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We observe Coulomb-correlated electron pair and triple states generated by fem-
tosecond photoemission from a nanoscale field emitter inside a transmission electron
microscope. Event-based electron spectroscopy allows for spatial and spectral char-
acterization of the electrons emitted by each laser pulse. Distinctive energy and mo-
mentum correlations of two- and three-electron states are identified, revealing a strong
few-body Coulomb interaction at an energy scale of about two electronvolts. State-
sorted beam caustics show a discrete increase in virtual source size and longitudinal
source shift for few-electron states, associated with transverse momentum correlations.
The pronounced spatial and spectral characteristics of these electron number states al-
low for filtering schemes that control the statistical distribution of the pulse charge.
In this way, the fraction of specific few-electron states can be actively suppressed or
enhanced, facilitating the preparation of highly non-Poissonian electron beams for mi-
croscopy and lithography, including future schemes in correlated two-electron probing.

Correlations between electrons are at the core of nu-
merous phenomena in atomic, molecular, and solid-state
physics. Mediated by the Coulomb force, few- and many-
body electronic correlations govern intriguing phases of
matter, such as superconductivity or charge ordering,
and they underpin a wide variety of applications, down
to nanoscale logic gates based on single charges. In con-
trast to the opportunities granted by electron correla-
tions in condensed matter, in the case of free-electron
beams, Coumlomb interaction between electrons is typ-
ically considered a detrimental factor. In electron mi-
croscopy, electron repulsion leads to stochastic longitu-
dinal and transverse emittance growth of the beam, de-
scribed by the Boersch [1, 2] and Loeffler [3] effects, re-
spectively, and limiting the brightness of state-of-the-art
electron sources [4, 5]. In high-charge electron pulses
for time-resolved experiments, space-charge effects gov-
ern the achievable pulse duration, energy spread and
focusability [6], and pose a major experimental chal-
lenge for ultrafast electron diffraction [7–11] and mi-
croscopy [6, 12, 13], particle accelerators [14] and free-
electron lasers [15].

Studying strong electronic correlations for a beam con-
taining only few particles requires the preparation of a
high electron phase space degeneracy. Field emitters
represent highly localized sources, and they have been
used in studies elucidating free-electron correlations [16–
18] involving exchange-mediated [17] and Coulomb [19]
interactions. Short-pulsed laser excitation of such nan-
otip sources can further confine the emission in time [20–
27], for use in ultrafast electron microscopy and diffrac-
tion with high-coherence beams [11, 13, 28]. The
pulse-averaged effects of Coulomb interactions from such
sources have recently been investigated, associated with
spectral broadening and a loss of temporal and spatial
resolutions [6, 29–32].

Correlations among free electrons have previously been
identified using coincidence detection, employing con-
cepts from atomic and molecular science for measuring

electrons and ions [33, 34] as well as correlated photo-
emission [35, 36] and ionization [37, 38]. In electron mi-
croscopy, the recent advent of pixelated event detectors
has substantially widened the capabilities for coincidence
measurements involving electrons, as demonstrated for
electron-correlated X-ray emission [39], cathodolumines-
cence at nanomaterials [40] and integrated photonic res-
onators [41]. These capabilities will foster the emerging
area of free-electron quantum optics, promising quan-
tum coherent manipulation [42–47] and sensing [48, 49]
at the nanoscale, and facilitating concepts based on
electron-electron [16, 50, 51] or electron-light entangle-
ment [41, 50, 52]. Establishing such schemes will require
a fundamental understanding of correlations within the
single electrons constituting the beam.

Here, we demonstrate strong Coulomb correlations in
two-electron and three-electron states generated at a
laser-driven Schottky field emitter. Using event-based
electron spectroscopy and imaging, kinetic energy dis-
tributions of electron ensembles emitted by single laser
pulses are recorded, sorting events by the number of free
electrons. Characteristic double- and triple-lobe spec-
tra for events containing two and three electrons, respec-
tively, are found. We quantitatively characterize inter-
particle correlations in both energy and transverse mo-
mentum, and observe that stochastic few-body interac-
tions dominate over mean-field (space charge) effects.
Two-particle energy correlation functions reveal a pro-
nounced peak around 1.7 eV energy difference, illustrat-
ing an effective joint emission area for electron pair-states
far smaller than the physical and virtual source sizes.
These observations strongly suggest a coherent one-step
process for two-electron-two-photon emission reminis-
cent of strongly correlated double-electron emission from
atomic systems or solids. The findings shed light on fun-
damental correlations in multi-electron emission, and en-
able statistical control of electron beams for on-demand
correlated few-particle imaging and spectroscopy.

The experiments presented in this study were carried
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Figure 1. Coulomb-correlated few-electron states in a transmission electron microscope. a, Experimental setup.
Few electron-states are prepared by pulsed photoemission. The electrons pass the sample plane of the microscope, and post
selection in event-based electron spectroscopy enables number state selective beam analysis. b, Ultrashort electron pulses are
emitted from a laser-assisted Schottky field emitter (W(110)/ZrOx nanotip), with a pulse charge up to few electrons coupled
to the microscope column. c, Power-scaling of the rates of one-, two- and three-electron states. The bunching ratios for the
double-/triple-electron states are r2 = 0.85 and r3 = 0.57, respectively (see text). d, Schematic of one-photon laser-assisted
near-threshold Schottky emission. e, The event-averaged spectrum is separated into number-state resolved contributions
(n = 1, 2, 3, f -h). The two- and three-electron spectra show a distinct shape with n peaks, indicating a discrete energetic
separation of the contained electrons.

out at the Göttingen Ultrafast Transmission Electron
Microscope (see sketch in Fig. 1a) [13]. Using a fem-
tosecond laser source, ultrashort electron pulse trains at
low pulse charge are generated by near-threshold laser-
assisted Schottky emission from a W(100)/ZrOx emit-
ter. After propagation through the column of the mi-
croscope, the electrons are detected with an event-based
camera. The temporal resolution of the electron detector
allows to discriminate between consecutive incident elec-
tron pulses, providing an unambiguous measure of the
number n of transmitted electrons per laser pulse (see
Fig. 1a,b).

The rates of n-electron events as a function of inci-
dent laser power are displayed in Fig. 1c. Specifically,
the rate of single-electron emission scales linearly with
power, in agreement with the employed process of near-
threshold laser-assisted Schottky photoemission [13, 53]
(see Fig. 1d). In turn, he n = 2- and n = 3-electron rates
scale according to the power of n, i.e., with the square
and cube, respectively, of the laser power.

Considering the relative distribution of n-electron
events at a given laser power, we identify weakly sub-
Poissonian statistics. Specifically, defining Pn as the
probability to detect n electrons in a pulse, a Poisson pro-
cess predicts a probability distribution of Pn = rnP

n
1 /n!

with rn = 1. The actual rates measured for n ≥ 2

are somewhat lower, corresponding to bunching ratios
of r2 = 0.85 and r3 = 0.57, respectively. This con-
firms moderate antibunching of few-electron states, as
recently observed from different field emitters for the case
of n = 2 [16–18].

We next investigate the kinetic energies of these
number-sorted electron states (Figs. 1e-h). The spec-
tral distribution of the one-electron events (f), which
also dominates the total spectrum (e, summed over all
events), consists of a single peak centered around the ac-
celeration voltage of E0 = 200 keV. In stark contrast,
the spectra of the two- and three-electron events (g,h)
exhibit a pronounced double- and triple-lobe structure,
respectively, with a mean energy at E0.

Beyond this average over similar events, our measure-
ment scheme further allows us to link the spectral charac-
teristics to two- and three-particle correlations within in-
dividual electron pulses. Figure 2a shows the pair-density
distribution as a function of the electron energies EA and
EB associated with two electrons A and B in the same
electron pulse. The pair density shows a strong correla-
tion in the form of an energy gap around zero energy dif-
ference EA−EB . This strong correlation proves that the
observed splitting of the n = 2 spectrum into a double-
lobed structure is the result of a two-electron Coulomb
interaction, which we further investigate below.
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Figure 2. Strongly correlated electron pair-states. a, Energy histogram of coincident electron pairs revealing a strong
correlation in relative kinetic energy, visible in the spectral correlation function (inset, integrated along the diagonal). b,
Normalized one-sided pair correlation functions (n = 2) for varying laser power. c, Power scaling of the peak position of
the n = 2-correlation function compared to the spectral width (FWHM) of the n = 1-state (spectra shown in panel d). e,
Normalized n=2-spectra for varying laser power. f, Pair correlation function for photoemission with two delayed laser pulses.
In temporal overlap, a strong correlation gap is observed, disappearing for ≈200 fs pulse delay (see cross sections as inset).
g, Extraction voltage Uext dependent spectral correlation function (solid lines: fitted spectral distribution). h, Transverse
(rtra) and longitudinal (rlon) dimensions of the extracted interparticle distances from panel g (inset: illustration comparing
correlation volume with virtual source size).

Similar to a conventional (not laser-triggered) Schot-
tky source, only a fraction of electrons generated at the
emitter surface is transmitted into the microscope col-
umn [6]. Consequently, mean-field (space charge) as well
as stochastic interactions with random nearby electrons
not entering the beam need to be considered and dis-
tinguished from the correlation observed in the electron
pair state. Laser-power-dependent measurements allow
for an assessment of these different contributions. The
corresponding n = 1 and n = 2 (Figs. 2d,e) spectral
distributions exhibit a broadening with increasing laser
power (cf. Fig.2c, orange circles), i.e. with average pho-
tocurrent. This is in close correspondence to previous
non-event-selective measurements [2, 6, 31] and is typ-
ically ascribed to stochastic Coulomb interactions and
mean-field effects.

In contrast, the set of two-electron correlation func-
tions displayed in Fig. 2b is remarkably independent of
laser power, showing a pronounced gap that is about 1 eV
wide, a peak at around 1.8 eV, and an extended tail to-
wards large energy separations exceeding 4 eV. Increas-
ing the photocurrent only imposes moderate variations in
the depth of the gap and the shape of the high-energy tail.
In particular, the position of the main correlation peak
(Fig. 2c, blue circles) approaches a fixed value of 1.7 eV

towards vanishing laser power, i.e. small average cur-
rents. This demonstrates that the observed correlation
is only weakly altered by multiple Coulomb interactions
with aperture-blocked electrons, and that it is dominated
by the two-electron correlation alone.

In order to investigate the temporal extent over which
such strong Coulomb correlations prevent the generation
of independent single electrons, we conducted measure-
ments using a pair of laser pulses of variable delay (see
Fig. 2f) and at constant integrated laser power. Two dif-
ferent ranges are identified: Temporally overlapping laser
pulses reproduce the described n = 2 correlation func-
tion. In contrast, a temporal separation of more than
200 fs coincides with a significantly reduced energy dif-
ference, indicative of electron pairs containing two un-
correlated electron emission events.

Whereas there is only weak dependence of the corre-
lation on emission current, we found that the extraction
field applied to the tip has a more prominent influence. A
decrease in extraction voltage substantially changes the
observed gap and the slope of the high-energy tail (see
semilogarithmic plot in Fig. 2g). Physically, a change in
extraction voltage affects the height of the Schottky bar-
rier, the acceptance angle of the beam and the virtual
source size [54]. The spectral shapes of these correla-
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tion functions can be modeled in a straightforward man-
ner by an ensemble of electron doublets prepared with a
Gaussian-distributed interparticle distance, and assum-
ing that the initial Coulomb potential energy is even-
tually converted to relative kinetic energy. Using sepa-
rate standard deviations rlon and rtra for the longitudinal
(perpendicular to the surface) and transverse (parallel to
the surface) distributions, respectively, this simple model
successfully describes the main features of the measured
correlation functions (cf. solid lines in Fig. 2g). Extract-
ing the spatial parameters from fits of the model to the
data (Fig. 2h), we obtain transverse and longitudinal di-
mensions of rlon = 0.5 − 0.7 nm and rtra = 0.8 − 1.9 nm,
respectively, with a weak dependence of rtra on extrac-
tion voltage and a continuous increase of rlon for lower
extraction fields.

These strikingly small spatial scales of less than one
nanometer in interparticle distance highlight the strong
correlations observed, but they must also be considered
a surprise. The physical source size of the (100) emis-
sion plane of the Schottky field emitter (on the order of
100 nm [55]) as well as the backprojected virtual source
size (around 20 nm [54]) are substantially larger than the
projected 1 nm, from within the doublet electrons ap-
pear to stem. This implies a distinct two-electron emis-
sion channel, which directly leads to the emission of a
highly-correlated electron pair state by joint two-photon
absorption.

However, as the correlation function nearly vanishes at
zero energy difference, it is evident that beyond such a
two-electron emission channel, there are hardly any ad-
ditional events containing two uncorrelated (or weaker-
correlated) electrons. This is noteworthy, as the rate of
Coulomb-correlated electron doublets amounts to 85 %
of what is expected from a Poisson number distribution
and the one-electron rate. The lack of 15 % of two-
electron events (antibunching) could be attributed to lo-
cal Coulomb blockade [56, 57], Pauli blocking [17], or
transverse interparticle deflection and spatial filtering.

In other words, the statistical occurrence frequency of
two-electron events is rather close to what would be ex-
pected from uncorrelated emission events from the ex-
tended nanoscale source, while the spectral distribution
indicates a highly-correlated two-electron emission pro-
cess. This is to be contrasted with previously observed
one-photon, two-electron emission processes [58], where
the electron-pair emission channel is a subtle additional
contribution to photoemission otherwise dominated by
independent single-electron events.

A mechanism accounting for these observations must
therefore predict both a practical absence of weakly cor-
related events, and a nearly Poissonian rate and two-
photon scaling of strongly correlated pairs. At present,
there is no established mechanism, such that we discuss
possible contributions to the process. A straightforward
explanation would be that, in fact, the effective emit-
ter is only about 1 nm in diameter, possibly as a result
of a specific adsorbate atop the ZrO layer, or a surface

defect. We deem this a highly unlikely scenario, as we
have observed the same correlations for different emit-
ters, after multiple heating cycles, and over the course of
months. Moreover, beam characterization does not in-
dicate that the emitter leads to vastly improved spatial
coherence over other Schottky emitters we studied in our
laboratory, for which a much larger source size is known.
Nonetheless, measurements on another emitter geometry
or type could be carried out in the future.

In order to explain the prominence of electron pair
emission, we note some mechanisms which were previ-
ously invoked in atomic and molecular contexts as well as
two-electron photoemission. In atoms exposed to strong
laser fields, enhanced “non-sequential” double ionization
has been observed, initially in Helium [59] and subse-
quently in many other elements. Various mechanisms in-
cluding co-tunneling, shake-up processes, and rescatter-
ing of a field-driven electron have been used to describe
the observations, while the latter mechanism appears to
be responsible in most cases [33, 34]. At the rather mod-
erate local intensities in our experiments, the pondero-
motive potential is significantly below 1 meV, such that
recollision can be ruled out as a dominant factor. In the
linear regime, one-photon two-electron emission is com-
mon in the Auger effect, where a core-hole resulting from
photoemission is filled during the concurrent emission of
a second electron. Coulomb interaction is a dominant
factor in this process [60]. It is well known that for over-
lapping spectral distributions of the photoelectron and
the Auger electron, the indistinguishable nature of the
two electrons may enforce a coherent single-step process,
governed by exchange interference in the final state and
strong post-collision interaction, leading to a Coulomb
splitting of the type observed here. Such a mechanism is
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Figure 3. Paths for Coulomb-correlated electron pair
generation. Two-photon two-electron emission can proceed
via single-photon absorption by each electron, in conjunction
with correlations in the initial and final states (left). Alterna-
tive diagrams involve a single-step coherent two-photon ab-
sorption path coupled to Auger-type Coulomb scattering, and
leading to degenerate electron emission (center). Transfor-
mation of Coulomb energy to relative kinetic energy (some-
times called post-collision interaction) results in the gapped
two-electron spectrum observed experimentally (sketch on the
right). Indistinguishability of both electrons creates electron
exchange terms and may facilitate quantum correlations and
entanglement.
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and three electrons. b, Caustics of the electron beam sorted by n, recorded by varying the last condenser lens of the microscope
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to the beam center. Long angle legs in the underfocus condition allow for a precise measurement of the angular correlation.
d, A strong anisotropic angular correlation is observed for n = 2, compared to an isotropic distribution for drawing random
events from the n=1 event class (employed data sets indicated in b by black circles around the data points).

not only established in atomic systems [61], but was anal-
ogously observed for resonant one-photon two-electron
emission from a Cu(001) surface [58].

Figure 3 sketches several possible emission channels
resulting in highly correlated electron pairs, involving ei-
ther the absorption of one photon per electron (panel
a) or Coulomb-mediated one-step double-electron emis-
sion involving a two-photon transition amplitude on one
of the electrons (panel b). Generally, all intermediate
paths leading to the same final state with indistinguish-
able, Coulomb-correlated electrons need to be coher-
ently summed, together with diagrams including A/B
exchange. Requiring Coulomb-scattering at high energies
change, the latter process intrinsically involves strong
correlations, but it is unclear how its total rate could
amount to the observed value close to that of assumed
uncorrelated emission events. Overall, the strong angular
selection of the emission renders the microscopic emis-
sion site unresolvable in principle, such that correlation
enhancements from small momentum differences may be
relevant. The practical absence of weakly-correlated or
uncorrelated emissions from different locations on the ex-
tended physical source remains a subject of further inves-
tigations, which could address specifics of exchange inter-
ference as well as material dependencies and initial-state
correlations.

Alongside their spectral distributions and correlations,
the few-electron states observed here possess characteris-
tic spatial properties, discussed in the following. Specifi-
cally, in Fig. 4b, we measure n-dependent beam caustics,
which exhibit discrete differences in both minimum spot
size and focal position. Variations with laser power yield
changes to the caustics (higher power leads to some in-
crease in spot size), but are far less pronounced than the

differences between the event classes. Under the given
conditions, the focusability is limited by spherical aber-
ration of the objective lens and the virtual source size,
which result in typical spot profiles for positive and neg-
ative defocus (inset in Fig. 4b). Evidently, the n ≥ 1
caustics are the result of a larger effective source, and
the beam waist is shifted towards positive defocus.

Both observations can be understood from mutual
transverse deflection sketched in Fig. 4a. Specifically,
transverse deflection is expected to laterally spread the
few-electron trajectories [6], such that the virtual source
increases in size and moves forward, as predicted in sim-
ulations [32, 56].

A more detailed analysis of the spatial properties of
few-electron states is obtained by analyzing correlations
in transverse momentum. To this end, we measure posi-
tion correlations for a sufficiently large negative defocus
(Fig. 4c). The spatial correlation is quantified via the
angle ϕ between the two electrons and the beam cen-
ter. Figure 4d shows the angular correlation density of
the two-electron state compared with random correla-
tions drawn from a corresponding single-electron state
at the same spot size (15 nm). In the electron pair state,
we obtain a strong anisotropic correlation peaked around
an angle of 180◦, corresponding to electron events local-
ized on opposite sides of the defocused beam, and thus
having nearly opposite transverse momenta.

These observations show that averaging over number
states has a severe impact on the beam properties, in-
cluding non-correctable stochastic aberrations. A con-
trol of the number statistics in the photoemitted beam
may thus directly benefit microscopy applications with
such sources. More generally, stochastic Coulomb inter-
actions are a fundamental issue in electron microscopy,
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limiting electron source brightness via altering a beam’s
transverse (Loeffler) and longitudinal (Boersch) momen-
tum distributions. The moderate antibunching observed
here and in previous work [18] implies that the total pho-
tocurrent exhibits weakly sub-Poissonian noise character-
istics, a property highly sought after in condensed matter
scenarios (e.g. achieved by Coulomb blockade [62]). In
the context of electron microscopy, this feature could be
directly applied for shot-noise reduction in imaging, spec-
troscopy and lithography. However, perhaps even greater
potential arises from the strong Coulomb-correlations in
energy and momentum identified for the few-electron
states. For example, the fact that both electrons in the
doublet state are well-separated in energy and transverse
momentum from each other allows for an energetic or
spatial selection of the respective number state. This fa-
cilitates a powerful approach to control the statistics of
single- and double electron events.

In particular, analyzing the measured spot profiles, a
spatial aperture in a beam cross-over could be used to se-
lectively favor the transmission T1 of the n = 1 number
state by a factor of 3 and nearly 8 over the transmissions
T2 and T3 of the n = 2 and n = 3 states, respectively
(Figs. 5a,b). Similarly, a pre-specimen energy filter com-
monly used in state-of-the-art electron microscopes [63]
could be adjusted to enhance the transmission probabil-
ity for n = 1 as compared to n = 2 states (see Fig. 5c).
Specifically, for experimentally measured single-electron
and double-electron spectra (Fig. 5e), the n = 1 trans-
mission probability exceeds the n = 2 transmission prob-
ability by a factor of 8 at small slit widths, greatly ampli-
fying the sub-Poissonian nature of the electron number
distribution and facilitating a shot-noise-reduced electron
current. Conversely, a central beam stop in energy can
suppress a substantial fraction of single-electron states,
leading to an up to 20-fold enhancement of pair-state over
n = 1 state transmissions (see Fig. 5d,f). This approach
will enable new forms of microscopy and spectroscopy
with correlated electrons, for a variety of novel two-point
or two-time measurement schemes in correlated materials
and free-electron quantum optics.

In conclusion, the highly correlated few-electron states
introduced in this work are of interest both for funda-
mental considerations, including the microscopic gener-
ation mechanism, and for their potential utility in man-
ifold electron beam applications. For example, the pair
state can be employed to implement a high-fidelity source
of electron-heralded single-electrons, enabling shot-noise-
free imaging and lithography with a precisely counted
number of electrons. Furthermore, the elementary scat-
tering process creating these well-defined few-body states
may generally be assumed to induce entanglement be-
tween the electrons. Future studies may address the
quantum coherence of such multi-electron states and
their use as entangled free-electron qubits, with potential
applicants spanning from interaction-free or correlation-
based quantum electron microscopy to quantum informa-
tion processing.
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Fig. 4) and transmission ratios T1 / T2 and T1 / T3, with
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and T2/T1, for the scenarios in c and d. Considering in-
dividually optimized energy windows, an 8-fold and 20-fold
enhanced state-selectivity is found for n = 1 and n = 2, re-
spectively.

In the final phase of manuscript preparation, we be-
came aware of a related study by S. Meier, J. Heimerl
and P. Hommelhoff.
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METHODS

A. Femtosecond electron pulse generation in a
transmission electron microscope

The experimental work was carried out in a commer-
cially available transmission electron microscope (JEOL
JEM 2100F) that has been modified to allow for the in-
vestigation of ultrafast dynamics in a stroboscopic laser-
pump/electron-probe measurement scheme [13]. As our
electron source, we employ a W/ZrO Schottky emitter
(r = 490 nm radius-of-curvature) operated at an ex-
traction voltage of Uext = 2 kV and a bias voltage of
Ubias = −0.3 kV. Cooling the emitter just below the con-
tinuous Schottky-emission threshold of 1150 K (filament
current 1.6 A), we generate ultrashort electron pulses via
linear photoemission by focusing laser pulses (160 fs pulse
duration, 515 nm central wavelength, 600 kHz repetition
rate) onto the apex of the nanotip. While we estimate
that every electron pulse initially consists of up to a
few hundred electrons [6], apertures in the electro-optical
beam path limit the transmitted beam to electrons that
were generated close to the optical axis, resulting in av-
erage transmitted bunch charges of below one electron
per pulse. Subsequent acceleration to 200 keV energy
and coupling into the microscope column enable a pulse
characterisation in real- and reciprocal space, spectral
pulse properties are determined by an imaging energy
filter (CEFID, CEOS GmbH).

B. Event-driven photoelectron detection

The photoelectron correlations experiments are imaged
with a hybrid pixel electron detector that is based on the
Timepix3 ASIC (EM CheeTah T3, Amsterdam Scien-
tific Instruments B.V.) and mounted behind the energy
filter. The camera generates a stream of data packages
containing the position of electron-activated detector pix-
els, their time-of-arrival (ToA), which are digitized with
1.56 ns time bins, and the energy (time-over-threshold,
ToT) associated with incident electron events. At a beam
voltage of 200 kV every individual electron activates a
cluster of pixels with variable size (Npixels,avg ≈ 8 pix-
els), shape and energy (ToTavg ≈ 280 a.u.).

Single-electron event localisation of the ToT-corrected
raw data stream is achieved using the Division of
Nanoscopy, M4I, Maastricht University event clustering
code [64], which is based on a Hierarchical Density-Based
Spatial Clustering (HDBSCAN) in Python3. The algo-
rithm reconstructs the timing and position of individual
electrons incident on the detector from the activated pix-
els. Thereby, individual electrons are distinguished in
terms of their ToA, attributing between three and nine
neighbouring pixels activated within a time window of

100 ns and a summed ToT ranging from from 200 a.u.
to 400 a.u. to the same cluster (see Ref. [65]).

In a second step, the photoelectrons are clustered ac-
cording to the femtosecond laser pulse that generated
them. The temporal resolution of the detector (1.56 ns)
is much faster than the temporal pulse separation given
by the laser repetition rate (≈ 1 µs), but much slower
than the temporal splitting of the correlated electrons
at the detector (≈ 1 ps). Hereby, the electrons arriv-
ing at the detector within ∆tn =50 ns are assigned to a
number-class electron state n = 1, 2, 3, ... determined by
the number of electrons in one laser pulse.

C. Double Laser-pulse electron generation

For the two-laser-pulse generation described in Fig. 2f,
a Michelson interferometer splits the incoming laser pulse
into two separate pulses. One of the interference arms has
a variable optical path length, implemented by a retrore-
flector mounted on a delay stage. The delay time of
the two optical pulses is much lower than the repetition
rate of the laser (≈ 2 us). As a consequence, two pho-
toelectrons generated by two separate laser pulses and
two photoelectrons generated by the same pulse are both
detected as two-electron events.

As the optical power on the laser tip oscillates for small
delay times due to constructive and destructive interfer-
ence of the laser, the number of generated electrons will
strongly vary in this delay regime. Therefore, we selected
delays with approximately the same one-electron-state
rate (±σ/2) over the integration time of five seconds.
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G. Herink, S. Schäfer, P. Groß, C. Ropers, and C. Lienau,
Rev. Mod. Phys. 92, 025003 (2020).

[28] F. Houdellier, G. Caruso, S. Weber, M. Kociak, and
A. Arbouet, Ultramicroscopy 186, 128 (2018).

[29] H. Yanagisawa, S. Schnepp, C. Hafner, M. Hengsberger,
D. E. Kim, M. F. Kling, A. Landsman, L. Gallmann, and
J. Osterwalder, Sci Rep 6, 35877 (2016).

[30] A. A. Ischenko, I. V. Kochikov, and R. J. D. Miller, J.
Chem. Phys. 150, 054201 (2019).
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