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Attosecond metrology in a continuous-beam
transmission electron microscope
A. Ryabov1,2, J. W. Thurner2, D. Nabben1, M. V. Tsarev2*, P. Baum1,2*
Electron microscopy can visualize the structure of complex materials with atomic and subatomic resolution, but
investigations of reaction dynamics and light-matter interaction call for time resolution as well, ideally on a level
below the oscillation period of light. Here, we report the use of the optical cycles of a continuous-wave laser to
bunch the electron beam inside a transmission electron microscope into electron pulses that are shorter than half a
cycle of light. The pulses arrive at the target at almost the full average brightness of the electron source and in synchrony to the optical cycles, providing attosecond time resolution of spectroscopic features. The necessary modifications are simple and can turn almost any electron microscope into an attosecond instrument that may be
useful for visualizing the inner workings of light-matter interaction on the basis of the atoms and the cycles of light.

Atoms and electrons move on femtosecond and attosecond time scales
when driven from initial to final configurations in processes such as
chemical reactions, phase transformations, electronic device operations, or optical transformations of light. A direct visualization of
the atomistic origin of functionality in complex materials therefore
calls for ultrafast imaging methods that resolve atomic and electronic motion on the level of the particles and their innate reaction
rates. Ultrafast electron microscopy and diffraction in pump-probe
geometry (1, 2) can resolve structural dynamics (3–5) and propagation of light intensities and near fields (6–8) with femtosecond
time resolution, in part with sensitivity to electromagnetic field vectors (9, 10), but the basic phenomena in optics, nanophotonics, or
metamaterials unfold on attosecond time scales (11, 12), shorter
than a cycle of light. Researchers therefore aim at creating electron
pulses of sub–light cycle duration (4, 13–15) for uniting electron
microscopy and diffraction with attosecond science (12) to enable a
direct visualization of the electromagnetic origin of light-matter interaction on fundamental dimensions in space and time. Although
pioneering results have been achieved with photoemitted electron
pulses and compression into attosecond bursts (13–15), the beams
from these sources lack by a thousand to a million times the necessary electron current, emittance, and average brightness that would
be needed for applications (12–17). A versatile electron microscopy
that can visualize the foundations of light-matter interaction in
complex materials on subwavelength and subcycle dimensions
therefore remains to be established.
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Here, we report the combination of a transmission electron microscope
(TEM) with a continuous-wave laser that modulates the continuous
electron beam into pulses that are shorter than half a cycle of light.
Figure 1 depicts our concept and experiment. Our prototypical atto
second transmission electron microscope (A-TEM) uses an electron
energy of E0 = 120 keV and a continuous-wave laser with a wave1
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length of  = 1950 nm. To directly use the laser’s electric field cycles
(18) and not the cycle-averaging ponderomotive forces (19) for
electron-beam control, we place a planar dielectric membrane at the
laser-electron intersection region through an access port that usually
holds a condenser aperture (see Materials and Methods). The membrane material, 50 nm of boron-doped silicon, is thin enough to transmit the electrons and the laser light with almost no absorption losses
and therefore withstands high levels of power and current. Yet, the
membrane is thick enough to change the optical phase of the continuous laser wave upon transmission, thereby disrupting the symmetry
of the oscillating Lorentz forces that would cancel out in a free-space
interaction (20, 21). Because of the membrane, electrons that traverse
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Fig. 1. Concept and experiment for attosecond-resolution electron microscopy.
(A) The optical cycles of a continuous-wave (CW) laser (red) modulate the continuous
electron beam (blue) of a TEM into a sequence of sub–light cycle pulses that are
synchronized to a second light wave on the sample (yellow). Diagnostics of energy
spectra as a function of the delay time t between the two laser waves reveal the
pulse duration and quantum-coherent nature of the modulation. Optionally,
delay-dependent real-space imaging (dotted blue line) can reveal electromagnetic
phenomena in space and time. E, energy; e-gun, electron source. (B) Picture of
the experiment. No femtosecond laser or modification of the electron source
(dark gray) is required to transform an electron microscope into an attosecond
instrument. Photo credit: A. Ryabov, Ludwig-Maximilians-Universität München and
Universität Konstanz.
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to the optical cycles, as intended. However, the pattern resembles
neither a classical modulation of point particles (9, 18, 25) nor a
quantum-mechanical picture with recognizable photon-order sidebands (6, 23). However, the result is compatible with an initial electron
wave function that covers more than one optical cycle if we consider
the technical noise of the acceleration voltage and the limited energy
resolution of our spectrometer (see Materials and Methods). Figure 2B
shows the results of a one-dimensional quantum-mechanical simulation (26) in which we transform the wave function into the electron rest frame, modulate the forward momentum, use a free-space
time propagation operator to pass the electrons to the second interaction, apply a momentum modulation again, transform the results
back to the laboratory frame, and calculate the energy spectrum by
Fourier transformation. The result is convoluted with the measured
energy spectrum at no modulation as an estimation of the technical
fluctuations. The three sole fitting parameters are the optical intensities at the two modulation membranes and the absolute phase delay of
the optical interferometer. The simulation results are shown in Fig. 2B
and reproduce the measured data of Fig. 2A with all of its features.
For further analysis, we deconvolute the raw data of Fig. 2A with
a Lucy-Richardson algorithm (see Materials and Methods). The reference spectrum, plotted in Fig. 2C in black, is the zero-loss peak of
the direct beam without any laser modulation but with all modulation
membranes in the beam. Laser-modulated raw data with its slight
shoulders are plotted as the dashed line, and the green line shows
the deconvolution result. We see a zero-loss peak at E = 0 eV and
two sideband peaks at energies close to h = ±0.64 eV. Higher-order
sidebands are not exposed. Note that the deconvoluted energy widths
are arbitrary but the feature positions and intensities are well defined
(see Materials and Methods). Figure 2D shows the continuous electron
currents in the zero-loss peak (red) and sidebands (blue, magenta)
as a function of t. The solid lines are the results of the quantum simulations before applying the technical noise. We see a drop of the
zero-loss peak by up to 30% and an increase of the sidebands by up
to 20% at time delays of tSB ≈ ±0.8 fs (see dotted lines). The agreement of these results to the quantum mechanical sideband simulations
shows that the continuous-wave laser indeed modulates the electron de Broglie wave from our thermal source in an at least partially
coherent way. Figure 2E shows the sideband currents as a function of laser polarization. The modulation strength is maximum for
p-polarization (90°) and diminishes for s-polarization (0°) because
no effective changes of forward momentum are possible when there
are no electric field components in propagation direction of the electrons (21, 24). Figure 2F shows the sideband currents as a function
of laser power. In femtosecond experiments (6, 23), the nth-order
sideband intensity is given by Bessel functions J2n  (g), where g is pro  ) ≈ 4_1 g  2 and
portional to the optical modulation field. At small g, J2±1
  (g
J20  ( g ) ≈ 1 − 1_2g  2. The observed linear scaling with laser power (proportional to g2) therefore demonstrates that our endless electrons
indeed interact directly with the continuous-wave laser’s field cycles
and not with ponderomotive forces (15, 19). Figure 2G depicts the
measured attosecond delay of the first-order sidebands with respect
to the timing of the zero-loss peak as a function of laser power at the
compression. Although the duration of the compressed electron pulses
changes substantially, the measured sideband delay remains almost
constant. The value and precision of tSB = 810 ± 27 as (dashed line) indicate the temporal resolution that is enabled by our compression concept
in spectroscopy; the measured tSB is about two times smaller than
the classical arrival time differences between point particles at ±h.
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the optical focus region obtain from the symmetry-broken laser field
cycles a net momentum kick as a function of their arrival time. In this
way, the matter wave of electrons at a carrier frequency of ~1019 Hz is
modulated by the cycles of laser light at a frequency of ~1014 Hz in
a similar way as in radio communication, but a billion times faster.
After some propagation, faster and slower electrons catch up with
each other, and the beam therefore converts into an endless sequence
of ultrashort electron pulses that have a spacing and timing that is
dictated by the optical cycles of the laser wave (13, 14).
For electron pulse characterization, we place a second laser-driven
dielectric membrane in between the microscope’s twin lens at a
~12-cm distance from the first interaction. This second branch of
the continuous-wave laser beam is guided into the microscope via a
nonmagnetic steering mirror that is attached to one of the twin-lens
surfaces (see Materials and Methods). With the help of a magnetic
energy spectrometer (GIF 100, Gatan Inc.), we record the electron
beam’s final longitudinal momentum modulation after the dual laser interaction as a function of the time delay t between the two
laser waves. Experiments with femtosecond lasers have established
such quantum state tomography as a viable and sensitive method
for attosecond electron pulse characterization (13).
Decisive for the energetic evidences of our intended pulse formation will be the question of whether our electrons are approximately point particles or rather coherent quantum wave packets that
cover multiple cycle periods of the light wave. Pan et al. (22) and
Kirchner et al. (20) have studied these cases and the transitional
regime by simulations. For coherent electron wave packets, we can
expect energy sidebands at multiples of the laser’s photon energy h
(6, 23), where  = c/ is the laser frequency because of constructive
or destructive interferences of the energy modulations from adjacent optical cycles. All spectroscopic experiments with femtosecond
pulses (6–8, 23) have so far produced such a discrete comb of photon-
order sidebands because the laser-emitted electrons from a femtosecond source seem to have a wave packet duration exceeding tens
of femtoseconds and therefore cover multiple cycles (24). In contrast,
we use here spontaneously released electrons from a continuous thermal emitter at a measured energy bandwidth of E < 0.28 eV (root
mean square). The uncertainty principle tE ≥ ℏ/2, where t is the
wave packet duration in the time domain, demands t≥ 1.2 fs (root
mean square), which is potentially much shorter than one optical
cycle period (6.5 fs). If these quasi-point particles are injected in the
form of compressed pulses into the optical cycles of the characterization laser, then we can expect a classical, sinusoidal displacement
of the entire spectrum without quantum interferences, such as observed in terahertz experiments (25).
Figure 2A depicts the experimental results. Plotted is the final
energy spectrum after the dual laser interaction as a function of the
delay between the two coherent laser waves. We see that, at certain
delays, the spectrum is shifted to lower energies (t ≈ −2 fs), shifted
to higher energies (t ≈ 2 fs), broadened (t ≈ 3.5 fs), or narrowed
almost back to the original width (t ≈ 0 fs). Wherever the spectrum
is broadened, the central part decays in peak intensity. The data are
periodic in time with /c = 6.5 fs, but the pattern is asymmetric in
energy (see dotted lines). The highest energy changes that are newly
generated around E = ±1 eV show substantial delays with respect to
the minima at E = 0 eV.
The appearance of this time-modulated data shows that our continuous electron beam is compressed into a continuous sequence of
ultrashort electron pulses that arrive at target in temporal synchrony
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The match of all measured data in Fig. 2 to the quantum simulations allows to extract an electron pulse duration in our A-TEM of
 ≈ 0.9 ± 0.3 fs (root mean square) or 2.4 ± 0.7 fs (full width at half
maximum) above a time-independent background current of ~30%
that is caused by the decompressing optical half cycles (13, 14). These
pulse durations are upper limits due to potential mechanical instabilities of our interferometric setup (see Fig. 1B) and the temporal
distortions of the magnetic lenses (27). Nevertheless, the compressed
electron pulses are substantially shorter than half an optical cycle of
our laser light (3.3 fs) and therefore suitable for space-time imaging
or energy loss spectroscopy of subcycle light-wave phenomena in a
TEM. Shorter electron pulses with lower background current can be
obtained with higher electron energies and a shorter distance between the two laser interactions. For example, 300-as pulses (root
mean square above background) will be obtained for E0 = 200 keV,
 = 1.95 m, and d = 9 cm at a background current of <10%. Multicolor laser fields can further improve the compression by linearizing
the time-dependent acceleration. The compressed electrons arrive
at target at a repetition rate of c/ ≈ 150 THz and with <10−3 electrons per optical cycle, so space charge effects are negligible.
Emittance and brightness are the most decisive beam parameters
in electron microscopy for practical imaging and spectroscopy applications but limited in femtosecond experiments by the laser repetition
rate and space charge effects at the photoelectric emission (28). In contrast, the reported continuous-wave laser modulation provides, at the
sample, a pulsed electron beam of almost the same electron current and
average brightness as in nonpulsed operation because the laser controls
the electron beam only after its formation at high energy and not by
interaction with an electron-emitting material (1). Almost all electrons
that pass through the laser focus are compressed in time. The data in
Fig. 2 have been obtained with a beam current below 10 pA at <108
electrons per second to not saturate the zero-loss peak, but ~1011 pulsed
electrons per second will be generated with a 20-nA beam from a modern
field emitter source. These average beam currents are thousand
to million times larger than in ultrafast electron microscopy with
femtosecond sources (1, 29) and therefore useful for visualizing
Ryabov et al., Sci. Adv. 2020; 6 : eabb1393
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electromagnetic phenomena at the frequency of light via field-vector
imaging (9) or electron energy losses (6) at an unprecedented signalto-noise ratio.
As a first spectroscopic application, we report an anomalous
sideband-order peak shift in photon-induced near-field electron
microscopy (6) and use this effect to measure the temporal coherence
of thermally emitted electrons from a hot electron gas in a metal,
the LaB6 crystal of our electron emitter. Figure 3A shows one optical
cycle of the data of Fig. 2A after deconvolution. To our surprise, the
energies of the first and negative first photon–order sidebands deviate from their nominal positions at ±h as a function of time, evident in tilts of the sideband features and shifts of the zero-loss peak
with t. These anomalous photon-order peak shifts (POPS) disagree with previously reported femtosecond results (6, 23) in violating the conservation of photon energy; chirped electron pulses can
only shift all sidebands in synchrony (7, 20). We can track the observations back to the limited temporal coherence of our continuous electron beam in combination with the huge time delay between
our two interactions, >30 times larger than in femtosecond experiments (13, 14). Figure 3C depicts, in the upper part, an electron wave
function (yellow) of limited temporal coherence and finite energy
bandwidth of which the initial laser-electron interaction (blue arrows)
has prepared sideband copies with equal phase fronts (gray lines).
Propagation to the second interaction (lower part) induces nonlinear
dispersion (gray lines), exaggerated in the figure. The characterization
laser (magenta arrows) coherently couples the zero-loss peak with
the sidebands for a second time, but now asymmetrically with respect
to the central energy. In the depicted case, sideband population is
coherently added at ∣E − E0∣ > h (solid arrows) and coherently
reduced at ∣E − E0∣ < h (dotted arrows). Different t produce
different sideband peak shifts, and the corresponding asymmetric
depletions of the zero-loss peak move its position as well (see the
solid line in Fig. 3A).
The strength of the POPS effect depends on the wave packet duration of the beam electrons before compression. Figure 3B shows
simulated peak shifts for initial electron wave packet durations of
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Fig. 2. Experimental results in comparison to simulations. (A) Measured energy spectrum as a function of time delay t. a.u., arbitrary units. (B) Result of a one-dimensional
simulation, convoluted with the measured beam bandwidth. (C) Measured energy spectrum of the electron beam without modulation (black), with continuous-wave
modulation (green, dashed), and after deconvolution (green). There are two sidebands appearing at ±h, the photon energy. (D) Beam current in the sidebands as a
function of delay time. Dots are measurements and lines are quantum simulations. ZLP, zero-loss peak; tSB, delay between the different photon orders. (E) Beam current
in the sidebands as a function of laser polarization at the metrology membrane; compression is turned off. Dots are measurements and solid lines are cos2 fits. (F) Beam
current in the sidebands as a function of laser power at the sample; the compression is turned off. Dots are measurements and lines are quantum simulations. (G) Measured
delay (dots) of the ±1st sideband maxima with respect to the dip of the zero-loss peak. Dashed line, average; inset, definition of tSB.
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4.3 fs (dotted line), 2.7 fs (dashed line), and 2.2 fs (big dots); the last
value agrees best with the data (see Fig. 3A). We conclude that
randomly emitted electrons from a thermal emitter are wave functions
with a few-femtosecond duration (full width at half maximum, ~5 fs)
that is comparable to the laser period (6.5 fs); laser-electron interaction
is therefore in a transitional regime (20, 22) between classical point-
particle physics and population dynamics on a photon ladder. The
results therefore confirm recent theoretical predictions of an anomalous regime in photon-induced electron microscopy for electron
pulses as short as the optical cycles (22). The origin of the measured
limited temporal coherence of thermal electrons may be electron
localization due to temperature; invoking the time-energy uncertainty principle with an emitter temperature of T ≈ 1500 K and the
Boltzmann constant kB produces ℏ/(2kBT) ≈ 2.5 fs, comparable to
the measurement result.
DISCUSSION

Together, the reported data demonstrate that a continuous-wave
laser can modulate the endless electron beam in a TEM into pulses of
sub–light cycle duration at almost the full brightness of the source.
The necessary technical modifications are rather simple (see Fig. 1B)
but unify the spatial resolution provided by the electrons with the time
resolution provided by the optical cycles of laser light. Percent-level
sideband currents are sufficient for pulse formation in a transitional
regime between classical physics and quantum mechanics. Sub–light
cycle electron bunches can be transported over macroscopic distances
(tens of centimeters) and through magnetic lenses of substantial magnification (>6000) without disrupting their periodicity or pulse duration. Space-time imaging or spectroscopy with photon-induced
near-field electron microscopy (6), time-resolved holography (8),
electron-electron diffraction (16, 17), waveform electron microscopy
(9), quantum state reconstruction (23), or laser-assisted electron
spectroscopy (30) may therefore be advanced to attosecond time
resolution to study, for example, metamaterials, photonic integrated
circuitry, solar energy convertors, or photocatalytic materials on
the basis of the underlying electrodynamics in space and time.
Continuous-wave laser illumination of complex materials is feasible
at intensities of 104 to 106 W/cm2 (31, 32) and with field strengths
Ryabov et al., Sci. Adv. 2020; 6 : eabb1393
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of ~106 V/m, enough to produce substantial holographic image distortions (9) or spectral changes in photon-induced near-field electron microscopy (6, 31). Nanosecond excitation can be used for
alleviating thermal load (33).
In contrast to femtosecond pump-probe microscopy and diffraction, which aim at tracking the evolution of a material after absorption of a femtosecond laser pulse, the main application of our electron
microscopy will be investigations of electromagnetic phenomena
that are triggered by the cycles of light (4) and not by the intensity
envelope of pulses (1, 2). Several emerging possibilities have already
been discussed by Morimoto and Baum (14) in their methods section. For example, research in nanophotonics strives for understanding and using the complex interactions of light with subwavelength
structures for creating exceptional optical functionalities with metamaterials (34–39), photonic integrated circuitry (40–42), or photocatalysts (43). Waveform electron microscopy (9) with subcycle time
resolution can reveal this controlled imprint of phases, amplitudes,
and polarizations onto the electromagnetic field cycles of light with
subwavelength and subcycle precision. If the electron beam is coherent in space, then it should also be possible to advance electron
holography or picodiffraction (44, 45) to highly dynamical setting at
frequencies approaching those of light, and atomic subcycle diffraction
may reveal the complex real-space motions of valence electron densities
that are the atomistic origin of the macroscopic optical properties of
materials (16, 17). Quantum optics with free-electron wave functions
(23, 46–48) and general three-body interactions of light, electrons, and
matter (49) may profit from the extremely narrow spectroscopic bandwidth that is offered by a continuous laser wave (30). In cryogenic
electron microscopy, the orientation of biomolecules might be
identified by their optical dipole response, and a modulated electron beam in particle colliders might reveal the physics of the collisions as a function of time.
For all these endeavors, the reported subcycle transmission electron
microscopy may be useful because it is complementary to existing
techniques (11, 12). Future space-time investigations of electronic
motion in atoms, crystals, or nanostructures will benefit from the
reported concept’s technical simplicity, high level of signal-to-noise
ratio, and widespread applicability to complex materials of various
morphology and form.
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Fig. 3. Anomalous photon-order peak shifts and evidence for a finite spatiotemporal coherence of hot charge carriers in a metal. (A) Deconvoluted measurement
data. Solid line, simulated peak shift of the zero-loss peak; big dots, simulated peak shifts of the sidebands. (B) Simulated sideband peak shifts for different electron wave
packet lengths. Dashed line, 4.3 fs; solid line, 2.7 fs; big dots, 2.2 fs. (C) Simplified explanation. After the compression (blue arrows), the electron wave packet (yellow)
covers three sidebands (−h, E0, and +h) with flat phase fronts (upper gray lines). Dispersive propagation produces nonlinear phases (lower gray lines) and interaction
with the field cycles of the characterization laser (magenta arrows) becomes asymmetric because some inter-sideband couplings are more constructive (solid arrows) and
others more destructive (dotted arrows). (D) Depiction of electron localization of a thermal emitter. Top: Hypothetical infinite coherence length. Middle: Realistic scenario
with a wave packet duration t of ~2.2 fs. Bottom: Electrons as point particles. Solid line, approximate electrostatic potential; , work function; black arrows, propagation
direction of the electrons during acceleration.
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MATERIALS AND METHODS

Spectrometer optimizations
Energy resolution in our system is mainly limited by high-voltage
drifts and magnetic fields with a prominent 50-Hz component from
laboratory mains. Figure S1 depicts our approach for correcting these
imperfections. We modulate the electrostatic potential inside the spectrometer prism with a three-level rectangular voltage pattern (0, 5,
and 10 V) that is synchronized to the voltage oscillations of the mains.
Therefore, the spectrometer collects only these electrons that pass
through the whole experiment during times of low magnetic field
changes (see fig. S1C). At a duty cycle of 20% (blue or green regions
in fig. S1), the energy resolution improves from ~0.4 to 0.28 eV (root
mean square). To eliminate slow drifts, we record, in each camera
frame, always pairs of energy spectra at varying laser delay t (blue
regions in fig. S1) together with a reference spectrum at fixed time
delay (green regions in fig. S1) by synchronously alternating the rec
tangular voltage of the piezo-driven time delay (see fig. S1C) with
the prism potential (see fig. S1B). In summary, we obtain time-delay
series of drift-corrected spectra at substantially reduced influences
from laboratory noise at a cost of ~80% loss in overall detection.
Electron beam
Magnification is set to ~6000. The image of the compression membrane (in its function as a condenser aperture) is projected onto the
Ryabov et al., Sci. Adv. 2020; 6 : eabb1393

11 November 2020

sample in such a way that there is a compromise between illumination intensity and sharpness of the image, required to create a locally
flat modulation phase front at the sample in case of residual misalignments of the velocity matching. The modulated beam size at the
characterization membrane is ~1 m; therefore, the 2-mm aperture
of the spectrometer collects ~1/3 of the beam diameter, that is, the
inner part that is most homogeneously modulated by the laser.
Temporal distortions of the magnetic lenses (27) are minimized by
collinearly aligning the electron beam to the magnetic axis of all
lenses (50).
Data analysis and error estimation
Data in Fig. 2A are obtained as an average of 10 scans over the desired range of time delays. Figure 2C shows data with 4 W of laser
power at both interactions at a width-adding delay of 3.5 fs. Deconvolution of the signal into sidebands is performed with the Lucy-
Richardson algorithm with 50 iterations and zero damping (51, 52),
using a measured spectrum without laser modulation as the pointspread function. The Lucy-Richardson algorithm is well known for
converging monotonically to the unique maximum-likelihood solution (51) and is widely used in astronomy, where correct evaluation
of the object positions is of principal importance. The ultimate results
of the deconvolution process are infinitely narrow peaks of which
the positions and intensities are retrieved. Thus, the spectral width
shown in Fig. 2C is arbitrary and decreases with the number of itera
tions, but the peak positions and their relative strengths are given by
the deconvolution results (see fig. S2). To extract the delay-dependent
amplitudes of the zero-loss peak A0 and the sideband peaks A±1, we
use the Levenberg-Marquardt least-square fitting algorithm with three
fit parameters, A±1, and the energetic center S. The sum A0 + A1 + A−1
is fixed to unity. Error levels in the reported pulse durations are estimated by the upper and lower limits of the simulation results when
optimizing for different criteria of convergence (full two-dimensional
pattern or deconvoluted sideband intensities as a function of time,
with or without allowance for higher-order peaks, with or without
normalization of the total counts). Error bars in Fig. 2G are SEs.
Definition of wave packet duration and wave
packet prechirp
Our terms “wave packet duration” and “duration of the wave function” indicate the root mean square duration of the absolute square
of the electron wave function in the laboratory frame. Durations as
the full width at half maximum are denoted explicitly when used. In
the simulations of Figs. 2 and 3, it is assumed that the initial electron
wave function at the compression interaction is not chirped, that is,
Fourier-limited. If a 2.2-fs-long electron wave packet is emitted from
the LaB6 source and travels to the compression laser interaction within
~1 ns, then it increases its duration by less than 0.2 fs; longer initial
wave packets lengthen even less. Prechirp is therefore negligible and
Fourier-limited wave packets can be used in the simulations.
Studies of nonlinear processes
At first glance, the repetitive nature of our electron pulses seems to
prevent the study of nonlinear optical phenomena and high-field processes that are usually studied by pump-probe spectroscopy. However,
the only condition is that an optical phenomenon is cycle reversible,
that is, appearing reproducibly for every optical field cycle of the
excitation. All linear and perturbative nonlinear optical responses in
molecules, condensed matter, or nanostructures fulfill this condition,
5 of 7
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Experimental details
The electron microscope is a Philips CM12 TEM with a LaB6 electron source, aligned and set up for lowest energy spread. The energy
spectrometer is a Gatan GIF 100 with an entrance aperture of 2 mm
in diameter; the dispersion is set to 20 pixels/eV at the camera.
The laser system is a continuous-wave, single-longitudinal-mode,
thulium-doped fiber laser with a wavelength  = 1950 nm and a line
width of f < 50 kHz (AdValue Photonics Inc.). At the microscope,
we split the laser beam in two arms of adjustable power by thin-film
polarizers and half-wave plates. Additional wave plates control
the polarizations. Time delay is provided by a voltage-controlled
piezoelectric actuator (stack-type actuator, piezosystem jena GmbH).
The modulation elements are free-standing silicon membranes
(UberFlat, Norcada Inc.) with a thickness of 50 nm. Boron doping to
a resistivity of <20 ohms∙cm prevents electrostatic charging. The
membrane for pulse compression replaces the microscope’s variable condenser aperture, and the laser beam is guided through a
customized aperture holder to overlap with electrons at an angle of
90° and at a beam waist of w0 = 21 m. The focus at the membrane
is slightly elliptical with diameters (1/e2) of ~40 and 80 m, respectively. The membrane is tilted by 30.4° for velocity matching of the
laser cycles with respect to the electron beam. The membrane for
pulse characterization is placed at the sample position inside the
twin lens. Two polished copper parallelepipeds are coated with
500 nm of gold and attached to the upper and lower magnetic pole
pieces to guide the laser beam through the sample at an angle of ~30°
with respect to the electrons, while the electrons have a normal
angle of incidence. The laser focus has a diameter of ~40 m (1/e2).
The outgoing laser beam is recorded with a camera for optimizations and diagnostics. The copper pieces do not affect the magnetic
field of the twin lens in any detectable way. The data in Fig. 2A are
obtained with a laser power of 3.5 W at the compression interaction
and with 4.5 W at the characterization section. Peak field strengths
are ~2 × 106 V/m.
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as well as many strong-field processes, for example, optical higher-
order harmonic generation in nanostructures (38) or multiphoton
photoemission from nanoparticles (32). For investigations of longer-
lasting phenomena, for example, cycle-by-cycle absorption of light
(17), we can apply a midinfrared continuous-wave laser with a cycle
period of tens of femtoseconds (for example, a CO2 or quantum
cascade laser) for electron pulse compression and use a locked train
of femtosecond single-cycle pulses at visible or near-infrared central
wavelengths for sample excitation. Dielectric membranes or related
modulation elements can shape an electron beam at almost any wavelength of light (14); tunable lasers, multicolor fields, chirped long pulses
from Fourier-domain mode locking, beams with angular momentum,
or almost any other type of laser light are therefore applicable for sample excitation and synchronous production of sub–light cycle electron
pulses for probing.
SUPPLEMENTARY MATERIALS
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