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ABSTRACT We report the generation and measurement of
isolated soft-X-ray pulses (λX = 14 nm) with a duration of
τX = 650± 150 attoseconds (as) by using few-cycle intense
visible/near-infrared (λ0 = 750 nm) laser pulses. For the tem-
poral characterization of the X-ray pulses, a cross-correlation
technique relying on laser field assisted X-ray photoemission
from krypton atoms was employed. The experimental results
bear direct evidence of the X-ray pulse being synchronized to
the field oscillations of the visible-light pulse with attosecond
precision and of bound–free electronic transitions from the 4p
state of krypton responding to 90-eV excitation on an attosecond
time scale. As a first demonstration of attosecond metrology,
the synchronized single sub-fs X-ray pulses were used for trac-
ing the electric field oscillations in a visible-light wave with
a resolution of better than 150 as.

PACS 32.80.Fb; 42.55.Vc; 42.65.Ky; 42.65.Re

1 Introduction

The interest in ultra-fast microscopic processes is
the driving force behind the development of sources and
measurement techniques that allow time-resolved studies at
ever shorter time scales. In the classical scheme of time-
resolved experiments, a short excitation pulse setting the pro-
cess going and a short probe pulse for taking snapshots of sub-
sequent stages of its evolution constitute the basis for gaining
experimental access to fast-evolving microscopic processes.
Recent advances in ultra-fast optics made laser pulses as short
as a few femtoseconds [1–6] available for these pump–probe
measurement techniques.

Currently available laser pulse durations are practically at
the limit set by the laser field oscillation cycle, which lasts
somewhat longer than one femtosecond (1 fs = 10−15 s) in the
visible spectral range. Coherent extreme ultraviolet (XUV)
and X-ray sources [7–10] offer, owing to their short wave
cycle, the potential for producing electromagnetic radiation
of attosecond (as) duration [11–14]. Using few-cycle visible
laser pulses [15] for both the generation of isolated soft-X-ray
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harmonic pulses and their temporal characterization in a novel
cross-correlation technique [16], we have demonstrated the
existence of sub-femtosecond electromagnetic pulses for the
first time [17]. In this paper we review these recent devel-
opments, concentrating on the measurement of ultra-short
XUV/X-ray pulses. For an extended review of the generation
of such pulses, see e.g. [18].

2 XUV/X-ray pulses by high-order harmonic
generation

In our experiments coherent high-harmonic gen-
eration (HHG) is accomplished by focusing 0.7-mJ linearly
polarized ≈ 750-nm laser pulses of 7-fs duration at a 1-kHz
repetition rate [19] into a volume of Ne gas (see photo-
graph in Fig. 2) [20]. The pulses originate from a dispersion-
controlled, Kerr-lens-mode-locked Ti:sapphire oscillator de-
livering sub-10-fs pulses at a repetition rate of approximately
80 MHz. After being temporally stretched by a 10-cm slab
of SF57 glass these pulses are passed through a multi-pass
Ti:sapphire amplifier in a confocal geometry. When pumped
with ∼ 10-mJ pulses at a 1-kHz repetition rate by a Q-
switched, frequency-doubled, lamp-pumped Nd:YLF laser,
the amplifier boosts the pulse energy to typically 1.5–1.7 mJ
in 10 passes through the amplifier crystal. Amplification is
followed by recompression to a duration of typically 20–25 fs
by two pairs of fused-silica Brewster prisms. The compressor
throughput is higher than 90% and results in a pulse energy of
1.3–1.5 mJ [21].

For further compression the pulses are focused into
a hollow-core fused-silica fiber with an inner diameter of
250 µm and a length of 1 m. The fiber is filled with neon at
∼ 1 bar, which imposes a dynamic phase shift on the pulse
propagating down the waveguide due to the optical Kerr ef-
fect. The frequency broadening induced in this manner is
converted into temporal compression by a set of broadband
chirped dispersive mirrors, yielding pulse durations down
to 5–7 fs. The finally available pulse energy is typically
0.5–0.7 mJ, corresponding to a peak power of around 0.1 TW.

For the process of HHG, the laser beam is focused into
a vacuum chamber by a silver-coated spherical mirror through
a 0.3-mm-thick fused-silica window. Near the focus of the
beam, neon atoms effusing from holes drilled into a Ne-
backed Ni tube by the focused laser beam are exposed to
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peak electric fields of ≈ 8.8 ×1014 W/cm2 over an effect-
ive interaction length of ≈ 3 mm. They emit coherent soft-
X-ray harmonic radiation up to photon energies exceeding
100 eV [20]. Maximum yield at 90-eV photon energy is
achieved at a backing pressure of 0.2 bar. The chamber is
pumped by a roots pump to keep the background pressure in
the range of 10−2 mbar.

The soft-X-ray photons are delivered in a well-collimated
beam (divergence ≈ 1 mrad) from the X-ray-source chamber
through a miniature beamline into the target chamber. The
beamline connecting the generation chamber with the target
chamber is pumped by a 330 �/s turbo-molecular pump and
separated by an aperture and a Zr filter from the two chambers,
respectively. The target chamber is evacuated by a 800 �/s
turbo-molecular pump to a pressure of about 10−6 mbar.

3 Cross correlation of the X-ray pulse with
a few-cycle laser field
The temporal characterization of the generated

broadband (multi-eV-bandwidth) XUV/soft-X-ray pulses
produced by HHG sources turns out to be a formidable chal-
lenge, since conventional auto-correlation schemes based
upon second-order nonlinearities require photon fluences
orders of magnitude higher than those available from existing
HHG sources. We have recently proposed and demonstrated
a novel cross-correlation technique based on X-ray photoion-
ization in the presence of an intense few-cycle laser field
[16, 17]. It is based on the effect that the final kinetic energy
of X-ray-generated photoelectrons is controlled by the os-
cillating light field at the instant of ionization. The features
(width and position) of the resulting photoelectron spectra as
a function of the relative delay between X-ray and laser pulses
are determined by a convolution of the laser light field and
the X-ray pulse envelope. Careful deconvolution allows us to
evaluate the duration of the X-ray pulse and its timing jitter
with respect to the light field on an attosecond time scale.

Experimentally, photoelectrons from atoms exposed sim-
ultaneously to a strong light field and an X-ray pulse are
detected with a time-of-flight (TOF) spectrometer. The de-
tection cone is aligned orthogonally to the electric field vec-
tor of the linearly polarized laser field, in order to suppress
a background in the photoelectron spectrum originating from
above-threshold ionization (ATI) of the atoms by the laser. In
the strong-field limit, a quasi-classical model summarized in
Sect. 3.1 takes proper account of the modifications of the pho-
toelectron spectrum by the laser field.

In the framework of this model, the photoelectron is first
ejected by a short X-ray pulse with a distribution of initial mo-
menta known from conventional photoionization studies [22].
Subsequently, it is accelerated (or decelerated) by the light
field. For X-ray pulse durations τX very short compared to
T0/2, the model predicts that, depending on the oscillation
phase of the light field at the instant of ‘birth’ of the elec-
tron, a momentum component along the electric field vector
is added to the initial momentum of the electron, resulting in
a shift of the photoelectron angular distribution up or down in
momentum space (Fig. 1). The width of the X-ray photoelec-
tron energy spectrum ∆W , which is equal to the bandwidth
of the X-ray pulse spectrum in the absence of the light field,
increases with increasing momentum shift.

FIGURE 1 Principle of measuring light-field/X-ray-intensity cross corre-
lation with attosecond resolution. The photoelectrons created initially with
isotropic momentum distribution by the absorption of X-ray photons pick
up a momentum from the strong laser light field. The light-induced mo-
mentum change ∆px deforms the final photoelectron momentum distribution
at instants t1, t2 = t1 + T0/4 and t3 = t1 + T0/2 as shown, where EL(t1) =
EL(t3) = 0. Photoelectrons detected within a cone aligned orthogonally to
the direction of the light field vector (x direction) display a kinetic energy
spread at t1 and t3 whilst remaining unaffected by the light field at t2

As the analysis in Sect. 3.1 shows, scanning the instant of
birth of the photoelectron through the light field oscillations
by changing the relative delay td between the light pulse and
the X-ray pulse results in a modulation of the center of gravity
as well as the width ∆W(td) of the X-ray photoelectron spec-
trum with a period equal to one-half of the light oscillation
period T0. For sub-femtosecond X-ray pulse measurement we
shall exploit the field-induced spectral broadening [17] be-
cause this effect is enhanced by increasing the detection aper-
ture as revealed by Fig. 1, resulting in a significantly enhanced
signal yield and modulation amplitude of ∆W(td). By con-
trast, a modulation in the kinetic energy shift gets increasingly
washed out with increasing detection angle, deteriorating the
temporal resolution.

3.1 Light-field-controlled X-ray photoemission

Our method of measuring a cross correlation be-
tween an X-ray pulse and a visible laser pulse can be summa-
rized as laser-light-assisted X-ray photoionization. The basic
idea is to overlap the two pulses with variable delay with re-
spect to each other in a gas medium and to measure the kinetic
energy of the photoelectrons stripped off the atoms by the
X-ray pulse. Taking advantage of the semi-classical approach
outlined above, the motion of an X-ray-induced photoelectron
‘born’ at a delay time td with respect to the peak of the laser
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pulse is governed by the classical equation of motion. Along
the direction of laser polarization (x) this equation reads

mv̇‖ = qEL = −eEa(t) cos ωLt. (1)

In the adiabatic limit (dEa(t)/dt 
 Ea(t)ωL) the femtosecond
laser pulse changes the velocity of the electron by

∆v‖ = e

m

Ea(td) sin ωLtd
ωL

=
√

4Up(td)

m
sin ωLtd, (2)

∆v⊥ = 0 (3)

in the directions parallel and perpendicular to the laser polar-
ization, respectively. Here

Up = e2 E2
a (td)

4mω2
L

(4)

is the time-averaged electron wiggling energy. This change of
the initial velocity of the electron results in a modification of
the final kinetic energy Wf. For UP 
 W0 the final energy is
given by

Wf ≈W0 +2Up(td) sin2 ωLtd cos 2θ

+
√

8W0Up(td) sin ωLtd cos θ, (5)

where W0 = hωX − Wb is the initial kinetic energy of the pho-
toelectron, ωX denotes the X-ray photon energy, Wb stands for
the atomic binding energy of the electron liberated (hωX �
Wb) and θ is the angle between the final momentum of the
electron and the laser electric field vector.

In order for the predicted variation of the photoelectron ki-
netic energy as a function of td to be compared with measure-
ments, (5) needs to be generalized for a finite emission time
slot of the photoelectron (corresponding to the finite X-ray
pulse duration) and for a distribution of initial kinetic energies
over a finite energy range (reflecting the finite bandwidth of
the X-ray pulse). In addition, the distribution of final kinetic
energies as a function of θ has to be integrated over the finite
detection cone to obtain a realistic prediction for the measured
X-ray photoelectron spectrum modified by the laser field.

For an X-ray pulse short compared to half the laser period,
i.e. τX 
 T0/2, and a fast (attosecond) response of the elec-
tronic transitions involved in the process, the predicted modu-
lations in the final kinetic energy distribution versus td survive
these integrations and provide a sub-femtosecond probe for
the measurement of the X-ray pulse duration. A finite X-ray
pulse duration or a finite timing jitter of the X-ray pulse (rela-
tive to the phase of the light field) of any origin results in
a reduced depth of the resultant modulation of the width and
center of gravity of the photoelectron energy spectrum (illus-
trated in Fig. 1). In fact, an X-ray pulse duration or a tim-
ing jitter exceeding T0/2 ( ∼ 1.25 fs in our case) smears out
the modulation completely. The claim of a sub-femtosecond
pulse duration relies on this line of argument: the modula-
tion depth of ∆W(td) provides a reliable upper limit, on an
attosecond time scale, for X-ray pulse duration and timing
jitter.

3.2 Setup

Figure 2 displays the setup of our experiment. The
X-ray pulses exiting the neon harmonic source co-propagate
with the laser pulses down the beam-delivery tube. After
150 cm they hit a 200-nm-thick zirconium foil with an aper-
ture of 2 mm mounted on a nitrocellulose membrane of 5-µm
thickness. This filter, which is virtually dispersion-free at the
laser wavelength, produces an annular laser beam with the
X-ray beam in the center. The energy in the laser beam is ad-
justed by a motorized iris and measured by a photodiode. Both
the laser and the X-ray pulses are focused with a special multi-
purpose mirror with a focal length of 35 mm. This mirror is
mounted on a motorized stage so that it can be removed from
the beamline. In this way the harmonic beam can be detected
by a multi-channel plate (MCP) for optimizing the radial in-
tensity profile of the X-ray beam (by fine adjustment of the
position and pressure of the neon-gas target and of the inten-
sity of the laser pulses).

The mirror is coated with a Mo/Si multi-layer stack de-
signed to reflect photons with 90-eV energy within a 5-eV
bandwidth. This bandwidth is large enough to support X-ray
pulses as short as 0.4 fs. The mirror substrate consists of
two concentric parts, matching the impinging laser and X-ray
beam. The central piece is sitting on a piezo stage adjustable
in transverse and longitudinal directions. In this manner the
two pulses can be overlapped spatially and temporally in the
focal plane, where a nozzle supplying the target atoms is
situated.

FIGURE 2 The schematic of the experiment. The focused 7-fs laser beam
interacts with neon atoms to produce high-harmonic radiation. The laser and
the highly collimated X-ray beam co-propagate collinearly through a 2-m
beamline towards the measurement region. Differential pumping stages re-
duce the pressure from ≈ 4×10−2 mbar in the source chamber to the range
of ≈ ×10−5 mbar in the target chamber. An ionization detector in the higher-
pressure part of the beamline serves for monitoring the (spectrally integrated)
high-harmonic flux. In the beamline the laser and harmonic beams pass
through a 200-nm thick, 3-mm-diameter zirconium foil placed on a 5-µm-
thick nitrocellulose pellicle to cover a hole of 2-mm diameter. The energy
transported by the resulting annular beam can be adjusted with a motorized
iris between a fraction of a microjoule and a few tens of microjoules. The
Mo/Si multi-layer consists of an annular part having an outer diameter of
10 mm with a concentric hole of 3-mm diameter hosting a miniature mirror of
slightly smaller diameter. Both parts originate from the same substrate, ensur-
ing identical radii of curvature (R = 70 mm). The miniature central mirror is
mounted on a quadrant piezo stage, allowing alignment and translation with
respect to the external part



S6 Applied Physics B – Lasers and Optics

The profile of the laser focus can be imaged by a lens
on a CCD camera for monitoring and coarse preadjustment
of spatial overlap between the beams reflected by the two
components of the Mo/Si mirror. Krypton atoms effusing
from the orifice of the nozzle (diameter 50 µm) with a rate
of 0.02 mbar �/s are photoionized by the X-ray pulses in the
presence of the laser field. To avoid a constant photoelectron
background due to ionization by the unfocused X-ray beam,
a thin shield is placed next to the krypton target. All parts in
the vicinity of the spectrometer are conductively coated and
properly grounded to avoid electrostatic charging.

The entrance aperture of the time-of-flight photoelectron
spectrometer (Fig. 3) having a diameter of 5 mm is placed
at a distance of approximately 5 mm from the interaction re-
gion. The TOF spectrometer can be mechanically adjusted
to optimize the acceptance angle and to center the electron
source on the tube axis. The relatively large numerical aper-
ture (NA ∼ 1) of our TOF spectrometer is due to a carefully
designed grid-free collecting electrostatic lens system opti-
mized for the energy region of 50–100 eV, which has resulted
in an order-of-magnitude improvement of detection efficiency
as compared to conventional TOF tubes. Owing to the absence
of meshes in the electron path, distortion of the trajectories
due to microlensing by inhomogeneous electric fields close to
the grid is avoided.

The electrostatic lens system consists of six concentric
rings set to different electric potentials (U1−6) bending the
electron trajectories towards the axis. The adjacent flight tube
is magnetically shielded to avoid deflection of the electrons
due to stray magnetic fields. Application of a retarding volt-
age of −20 V to the 40-cm-long five-metal-shielded drift tube
improves the energy resolution by lowering the electron vel-
ocity. The spectrometer can be operated to provide almost flat
transmission for kinetic energies ranging from 40 eV to 80 eV.
However, in order to optimize the sensitivity for the Kr-4p
photoline the lens voltages were chosen to obtain maximum
transmission at ∼ 75 eV with a cut-off above 100 eV. Under
these conditions the spectral resolution is still better than 1 eV.

Particular attention has been paid to a careful choice of the
electronic acquisition system for the transient signal from the
electron detector at the rear of the TOF drift tube. If directly
acquired with a digital oscilloscope, the resulting waveform
actually represents a convolution of the electron spectrum
with the temporal response of the microsphere plate (MSP)
detector to a single-electron event in the time domain. Even
if the detector anode is carefully designed to avoid pulse dis-
tortion and ringing the achievable temporal resolution with

U
1-6

U
MSPU

ret R1
R2

R3

FIGURE 3 Schematic of the time-of-flight electron spectrometer. Overall
length is 40 cm, tube diameter is 6 cm. R1 = R3 =3.3 MΩ, R2 = 22 Ω

this technique will not exceed 1–2 ns. If needed, substantially
improved resolution (down to some 200 ps) is possible with
time-resolved single-event counting by evaluating the rising
edge of the detector pulse in a constant-fraction discriminator
followed by a time-to-amplitude converter (TAC), an analog-
to-digital converter and a multi-channel analyzer.

During data acquisition each laser pulse generates the start
trigger for a time-to-amplitude converter via a photodiode.
The stop pulse is derived from the MSP detector signal. The
output of the TAC is read out by a computer and accumulated
in a multi-channel pulse-height analyzer. The resulting flight-
time spectrum has a resolution of τ = 0.464 ns/channel with
1024 channels in total. The time scale is converted to energy
according to

E =
[

Leff

((i + i0)τ − τ0)

]2

+Ueff, (6)

with i being the channel number and i0 depending on the
length of the start trigger line and the internal delay of
the TAC. Leff = 501.01 ns · eV1/2 is the length of the flight
tube weighted with the square root of the effective elec-
tron mass, τ0 = 12.01 ns a correction of the flight time and
Ueff =−19.36 eV the effective potential caused by the re-
tardation voltage Uret = −20 V. Alternatively the flight-time
spectra can be recorded with a fast oscilloscope (TDS 520 D,
Tektronix).

3.3 Measurement

Before the X-ray/laser-field cross correlation can
be recorded by measuring the X-ray photoelectron spectrum
as a function of td the temporal overlap between the two pulses
has to be found. To this end, we generate ATI electrons upon
removing the Zr filter (stopping the central fraction of the laser
beam) from the beamline and by focusing both the inner and
the annular parts of the laser beam with the two-component
Mo/Si multi-layer mirror onto the krypton target. Scanning
the delay between outer and inner parts of the mirror with
a feedback-controlled piezo translator, an ‘interferometric’
ATI autocorrelation of the 7-fs laser pulse can be recorded.
Figure 4 shows the detected electron count rate as a function
of the delay between the two replicas of the laser pulse. Owing
to the strongly nonlinear dependence of the ionization rate on
the electric field strength and the few-femtosecond pulse dura-
tion, the trace is confined to virtually a single laser cycle. The
central peak indicates the delay of optimum temporal overlap
between the two beams. From this reference, the zero delay
between the X-ray and laser pulses can be inferred by taking
into account the finite (≈ 5 µm) thickness of the pellicle hold-
ing the Zr foil, which is reintroduced for the X-ray/laser-field
cross-correlation measurements.

The delay td was varied in steps of ∆td = 150 as in the cen-
tral range of temporal overlap (−5 fs ≤ td ≤ 5 fs, with td = 0
approximately at the peak of the light pulse) and of increased
step size outside this range. The inset in Fig. 5 shows two
representative Kr-4p spectra corrected for (a constant) ATI
background and recorded at td = −450 as and td = 0 as, along
with respective asymmetric Gaussian fits. This model func-
tion yields excellent fits to our data, characterized by a fidelity
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FIGURE 4 ATI electron autocorrelation

parameter R2 > 0.95. The noise increasing to lower energies
can be attributed to ATI electrons. The upper graph in Fig. 5
depicts a series of Kr-4p photoelectron spectra (processed as
described above) as a function of delay td. The plot comprises
some 120 spectra of the 4p feature, each normalized to the
same number of counts, resulting in a constant area under the
spectral distribution functions. Owing to the relatively large
solid angle of detection the overall measurement time could
be limited to ∼ 5 h. The data clearly bring to light a quasi-
periodic evolution of the photoelectron energy spectrum at
a period of ∼ T0/2. In this representation the most pronounced
modulation versus td appears at the peak of the spectra. With
the total number of electrons per spectrum fixed, this is a direct
consequence of the modulation of spectral width.

The dots in Fig. 5 depict the width ∆W(td) as evaluated
from the Gaussian fits introduced above. From an inspection
of the error bars at points of maximum slope in Fig. 5 we infer
a time resolution of ∼ 150 as. The modulation period of the

FIGURE 5 Spectral width ∆W of the
Kr-4p photoelectron spectra (evaluated
from the asymmetric Gaussian fits) as
a function of the delay td between the light
wave and the X-ray pulse. The dots rep-
resent the oscillating component of the
spectral width, ∆W −∆Wca(td), where
∆Wca(td) stands for the cycle-averaged
value of ∆W(td). The full line is the re-
sult from simulations based on the quasi-
classical theory of two-color X-ray pho-
toionization by assuming a frequency-
swept (see text), 7-fs, 750-nm linearly
polarized light field of 5×1013 W/cm2

peak intensity and a 650-as, 90-eV Gaus-
sian X-ray pulse. Upper graph, spectral
width ∆W evaluated from the Gaussian
fits as a function of the delay td. Inset:
Kr-4p photoelectron spectra produced by
∼ 90-eV X-ray pulses in the presence of
a strong visible light field at two different
delays of the X-ray pulse with respect to
the light wave. The dots represent spectra
corrected for some ATI background from
the measurements performed by a time-
of-flight electron spectrometer. The lines
show asymmetric Gaussian fits to the data

data is close to 1.25 fs in the wings of the correlation function
∆W(td), in agreement with a carrier wavelength of ∼ 750 nm
of the light pulse. However, it decreases to ∼ 1 fs near zero
delay, indicative of a pronounced blue shift of the light pulse
at its peak, the origin of which we shall discuss below. With
our large-aperture detection, a shift of the spectral ‘center-of-
gravity’ is observed. In agreement with our model, the modu-
lation of this shift is synchronous with that of ∆W(td) but turns
out to be contaminated with much (factor of 2–3) larger errors.

4 Isolated sub-femtosecond X-ray pulses

For evaluating the X-ray pulse duration from
our light-field/X-ray-intensity cross-correlation data (dots in
Fig. 5) we introduce a measure for the depth of modulation of
∆W(td), the fringe visibility

FV = (∆Wmax −∆Wmin)/(∆Wmax +∆Wmin −2∆W∞), (7)

where ∆Wmax and ∆Wmin stand for adjacent local extremal
values of ∆W(td) as a function of the delay time and ∆W∞ =
∆W(td → ∞), and measure the local fringe spacing (FS). The
central portion of the correlation function ∆W(td), with max-
imum FV and minimum FS, provides optimum resolution
for determining the X-ray pulse duration. A sinusoidal fit
to the two central modulation periods (dots in Fig. 5) yields
FS = 960 ±30 as and FV = 0.30 ±0.03.

For comparison with the measured data Fig. 5, we simu-
lated the light-field-induced variation of the Kr-4p photoelec-
tron spectrum versus td based on the quasi-classical model de-
scribed above. The duration τX of our Gaussian model X-ray
pulse was used as the only fit parameter. The visible-light
pulse was also modeled with a Gaussian intensity envelope
peaking at 1014 W/cm2, carrying a quadratic frequency sweep
to account for the frequency upshift present at the center of the
measured correlation function ∆W(td). Best agreement with
the data in Fig. 5 was achieved for X-ray pulse durations in
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the range of 600 as ≤ τX ≤ 700 as, yielding a fringe visibil-
ity of FV = 0.30±0.05 in the correlation function near td = 0
as. Assuming pulse durations of τX = 500 as and τX = 800 as,
respectively, the FV is enhanced and suppressed with respect
to the measured value well beyond the experimental error of

FIGURE 6 Photoelectron spectra of X-ray pulses generated by 7-fs respec-
tively 12-fs laser pulses

FIGURE 7 Calculated far-field, near-axis temporal intensity profile of
soft-X-ray harmonic radiation (full line) selected within the spectral
range of a 90± 2.5 eV and b 90± 5 eV, produced in a 3-mm-long
200-mbar neon-gas volume by a 7-fs, 750-nm Gaussian laser pulse
E(t) ∝ exp(−t2/τ2

L) cos(ω0t +ϕ) with ϕ = 0 (cosine pulse) and an on-axis
peak intensity of 8×1014 W/cm2. The dashed line shows the on-axis electric
field of the laser pulse exiting the interaction region

10%. Therefore, τX = 650 ±150 as represents a safe estimate
for the duration of our 90-eV X-ray pulse. The sensitivity of
the method is underlined by the computed FV decreasing by
a factor as large as three (from 0.30 to 0.10) as the X-ray pulse
duration is increased from 650 as to 900 as, with the modula-
tion in ∆W(td) disappearing for τX ≥ 1 fs.

An essential question is whether this sub-femtosecond
pulse is accompanied by one or more satellite pulses spaced
by ∼ T0/2 as observed in a recent experiment [12]. A con-
comitant of the emergence of equidistant satellite pulses is the
appearance of spectral sidebands (at twice the photon energy
of the driver laser) of rapidly increasing magnitude with in-
creasing weight of the satellite pulse(s). The absence of any
significant modulation in our X-ray harmonic spectrum re-
flected by the Mo/Si multi-layer limits the possible satellite
fluence to less than 10% of the total X-ray fluence. Figure 6
shows the measured photoelectron spectra, full and dashed
lines, reflecting those of the generating X-ray pulses produced
laser pulses of 7 fs and, for comparison, 12 fs in duration, re-
spectively. The latter spectrum indicates that the weak modu-
lation of the 7-fs pulse-produced X-ray spectrum is not due to
finite spectral resolution of the TOF detector. Further confir-
mation of the low weight of X-ray satellite pulses is supplied
by results summarized in Sect. 5.

The emergence of a single sub-femtosecond pulse from
high-harmonic generation in the few-cycle regime as realized
in our experiment was corroborated by preliminary numeri-
cal studies based on a computer code [23] solving Maxwell’s
wave equations in three dimensions and calculating the radia-
tion of the strongly driven atomic dipoles using the quantum
theory of Lewenstein et al. [24]. These numerical calcula-
tions predict a near-bandwidth-limited isolated 530-as X-ray
pulse emitted from the neon high-harmonic source within the
spectral range of 90 ±2.5 eV under our experimental condi-
tions (see Fig. 7a). They also indicate the potential for even
shorter pulses, if the X-ray mirror bandwidth defining the
above spectral range is increased. In fact, increasing the X-
ray mirror bandwidth by a factor of two in our simulations
results in an 330-as X-ray pulse, accompanied by somewhat
more pronounced satellites (Fig. 7b). The X-ray pulse dura-
tion cannot be significantly reduced by further increase of the
mirror bandwidth under the current experimental conditions
according to our simulations.

5 Probing atomic response and light field
oscillations
The agreement of the measured X-ray pulse dura-

tion and that obtained from our numerical calculations [25]
within the experimental error suggests that the timing jitter of
the X-ray pulse with respect to the phase of the visible-light
wave must be very small (
 1 fs) even on a sub-femtosecond
time scale. As a consequence, our experiment bears evidence
of the sub-femtosecond X-ray pulse being locked to the carrier
wave of its generating few-cycle light pulse with attosecond
precision. This indicates a surprising robustness of the high-
harmonic generation process against random shifts of the ab-
solute phase [18], i.e. of the position of the carrier with respect
to the amplitude envelope. The attosecond timing stability
of our sub-femtosecond X-ray pulse to a few-cycle visible-
light wave makes these pulses a unique tool for investigating
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the dynamic behavior of matter on an attosecond time scale.
Our light-field-controlled photoemission experiment already
demonstrates this capability. In the measured ∆W(td) it is
implicit that, in the investigated spectral range near 90 eV,
bound–free electronic transitions from the 4p state in kryp-
ton respond to X-ray excitation within less than 500 as. This is
what we believe the first truly attosecond measurement.

With its duration extracted from the central part of ∆W(td)
in Fig. 5, the X-ray pulse may now also be used to probe the
evolution of the electric field in the few-cycle light pulse. The
sweep of instantaneous frequency νinst (or wavelength λinst)
in the visible-light pulse can be evaluated from the modula-
tion in ∆W(td) by fitting a sinusoidal oscillation of adjustable
period to the data represented by the dots in Fig. 5 over a time
interval of 2.5 fs, with the sampling interval scanned through
the range of −8 fs ≤ td ≤ 8 fs. The dots in Fig. 5 show the
carrier-frequency sweep evaluated in this manner, revealing
a dynamic blue shift from a carrier wavelength of ∼ 750 nm
to ∼ 550 nm. To understand this finding we have to remember
that the light pulse used here is derived from the one generat-
ing the high harmonics.

The line in Fig. 5 is obtained from propagating a band-
width-limited 7-fs laser pulse through the volume of neon gas
emitting the high harmonics in a numerical experiment [23],
and exhibits a dynamic frequency shift at the pulse center
originating from self-phase modulation due to ionization of
the neon gas in the harmonic source. The measured ∼ 30% dy-
namic frequency blue shift at the center of the pulse is larger
than predicted by our numerical study but reflects qualita-
tively the predicted behavior.

This qualitative agreement suggests that the observed blue
shift can be attributed to ionization-induced self-phase modu-
lation in the high harmonic generation process. The presence
of this substantial frequency sweep in the light pulse em-
ployed for controlling X-ray photoemission provides a further
strong argument for the isolated nature of our X-ray pulse: any
satellite pulse of notable energy would significantly suppress
fringe visibility near td = 0, where the modulation period
of the cross-correlation trace ∆W(td) is substantially shorter
than the predicted temporal spacing of possible satellites. The
achieved direct probing of the field oscillations in a light wave
as implemented here is another demonstration of attosecond
metrology. It will permit complete measurement of the elec-
tric field of absolute-phase-stabilized few-cycle light [24, 26].

6 Conclusion

With the availability of sub-femtosecond X-ray
pulses, it is now possible to extend time-resolved spec-
troscopy into the attosecond domain by using these pulses for
both triggering and probing bound–bound or bound–free tran-
sitions in atoms or molecules. However, the sub-femtosecond
X-ray pulses currently available do not have sufficient fluence
for X-ray-pump/X-ray-probe spectroscopy yet. Generaliza-
tion of the present concept of light-field-controlled X-ray pho-
toemission will allow us to substitute either the X-ray pump or
the X-ray probe pulse by a strong few-cycle laser field without

compromising attosecond resolution. This approach vastly re-
laxes requirements on the X-ray pulse fluence, opening the
door to attosecond spectroscopy of bound-electron dynamics
with the apparatus described in this paper.
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