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Increasing the accuracy of measurements of time
has always been a challenge to science and has made it
possible to explore short-lived phenomena that hitherto
could not be measured. Recently, femtosecond laser
techniques have allowed for the tracing and control of
molecular dynamics and the related motion of atoms on
the length scale of internuclear separations without the
need for resolving the particles' positions in space [1].
Here, we demonstrate the possibility of exploring the
microcosm even further, to the interior of atoms and
thus to electronic processes on an attosecond timescale.

As direct measurements of the time evolution of
ultrafast processes are not feasible, one has to sample
the evolution point by point with reproducible condi-
tions (pump/probe technique). This implies the repro-
ducible generation of a trigger (pump pulse) for the pro-
cess under investigation, as well as an event for probing
the state of the process (probe pulse), where the dura-
tion of the trigger and probe and the accuracy of the
timing between the pump and probe event determine
the time resolution of the measurement. Traditionally,
the fastest measurement techniques have used the enve-
lope of laser pulses of visible light, with durations of
around 5 femtoseconds (1 fs = 10

 

–15

 

 s) for sampling [3,
4, 5]. Recently, sub-femtosecond bunching of femto-
second (>10 fs) extreme-ultraviolet light (XUV) was
observed in two-color [6, 7] and two-photon [8] ioniza-
tion experiments, and evidence of sub-femtosecond
confinement of XUV emission from few-cycle-driven
(ionizing) atoms was obtained [9]. However, time-
domain measurements have not been capable of resolv-
ing the time structures of sub-femtosecond transients.

The apparatus explained here extends these capabil-
ities to a resolution within the Bohr orbit time, which is
about 150 as. The technique draws on the basic opera-

tion principle of a streak camera [10–14] (Fig. 1),
where a light pulse generates an electron bunch with an
identical temporal structure. The electrons are transver-
sally deflected by an electric field as they travel to the
detector screen. From the streaked image of the photo-
electron bunch, it is possible to infer, with sub-picosec-
ond resolution, the temporal structure of the light pulse
that triggered the photoemission. The time resolution of
these devices is ultimately limited by the spread of the
electron transit time due to a spread in their initial
momenta.

In this work, we report the temporal characterization
of sub-femtosecond electron emission from atoms by
drawing on the same basic concept. We use an accu-
rately controlled few-cycle wave of visible light to take
“streaked images” of the time–momentum distribution
of electrons ejected from atoms due to sudden excita-
tion (e.g., by an isolated attosecond electron or photon
burst synchronized to the light wave). From these
images, this technique—the atomic transient recorder
(ATR) [15]—can measure the temporal evolution of the
spectrally resolved intensity of emitted (primary and
secondary) electrons and, therefore, provides direct
temporal insight into the rearrangement of the elec-
tronic shells of excited atoms on a sub-femtosecond
timescale.

ATTOSECOND SOFT-X-RAY PULSES

If the electric field of linearly-polarized femtosec-
ond laser pulses is sufficiently strong, it induces—in a
highly nonlinear interaction—gigantic dipole oscilla-
tions in atoms by pulling an electron away from the
core and smashing it back half a cycle later. These
oscillations are not sinusoidal; they contain very-high-
frequency components extending into the extreme-
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Abstract

 

—The electric field oscillations of visible light change their sign about 10

 

15

 

 times per second, and,
therefore, the field strength changes from zero to maximum in less than a femtosecond (10

 

–15

 

 s). By precisely
controlling these oscillations within a very short laser pulse, we were able to demonstrate an apparatus capable
of measuring atomic processes with an accuracy of approximately 100 attoseconds (10

 

–18

 

 s). A controlled,
intense 5-femtosecond laser pulse is used to create a 250-attosecond x-ray pulse that triggers the atomic pro-
cess. The electric field oscillations of the same laser pulse are used to probe the time structure of the process.
This measuring technique allows for the tracing of very fast processes in the electron shells of atoms for the
first time.
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ultraviolet and soft-X-ray regimes [3]. In a laser field
containing many oscillation cycles, the oscillations are
repeated quasi-periodically, resulting in the emission of
a series of high-energy bursts of sub-femtosecond dura-
tion and high-order harmonics of the laser radiation in
the spectral domain. For a few-cycle laser driver, only a
few dipole oscillations with different amplitudes occur.
Only the oscillation with the highest amplitude has
been predicted to emit the highest photon energies, and,
therefore, the highest spectral components are confined
to a single burst in the time domain [2].

The first evidence of emission of an isolated sub-
femtosecond pulse from this interaction was reported in
2001 [9], but reproducible generation of single sub-
femtosecond pulses did not become possible till 2003,
when the waveform of intense few-cycle laser pulses
could be precisely controlled [2]. Since then, the giant
atomic-dipole oscillations can be controlled and repro-
duced in every laser shot. With the parameters set cor-
rectly, this leads to the generation of a single X-ray
burst with parameters of duration, energy, and timing
with respect to the laser field that are well reproduced
from one shot to the next. Synchronism of the X-ray
burst to the field oscillations of the generating laser
pulse affords the potential for using the X-ray burst for
attosecond spectroscopy by utilizing the oscillating
laser field as a probe. This is essential because—due to
the unfavorable scaling of two-photon transition cross
sections with the photon energy—these laser-produced
X-ray bursts are too weak to be used for 

 

both

 

 triggering

 

and

 

 probing electronic dynamics (X-ray-pump/X-ray-
probe spectroscopy). Instead, the oscillating laser field,

which changes its strength from zero to a maximum
within some 600 attoseconds in a 750-nm laser wave,
can take over the role of the probing X-ray pulse.

RESOLVING ATOMIC TRANSIENTS

Today’s image-tube streak cameras allow for elec-
tron-optical chronoscopy with sub-picosecond resolu-
tion [11, 12]. The ATR provides a three-orders-of-mag-
nitude improvement in time resolution that results from
several essential modifications of image-tube streak
cameras: (i) the electric field of light is used to affect
the motion of the electrons; the field is (ii) virtually jit-
ter-free, (iii) acting along the direction of electron
motion (implying their acceleration or deceleration
instead of their deflection), and (iv) applied directly at
the location and instant of emission. Whereas
(i) implies “only” a dramatically enhanced streaking
speed, the consequences of (ii)–(iv) are much more pro-
found: (ii) allows for the timing of the probing field to
be systematically varied with an accuracy within the
electron bunch length, and thanks to (iii) this capability
results in a “projecting” of the initial time–momentum
distribution of the electron emission into a series of dif-
ferent final (measurable) momentum distributions,
while (iv) prevents the initial momentum spread from
introducing any measurement error.

Inspired by the physics of the first sub-femtosecond
experiment [9], Corkum and coworkers [13] put for-
ward the basic concept for ATR metrology, and it was
analyzed with a comprehensive quantum theory by
Brabec and coworkers [14]. Let us consider electron
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Fig. 1.

 

 Principle of conventional streak camera. A light flash hits a photocathode and induces electron emission. The electrons travel
towards the phosphorous screen, while a rapidly increasing high voltage tranversally deflects them. The time duration (

 

∆

 

t

 

) of the
incident light flash can be unambiguously inferred from the width of the streaked image on the screen (

 

∆

 

x

 

). The faster the deflecting
field varies, the shorter the pulses that can be recorded. The best resolution is about 100 femtoseconds.



 

LASER PHYSICS

 

      

 

Vol. 15

 

      

 

No. 1

 

      

 

2005

 

ATTOSECOND METROLOGY WITH CONTROLLED LIGHT WAVEFORMS 197

 

emission from atoms exposed to a sub-fs X-ray burst in
the presence of an intense, linearly-polarized, few-
cycle laser field 
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along the laser field vector (Fig. 2). Here, 
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 is the vector potential of the laser field, 
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 stand for the charge and rest mass of the electron,
respectively, and 
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 is the release time of the electron.
This momentum transfer (gray arrows in Fig. 3) maps
the temporal emission profile onto a similar distribution
of final momenta 
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 if the electrons initial momentum 

 

p

 

i

 

 is con-
stant in time and their emission terminates within 

 

T

 

0

 

/2.
Under these conditions, the temporal evolution of the
electron emission can be unambiguously retrieved from

EL t( ) td
tr

∞∫

 

a single “streaked” momentum distribution. However,
any sweep of the electron’s initial momentum revokes
the unique correspondence between the electron’s final
momentum and the release time, preventing any
retrieval of accurate temporal information from single-
streak records (violet and orange profiles in Fig. 3).

In general, the initial momentum spectrum of elec-
trons detached from atoms by impulsive excitation var-
ies in time during emission. A representative time–
momentum distribution 

 

n

 

e

 

(

 

p

 

, 

 

t

 

) of the electron emission
rate is depicted in Fig. 4. The final electron momentum
spectrum (observed after the laser pulse has left the

interaction region), 

 

σ
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) = (
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dt

 

, can be viewed

as the projection of the time-dependent momentum dis-
tribution on momentum space along lines of constant 

 

p

 

.
In the classical description of the motion of the freed
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 Principle of light-field-controlled streak camera. (a) A bunch of atoms are exposed simultaneously to a sub-femtosecond
X-ray flash and a laser pulse consisting of a few well-controlled field oscillations. The kinetic energy of electrons emitted by the
X-ray flash in the direction of laser polarization is detected with a time-of-flight electron detector. Depending on their time of birth
within the half period of the light-field oscillations, the kinetic energy of the electrons is increased or decreased by interaction with
the laser field. (b) Projection of the hypothetical temporal emission profile of photo and Auger electrons to final energy distributions.
The width (

 

∆

 

E

 

) and shape of the electron energy distributions mirror the duration (

 

∆

 

t

 

) and evolution of the emission within half
a cycle.
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Fig. 3. Influence of a possible momentum sweep on measured spectra for two particular delays between electron emission and light
oscillations. In the absence of a sweep, electrons emitted within the marked time window feel an additional momentum ∆p = eAL(t)
(gray oscillation and gray arrows). Their time distribution is mapped to the energy scale with eAL(t) as a transfer function. If a linear
momentum sweep is present, the transfer function is influenced (tilted black lines and violet arrows), which results in a difference
in the mapped spectra measured at different delays (violet spectra), from which the sweep can be evaluated. Even higher order momen-
tum sweeps can be retrieved (curved black lines and orange spectra) for a changed delay position around the zero crossing of E(t).

electrons in the presence of a strong laser field, the final
spectra obtained are generalized projections along the
lines where pf = pi + eAL(t) is constant (see Fig. 4). By
repeating the measurement at different delays of the
laser field with respect to the excitation that triggers

electron emission, we obtain a suitable set of streaked
spectra:

(1)σA p( ) ne p eAL t( )– t,( ) t,d

∞–

∞

∫=
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from which the complete distribution ne(p, t) can be
reconstructed. The method is closely related to fre-
quency-resolved optical gating [15, 16] with the oscil-
lating field as gate. In the simplest cases, such as in the
absence of a nonlinear momentum sweep, the streak
records obtained near the zero transitions of AL(t) with
opposite slopes (violet profiles in Fig. 3) together with
the field-free spectrum allow for the determination of
all relevant characteristics: the temporal profile and the
duration and momentum chirp of the emission. We note
that a linear momentum sweep leads to differently
broadened streaked spectra at these delays and that this
difference makes the measurement highly sensitive to
the momentum sweep, i.e., highly sensitive to devia-
tions of the pulse duration from the Fourier limit.

The ATR’s potential for determining a high-order
chirp of the X-ray pulse as well is indicated by the dif-
ferent shapes of the momentum distributions (orange)
in Fig. 3.

EXPERIMENTAL SETUP

We utilize the same experimental setup that was
used to study photoelectrons [9] and that was recently
employed for probing Auger electrons on a few-femto-
second time scale [17]. The essential innovation here is
that waveform-controlled few-cycle light now provides
a reproducible excitation burst for accurate triggering,
as well as a reproducible streaking field for capturing

sub-fs electron emission from atoms. The X-ray bursts
for triggering are produced from Ne atoms ionized by
intense, few-cycle waveform-controlled light pulses [2]
in the process of high-order harmonic generation [18,
19]. The X-ray pulses copropagate with the laser pulses
down the beam delivery tube (Fig. 5). After 150 cm,
they hit a 200-nm-thick zirconium foil with an aperture
of 2 mm mounted on a nitrocellulose membrane that is
5 µm thick. This virtually dispersionless filter produces
an annular laser beam with the X-ray beam in the cen-
ter. The energy in the laser beam is adjusted by a motor-
ized iris and measured by a photodiode. The collinear
X-ray and laser beams are focused into a second neon
gas jet and delayed with respect to each other for the
ATR measurements with a two-component Mo/Si
broadband multilayer mirror (radius of curvature =
−70 mm) placed 2 m downstream from the source. The
reflectivity band of the multilayer extends from 85 to
100 eV with a peak reflectance of ~30% and a full
width at half-maximum (FWHM) of ~9 eV. This mirror
is mounted on a motorized stage so that it can be
removed from the beam line. In this way, the harmonic
beam can be detected by an X-ray CCD camera for
optimizing the radial intensity profile of the X-ray
beam. Further on, a 10000 lines/mm transmission grat-
ing can be inserted before the X-ray CCD camera to
observe the spectrum of the harmonic radiation. Fine
tuning of the cutoff of the X-rays can be carried out by
fine tuning of the energy of the fundamental laser beam.

M
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en
tu

m

Release time

Initial time-momentum
distribution of positive-
energy electrons

Final momentum
distributions

Fig. 4. Time-dependent momentum transfer to positive-energy electrons within the laser cycle. Electrons emitted from an excited
atom along the electric field vector of a strong laser field with an initial momentum pi suffer a momentum change that is proportional
to the vector potential of the field AL(t) at the instant of release. For a certain time-momentum distribution, this will result in differ-
ent “projection” spectra for different delays of the light oscillations. With a suitable set of spectra, the time-momentum distribution
can be reconstructed.
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Two types of experiments based on the ATR concept
were implemented. First, the inner part of the Mo/Si
mirror was used to focus both the X-ray and the laser
beam to eliminate any external source of fluctuations in
the timing between the excitation and probing pulses
(Zr filter removed). In the second type of study, the
X-ray beam was reflected by the inner part and the laser
by the outer part of the mirror: the central piece sits on
a piezo stage that is adjustable in the transverse and lon-
gitudinal directions. Thus, the two pulses can be over-
lapped spatially and temporally in the focal plane,
exactly at the tip of a nozzle emitting the atoms to be
studied. The time delay of the X-ray and the laser pulse
can be varied with a piezo stage with nanometer preci-
sion.

Electrons ejected following the X-ray excitation are
collected within a narrow cone (<4°) aligned parallel to
the laser and X-ray polarization and analyzed with a
time-of-flight spectrometer. The profile of the laser
focus is imaged by a lens on a CCD camera for moni-
toring and course preadjustment of the spatial overlap

between the beams reflected by the two components of
the Mo/Si mirror.

ATR DISPLAYS SINGLE ATTOSECOND
X-RAY BURST

Figure 6 summarizes representative results of a
series of measurements of streaked X-ray photoelec-
tron spectra recorded with the X-ray and laser pulse
impinging with a fixed relative timing set in the X-ray
generation process. According to an intuitive one-
active-electron model by Schafer et al. [20, 21], Cor-
kum [22], and Lewenstein et al. [23, 24], ionization of
atoms by a linearly polarized laser field is accompanied
by emission of extreme-ultraviolet radiation. These the-
ories, along with a number of numerical simulations
[24–28], predict that the emission of the highest energy
(cutoff) photons will occur near the zero transition(s) of
the electric field following the most intense half
cycle(s) at the pulse peak in a few-cycle driver.

In a cosine waveform (ϕ = 0), cutoff emission is
expected to be confined to a single burst emitted at the
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Fig. 5. Experimental setup of the evacuated beam line. The upper part depicts the schematic layout of the components and the lower
part illustrates their function. The 5-fs visible laser pulses are focused into a Ne gas jet to create a few high-photon-energy (X-ray)
bursts (the inset picture shows plasma clouds effusing from the interaction region). They are passed through a high-pass filter
(Zr foil) to block laser light and the low-energy part of the bursts. Subsequently, the multilayer mirror unit selects only the highest
energy spectral components of the X-ray radiation, which are confined to a single X-ray burst. The mirror unit can also be used to
introduce a delay between the X-ray burst and laser pulse and focuses the two beams into the second gas target for implementing
the light-field-controlled streak camera measurements.
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zero transition of EL(t) following the pulse peak. The
photoelectrons ejected in the opposite direction of the
peak electric field at this instant undergo a maximum
increase of their momentum and, hence, of their energy.
The streaked spectrum in Fig. 6d, obtained with 5-fs,
750-nm cosine pulses used for both X-ray generation
and subsequent electron streaking, corroborates this
prediction. The photoelectron spectrum peaking at
�ωx-ray – Wb ≈ 72 eV (where �ωx-ray ≈ 93.5 eV is the cen-
ter of the X-ray spectrum selected by the Mo/Si mirror,
and Wb = 21.5 eV is the binding energy of the most

weakly bound valence electrons in Ne) in the absence
of the laser field is upshifted by about 10 eV with only
a few electrons scattered outside the shifted band. The
clear upshift is consistent with the X-ray burst coincid-
ing with the zero transition of the laser electric field
(see Fig. 6d). Possible satellites would appear at the
adjacent zero transitions of EL(t) and undergo an
energy downshift. The absence of a downshifted spec-
tral peak of substantial intensity indicates clean single
sub-fs pulse generation.

300
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Measurement
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Energy, eV

Fig. 6. Streaked photoelectron spectra recorded at the initial delay of the X-ray burst(s) and the (probing) laser light originating from
the high-harmonic-generation (HHG) process. The X-ray bursts (blue curves on the left-hand side) originate from the spectrally
filtered cutoff energy range of the recombination emission from the HHG neon target pumped by intense few-cycle 750-nm laser
pulses (red lines); (a), (b) streaked spectra obtained with laser pulses with a normalized duration of τL/T0 = 2.8 with a cosine and
an inverted cosine waveform, respectively. The green curves on the right-hand side depict calculated spectra obtained on the
assumption of zero spectral phase (Fourier-limited X-ray burst). The calculations do not model the satellite pulse because the cor-
responding modulation of the (unperturbed) photoelectron spectrum is insufficiently resolved. (c), (d) Streaked spectra obtained
with laser pulses with a normalized duration of τL/T0 = 2 with a sine and a cosine waveform, respectively.
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With the phase adjusted to yield a sine waveform
(ϕ = –π/2), cutoff emission is predicted to come in twin
pulses (blue line in Fig. 6c) [2]. The observation of the
double-peaked streaked spectrum (Fig. 6c) clearly
reflects this time structure.

For the generation of a single sub-fs X-ray burst, the
normalized pulse duration τL/T0 plays a crucial role.
This is demonstrated by repeating the measurements
with slightly longer (7-fs) laser pulses (τL/T0 = 2.8). The
corresponding streaked spectrum obtained for ϕ = 0
(Fig. 6a) exhibits a sizeable downshifted spectral fea-
ture in addition to the upshifted main peak, indicating
the appearance of a substantial satellite pulse (≈30% of
the principal burst) in the cosine-wave-driven recombi-
nation emission. A reduced difference in the intensity
of the adjacent half cycles of the few-cycle wave
implies that the highest energy spectral components of
adjacent bursts reach the energy band selected by our
15%-bandwidth bandpass filter. Shifting ϕ by π results
in the same emission, but the streaking is reversed
(Fig. 6b). In these measurements (Figs. 6a and 6b), the
strength of the streaking laser field has been increased
by a factor of about 2.5.

MEASUREMENT OF THE TIME–MOMENTUM 
DISTRIBUTION OF THE ELECTRON EMISSION

With isolated sub-fs X-ray pulses at our disposal,
atomic transients can now be triggered and their subse-
quent evolution can be captured by probing the electron
emission with a synchronized wave of laser light. For
this measurement, the two-component mirror with a
delay stage was used to change the timing between the
light-field oscillations and the single X-ray burst. Fig-
ure 7 shows a series of streaked spectra of photoelec-
trons emitted from neon as a function of ∆t. The excita-
tion pulse at 93 eV was produced by a cosine waveform
with τL/T0 = 2.

If the electrons are emitted with an initial kinetic
energy much larger than their average quiver energy in
the laser field and are temporally confined to a fraction
of the half oscillation cycle, theory predicts that their
energy shift is linearly proportional to ∆p and, hence, to
the vector potential at the instant of the release of the
wavepacket, as was explained before. As a conse-
quence, AL(t) and, hence, EL(t) can be accurately deter-
mined from the peak shifts of the spectra—without
having to analyze their detailed structure. The result is
shown by the black line in Fig. 7, which constitutes the
first direct (time-resolved) measurement of a visible
light field. With the streaking field AL(t) known, full tem-
poral (time–momentum) characterization of sub-femto-
second electron emission is now becoming feasible.

First, we are interested in a possible linear frequency
sweep carried by the X-ray pulse, because this tends to
have a dominant effect on the shape and duration of the
excitation. To this end, we analyzed streaked spectra
recorded at adjacent zero transitions of AL(t). These

spectra are most sensitive to a linear momentum sweep
(caused by a linear frequency sweep of the X-ray
pulse), as was explained before. By assuming a possi-
ble spectral phase modulation of φx-ray = β2(ω – ωx-ray)2

carried by the X-ray pulse and allowing for a timing jit-
ter between the X-ray pulse and the streaking field, we
evaluated τx-ray = 250 (–5/+30) and τjitter = 260 (±80).
The pulse is found to be essentially Fourier-limited (the
near-quadratic frequency sweep results from the asym-
metric shape of the pulse spectrum rather than from a
spectral phase). The remarkable accuracy of τx-ray relies
on using several (in this case, three) projection spectra
of the time-momentum distribution of photoelectrons
for the X-ray pulse retrieval, which is the essence of the
ATR concept. Restricting our analysis to just one of the
two streaked spectra would only allow us to set an
upper limit of 500 on the X-ray pulse duration. These
measurements provide evidence of the emergence of
isolated, bandwidth-limited X-ray bursts over a relative
spectral band as broad as 15% (15 at 100 eV) from
recombination emission driven by a cosine waveform
with τL/T0 = 2.

FULL CHARACTERIZATION
OF LIGHT WAVES

The ATR’s potential for resolving the vector poten-
tial AL(t) of the laser pulse in the time domain made the
following measurement an obvious next step. First,
some necessary technical improvements had to be
made. Mainly, the suppression of vibrations of the vac-
uum pumps and a new high-quality two-component
Mo/Si Mirror with a focal length of 12 cm improved the
quality of our measurement. A shift of the photoelec-
tron spectrum by many tens of electronvolts was now
readily achievable. The lower inset of Fig. 8 shows a
series of spectra obtained by scanning with the X-ray
pulse through the laser pulse. From these data, the elec-
tric field was retrieved (red curve in Fig. 8), which is
also in excellent agreement with a Fourier-limited pulse
(gray dashed line) calculated from the laser spectrum.
The measurement yielded a pulse duration of 4.3 fs
with a maximum field strength of 7 × 107 V/cm [31].

RESOLVING ATOMIC TRANSIENTS
WITHIN THE BOHR ORBIT TIME

Quantum-mechanical uncertainty, which dictates
that any short-time structure comes with a broad energy
spectrum, limits the briefest time interval within which
two different atomic events can be recognized as differ-
ent by the ATR. To be able to resolve the spectral
“images” of two events separated by δt in time, they
must be shifted with respect to each other in the streak
record by at least as much as their own spectral width
δW ≈ �/δt. From this requirement, we obtain the ATR
resolving power:

(2)δt
T0

2π
------

�ωL

∆Wmax
----------------,=
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where ∆Wmax stands for the energy shift suffered by the
electron ejected at the peak of AL(t). Under our current
experimental conditions, ∆Wmax can exceed 20 eV (see
Figs. 6a and 6b) before the onset of laser-induced ion-
ization, yielding (for T0 = 2 fs) δt ≈ 100 as. The atomic
transient recorder is able to distinguish two ultrafast
atomic events following each other within 100 as,
which constitutes the shortest interval of time directly
measurable to date.
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