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Near-field imaging of dipole emission modulated by
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Attosecond measurements have been achieved in technically demanding pump-probe experiments by photoelectron
streaking with stable infrared lasers and extreme-ultraviolet (XUV) instruments. Here, we demonstrate an efficient
single-image all-optical measurement of an isolated attosecond pulse for its complete temporal characterization. We
create the attosecond pulse with a 0.1-mJ, few-cycle, infrared pump beam and modulate it with an obliquely incident
same-frequency weak beam. By refocusing the XUV beams, we obtain a spectrally resolved XUV image, showing the
spectral phase of the attosecond pulse. Near-field imaging allows us to measure our pulse in 150 shots. This efficiency
will be important for attosecond pulses in the water-window region. For complex systems, multi-electron dynamics is
encoded in the temporal structure of attosecond pulses. © 2021 Optical Society of America under the terms of the OSA Open

Access Publishing Agreement
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1. INTRODUCTION

In visible and infrared optics, researchers have developed single
shot, or single image, measurements for characterizing ultrashort
pulses or ultrafast phenomena. Spectral phase interferometry for
direct electric-field reconstruction (SPIDER) [1] is an example
of a single image pulse duration measurement. However, for high
harmonics or attosecond science, the commonly applied mea-
surement methods of the reconstruction of attosecond beating by
interference of two-photon transitions (RABBIT) [2] or streaking
[3] require multiple time delays between the pulse (or phenome-
non) to be measured and the pulse performing the measurement.
Furthermore, both methods are based on photoelectron spec-
troscopy. Therefore, each time delay requires many shots to avoid
space-charge limits. However, in spite of its limitations, RABBIT
and streaking have led to well-characterized attosecond pulses [2,3]
and have been used to study Auger decay in ions [4] or ultrafast
shake-up during photoionization in atoms [5], the relative time
delay of electrons ionized from different orbitals in atoms [6] or
different bands in solids [7], and delays in resonant two-photon
ionization [8–10].

As water-window (300 eV< hν < 500 eV) attosecond pulses
are generated and as the technology is extended to even shorter
wavelengths [11], traditional photoelectron spectroscopy becomes
increasingly demanding for both characterizing attosecond pulses
and measuring ultrafast phenomena. Therefore, technology draws
us to in situ methods of pulse measurement.

In situ measurement, different from two-source XUV spectral
interferometers [12–14], is ideally suited to strong fields, which is
based on the perturbation by a weak field labeling the pulse without
changing the underlying process. This perturbative method was

introduced as a simplified approach to attosecond science in which
generation and measurement take place simultaneously. Adding
or subtracting a photon of a perturbing beam to the re-collision
electron hardly changes a high-order process, yet it indelibly marks
how the attosecond pulse is created on the emitted XUV photons.
Such measurement is also employed to solids [15] by using photons
instead of photoelectrons, providing greater efficiency without
space-charge issues.

However, in situ methods seemed to have a fundamental weak-
ness. If the three-step model of attosecond pulse generation [16]
is interpreted as requiring that each step is independent, then the
three-step model effectively states that the phase of the transition
moment [17] (step 3) cannot be resolved by perturbing electron
trajectories (step 2).

On the other hand, if the trajectory of an outgoing electron is
sensitive to the spectral phase of the transition moment, then the
trajectory of the re-collision electron must also be sensitive to the
spectral phase of the transition moment. One is simply the reverse
of the other. In other words, the three steps cannot be independent.
(For further discussion, please see [18]).

In companion papers, we show (both theoretically and experi-
mentally) that the time delay near the Cooper minimum in argon
modifies the shape of an attosecond pulse and that this modified
shape is accurately observed in shifted trajectories measured by in
situ methods, that time delay due to multi-electron dynamics of the
giant plasmon resonance in xenon is accurately measured, and that
the Fano resonances in helium are encoded by shifted trajectories
that determine the spectral phase of an attosecond pulse.

Our purpose for this paper is to introduce an efficient, single-
image form of perturbative, in situ, pulse measurement. In the
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Fig. 1. Schematic diagram of the obliquely overlapped two laser beams
with an angle θ and generated XUV beams. The strong beam propagates
along the z-axis on the z− y frame, and the weak beam travels along the
z′-axis on the z′ − y ′ frame. The electron trajectories for the XUV gener-
ation, dominated by the strong beam, are predominantly along the strong
beam polarization, and the optical grating is y -coordinate dependent in
this frame. The diffracted XUV beam has a frequency-shifted spectral
phase ϕ(ωXUV +Mωg ) of the attosecond pulse, where M is the grating
diffraction order. The inset shows the grating modulation along the y -axis
at different times. We image this time-dependent modulation to measure
an isolated attosecond pulse.

following sections, we demonstrate near-field measurement of an
isolated attosecond pulse, both experimentally and theoretically.
This technique will be used in the companion paper to measure the
spectral phase of the giant plasmon resonance of xenon [19]. With
improved detection, a higher frequency driver, or a more powerful
laser beam, our approach scales to a single-shot measurement of an
attosecond pulse.

2. NON-STATIONARY OPTICAL GRATING IN
ATTOSECOND PULSE GENERATION

Observing photons is preferred over photoelectrons because phase
matching provides the limit of photons that is usually large, while

photoelectrons, generated through a transition moment that is
generally small in the XUV region, are constrained to a few quanta
by space charge. Our single-image measurement of an attosecond
pulse uses the control of high-harmonic generation by a weak laser
field as the basis for measurement [20–22]. The perturbation labels
the electron trajectory associated with a given spectral component
of an attosecond pulse, and this trajectory determines the attosec-
ond pulse and strong-field dynamics. For maximum efficiency,
we image the x-ray source on the detector (Fig. 2). This near-field
measurement uses the many photons that we have very efficiently,
placing single-shot pulse measurements within reach.

As described mathematically in Supplement 1, when two laser
pulses overlap non-collinearly at an angle θ , whether they have the
same frequency or not, they induce a moving amplitude and phase
gratings. This grating modulates the dipole emission and therefore,
the XUV beams. A reader may worry that a grating created by
same-frequency pulses is static when viewed along the bisecting
angle between the strong and weak beams. However, one of our
pulses is much weaker than the other. Therefore, it is appropriate
to analyze its motion in the frame of the intense driving beam. In
Fig. 1, the strong laser pulse propagates along z-axis with its wave
front in x − y frame. It is the principal coordinator for the dipole
modulated by the weak field.

When we consider an infinitesimal propagation distance, dz
or dz′, for the strong and weak beams with angular frequencies
of ωd and ωp , respectively, during dt at z= 0, where the XUV is
generated, the wave front of the weak beam has a phase shift with
respect to that of the strong beam by δg (t, y )=ωg (t − ty ), where
ty = (y/c )tanθg , implying a non-stationary grating on a z− y
frame. Here, ωg =ωd +ωp cosθ is the angular frequency of the
optical grating, c is the speed of light, and θg = tan−1(ωp sinθ/ωg )

is the propagation angle of the optical grating. In this frame, the
wave front of the optical grating moves in time along a line of
y = ztanθg , as shown in Fig. 1. The recollision electron motion
and the wave front of the zero-order XUV beam are mainly deter-
mined by the strong laser beam. The wave fronts of higher-order
diffracted XUV beams are, however, modified by the optical

Fig. 2. Conceptual illustration of the single-image measurement of an attosecond pulse. A polarization-gated strong laser pulse generates an isolated
attosecond pulse from xenon. A weak linearly polarized pulse perturbs the generation process with the moving grating. The different frequencies of the
attosecond pulse are affected by the moving grating at different times. The modulated dipole emission creates a diffraction pattern on the toroidal mirror,
which refocuses the dipole emission onto the XUV detector to recover the near-field image of the dipole. A physical grating spreads the frequencies of the
dipole emission along the perpendicular direction of the optical grating to measure the frequency-dependent emission time of the attosecond pulse.

https://doi.org/10.6084/m9.figshare.17102249
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grating according to the momentum conservation of photons as
described by the violet arrows in Fig. 1.

We determine the emission time of each XUV frequency by
measuring the position of grating modulation (i.e., the grating
phase) at that frequency, as illustrated in the three insets of the
xenon jet in Fig. 2. Details of the experimental apparatus and the
time-dependent dipole perturbed with a non-collinear beam and
numerical simulations of the spectrally resolved near-field dipole
for characterizing an attosecond pulse are described in Supplement
1.

3. EXPERIMENTS AND RESULTS

To experimentally demonstrate our single-image near-field mea-
surement of an isolated attosecond pulse, we first generate an
attosecond pulse from xenon using a carrier-envelope phase (CEP)
stabilized few-cycle laser pulse and detect the pulse by a near-field
imaging XUV spectrometer, as illustrated in Fig. 2 [23,24].

Figure 3(a), measured by the apparatus in Fig. 2, shows the
spectrally resolved near-field dipole emission of an attosecond
pulse generated by polarization gating [25]. The peak inten-
sity of the linearly polarized part of the λ= 1.8 µm pulse is
I = 4× 1013 W/cm2, which is strong enough to drive xenon for a
broadband XUV spectrum up to 50 eV, as shown in Fig. 3(a). For
this measurement, we adjust the slit of our XUV spectrometer for
a resolving power of 70.5 in the energy domain. We confirm that
the XUV source has a uniform size of 100 µm from 22 eV to 30
eV, corresponding to the laser beam size. Higher energy photons
near the cut-off have a smaller size because the laser intensity to
generate these frequencies is only sufficiently strong over a smaller
cross-section of the driving beam. We use it as a background image
for the better quality of analysis to obtain the grating position in
frequency.

Figure 3(c) shows the result obtained by solving the time-
dependent Schrödinger equation (TDSE) with parameters chosen
to match the measured near-field dipole spectrum in Fig. 3(a).
Experimental details are described in Section 4 of Supplement 1.

In Fig. 3(b) we add a weak pulse at an angle of 33 mrad and
an intensity of 4× 1011 W/cm2 to perturb the dipole emission,
creating a grating with the period of 54 µm. The grating modula-
tion on the dipole emission is clearly pronounced when Fig. 3(b) is
compared with Fig. 3(a) (the same color scale is used). Numerical
simulation using the same parameters [Fig. 3(d)] agrees with the
measured near-field dipole spectrum in Fig. 3(b).

The subtracted XUV spectral image, plotted in Fig. 4(a), with
Figs. 3(a) and 3(b) shows that each frequency of the attosecond
pulse is created with a different grating position y g (thereby, a dif-
ferent emission time) marked by a magenta solid line, implying the
intrinsic atto-chirp [26]. We obtain y g of each photon energy by
fitting the grating modulation using sin(2π/λg (y − y g )), where
λg = λp/sinθ and λp is the wavelength of the weak laser field. The
grating phaseφg is hence (2π/λg )y g .

For this measurement, we have chosen parameters such that
xenon has a smooth recombination cross-section over the mea-
sured XUV spectrum, as confirmed by density functional theory
in Supplement 1. (A reader is referred to a higher intensity mea-
surement in xenon where the giant plasmon resonance is resolved
[19]).

The recombination time of the re-colliding electron is the
emission time of the corresponding XUV frequency. This
mapping allows us to link recollision and emission times (i.e.,
φg (ω)=1ϕ(ω)), as explained by equation (S15) of Supplement
1. Here, 1ϕ(ω)= ϕ(ω+ωg )− ϕ(ω) represents the differ-
ential of the spectral phase ϕ(ω) of the attosecond pulse. Due
to the non-stationary optical grating, the first diffractive order
has a spectral phase of ϕ(ω+ωg ), which is the spectral phase
of the attosecond pulse with a frequency shift by ωg . Thus,

Fig. 3. Measured XUV continuum spectra without/with the weak laser pulse in (a) and (b), respectively. The numerically simulated XUV continuum
spectra without/with the weak laser pulse in (c) and (d), respectively, by considering parameters in the experiment.
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Fig. 4. (a) Subtracted XUV spectral image with Figs. 3(a) and 3(b). The optical grating induced by the weak laser field is clearly revealed on the near-field
dipole emission with 1.5-cycle modulation. The spectrally resolved grating position is marked by a magenta line at the middle of the grating modulation for
each frequency. (b) The measured spectral intensity (blue solid line) and emission time (red solid line) of the isolated attosecond pulse. The magenta shade
indicates the statistical error of the emission time after taking 70 measurements with 150 shots accumulated for each image. The green dashed line is the dis-
persion curve of the isolated attosecond pulse calculated by the strong-field approximation (SFA) model [16]. The green shade implied the dispersion curves
for the range of peak intensity within± 5%.

Fig. 5. Complete temporal characterization of an isolated attosecond
pulse obtained by taking Fourier transform of the measured spectral
amplitude and phase. The shaded areas are the standard deviations of the
temporal intensity (blue) and phase (red) from the statistical analysis.
Dotted lines are the intensity and phase achieved by a TDSE calculation
using the strong driving laser pulse only. The inset shows the measured
attosecond pulse on a logarithm scale to confirm it as a single isolated
attosecond pulse.

the emission time τe (ω) of the attosecond pulse is found by
τe (ω)=1ϕ(ω)/1ω= φg (ω)/ωg of the equation (S18) in
Supplement 1, as shown in Fig. 4(b) with a red solid line as well
as the spectral intensity obtained from Fig. 3(a). The red shade
indicates the standard deviation of the measured emission time by
repeating the measurement for statistical analysis (70 images with
150 shots per image).

For plotting the emission time in Fig. 4(b), we adjust the offset
to synchronize the emission time at 25.4 eV for all measurements.
The emission time near the cut-off shows a larger deviation than
that of the low energy due to the small amplitude of the XUV
spectrum. For comparison, we also plot the emission time (green
dashed line) from semi-classical electron trajectories calculated
using the experimental parameters. The measured emission time
agrees with the calculated value for the short trajectories, which
dominate for a long-wavelength driver [27,28]. For this experi-
ment, we achieve a temporal resolution of 46 as at 25 eV to measure
the emission time.

Figure 5 presents the reconstructed isolated attosecond pulse,
showing a positive chirp with a duration of 320± 20 as. The

transform-limited duration is 160 as. The pulse from the TDSE
simulation [Fig. 3(c)] is overlaid by dashed lines in Fig. 5 and agrees
with the measured temporal intensity and phase of the attosec-
ond pulse. The shaded areas in blue and red of Fig. 5 represent
statistical errors for the temporal intensity and phase, respectively.
Neighboring pulses at ± 3 fs contain 0.2% of the pulse energy,
shown in the inset of Fig. 5.

4. CONCLUSION AND FUTURE REMARKS

Measuring a pulse by imprinting its information onto photons
(called in situ) is much more efficient than onto electrons (RABBIT
or streaking), yet it contains almost the same information [29]. In
this paper, we have used a perturbing field with the same frequency
but a different incident angle of the fundamental laser, and we have
confirmed its utility for attosecond pulse measurement experi-
mentally and theoretically. While second harmonic was previously
employed as the perturbing field for better time-domain sensitivity
of the optical grating [21], using only the fundamental frequency is
simpler to implement the optical grating with the same sensitivity
by increasing θ . Since a single frequency is sufficient and changing
delay is unnecessary, it can be further simplified by impressing the
perturbation onto the fundamental beam as a weak phase modula-
tion (written by a spatial light modulator or a physical grating) and
then re-imaging the beam onto the nonlinear medium where the
measurement is made. In the long run, a grating imprinted on the
fundamental beam will allow almost every attosecond pulse from
not only gases but also solids to be individually measured. Our
method will also be applied to measure attosecond pulses growing
through the XUV generation medium.

The all-optical method using photons rather than electrons
allows us to utilize the many available photons for measurement.
We have further enhanced measurement efficiency by employing
an x-ray imaging system to refocus the diffracted XUV beams.
This approach follows earlier work applying the near-field method
to femtosecond autocorrelation [30]. Near-field measurement
has made us extend attosecond measurement to the single image
regime. We record our image in 300 ms (150 shots) using a 100-µJ
1.8-µm laser. This is the first single image technology developed
for attosecond science. Projecting our results to 800 nm where
the single atom response is stronger [31], we predict single-shot

https://doi.org/10.6084/m9.figshare.17102249
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measurements of attosecond pulses are available using few-cycle
mJ-level lasers.

The technology for measuring ultrafast pulses is similar to that
for ultrafast dynamics. This has been true for ultrafast science in
general, including for RABBIT [2] and streaking [3], as discussed
in the introduction. It is also true for perturbative in situ measure-
ment, as we discuss in companion papers [19,32]. In these papers,
phenomenon measurement is integrated with pulse measurement,
but it needs not to be. The integration allows us to use only one
medium, but an intermediate focus that enhances the photon effi-
ciency further in our XUV imaging system can be utilized for x-ray
absorption spectroscopy [33] with a fully characterized attosecond
pulse.

Finally, while very closely related, in situ and ex situ (RABBIT
and streaking) measurements are sensitive to different things.
They behave differently for some multichannel processes like
molecular rearrangement [34] or plasmonic resonance [35]. In situ
measurements observe the system and its dynamics in the presence
of the strong laser field [21,22], while ex situ measurements can
(but not always) use low intensity laser beams [2,3]. This allows in
situ methods to observe multi-electron dynamics occurring during
the strong-field driven recollision process [36]. In a forthcoming
paper, we extend the measurement described above to show how
recolliding electrons are affected by recollision-induced plasmonic
excitation of xenon in experiment [19].
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