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Laser streaking of free electrons at 25 keV
F. O. Kirchner1,2, A. Gliserin1,2, F. Krausz1,2 and P. Baum1,2 *
Recording electronic motion in atomic systems requires attosecond and picometre resolutions. Current attosecond
technology provides photon pulses up to an energy range of 100 eV, with wavelengths far too long to access structures
on the atomic scale. In contrast, ultrashort free-electron pulses with sub-Ångstrom de Broglie wavelengths offer the
potential to resolve sub-atomic structures. Here, we demonstrate an optical-ﬁeld-driven streak camera for their temporal
characterization. Our concept is to have an electron beam and a laser beam intersect at an ultrathin metal mirror, and
potentially offers attosecond resolution. The technique will be instrumental in advancing ultrafast electron diffraction
towards ever higher temporal resolution in the pursuit of the long-term goal of sub-atomic four-dimensional imaging. As a
ﬁrst application, we study the inﬂuence of electron–electron interactions on the characteristics of few-electron pulses.

C

apturing electrons in motion is at the heart of attosecond
science. Although attosecond spectroscopy1–4 can provide
insight into the dynamical evolution of some observables of
electrons in atomic systems, direct access to their spatial distribution
is difﬁcult. High-harmonic orbital tomography4–7 and laser-induced
self-diffraction8,9 have been the ﬁrst techniques to combine atomic
resolution in space with time resolution on the electronic scale.
However, both approaches suffer from the presence of a strong
ﬁeld and have been restricted to the scrutiny of simple systems only.
Ultrafast electron diffraction with freely propagating electron
pulses at tens of keV and beyond10–13 offers a powerful route to
time-resolving dynamics with sub-atomic-scale spatial resolution.
The de Broglie wavelength is 1–10 pm and tens of Bragg spots are
observable at the same time, providing picometre resolution of
complex organic molecules or unit cells. The temporal resolution
is of the order of several hundred femtoseconds, measured by
ponderomotive scattering14,15 and limited by space-charge effects
in multi-electron packets11,16. This limitation may possibly be
overcome by utilizing the linear chirp of multi-electron17 or
single-electron18–20 pulses, offering the potential for shortening
the electron pulse duration by microwave compression, as
proposed in ref. 21 and implemented in ref. 16, ultimately into
the subfemtosecond regime22.
Reliable electron pulse metrology with sufﬁcient time resolution
is a key prerequisite for exploiting this potential. Here, we demonstrate a temporal characterization technique with potentially subfemtosecond resolution. Our concept draws on that of the
attosecond streak camera: abrupt release of bound electrons via
extreme-ultraviolet-induced photoemission1 into a laser ﬁeld
allows the moment of electron birth in the ﬁeld to be labelled
with a change in their ﬁnal momentum23. Implementation of the
concept with controlled laser ﬁelds24 permits precision measurement of attosecond extreme-ultraviolet pulses and the laser ﬁelds
themselves25. We demonstrate the extension of this measurement
concept to electrons entering the optical streaking ﬁeld as freely propagating beams. We refer to them as free electrons to emphasize the
difference with respect to the photoelectrons ejected into the laser
ﬁeld from bound states in previous implementations of laser streaking. The ability to characterize high-energy freely propagating electron pulses with potentially subfemtosecond resolution opens the
door to advancing time-resolved single-electron diffraction
towards the 1 fs frontier, and possibly beyond.

Light-ﬁeld-induced energy change of free electrons
A free electron of substantial energy can efﬁciently exchange energy
with a laser ﬁeld if it abruptly enters (or exits) a region of space
where the laser ﬁeld already oscillates with non-zero amplitude,
that is, without having to traverse regions with slowly increasing
(or decreasing, respectively) ﬁeld amplitude (condition (1)). The
resultant maximum energy exchange is proportional to the initial
electron momentum and the component of the ﬁeld amplitude
along this momentum at the instant of electron launch (or exit);
ponderomotive corrections quadratic in the ﬁeld26 are usually negligible. The energy exchange is also critically dependent on the
timing of the electron with respect to ﬁeld oscillations, offering a
means of temporal characterization with potentially subfemtosecond resolution. For this potential to be exploited, two more conditions must be met: (2) the velocity of the electron’s point of
appearance/disappearance in the laser wave must match the ﬁeld’s
phase velocity in the relevant interaction volume and (3) the interaction must be reproducible for statistical averaging at each laserelectron delay. In order that this averaging preserves the attosecond
temporal resolution potentially offered by the temporal gradients of
visible-to-infrared light, it must be ensured that a subfemtosecond
electron wave packet is launched into the ﬁeld at precisely the
same phase of the ﬁeld in repeated interactions.
In attosecond streaking of electrons released from bound atomic
states25, all three conditions (1) to (3) are met in a natural way by
collinear propagation (both at the vacuum speed of light) of the
sub-laser-cycle-duration extreme-ultraviolet pulse releasing the
photoelectrons with a phase-controlled streaking laser ﬁeld previously used for the generation of the extreme-ultraviolet pulse24
and thereby avoiding any notable timing jitter in repeated measurements. Extension of this attosecond temporal characterization
technique from electrons ejected from atomic bound states to
ones freely propagating across the streaking laser beam is nontrivial, for two reasons. First, the electrons gradually propagate
into the interaction region rather than being ‘born’ in it and,
second, they do so with a velocity substantially slower than the
phase velocity of the light wave.
We satisfy condition (1) by having a femtosecond laser beam
reﬂected off a thin metal ﬁlm and have it intersected with the electron
beam traversing the ﬁlm (Fig. 1a). A similar geometry was previously
used for electron acceleration27. Thanks to the nanometre scale, that
is, subwavelength penetration depth of the ﬁeld into the metal foil,
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Figure 1 | Concept for attosecond streaking of freely propagating electron
pulses at 25 keV. a, A laser pulse (red) and an electron pulse (blue)
intersect at an ultrathin metal mirror (black) that is transparent to the
electrons. The noncollinear geometry provides laser ﬁelds in forward and
backward directions along the electron trajectory (green). The transition of
the electrons out of the ﬁeld occurs within 200 as, which is less than half an
optical cycle. This makes a streak camera with a resolution given by the ﬁeld
oscillations. b, Microscopic image of the freestanding aluminium ﬁlm with a
thickness of 50 nm. Scale bar, 100 mm.

Laser-ﬁeld-driven streaking of free-electron pulses

For the experimental conditions presented in Fig. 2, the highest
energy gain extends up to 65 eV. In conventional streaking, the
maximum energy gain transferred from the optical ﬁeld to the
electron can be calculated using a semiclassical approach2 as
el 
DWmax = √
W0 Emax
2me pc

(1)

where W0 is the electron’s initial energy, e and me are the electron’s
charge and mass, respectively, and Emax is the peak of the laser’s
electric ﬁeld along the trajectory of the electron.
To apply equation (1) to our free-space geometry, we must consider the optical interference at the metal. In addition, magnetic
ﬁelds are non-negligible at an electron velocity of 0.3c.
Standing-wave interference at the aluminium ﬁlm produces an
increase in the electric and magnetic ﬁelds at the surface by
Change (a.u.)

Log

30

10

25
5
20

15
0
10

5

5

Decrease

The electron pulses to be characterized by the above system are
generated from a femtosecond-laser-driven electron gun and
accelerated in a static electric ﬁeld to 25 keV. The absolute and
relative bandwidths of the released electron pulses are 0.4 eV
and 1 × 1025, respectively. The streaking laser pulses are carried
at a wavelength of l ¼ 800 nm, have a duration of 50 fs, a peak
intensity of 0.4 TW cm22 and exhibit a random carrier-envelope
phase. The free-standing aluminium foil of the streak camera has a
thickness of 50 nm and is supported on a gold mesh (Fig. 1b).
Energy analysis is performed with a home-built time-of-ﬂight
spectrometer providing a resolution of 1 eV at 25 keV.
In the single-electron regime, the electron pulse duration (relevant, for example, to laser-pump/electron-probe experiments) is
deﬁned as the statistical deviation of the arrival time of the electrons
with respect to their nominal arrival time. This random deviation
arises from a random initial electron energy implying a spread in
arrival time at the target. In the language of quantum mechanics,
this spread can be described by a wave packet of corresponding

Amount of energy gain/loss
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the electrons abruptly leave the ﬁeld, just as the photoelectrons
enter it in a ‘conventional’ attosecond streak camera.
Ultrashort electron pulses suitable for diffraction at ultimate resolutions come as collimated beams with diameters of hundreds of
micrometres. To produce longitudinal ﬁeld components along the
electron momentum direction, we use a non-collinear interaction
geometry (Fig. 1a). At a correct choice of angles, this geometry
also fulﬁlls requirement (2); that is, the electron hits the ﬁlm at a
well-deﬁned delay with respect to the oscillating laser ﬁeld, irrespective of its transverse position within the electron beam. Condition
(3) can be readily fulﬁlled by implementing the concept with
phase-controlled laser pulses24.
Reﬂection of the p-polarized laser pulse at a mirror creates a transient standing wave with its electric and magnetic ﬁelds pointing
normal and parallel to the surface, respectively. The electric ﬁeld
component parallel to the electron momentum (Fig. 1a, green
arrows) is primarily responsible for energy exchange. Equipped
with a metal ﬁlm of carefully optimized properties and
supplemented with a high-resolution energy analyser, this scheme
constitutes an attosecond streak camera for free electrons.

longitudinal extension. In our experiment, the electron pulse duration
is anticipated to be several hundred femtoseconds20. The laser–electron interaction is then expected to yield sidebands in the electron
energy spectrum rather than a deﬁnite shift in energy, similarly to
photon-assisted electron microscopy28–31, to ﬁeld-driven emission
from needle sources32 and to attosecond streaking of electron wave
packets longer than the streaking ﬁeld cycle2.
For a ﬁrst proof-of-principle experiment of free-electron streaking
we generated about three electrons per pulse to achieve good detection statistics. Figure 2 shows the measured spectrogram in the
time-energy domain, that is, a series of electron spectra as a function
of the laser-electron delay. For negative delays the electron pulses
arrive at the aluminium foil before the laser pulses. In the proximity
of zero delay, where laser and electron pulses overlap in time, electrons are redistributed from their original energy to higher and
lower energies. The spectrogram reveals three conspicuous features:
a time-dependent energy exchange, a temporal structure varying
with the amount of energy gain/loss, and pronounced interferences
in the energy domain, subject to shifts versus delay.
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Figure 2 | Streaking results. Energy change of electron pulses at 25 keV
depicted in dependence on the delay of the optical streaking pulses.
The spectrogram reveals a time-dependent energy transfer, interference
features with a tilt, and an energy-dependent temporal width. The spectrum
of the unstreaked electrons is subtracted. Dashed box, region of interest for
data analysis.
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50%. From the perspective of the electron beam, the electric ﬁeld
has a longitudinal component (responsible for energy change) and a
transverse component (deﬂecting the beam sideways). For the
chosen combination of angles, the latter is compensated almost
completely by the magnetic part of the Lorentz force. With the
experimental laser parameters and the optical properties of the aluminium ﬁlm, we calculate a maximum energy gain of 73 eV. This is
in good agreement with the experimental ﬁndings, showing that
equation (1) is still valid at 25 keV, provided that optical interferences and magnetic components are properly taken into account.
An easily measurable energy gain of several electronvolts can be
generated at the substantially weaker ﬁelds achievable with

Interaction driven by the oscillating ﬁelds
In contrast with ponderomotive effects26, laser streaking is expected
to induce changes in the ﬁnal observables that scale with the ﬁeld
amplitude rather than the cycle-averaged intensity. Figure 3a
shows the maximum energy gain of the streaked electrons versus
peak laser ﬁeld strength. The change in maximum energy gain is linearly proportional to the peak electric ﬁeld, as predicted by equation
(1). Figure 3b shows the dependence of the electrons’ maximum
energy gain on laser polarization. Zero degrees indicates polarization in the plane of incidence, where the electric ﬁeld components
into and out of the ﬁlm are maximized. The solid line is a leastsquare ﬁt using a cosine function. The measurement clearly
reveals the dominant role of the longitudinal component for the
streaking effect. These experiments provide a clear testimony for
the laser–electron interaction being controlled by the instantaneous
ﬁelds rather than the (cycle-averaged) ponderomotive potential.
The spectrogram in Fig. 2 shows a pronounced interference in the
energy domain. Within the spectral window in which the time-ofﬂight detector is optimized for highest resolution, about ten
maxima are perceivable in the gain region and one in the loss
region. Distinct features are no longer discernible at higher energy
gains owing to the limited energy resolution of the detection
system in this range. The measured separation is equidistant at
1.6 eV, which is close to the laser’s photon energy of Ephoton ≈
1.55 eV at l ≈ 800 nm. We call these features streaking traces of
different order, or ‘streaking orders’.
Similar sidebands in the energy spectrum of free electrons have
been observed with electron microscopy in the vicinity of nanostructures28,29,31. These were explained in terms of multiphoton
absorption moderated by the near-ﬁeld around the nanostructure29,31. Here, we offer an explanation from a different, semiclassical
perspective in terms of electron–wave interferences induced by a
classical light ﬁeld33. The energy bandwidth (full-width at halfmaximum, FWHM) of our unstreaked electron pulses was
measured as 0.4 eV, implying a (propagation-induced) broadening of the single-electron wave packets to a duration much longer
than the period of the streaking optical ﬁeld. Electrons leaving the
ﬁeld in subsequent cycles and gaining or losing the same energy
can therefore interfere, giving rise to sidebands separated by the
photon energy, similar to those appearing in above-threshold ionization34. The visibility of the spectral fringes related to the streaking
orders is dictated by the temporal coherence of the electron pulse.
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nanojoule pulse energies. Hence, the technique presented here can
be implemented with pulses directly from femtosecond laser
oscillators, without the need for ampliﬁcation.

Interference effects

Figure 3 | Field dependence and electron pulse characterization. a,
Streaking is ﬁeld-dependent. Measurement of the highest energy change in
dependence on the applied laser ﬁeld (symbols) shows a linear behaviour
(blue line). b, Streaking requires longitudinal ﬁelds. Measurement of the
highest energy change in dependence on the polarization (symbols) shows a
cosine-type behaviour (red line) peaking at p-polarization. c, Temporal
widths of the spectrogram and electron pulse shape. Measurement of the
cross-correlation widths (diamonds, FWHM) for increasing energy gain
shows a rapid decrease towards a limit of 360 fs. This denotes the electron
pulse duration. Inset: electron pulse shape (symbols), sampled at an energy
gain of 9 eV. The electron pulse is approximately Gaussian-shaped (blue).
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Figure 4 | Semi-classical simulations of free-electron streaking. a, A case for chirped electron pulses (300 fs, FWHM) reproduces the tilted interference
orders and the ﬁeld dependence of the experiments. b, Application of phase-stabilized 5 fs laser pulses (dotted line) and 3 fs electron pulses shows the
transition regime between coherent interference and ﬁeld-resolved sampling. c, Assuming 1 fs electron pulses, the spectrogram turns into a direct sampling of
the 5 fs laser ﬁeld.
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Figure 5 | Multi-electron dynamics in freely propagating electron pulses. Streaking spectrograms for an average of 1.4, 3, 6 and 18 electrons per pulse reveal
an increase of pulse duration, chirp and bandwidth, as well as a loss of interference contrast.

Currently, it is limited by the energy resolution of the detection
system. From the observed fringe visibility we can therefore only
evaluate a lower limit for the electron’s temporal coherence: it
must extend over at least two laser cycles, corresponding to a
minimum of 1 × 104 coherent de Broglie cycles.

Streaking orders
For each streaking order, the temporal proﬁle is a cross-correlation
between the electron pulse and those parts of the laser pulse where
the electric ﬁeld exceeds the threshold for the respective energy gain
according to the scaling given by equation (1). Thus, for higher
streaking orders, the electron pulse is sampled with an effective
probe of decreasing duration. In the limit of the highest streaking
orders, near the maximum energy gain, the signal’s delay dependence is expected to mirror the electron pulse shape. Figure 3c
depicts the measured temporal widths of the spectrogram for
increasing energy gains. The duration of the streaking traces of
increasing order decreases rapidly and converges to an FWHM
value of (360+20) fs, yielding the electron pulse duration.
For low energy gains, the streaking orders become substantially
wider and also asymmetric in time. The broadening is caused by
the complex temporal proﬁle of our laser pulses, which have a
non-Gaussian spectrum and hence carry some pedestal in the
range of +300 fs. The integrated intensity is less than 1%, but the
corresponding ﬁeld strength is still sufﬁcient to cause some loworder streaking. The asymmetry is attributed to the uncorrected
third-order dispersion in our laser system35, which produces an
asymmetric temporal proﬁle of the pedestal.
The peak energy of the streaking traces exhibits a shift versus
delay, both in the gain and loss region (Fig. 2). The shift is indicative
of a temporal variation of the electron energy, that is, the electron
pulse’s chirp. We evaluate a chirp of (1.6+0.2) eV ps21; the sign
is such that higher-energy electrons arrive earlier at the streaking
location than slower ones.

Semiclassical modelling
To verify the key features of our streaking experiment theoretically
and to reveal its applicability to subfemtosecond electron pulses, we
performed simulations using a time-dependent semiclassical
approach with chirped single-electron pulses. Figure 4 shows the

results for three cases, one resembling the measurement (50 fs
laser pulses, 300 fs electron pulses, chirp of 1.6 eV ps21; all durations deﬁned as FWHM values) and two cases assuming a
phase-locked 5 fs laser pulse and electron pulses with durations of
3 fs and 1 fs, respectively. The pattern in Fig. 4a reproduces the
expected proportionality of the streaking strength, the quantum
interference, the tilt of the features resulting from electron chirp,
and the convergence of the time width to the electron pulse duration
for highest streaking energies.
Figure 4b,c shows what can be expected with a 5 fs laser pulse
and electron pulses approaching the attosecond regime. There is a
gradual transition between such spectrograms dominated by
quantum interference, where the electrons extend over several
laser cycles coherently (Fig. 4a), towards a streaking spectrogram
indicative of electron pulses of sub-laser-cycle duration (Fig. 4c).
Attosecond metrology offers a range of deconvolution methods
with which the laser ﬁeld and the electron’s wavefunction can be
retrieved36,37. Even without computational reconstruction, streaking
spectroscopy provides direct insight into the temporal behaviour of
ultrashort electron pulses in terms of pulse shape, duration, bandwidth, chirp and coherence.

First application: multi-electron dynamics in free space
As a ﬁrst application, we make use of the streaking effect to reveal
the inﬂuence of multi-electron dynamics on the chirp, bandwidth
and duration of few-electron pulses in free space. We concentrate
on the transitional regime between single electrons and the spacecharge domain of continuous electron density. Figure 5 shows the
data obtained for average values of 1.4, 3, 6 and 18 electrons per
pulse. After the streaking mirror there is less than one electron in
all cases; the measurement therefore characterizes the few-electron
pulses at the location of the foil. The spectrograms differ in
several notable aspects—electron pulse duration, bandwidth and
chirp increase with number of electrons (Table 1), while the visibility of the streaking features decreases.
Coulomb repulsion enlarges the propagation-induced chirp of
single-electron pulses20 and produces an additional broadening in
duration and bandwidth. The results for 1.4 and 3 electrons do
not differ signiﬁcantly, but only 18 electrons are enough to cause
a sevenfold increase in bandwidth and a 50% increase in pulse
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Table 1 | Results of streaking measurements on multielectron pulses. Even for very few electrons per pulse,
duration and bandwidth degrade notably.
Average no. of
electrons
1.4
3
6
18

Pulse duration
(fs, FWHM)
360+20
370+30
390+20
540+20

Energy bandwidth
(eV, FWHM)
0.39+0.06
0.58+0.03
1.01+0.08
2.9+0.2

Electron chirp
(eV ps21)
1.1+0.2
1.6+0.2
2.6+0.2
5.4+0.4

duration. These results reﬂect the conversion of the initial electrostatic self-energy to a velocity spread with order-of-magnitude
agreement with model predictions. At all electron densities, the
chirp is found to be approximately linear, as predicted in the
regime of a continuous space-charge density17. Hence, this approximation seems applicable, even for a very low number of electrons.
The streaking interferences show an intriguing degradation of contrast. This may be a result of limitations in the experimental resolution of strongly tilted streaking orders, or indicative of a
quantum-statistical loss of temporal coherence by electron–electron
interactions during propagation before the characterization at the
foil. Shorter laser pulses and an improvement of energy resolution
will allow this question to be resolved. For practical applications, a
noteworthy result is that tens of electrons per pulse already markedly affect the temporal resolution of a femtosecond diffraction
experiment. Because Coulomb repulsion becomes more severe
with shorter pulses after compression22, this underlines the signiﬁcance of the genuine single-electron regime for achieving
ultimate resolutions.

was weighted by dt(E)/dE to account for the nonlinear relation between the
respective bin sizes. The achieved energy resolution was better than 0.5 eV (FWHM)
within +3 eV around the central energy and better than 1 eV (FWHM) up to 13 eV
above the central energy.
Analysis. Individual streaking orders were selected using skewed regions of interest
(ROI, Fig. 2); equally shaped ROI were applied at higher energies. We ﬁt the data
along the energy axis with Gaussian functions, providing the centre and amplitude
for each delay time. A Gaussian ﬁt of the amplitude values yielded the duration of
the electron-laser cross-correlation. The slope of the streaking orders was obtained
by ﬁtting a linear function to the ﬁtted centre positions. The energy bandwidth was
retrieved by multiplying cross-correlation durations and corresponding slope values.
The temporal proﬁle (Fig. 3c, inset) was obtained by integrating a ROI along the
energy axis. The error bars in Fig. 3c represent the standard errors of Gaussian ﬁts to
these proﬁles. The electron pulse duration and its uncertainty were obtained as mean
value and standard deviation of temporal proﬁle widths in the convergence region.
Chirp values were obtained by dividing energy bandwidth by pulse duration. The
error bars in Fig. 3a,b reﬂect the uncertainty of the transition between counts and
noise deﬁning the cutoff energy.
Simulations. The electron was treated as a non-relativistic quantum wave packet
in a classical laser ﬁeld using atomic units33. Spatial effects were neglected in our
one-dimensional approach. A single electron wavefunction is given by
exp[2t 2/(2j 2)]exp(2iUt), where U is the central energy and j is the coherence time.
The time-dependent density of electrons is Iel(t) / exp(2t 2/(2tel2)), where tel is the
pulse duration (sigma value). Chirp is described by a time-dependent energy
U(tel ) ¼ U0 þ Ctel. For simulating spectrograms, it is sufﬁcient to know the laser
ﬁeld’s time-dependent effective potential A(t) at the location of the foil; this
comprises the net effect of electromagnetic acceleration and deceleration during
spatiotemporal propagation that far. We use A(t) ¼ A0exp[2t 2/(2tﬁeld2)]exp(ivt),
where tﬁeld is the duration of the ﬁeld (sigma value), v ¼ 0.057 is the central
frequency and A0 ¼ 0.012 is the peak potential. Each single-electron wave packet in
the long electron pulse interacts with the laser individually and we assume that
collision with the foil is instantaneous. With these approximations, the energy
spectrum S(U ) of one electron within the pulse is33
S(U, tel )

Outlook
We have extended the technique of laser streaking to freely propagating electron pulses at an energy of 25 keV, more than a
hundred times higher than previously demonstrated in attosecond
spectroscopy. Extension of our concept to the characterization of
MeV pulses38–41 is straightforward, provided that an energy spectrum can be measured with sufﬁcient resolution. Simulations indicate the applicability of the laser-ﬁeld streaking technique to
attosecond electron pulses, laying the groundwork for gradually
shortening the duration of single-electron pulses into the subfemtosecond regime for subatomic visualization of electronic motion in
four dimensions.

Materials and methods
oscillator35

Beams. A long-cavity Ti-sapphire
was operated at 128 kHz using a pulse
picker. A small portion of the laser power was frequency-tripled and focused tightly
onto a gold-coated photocathode42. Femtosecond electron pulses were created and
accelerated to 25 keV over a distance of 3 mm. A solenoid lens produced a roughly
collimated beam with dimensions of 323 × 288 mm2 (FWHM). The number of
electrons per pulse was estimated from the count rate, foil transmission, detector
efﬁciency and repetition rate. The major part of the laser power was focused onto the
streaking mirror (beam waist, 44 × 68 mm2, FWHM) under a shallow angle. The
pulse duration was 50 fs (FWHM). The p-polarized laser beam and the electron
beam impinged at angles of incidence of 778 and 178, respectively, to match the
electron’s group velocity (about 0.3c) to the optical phase velocity along the surface.
The electron pulse hit the ﬁlm at each point within the beam proﬁle at the same
delay relative to the laser ﬁeld.
Streaking element. The foil had to be thick enough to block the laser pulses, but thin
enough to transmit the electrons. Aluminium simultaneously provides good optical
reﬂectivity and low atomic mass, facilitating electron transmission. A 50 nm layer of
aluminium was thermally evaporated onto a soap-covered glass substrate. The soap
was removed with water and the ﬁlm transferred to a 100-lines-per-inch mesh for
support. The foil transmitted 3.5% of the incident electron current.
Time-of-ﬂight detector. A drift-tube (40 mm inner diameter, 200 mm length) was
operated at 24,995 V and the timing was detected with a microchannel plate. For
calibration, the acceleration voltage was varied while recording the time-of-ﬂight
spectrum of the direct electron beam. Streaking spectrograms in energy units were
obtained using the calibrated time-to-energy mapping, t(E). Finally, the intensity
56

DOI: 10.1038/NPHOTON.2013.315



 2

1  1
(t − tel )2
exp −
− i(U0 + Ctel )t + if(U, tel ) dt 
/ √ 
2
2j
U −1

(2)

action in the laser potential given by the Volkov-type phase
where f is the classical
tel √
f(U, tel ) = 12 −1
[ 2U + A(t)]2 dt. We can neglect contributions scaling with A 2,
because the expected energy change is small compared to U0. Hence, equation (2)
can be simpliﬁed to
S(U, tel )



 2 (3)
√ tel

1  1
(t − tel )2
exp −
− i(U0 + Ctel )t + i 2U
A(t ′ )dt ′ dt  .
/ √ 
2
2j
U −1
−1

Here the integral of the laser potential needs to be computed only once. The
measured spectrum is a superposition of many such single-electron spectra in the
pulse with density Iel(t). For a delay Dt between laser and electron pulses, we obtain
1
S̃(U, Dt) /
−1

Iel (t − Dt)S(U, t)dt

(4)

This produces the streaking spectra shown in Fig. 4.
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