluminal propagation dynamics can 
be seen15. By tracking one field oscillation on each side of the needle 
in space and time (solid lines in Fig. 2d), we find that the origin of the 
plasmonic wave is not the tip of the needle at d = 0 nm but rather  
the slit at d ≈ −200 nm; this result is confirmed in Fig. 2c (solid lines).  
We conclude that surface plasmon polaritons are launched mainly 
from the slit, not from the tip, even though the tip apex also has sub- 
wavelength dimensions.

Finite-difference time-domain simulations (Fig. 2e) explain the 
observed directional launch of dynamics on either the top or the bot-
tom of the tip (Fig. 2b). We consider the model case of a needle with 
a spherical tip (solid circle) that is excited by a circularly polarized 
plane wave that impinges parallel to the needle shaft; components in 
needle direction are negligible for the directional part of the dynam-
ics (Extended Data Fig. 2). The colour map depicts the electric field 
component along the electron propagation path (z axis). As a func-
tion of time, these field components have a swirl (black arrows) that 
counter-propagates with the electron beam on the left side of the mate-
rial (pink) but co-propagates with the electron beam on the right side of 
the material (purple). Figure 2f shows two selected electron trajectories 
in the time-energy domain, one passing to the left of the needle (pink) 
and one to the right (purple). Both components of the electron wave 
function temporarily gain or lose energy from the swirling near-field, 
but the overall effect largely averages out for the counter-propagating 
field, whereas it increases for the co-propagating field. In addition to 
visualizing the electromagnetic field cycles, our attosecond electron 
microscopy can therefore also determine the handedness of a chiral 
near-field by means of surfing or anti-surfing on the time-dependent 
wave.
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Attosecond coherent control of free-electron wave
functions using semi-infinite light fields
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B. Barwick4, F. Javier García de Abajo 5,6 & F. Carbone1

Light–electron interaction is the seminal ingredient in free-electron lasers and dynamical

investigation of matter. Pushing the coherent control of electrons by light to the attosecond

timescale and below would enable unprecedented applications in quantum circuits and

exploration of electronic motions and nuclear phenomena. Here we demonstrate attosecond

coherent manipulation of a free-electron wave function, and show that it can be pushed down

to the zeptosecond regime. We make a relativistic single-electron wavepacket interact in

free-space with a semi-infinite light field generated by two light pulses reflected from a mirror

and delayed by fractions of the optical cycle. The amplitude and phase of the resulting

electron–state coherent oscillations are mapped in energy-momentum space via momentum-

resolved ultrafast electron spectroscopy. The experimental results are in full agreement with

our analytical theory, which predicts access to the zeptosecond timescale by adopting semi-

infinite X-ray pulses.
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Attosecond coherent control of free-electron wave
functions using semi-infinite light fields
G.M. Vanacore1, I. Madan1, G. Berruto1, K. Wang1,2, E. Pomarico1, R.J. Lamb3, D. McGrouther3, I. Kaminer1,2,
B. Barwick4, F. Javier García de Abajo 5,6 & F. Carbone1

Light–electron interaction is the seminal ingredient in free-electron lasers and dynamical

investigation of matter. Pushing the coherent control of electrons by light to the attosecond

timescale and below would enable unprecedented applications in quantum circuits and

exploration of electronic motions and nuclear phenomena. Here we demonstrate attosecond

coherent manipulation of a free-electron wave function, and show that it can be pushed down

to the zeptosecond regime. We make a relativistic single-electron wavepacket interact in

free-space with a semi-infinite light field generated by two light pulses reflected from a mirror

and delayed by fractions of the optical cycle. The amplitude and phase of the resulting

electron–state coherent oscillations are mapped in energy-momentum space via momentum-

resolved ultrafast electron spectroscopy. The experimental results are in full agreement with

our analytical theory, which predicts access to the zeptosecond timescale by adopting semi-

infinite X-ray pulses.
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pushed to the zeptosecond regime using currently existing tech-
nology within our electron–light interaction scheme. Access to
such timescales may open interesting perspectives for the obser-
vation of intramolecular electronic motions40 and nuclear pro-
cesses such as fission, quasifission, and fusion41.

External control of nuclear excitations. Very recently, nuclear
excitation by electron capture (NEEC) has been experimentally
demonstrated42. In such a process, an electron is captured by an
ionized atom while simultaneously inducing the excitation of the
nucleus. In this experimental design, ions were produced by
stripping electrons away from an atomic beam going through a
thin foil. The electronic levels of the ionized atoms were redis-
tributed with respect to the equilibrium atoms, so that electrons
interacting with them randomly sampled one of these
configurations.

On a different approach, multiple atomic ionization can also be
produced by interaction with ultrashort intense laser pulses. In
ref. 43, a surprising resonant effect is reported when tuning the
energy of the ionizing X-ray laser pulse. During this process,
atomic levels transit several intermediate configurations whose
lifetimes lie in the range between few zeptoseconds and few
attoseconds.

In this scenario, we propose that by synchronizing the carrier
of a properly tuned X-ray pulse with ultrashort electron pulses at
the attosecond or zeptosecond level, the nuclear excitation can be
controlled coherently with an ad hoc removal/insertion of
electrons from and into the atom. A scheme of this concept is
displayed in Fig. 7e. A train of zs electron pulses is synchronized
to the optical cycle of an X-ray pulse. By varying their relative
delay time Δτ, different out-of-equilibrium configurations of the
ionized atoms may be sampled in a push/pull-like approach.
Given the degrees of freedom that such an experiment can
provide in choosing both the electron and X-ray energies, their
relative timing, light polarization and intensity, we expect that
interesting resonance effects can be discovered in the excitation of
the nuclei.

Controlling nuclear phenomena via external parameters is an
extremely interesting perspective. Ideally, one would like to
induce instabilities in an otherwise stable or metastable nucleus to
prompt energy-producing decays, or to generate radiation.
However, accessing nuclei is difficult and energetically costly
because of the protective shell of electrons surrounding it. Thus,
external parameters such as pressure, magnetic field or chemical
environment have little or no effect on decay rates and nuclear
properties in general. Our scheme would offer a further
perspective for the control of nuclear reactions with potential
implications in various fields, from fundamental physics to
energy-related applications.

Methods
Materials and experiment. A sketch of our experiment is depicted in Fig. 1a. We
used an ultrafast transmission electron microscope (a detailed description can be
found in ref. 29) to focus femtosecond electrons and light pulsed beams on an
optically thick mirror. The mirror was thin enough to transmit the electrons while
producing large light reflection. Specifically, it was made of a 43 nm-thick (±5 nm)
silver thin film sputtered on a 30 nm Si3N4 membrane placed on a Si support with a
80 × 80 μm2 window, which was in turn mounted on a double-tilt sample holder
that ensured rotation around the x (angle α) and y (angle ϑ) axes over a ±35° range.
Electron pulses were generated by photoemission from a UV-irradiated LaB6
cathode, accelerated to an energy E0 = 200 keV along the z axis, and focused on the
specimen surface. The mirror was simultaneously illuminated with femtosecond
laser pulses of ℏω= 1.57 eV central energy and variable duration, intensity, and
polarization. The light pulses were focused on the sample surface (spot size of
~58 μm FWHM). The light propagation direction lied within the y–z plane and
formed an angle δ ~ 4–5° with the z axis, as shown in Fig. 1a. The delay between
electrons and photons was varied via a computer-controlled delay line. For the
three-pulse experiment, we implemented a Michelson interferometer along the

optical path of the infrared beam, incorporating a computer-controlled variable
delay stage on one arm.

The transmission electron microscope was equipped with EELS capabilities,
coupled to real-space and reciprocal-space imaging. Energy-resolved spectra were
acquired using a Gatan imaging filter (GIF) camera operated with a 0.05 eV-per-
channel dispersion setting and typical exposure times of the CCD sensor from 30 to
60 s. Multiple photon absorption and emission events experienced by the electrons
were analyzed as a function of relative beam-mirror orientations by recording EELS
spectra and diffraction patterns in high-dispersion-diffraction mode. During post-
acquisition analysis, the EELS spectra were aligned based on their ZLP positions
using a differential-based maximum intensity alignment algorithm.

Special care was taken in modulating and evaluating the temporal width of the
light and electron pulses. We varied the duration of the optical pulses by modifying
the temporal chirp of the laser amplifier output using a pair of tunable glass prisms.
An infrared auto-correlator was used for measuring the duration of the infrared
pulses. For electrons, the pulse duration was estimated by measuring the
electron–photon cross-correlation as obtained by monitoring the EELS spectra as a
function of the delay time between electrons and the infrared light. In the low-
excitation regime, the measured temporal width of the ‘th sideband is roughly

τ‘ !
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τ2

e þ τ2
Lð Þ=‘

" #q
(that is, the convolution of electron and optical pulses44 of

durations τe and τL, respectively). For infrared pulses with τL = 60, 175, and 430 fs
FWHM, we derived electron pulse durations τe = 350, 395, and 410 fs FWHM,
respectively (<5% estimated error).

Theory of ultrafast electron–light interaction. Following previous works15,16,18,
we describe an electron wavepacket exposed to an optical field through the Schrö-
dinger equation (H0 + H1)ψ= iℏ∂ψ/∂t, where ψ(r, t) is the electron wave function,
H0 is the free-space Hamiltonian, and H1 = (−ieℏ/mec)A(r, t) · ∇ represents the
minimal-coupling interaction involving the optical vector potential A(r, t) in a gauge
in which the scalar potential and ∇ · A are both zero. We consider an expansion of
the electron wave function in terms of components ei k%r&Ek t=!hð Þ of momentum
ℏk piled near a central value ℏk0 with k0 = !h&1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2meE0ð Þ 1þ E0=2mec2ð Þ

p
, corre-

sponding to an electron kinetic energy E0. Each of these components is an
eigenstate of H0 with energy Ek ≈ E0 + ℏv · (k − k0), where v = (ℏk0/me)/(1 + E0/
mec2) is the central electron velocity. This approximation is valid for small
momentum spread (that is, k & k0j j' k0). Under these conditions, we can also
approximate H0 ≈ E0 − ℏv · (i∇+ k0), as well as ∇ ≈ ik0 in H1. Now, it is con-
venient to separate the fast evolution of the wave function imposed by the central-
momentum component as ψ(r, t) = ei k0 %r&E0 t=!hð Þϕðr; tÞ, where ϕ(r, t) then displays a
slower dynamics. Putting these elements together, the Schrödinger equation
reduces to

ðv % ∇þ ∂=∂tÞϕ ¼ &iev
!hc
% Aϕ;

which admits the rigorous solution

ϕðr; tÞ ¼ ϕ0ðr& vtÞexp
&iev
!hc
%
Z t

&1
dt′Aðrþ vt′& vt; t′Þ

$ %
: ð4Þ

Here, ϕ0(r − vt) is the electron wave function before interaction with the optical
field. In practice, we consider illumination by an optical pulse with a narrow
spectral distribution centered around a frequency ω, so the vector potential can be
approximated as Aðr; tÞ ! ð&ic=ωÞ~E0ðr; tÞe&iωt þ c:c:, where the electric field
amplitude ~E0ðr; tÞ describes a slowly varying pulse envelope that changes negligibly
over an optical period. Inserting this expression into Eq. (4), we find the solution
ϕ(r, t) = ϕ0ðr& vtÞe&BþB) , where Bðr; tÞ= ev

!hω %
R t
&1 dt′ ~E0ðrþ vt′& vt; t′Þe&iωt′ .

Finally, using the Jacobi-Anger expansion eiu sinφ ¼
P1

‘¼&1 J‘ðuÞei‘φ (see Eq.
(9.1.41) of ref. 45) with uj j ¼ 2 Bj j and φ ¼ argf&Bg, we obtain ϕ(r, t) =
ϕ0ðr& vtÞ

P1
‘¼&1 J‘ 2 Bj jð Þei‘ argf&Bg . This expression has general applicability

under the assumptions of small energy spread in both electron and optical pulses.
For monochromatic light (that is, when ~E0ðrÞ depends only on position),

considering without loss of generality v along bz, we find B ¼ βðrÞe&iωðz=v&tÞ with

βðrÞ ¼ e
!hω

Z z

&1
dz′E0zðx; y; z′Þe&iωz′=v; ð5Þ

and the electron wave function then becomes

ϕðr; tÞ ¼ ϕ0ðr& vtÞ
X1

‘¼&1
J‘ 2 βj jð Þei‘ argf&βgþi‘ωðz=v&tÞ; ð6Þ

where the last term in the exponential shows a change in the energy and
momentum of the ‘ wave function component given by ‘!hω and ‘!hω=v.

For a Gaussian light pulse ~E0ðr; tÞ ¼ ~E0ðrÞe&t2=σ2
L , corresponding to a FWHM-

intensity duration τL =
ffiffiffiffiffiffiffiffiffiffiffiffi
2log2

p" #
σL ! 1:18σL, under the assumption that the time

needed by the electron to cross the interaction region is small compared with σL, we
recover the result of Eq. (6) with β (Eq. (5)) replaced by e&ðz=v&tÞ2=σ2

Lβ.
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Coherent control of the longitudinal electron wavefunction by transition radiation



Zeptoseconds (10-21) electron pulses

Zeptosecond physics:
• Nuclear processes (electron capture, core-level photoemission)
• Intramolecular processes (charge transfer)
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The quantum wave nature of both light and matter has enabled 
several tools to shape them into new wave structures defined 
by exotic non-trivial spatiotemporal properties1. Among 

these techniques, the impartment of a vortex onto their transverse 
phase profile is having a significant impact in both applied and 
fundamental science. Vortices are stagnant points at which the 
phase is undefined, while along a contour around them it varies 
by an integer multiple m of 2π. The magnitude and sign of the 
quantization number m, also known as the topological charge, 
indicate the amount and the handedness, respectively, of the 
phase cycles surrounding the vortex2. If the singularity is located 
along the wave’s central axis z, it is simply accounted for by a phase  
factor exp(imϕ) in the wavefunction, where ϕ is the azimuthal 
angle. Provided that the modulus of the wave is circularly symmet-
ric, then the presence of this term causes the wave to carry orbital 
angular momentum (OAM), as it effectively becomes an eigen-
state of the z component of the OAM operator with eigenvalue 
mħ, where ħ is the reduced Planck constant. Vortices have been 
extensively studied in optical waves within the context of classi-
cal and quantum communications3–5, optical trapping6,7, quantum 
entanglement8,9 and nanostructured plasmonic devices10. Vortices 
in electron waves have also become increasingly relevant in mod-
ern science, especially in electron microscopy11–14. Combining the 
OAM of the vortex beam with the charge of the electrons results in 
an increased sensitivity to local magnetic properties15,16. Both opti-
cal and electron beams that carry OAM can be produced by means 
of passive devices that directly modify their wave structure, such 
as spiral phase plates17, amplitude holograms18 and phase holo-
grams19,20. The electron’s charge also allows a vortex to be obtained 
by other methods, such as magnetic needles21, programmable 

electrostatic displays22 and tunable electrostatic phase devices23. 
Alternative approaches relying on the discrete exchange of OAM 
between interacting relativistic electrons and optical electromag-
netic waves have also been theoretically proposed24,25. However, all 
experimental implementations so far have been limited to contin-
uous-wave vortex electron beams, restricting the range of possible 
applications mainly to the investigation of ground-state processes, 
whereas a huge amount of information resides in the exploration 
of the non-equilibrium dynamics.

In this Article we show experimentally that ultrafast vorticity can 
be imparted to charged particles by interaction with strong local 
electromagnetic fields sustained by collective electronic modes. 
This is achieved by having ultrashort single-electron wavepackets 
interacting with an optically excited femtosecond chiral plasmonic 
near field. This interaction induces an azimuthally varying phase 
shift on the electron’s wavefunction, as mapped via ultrafast trans-
mission electron microscopy26,27. Compared with static approaches 
using passive phase masks, this method offers a higher degree of 
scalability to small length scales and a highly efficient dynamic 
phase control, derived from the ability to manipulate the ultrafast 
plasmonic field. We demonstrate this level of phase manipulation 
using a sequence of two phase-locked light pulses to coherently con-
trol the properties of the vortex beam with attosecond precision. 
Our experimental results are described by means of a general theo-
retical framework that can also be applied to other charged particles 
and thus potentially to other matter waves such as proton beams. 
The ability to add OAM onto the latter could have fundamental 
implications for open questions in hadronic physics, where OAM-
carrying protons could be used to address the origin of their spin 
(the proton spin puzzle)28.

Ultrafast generation and control of an electron 
vortex beam via chiral plasmonic near fields
G. M. Vanacore! !1,10*, G. Berruto1,10, I. Madan1, E. Pomarico1, P. Biagioni! !2, R. J. Lamb3, 
D. McGrouther3, O. Reinhardt4, I. Kaminer4, B. Barwick5, H. Larocque6, V. Grillo7, E. Karimi6, 
F. J. García de Abajo! !8,9 and F. Carbone1

Vortex-carrying matter waves, such as chiral electron beams, are of significant interest in both applied and fundamental sci-
ence. Continuous-wave electron vortex beams are commonly prepared via passive phase masks imprinting a transverse phase 
modulation on the electron’s wavefunction. Here, we show that femtosecond chiral plasmonic near fields enable the genera-
tion and dynamic control on the ultrafast timescale of an electron vortex beam. The vortex structure of the resulting electron 
wavepacket is probed in both real and reciprocal space using ultrafast transmission electron microscopy. This method offers 
a high degree of scalability to small length scales and a highly efficient manipulation of the electron vorticity with attosecond 
precision. Besides the direct implications in the investigation of nanoscale ultrafast processes in which chirality plays a major 
role, we further discuss the perspectives of using this technique to shape the wavefunction of charged composite particles, such 
as protons, and how it can be used to probe their internal structure.
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by exotic non-trivial spatiotemporal properties1. Among 

these techniques, the impartment of a vortex onto their transverse 
phase profile is having a significant impact in both applied and 
fundamental science. Vortices are stagnant points at which the 
phase is undefined, while along a contour around them it varies 
by an integer multiple m of 2π. The magnitude and sign of the 
quantization number m, also known as the topological charge, 
indicate the amount and the handedness, respectively, of the 
phase cycles surrounding the vortex2. If the singularity is located 
along the wave’s central axis z, it is simply accounted for by a phase  
factor exp(imϕ) in the wavefunction, where ϕ is the azimuthal 
angle. Provided that the modulus of the wave is circularly symmet-
ric, then the presence of this term causes the wave to carry orbital 
angular momentum (OAM), as it effectively becomes an eigen-
state of the z component of the OAM operator with eigenvalue 
mħ, where ħ is the reduced Planck constant. Vortices have been 
extensively studied in optical waves within the context of classi-
cal and quantum communications3–5, optical trapping6,7, quantum 
entanglement8,9 and nanostructured plasmonic devices10. Vortices 
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ern science, especially in electron microscopy11–14. Combining the 
OAM of the vortex beam with the charge of the electrons results in 
an increased sensitivity to local magnetic properties15,16. Both opti-
cal and electron beams that carry OAM can be produced by means 
of passive devices that directly modify their wave structure, such 
as spiral phase plates17, amplitude holograms18 and phase holo-
grams19,20. The electron’s charge also allows a vortex to be obtained 
by other methods, such as magnetic needles21, programmable 
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Alternative approaches relying on the discrete exchange of OAM 
between interacting relativistic electrons and optical electromag-
netic waves have also been theoretically proposed24,25. However, all 
experimental implementations so far have been limited to contin-
uous-wave vortex electron beams, restricting the range of possible 
applications mainly to the investigation of ground-state processes, 
whereas a huge amount of information resides in the exploration 
of the non-equilibrium dynamics.

In this Article we show experimentally that ultrafast vorticity can 
be imparted to charged particles by interaction with strong local 
electromagnetic fields sustained by collective electronic modes. 
This is achieved by having ultrashort single-electron wavepackets 
interacting with an optically excited femtosecond chiral plasmonic 
near field. This interaction induces an azimuthally varying phase 
shift on the electron’s wavefunction, as mapped via ultrafast trans-
mission electron microscopy26,27. Compared with static approaches 
using passive phase masks, this method offers a higher degree of 
scalability to small length scales and a highly efficient dynamic 
phase control, derived from the ability to manipulate the ultrafast 
plasmonic field. We demonstrate this level of phase manipulation 
using a sequence of two phase-locked light pulses to coherently con-
trol the properties of the vortex beam with attosecond precision. 
Our experimental results are described by means of a general theo-
retical framework that can also be applied to other charged particles 
and thus potentially to other matter waves such as proton beams. 
The ability to add OAM onto the latter could have fundamental 
implications for open questions in hadronic physics, where OAM-
carrying protons could be used to address the origin of their spin 
(the proton spin puzzle)28.
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of mixed-direction concavity/convexity and 
only a single band.

The implications of goniopolarity largely 
remain to be seen, but it is interesting to 
consider what it might mean for the ubiquity 
of applications that require p–n junctions 
— interfaces between p-type and n-type 
materials that are essential components 
of digital logic circuits, photovoltaic 
technologies, and solid-state heaters, 
coolers, and thermometers. The existence 
of a goniopolar effect implies that one 
could make such a junction not from two 
diverse materials, whose interface is often 
complicated, but from two samples of the 
exact same material rotated with respect to 
one another.

Even without making junctions, one 
can imagine using the goniopolar effect 
together with a recent theoretical  

proposal for generating perpendicular  
heat flow4–6. Since the sign of the 
thermopower is direction-dependent (say, 
positive in the x direction and negative 
in the z direction), flowing an electrical 
current in the x + z direction generates 
a heat current that has a component 
in the perpendicular x – z direction. 
Generating such perpendicular heat flow 
usually requires a magnetic field, but for 
goniopolar materials it can seemingly be 
achieved in a single (and single-band) 
material without any applied field (albeit 
only for specific directions of current 
flow). One can now imagine constructing 
simple, solid-state heaters and refrigerators 
without any junctions, which operate by 
running an electrical current parallel to the 
object from which they are heating  
or cooling. ❐
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PHOTONICS

Vorticity induced by chiral plasmonic fields
Coherent shaping of matter waves in temporal and spatial domains by photon-induced near fields opens up new 
possibilities for the quantum control of matter.

Jun Yuan

Many classical and quantum 
technologies rely on the coherent 
control and manipulation of matter 

waves. Coherent electron vortex beams1 are 
characterized by a topological charge (ℓ),  
where ℓ can be any integer, and exhibit 
unique and attractive properties such as 
orbital angular momentum (OAM) ℓℏ about 
the beam axis, in addition to the spin orbital 
angular momentum of the electron. The 
OAM of the beams can be used to transfer 
mechanical torque to nanoparticles. The 
orthogonality of electron vortex beams with 
different topological charges means that they 
can form high (ℓ)-dimensional orthonormal 
basis sets for quantum measurements and 
quantum communication.

The topology of all OAM-bearing vortex 
beam wavefunctions is characterized by a 
linear azimuthal phase gradient structure, 
with a ℓπ2  phase discontinuity upon 360° 
rotation about the beam axis. Electron 
vortex beams can be generated by adding the 
required phase gradient to a conventional 
non-vortex (ℓ = 0) electron beam; this 
so-called beam shaping is traditionally 
based on the coherent elastic interaction 
of the electron beams with matter or 
electron optics1: the matter optics method 

is passive (once fabricated, it cannot be 
changed easily), while the electro-optical 
method allows more freedom by altering 
the electrostatic and magnetic fields. 
An ideal electro-optical element is the 
hypothetical magnetic monopole, hence 
only an approximate phase gradient can 
be generated using conventional electron 
optics2. Recently, the interaction of a 
femtosecond laser-induced plasmonic near 
field with electrons has also allowed the 
temporal structure of the electron beam 
pulse to be manipulated3,4. Writing in 
Nature Materials, Gianmaria Vanacore and 
colleagues5 have now pushed this technique 
further to convert ultrashort ordinary 
electron beam pulses to electron vortex 
beam pulses by controlling the spatial phase 
structure of the beam.

In this near-field approach, two 
key steps are involved. First, a circular 
polarized laser beam (Fig. 1a, purple) is 
used to excite plasmons (Fig. 1a, red) in a 
metal-covered dielectric film with a hole. 
As plasmons have smaller wavelengths 
(λ) than those of the optical fields that 
induce them, the need to match the linear 
momentum ( λℏ = πℏ∕k 2 ) difference 
between the two fields restricts the laser 

excitation of the plasmonic near field to 
happen only at the hole edge of the metal 
film, where the momentum conservation 
law does not hold due to a breakdown of 
translation invariance there. The chiral 
plasmonic near field is generated via a 
geometric Berry phase effect that converts 
photons’ spin in the circular polarized 
laser beam into plasmons’ orbital angular 
momentum6. One way to understand this 
conversion effect is to focus on the local 
transverse magnetic field component 
of the circular polarized light acting on 
a given small edge section of the hole, 
which can be approximated as a straight 
edge aligned to the tangential direction 
of the hole. As the polarization vector of 
the normally incident circular polarized 
beam rotates with time, the local amplitude 
of the plasmon induced at the hole edge 
also gets modulated accordingly, reaching 
a maximum when the local transverse 
magnetic field is aligned with the edge and 
vanishing when the two are perpendicular7. 
As one moves around the circular edge, 
the time difference for maximum plasmon 
generation is proportional to the azimuthal 
angle difference. This linear azimuthal 
angle-dependent phase (with a net phase 
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of mixed-direction concavity/convexity and 
only a single band.

The implications of goniopolarity largely 
remain to be seen, but it is interesting to 
consider what it might mean for the ubiquity 
of applications that require p–n junctions 
— interfaces between p-type and n-type 
materials that are essential components 
of digital logic circuits, photovoltaic 
technologies, and solid-state heaters, 
coolers, and thermometers. The existence 
of a goniopolar effect implies that one 
could make such a junction not from two 
diverse materials, whose interface is often 
complicated, but from two samples of the 
exact same material rotated with respect to 
one another.

Even without making junctions, one 
can imagine using the goniopolar effect 
together with a recent theoretical  

proposal for generating perpendicular  
heat flow4–6. Since the sign of the 
thermopower is direction-dependent (say, 
positive in the x direction and negative 
in the z direction), flowing an electrical 
current in the x + z direction generates 
a heat current that has a component 
in the perpendicular x – z direction. 
Generating such perpendicular heat flow 
usually requires a magnetic field, but for 
goniopolar materials it can seemingly be 
achieved in a single (and single-band) 
material without any applied field (albeit 
only for specific directions of current 
flow). One can now imagine constructing 
simple, solid-state heaters and refrigerators 
without any junctions, which operate by 
running an electrical current parallel to the 
object from which they are heating  
or cooling. ❐
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Vorticity induced by chiral plasmonic fields
Coherent shaping of matter waves in temporal and spatial domains by photon-induced near fields opens up new 
possibilities for the quantum control of matter.

Jun Yuan

Many classical and quantum 
technologies rely on the coherent 
control and manipulation of matter 

waves. Coherent electron vortex beams1 are 
characterized by a topological charge (ℓ),  
where ℓ can be any integer, and exhibit 
unique and attractive properties such as 
orbital angular momentum (OAM) ℓℏ about 
the beam axis, in addition to the spin orbital 
angular momentum of the electron. The 
OAM of the beams can be used to transfer 
mechanical torque to nanoparticles. The 
orthogonality of electron vortex beams with 
different topological charges means that they 
can form high (ℓ)-dimensional orthonormal 
basis sets for quantum measurements and 
quantum communication.

The topology of all OAM-bearing vortex 
beam wavefunctions is characterized by a 
linear azimuthal phase gradient structure, 
with a ℓπ2  phase discontinuity upon 360° 
rotation about the beam axis. Electron 
vortex beams can be generated by adding the 
required phase gradient to a conventional 
non-vortex (ℓ = 0) electron beam; this 
so-called beam shaping is traditionally 
based on the coherent elastic interaction 
of the electron beams with matter or 
electron optics1: the matter optics method 

is passive (once fabricated, it cannot be 
changed easily), while the electro-optical 
method allows more freedom by altering 
the electrostatic and magnetic fields. 
An ideal electro-optical element is the 
hypothetical magnetic monopole, hence 
only an approximate phase gradient can 
be generated using conventional electron 
optics2. Recently, the interaction of a 
femtosecond laser-induced plasmonic near 
field with electrons has also allowed the 
temporal structure of the electron beam 
pulse to be manipulated3,4. Writing in 
Nature Materials, Gianmaria Vanacore and 
colleagues5 have now pushed this technique 
further to convert ultrashort ordinary 
electron beam pulses to electron vortex 
beam pulses by controlling the spatial phase 
structure of the beam.

In this near-field approach, two 
key steps are involved. First, a circular 
polarized laser beam (Fig. 1a, purple) is 
used to excite plasmons (Fig. 1a, red) in a 
metal-covered dielectric film with a hole. 
As plasmons have smaller wavelengths 
(λ) than those of the optical fields that 
induce them, the need to match the linear 
momentum ( λℏ = πℏ∕k 2 ) difference 
between the two fields restricts the laser 

excitation of the plasmonic near field to 
happen only at the hole edge of the metal 
film, where the momentum conservation 
law does not hold due to a breakdown of 
translation invariance there. The chiral 
plasmonic near field is generated via a 
geometric Berry phase effect that converts 
photons’ spin in the circular polarized 
laser beam into plasmons’ orbital angular 
momentum6. One way to understand this 
conversion effect is to focus on the local 
transverse magnetic field component 
of the circular polarized light acting on 
a given small edge section of the hole, 
which can be approximated as a straight 
edge aligned to the tangential direction 
of the hole. As the polarization vector of 
the normally incident circular polarized 
beam rotates with time, the local amplitude 
of the plasmon induced at the hole edge 
also gets modulated accordingly, reaching 
a maximum when the local transverse 
magnetic field is aligned with the edge and 
vanishing when the two are perpendicular7. 
As one moves around the circular edge, 
the time difference for maximum plasmon 
generation is proportional to the azimuthal 
angle difference. This linear azimuthal 
angle-dependent phase (with a net phase 
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of illumination. This is shown in Fig. 3c,i for a circularly polarized 
light beam in combination with a sample orientation that vanishes 
the electron–light interaction while maintaining a significant elec-
tron–plasmon coupling (Supplementary Section 2). Comparison 
between the reciprocal-space map measured under these condi-
tions (Fig. 3c,i) and that acquired before optical illumination (Fig. 
3b,h) reveals a characteristic destructive interference region at the 
electron beam centre, which attests to the presence of a phase singu-
larity in its transverse phase profile. We attribute the origin of this 
behaviour to the chiral near field created at the hole, which domi-
nates the coupling with the electron wavepacket (Supplementary 
Fig. 8) and imprints on it a πℓ2  phase shift as inherited by the cir-
cularly polarized optical illumination. To confirm that the recipro-
cal-space distribution of the electron beam is indeed determined 
by the phase profile of the optical field at the hole, we performed 
additional experiments using a linearly polarized light beam. This is 

shown in Fig. 3d,j, where a characteristic two-lobed electron beam38 
is formed as a result of the uniform π phase shift generated across 
the hole (Fig. 2i).

Within this scenario, the momentum-resolved electron wave-
function Ψℓ k k( , )x y  can be calculated as the Fourier transform of 
the real-space wavefunction ψ ϕℓ R( , ):

∫ ∫Ψ ϕ ψ ϕ= − ⋅ℓ
−π

π +∞

⊥ ℓk k R R i Rk R( , ) d d exp( ) ( , ) (2)x y
0

where k⊥ = (kx,ky). Here,ψ ϕℓ R( , )is given by equation (1), where the 
incident wavefunction ψinc(R,ϕ) has a lateral extension determined 
by the electron transverse coherence (~0.7–1 μm), and the inter-
action strength β originated at the hole is extracted from FDTD 
simulations where the actual spatial distribution of the near field is 
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Fig. 3 | Generation and detection of an ultrafast electron vortex beam via interaction with a chiral plasmonic near field. a, Schematic representation of 
OAM transfer to electrons. The interaction between a pulsed electron plane wave synchronized with a chiral plasmonic field creates an OAM-carrying 
electron wavepacket. b–d, Experimentally measured far-field images of the electron beam in the transverse-momentum space before laser illumination 
(b) or in the presence of circularly polarized light (c) and linearly polarized light (d) (scale bars, 4!μm−1). The images are acquired with electron and light 
wavepackets in temporal coincidence. The experimental geometry (and in particular the angle α) is chosen such that the interaction of the electrons with 
the incident and reflected light beams vanishes while maintaining a significant coupling with the plasmonic near field. e–g, Calculated reciprocal-space 
intensity distribution of the electron beam using the analytical theory and the FDTD simulations described in the text for both circular (f) and linear (g) 
light polarization states. The momentum-resolved electron wavefunction Ψℓ k k( , )x y  is obtained as the Fourier transform of the real-space wavefunction 
ψ ϕℓ R( , ) given by equation (1), where the interaction strength β originating at the hole is extracted from the FDTD simulations (scale bars, 4!μm−1). 
In e, β!=!0 is considered to mimic the absence of illumination. In f and g, the total intensity map is shown as obtained by incoherently adding all the 
contributions with different values of ℓ. A small momentum broadening is also included to take into account the experimental resolution. h–j, Vertical and 
horizontal line profiles across the central part of the far-field images shown in b–d (experiment) and e–g (theory).
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• A chiral plasmonic field can impart a phase singularity
onto the transverse component of an e- wavefunction

• Chiral SPP launched by elliptically polarized light

• Simulated Chiral SPP

Coherent control of the transverse electron wavefunction

Vanacore et al., Nature Materials 18, 573 (2019)
New and Views article: Jun Yuan Nature Materials 18, 533 (2019)

https://actu.epfl.ch/news/twisting-whirlpools-of-electrons/
https://www.youtube.com/watch?time_continue=5&v=TIJ-mlh2LSI&feature=emb_logo

https://actu.epfl.ch/news/twisting-whirlpools-of-electrons/
https://www.youtube.com/watch?time_continue=5&v=TIJ-mlh2LSI&feature=emb_logo


Electron wavefunction microscopy 
in momentum space

Generation of electron vortex beams

Vanacore et al., Nature Materials 18, 573 (2019)



Three pulses experiment: attosecond control of the topological 
charge   of   an    e- wavefunction   between   + 1    and.  - 1

Coherent control of vortex beams

Vanacore et al., Nature Materials 18, 573 (2019)



Laroque et al., Nat. Phys. 14 1 (2018)

neutron

S

neutron wavelength. To attain a 2p phase shift in an aluminium
SPP, the step height is hs 5 112mm. Note that this value of hs is much
greater than our neutron wavelength, since the index of refraction, n,
for neutrons at this wavelength in aluminium is very close to unity27:
1 2 n 5 Nbcl

2/(2p) < 2.43 3 1026. Figure 1c shows the photographs
of two SPPs with hs 5 224mm.

Immediately after passing the SPP a neutron acquires an addi-
tional azimuthal phase twist of 2pL, where the effective angular
momentum L 5 Nbclhs/(2p) is a function of the spiral step height.
Every OAM component of an incoherent beam entering the phase
plate obtains an additional phase twisting proportional to L. The
average angular momentum of the neutron, measured in units of !h,
becomes ÆLæ 5 L0 1 L, where L0 is the initial average OAM, which
varies for different neutrons of the incoherent beam. Given the
uncertainty of the angular momentum with which a neutron enters
the phase plate, the outgoing states also remain uncertain.

The neutron OAM states that we generate are analysed using inter-
ferometry. We fabricated several SPPs, corresponding to phase circula-
tion of 2p, 4p, 8p and 15p around the singularity of the wavefunction,
or average orbital momenta of L 5 1, 2, 4 and 7.5. The input neutron
wavefunction is split along two paths in the neutron interferometer.
Both neutron paths pass through a 2-mm-thick plate (the phase flag),
with which we control the relative overall phase difference between
paths. One neutron path passes through an SPP, which imprints an
azimuthal phase upon the neutron wavefront. Up to a common overall
phase, the neutron wavefunction at the entrance of the 2D detector can
be described in cylindrical coordinates centred at the axis of the phase
plate as: Y~(c1eiLQzc2e{iw0 )Y0, where Q is the azimuthal angle
about the beam propagation axis (see Fig. 1b), c1 and c2 are amplitudes
composed of neutron reflection and transmission coefficients of the
interferometer blades, w0 is the phase due to the phase flag and Y0 is the
wavefunction of a neutron entering the interferometer. The spatially
resolved neutron fluence rate at the 2D detector is thus proportional to:

I2D(r, Q; h)! ½1zCcos(LQzw0)"jY0j2 ð2Þ
where 0 # C # 1 is the interferometric contrast of the interferometer.
For the interferometer used in this work, C 5 0.84 without background
correction.

Figure 1a is a schematic diagram of the experiment performed at
the Neutron Interferometry and Optics Facility (NIOF)28,29 at the
National Institute of Standards and Technology (NIST). The neutron
interferometer shown there has the standard configuration used in
the field23: it is analogous to an optical Mach–Zehnder interferometer.
Created in a 20-MW research reactor, cooled in a cryogenic mod-
erator to a temperature of 20 K, and transported through 30 m of
neutron guides, the neutrons enter the neutron interferometer in a

15-mm-diameter beam, which is Bragg-scattered on the first blade of
the neutron interferometer into two coherent paths. We insert one or
two SPPs into one of the paths, so a neutron in that path acquires a
variation of phase across its wavefront. The second blade of the neut-
ron interferometer is employed as a lossy mirror: part of the incident
beam is transmitted through the blade and leaves the neutron inter-
ferometer (this part is not shown in Fig. 1a); the remainder of the
beam is Bragg-scattered towards the third blade of the neutron inter-
ferometer. The two paths from the second blade reconnect coherently
at the third blade. This blade combines the interfering transmitted/
Bragg-diffracted neutron paths and directs them into the 2D
detector30 and an integrating 3He neutron counter28. A 2-mm-thick
plate of fused silica is installed between the second and third blades.
This serves as a ‘phase flag’: by rotating this phase flag we can intro-
duce and control a spatially uniform phase difference between neut-
ron paths. The spatially resolved data from the 2D detector provides
information on the spatial phase ‘impressed’ upon on the neutron
wavefront by the SPP.

Figure 2 shows 2D images using a position-sensitive detector placed
after the third blade of the neutron interferometer (see Fig. 1a). These
interferograms use a conventional false-colour spatial representation of
the time-integrated neutron intensity per pixel of the 2D detector
(examples of the raw data, data manipulation and data noise are
shown in Extended Data Figs 1–3). The results generated by SPPs with
hs 5 112mm, 224mm, 448mm and 840mm, which correspond to L 5 1,
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Figure 2 | OAM interferograms. Spatial
distribution of the neutron counts in the 2D
detector30 of the neutron interferometer for four
SPPs, with values of L 5 1, 2, 4 and 7.5, as labelled.
The horizontal and vertical positions on the 2D
neutron detector are shown in millimetres. For the
integer values of L these distributions display the
simple OAM interference pattern expressed in
equation (2); for L 5 7.5 we have the superposition
of OAM modes given by equation (4) in
Methods. The 2D detector is a centroid-type event-
counting detector with a spatial resolution of
100mm and an 18% quantum efficiency (that is,
counts registered per neutron incident on the
detector). Its operation is shot-noise (Poisson-
noise) limited in this regime. The neutron counts
were collected over 3.5 days and normalized by the
maximal pixel count, which is about 45.
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Figure 3 | Addition of angular momenta along the direction of propagation
accomplished by two spiral phase plates. On the left are two interferograms
obtained separately with different SPPs: with effective OAM La 5 1
(hs 5 112mm) and with Lb 5 2 (hs 5 224mm). The horizontal and vertical
positions on the 2D neutron detector are shown in millimetres. On the right is
the interferogram obtained by concatenating both SPPs in path I of the neutron
interferometer (in the configuration indicated schematically), to make a
compound SPP with Lc 5 La 1 Lb 5 3.
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Make a particle with a fine structure spiral 
reveals its inner structure

Neutron
orbital angular 
momentum

Twisted neutrons

Clark et al., Nature 525, 504 (2015)

• Spin-polarized TEM does not exist yet

• Left handed/right handed vortex beams 

are sensitive to magnetization orientation

• Transfer topological charge from e- vortex

beam to spins in materials

Vortex beams, magnetic sensing

Application of vortex beams

• Can we twist protons as well?

• Can we twist atoms and ions?

• Exploit the different radiation/matter

interaction for selective tissue ablation

(ongoing project with ADAM and CERN)



Dreamt of: 1600
Observed and used: 1950s to now
Controlled: not yet

Manipulating the element transmutation

Coherent control of nuclear reactions



NuclearMajor plus
• 4-5 orders of magnitude higher energy density
• Long-lasting (even 100s of years, use in satellites)

Major minus
• Low power density (slow energy release process)
• Dangerous/poisonous materials (not eco-friendly)
• Low nuclear to electric energy conversion efficiency

Solutions:
• Control decay-rates: control 

power delivery 
• Transiently induce radioactivity

in stable elements: 
reduce environmental hazard,
cost, danger

• Electrons and light technology 
can be integrated. Common 
nuclear technology cannot

Nuclear batteries

https://physicsworld.com/a/nuclear-excitation-by-electron-capture-seen-at-long-last/







Coherent control of nuclei
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of illumination. This is shown in Fig. 3c,i for a circularly polarized 

light beam in combination with a sample orientation that vanishes 

the electron–light interaction while maintaining a significant elec-

tron–plasmon coupling (Supplementary Section 2). Comparison 

between the reciprocal-space map measured under these condi-

tions (Fig. 3c,i) and that acquired before optical illumination (Fig. 

3b,h) reveals a characteristic destructive interference region at the 

electron beam centre, which attests to the presence of a phase singu-

larity in its transverse phase profile. We attribute the origin of this 

behaviour to the chiral near field created at the hole, which domi-

nates the coupling with the electron wavepacket (Supplementary 

Fig. 8) and imprints on it a πℓ2
 phase shift as inherited by the cir-

cularly polarized optical illumination. To confirm that the recipro-

cal-space distribution of the electron beam is indeed determined 

by the phase profile of the optical field at the hole, we performed 

additional experiments using a linearly polarized light beam. This is 

shown in Fig. 3d,j, where a characteristic two-lobed electron beam 38 

is formed as a result of the uniform π phase shift generated across 

the hole (Fig. 2i).

Within this scenario, the momentum-resolved electron wave-

function Ψℓ k k
( , )x

y  can be calculated as the Fourier transform of 

the real-space wavefunction ψ
ϕℓ R( , ):

∫
∫

Ψ

ϕ

ψ
ϕ

=

−
⋅

ℓ

−π

π
+∞

⊥

ℓ

k k

R R
i

R

k
R

( , )
d

d exp(

)
( , )

(2)

x
y

0

where k⊥  = (k
x ,k

y ). Here,ψ
ϕℓ R( , )is given by equation (1), where the 

incident wavefunction ψ
inc (R,ϕ) has a lateral extension determined 

by the electron transverse coherence (~0.7–1 μm), and the inter-

action strength β originated at the hole is extracted from FDTD 

simulations where the actual spatial distribution of the near field is 
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Fig. 3 | Generation and detection of an ultrafast electron vortex beam via interaction with a chiral plasmonic near field. a, Schematic representation of 

OAM transfer to electrons. The interaction between a pulsed electron plane wave synchronized with a chiral plasmonic field creates an OAM-carrying 

electron wavepacket. b–d, Experimentally measured far-field images of the electron beam in the transverse-momentum space before laser illumination 

(b) or in the presence of circularly polarized light (c) and linearly polarized light (d) (scale bars, 4!μm −1). The images are acquired with electron and light 

wavepackets in temporal coincidence. The experimental geometry (and in particular the angle α) is chosen such that the interaction of the electrons with 

the incident and reflected light beams vanishes while maintaining a significant coupling with the plasmonic near field. e–g, Calculated reciprocal-space 

intensity distribution of the electron beam using the analytical theory and the FDTD simulations described in the text for both circular (f) and linear (g) 

light polarization states. The momentum-resolved electron wavefunction Ψℓ k k
( , )x

y  is obtained as the Fourier transform of the real-space wavefunction 

ψ
ϕℓ R( , ) given by equation (1), where the interaction strength β originating at the hole is extracted from the FDTD simulations (scale bars, 4!μm −1). 

In e, β!=!0 is considered to mimic the absence of illumination. In f and g, the total intensity map is shown as obtained by incoherently adding all the 

contributions with different values of ℓ. A small momentum broadening is also included to take into account the experimental resolution. h–j, Vertical and 

horizontal line profiles across the central part of the far-field images shown in b–d (experiment) and e–g (theory).

NATURE MATERIALS | VOL 18 | JUNE 2019 | 573–579 | www.nature.com/naturematerials

576

vorte
x
e-

muonic orbitals
free '

Nuclear Excitation by Electron Capture

≠ electronic configurations ≠ channels available

≠ orbitals ≠ cross section (106 higher!)

≠ particles ≠ effect (induced fission)

Can we use out of equilibrium methods to control the release of nuclear energy?
• Speed up the decay of nuclear waste
• Engineer long-lasting/high power nuclear batteries
• Induce radioactivity on demand in stable atoms

The modifications of the FAC code made it the only 
freely-available online tool that can solve the Dirac equations 
for muonic atoms
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Figure1:TheCDEMtechniqueanditsapplicationtoimageultrafastnanoscaleplasma
dynamics.(A)Schematicsofthestudiedphenomenon.Alaserpulse(50fs,800nm)generates
acloudofphotoemittedelectronsthatisprobedbyane-beampulse(200keV,600fs)with
atunabledelaytimerelativetothelaserpulse.(B)Differentiatedstages(lefttoright)inthe
dynamicsofthegeneratedelectroncloud(upperschemes)anditsimpactonthetransmitted
electrons(lowerplots):initiallaserirradiation;photoemissionandTHzfieldgeneration;ex-
plosivephaseofrapidchargeexpansion;andchargedensitydepletionviasurfacereabsorption.
Lowerplotsshowtheaveragee-beamenergychange�⇢asafunctionofbeam-surfacedistance
atselecteddelaytimes(upperlabels).

anddelaytimerelativetothelaserpulserevealsawealthofinformationonthespatio-temporal

dynamicsoftheelectroncloud,aswellasitsinteractionwiththeemittingmaterial.Theentire

processinvolvesstrongdynamicalscreeningoftheexcitinglaser,ultrafastinternalcarrierdy-

namicsandthermalization,thermionicandmultiphotonphotoemission,Coulombinteractions

betweenfree-spaceandimagecharges,electron-surfacerecollisions,thegenerationoflow-

frequencyfields,andtheinteractionofthelatterwiththesamplinge-beam.Wesupplementour

experimentswithacomprehensivetheoreticalanalysisoftheseprocessesinexcellentagree-

mentwithmeasureddata,whichallowsustoconclusivelyestablishacartoonwithfourwell

differentiatedstages(Fig.1B).
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Experimental Implementation

Logic:
• Induce vacancies with laser in the correct orbital
• Provide engineered electrons for the capture
Step number 1:
• Test the idea first by doing direct excitation of the nucleus 

(never observed from laser-induced plasma)
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Our Experimental Setup 

TOP VIEW
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Dynamics of Events in Laser-Plasma scenario 
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Experimental Results

• 10 hours measurements~10 billion counts

Expected isomer decay

According to Andreev et al., expected ~ 10$− 10& IMPOSSIBLE



Exploit Fe57 Mossbauer resonance
(absorption without recoil, momentum 
absorbed my coupled atom)



Ultracold atoms in a trap condense (BEC)
The trap can be an EM field that can be impulsively switched
off by a RF pulse letting a beam of atoms evaporate in a specific 
Directin (determined by the trap shape and RF pulse shape)



Double slit experiment with atoms



Nuclear physics with vortex beams

• Twisting ions WF modifies nuclear excitations spectrum
• Vortex e- can be captured in higher l-shells, created ad hoc 
• NEEC ! up to 6 orders of magnitude (article in preparation) ENGINEERED NUCLEAR DECAY!!

Nuclear excitations and nuclear Wood-Saxon potential
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294 levels would switch in energy between each other. An interesting
295 example is 93Mo, which could exhibit up to 10 orders of magnitude
296 faster decay if the 21/2þ and 17/2þ spin states are reversed.78

297 The possibility to manipulate decay rates of nuclei via phase
298 modulation has far-reaching implications. For example, they can offer
299 new solutions for gamma-ray lasers, for which historically, it has been
300 challenging to reach the population inversion regime necessary to
301 amplify a seed beam.79 Various proposals and patents have been put
302 forward using isomers, i.e., long-lived excited nuclei, as an active
303 medium to provide gamma-rays. Still, only a few well-selected cases of
304 isomers offered some perspective for reaching the population inver-
305 sion regime. Here, we propose that the ability to modify at will a
306 nuclear decay rate might be used for reaching population inversion in
307 a stream of isomers. A schematic of such a concept is depicted in
308 Fig. 4, lower panel. A beam of isomers is injected in a storage ring in
309 which a device to impart OAM is placed periodically. Upon crossing
310 such a device, a portion of the isomers will acquire OAM, while others
311 will continue the circulation, and some will decay to their ground state
312 through the usual channels. At the next OAM device, more isomers
313 acquire OAM and so on for the remaining OAM devices. New isomers

314are injected in the ring at a given rate. As more isomers acquire OAM,
315their decay rate can slow down until the point where the presence of
316excited isomers overcomes the inherent losses of the storage ring and
317the low probability of direct excitation by the gamma-rays emitted by
318the decaying isomers. In such a scenario, population inversion could
319happen to yield a net amplification of a seed gamma-ray beam. As dis-
320cussed before, if switching between the two high-spin states of 93Mo is
321possible, a subsequent fast depletion of the population can be triggered
322even without the necessity of a seed. The initial coherence required for
323the successful operation of the phase shaping devices can be provided
324by isomeric atomic lasers, which have already been considered as can-
325didates for gamma-ray lasers.80,81 For the previously considered
326schemes, we believe that the wave function reshaping methods recently
327developed in the field of ultrafast electron microscopy will be an
328enabling technology for solving some of the long-standing issues
329behind these technologies.
330To conclude, the utilization of quantum methods in electron
331microscopy based on interference effects and phase-manipulation of
332an electron wave function will lead to many new directions that have
333the potential of becoming independent research fields. The dose reduc-
334tion approaches would be beneficial in biological applications, whereas
335wave function engineering approaches have clear benefits for con-
336densed matter problems. At the same time, these tools and approaches
337can be applied as well to other matter-waves associated with composite
338particles, bringing potentially revolutionizing technologies for high-
339energy physics and energy domains.
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FIG. 4. (Top) Proton energy levels as calculated using a spherical Woods–Saxon
potential. In the upper panel, a deformed potential is introduced to replicate the
modulation induced by the vortex. (Bottom left) Phase vortex modulation could be
imprinted on any de Broglie particle, as an electron (blue sphere) or an atom
(orange sphere), by a spiral phase plate (SPP). Here, the curved arrows and the
toroid symbolize that the particle is characterized by a defined orbital angular
momentum, as well as a particular amplitude distribution (i.e., Laguerre–Gaussian).
(Bottom right) Gamma-ray laser prototype where isomers are injected in a storage
ring. SPPs are distributed along the path in order to induce a vortex modulation
periodically.
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Thank you!

Your grand mother’s Gamma-ray laser recipe:



The uncertainty gamma-laser



Matter-Antimatter gamma laser



Rc = a0

rs

Electrons confined into rc
3
, distanced by rs

Theoretical spread of values for the density: Rs/a0 = 10 - 170

Electron density

Te
m

pe
ra
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re Electron liquid (metal)

Cold melting

Wigner crystallization

E. Wigner, Phys. Rev.  46, 1002 (1934)



Concept Wigner gamma laser. Phonons of a Wigner crystals will be charges moving at very high speed

1s level

vacuum



λ

Surface plasmon:
Electrons-light coupled at an interface

Plasma resonance

Surface plasmons polaritons and plasma resonances

Suggested reading: Dressel, “Electrodynamics of solids”



Out of equilibrium nuclear physics:

Gargiulo et al (submitted to PRL, http://arxiv.org/abs/2102.05718 )
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FIG. 2. (a) Resonance strengths for capture in the L- (green box) and M- shell (blue box) in case of 73Ge with q in the
range [29+, 32+]. NEEC in the K-shell is energetically forbidden (orange box), since for high charge states the binding energy
released for a capture in the K-shell is bigger than the nuclear transition (EK

b > En). For q = 29+ EK
b < En, however the

K-shell is completely filled and capture can not occur, as shown in insets. (b) Resonance strengths for 73Ge in case all the
possible combinations of initial and final electronic configurations are taken into account, for q = 29+. Each resonant channel
is represented by a solid line, with its colors indicating the capture orbital, ranging from the K to the M shell, while the color of
the circled marker represents the value of jf . Numerous channels are now available for the capture in the K-shell, with resonant
energies of few eV, since also excited electronic states are taken into account, as described by the inset. The number of displayed
L- and M- channels has been considerably reduced to improve readability, while all the identified K-channels are shown. Both
graphs share the same y-scale and colorbars. The horizontal green and magenta lines represent the value of the highest SNEEC,
under GSA, for L- and M-channel — occurring at [q,↵r] = [32+, 2p3/2] and [q,↵r] = [32+, 3p3/2] — respectively.

Since ICC predictions for neutral atoms have been
shown to have less than 1% uncertainty level when com-
pared to experimental data [28, 43, 44], the main approx-
imation of the presented approach resides on the evalu-
ation of ICCs for ionized atoms, expressed in Eq. 2.
To test the method, it can be applied under the GSA
and compared with the more advanced theory presented
in Ref. 45, based on Feshbach projection operator for-
malism, for 57Fe. The computed resonance strengths for
57Fe, using Eq. 1, considering the nuclear excitation be-
tween the stable 1/2� ground state and its first 3/2�

excited level at 14.4129 keV are reported in the Supple-
mental Material [23]. The SNEEC value obtained for the
capture in the 1s1/2 shell of 57Fe26+, 1.44⇥ 10�2 b eV,
is in good agreement with the value of 1.26⇥ 10�2 b eV
obtained from Ref. 45, once the contribution of the sub-
sequent �-decay of the excited nucleus is removed.

Applying the GSA to the 73Ge nuclear transition of
En = 13.2845 keV between the 9/2+ ground and the
5/2+ first excited states provides 47 L- and M- chan-
nels for q = [29+, 32+], shown in Fig. 2a and tabulated
in the Supplemental Material [23]. Here, the K-shell is
energetically forbidden and L-channels are the innermost
available. Lifting the GSA provides a total of 32723 cap-
ture channels in the same charge state range for L and
M shells. Moreover, upon filling the orbitals, electron
screening lowers the binding energy of the K-shell. Once
EK

b becomes smaller than En, NEEC into the K shell is
possible. In particular, for 73Ge this condition is met for
q = 29+, for which 100 K-capture channels have been

unveiled, as shown in Fig. 2b. Most of these K-channels
(78) are characterized by an initial electronic configura-
tion ↵0 of the type 1s1 2nl1j 3nl1j and occur in the energy
range Er = [0, 38.8 ] eV, while for the remaining ones
↵0 is 1s1 2nl2j and Er = [48.2, 144.6 ] eV. All these K-
channels have one electron in the K-shell prior to the
electron capture: in fact, K-capture with ↵0 of the type
2nl3j are still forbidden, since EK

b is larger than En by
about 200 eV at q = 29+. Resonance strengths in the
NEEC-EXI case for higher charge states are also shown
in the Supplemental Material [23]. Notably, the higher
number of channels identified in NEEC-EXI is not only
due to the several initial configurations considered, but
also to the increase of capture channels in a single excited
configuration ↵0 compared to the ground state counter-
part. The reason is that excited configurations can have
a larger number of open shells, thus the number of final
configurations that can be generated are generally more
numerous due to the higher number of combinations pos-
sible for the electron couplings.

Fig. 2 compares the resonance strengths of the newly
opened K-channels and L- and M-channels for NEEC-
GSA and NEEC-EXI. Here, only shells up to the M have
been considered, since ↵0 with electrons in higher shells
do not provide su�cient screening for a K-capture at
q = 29+. Selected channels are reported in Table I and,
when possible, are compared with those evaluated with
the GSA procedure for which Eq. 3 reduces to Eq. 1,
since ⇤ = 1, and results coincide. It is worth to mention
that the maximum value obtainable for the resonance

Observed NEEC ! vs theoretical NEEC ! : 1011

Recalculating ! in out of equilibrium ions: 3 orders of magnitude gained, 8 to go

Maximum cross section at equilibrium

Maximum cross section out of equilibrium
equilibrium Out of Eq.

http://arxiv.org/abs/2102.05718


Ionized atom captures a free e-

Instead of Auger recombination with gamma ray emission
the atomic nucleus is excited

Chiara et al., Nature 554, 216 (2018)

Nuclear isomer:
metastable atomic nucleus made of  one or more of its nucleons
(protons or neutrons) in an excited state. 
Half-lives 100 to 1000 times longer (ns) than other excited nuclear 
states (ps or less)

Create metastable isomers: high energy process
The metastable state is not necessarily the most convenient for EC

Sample short-lived states: impossible until now
Expand parameter space from which to study NEEC

Orbital electron capture
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Dynamics of Events in Laser-Plasma scenario 


