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Abstract. Attosecond control of the optical response of helium atoms to
extreme ultraviolet radiation in the presence of moderately strong infrared laser
light has been recently demonstrated both by employing attosecond pulse trains
(APTs) and single attosecond pulses. In the case of APTs the interference
between different transiently bound electron wavepackets excited by consecutive
attosecond light bursts in the train was indicated as the predominant mechanism
leading to the control. We studied the same physical system with transient
absorption spectroscopy using elliptically polarized infrared pulses or APTs
with a varying number of pulses down to a single pulse. Our new results are
not consistent with this kind of wavepacket interference being the dominant
mechanism and show that its role in the control over the photoabsorption
probability has to be rediscussed.
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1. Introduction

Fundamental mechanisms initiated by the absorption of light photons are known to happen
on an ultrafast time scale. In the last few decades, the development of attosecond science has
provided a new tool to investigate these phenomena. Despite the important steps made [1],
a complete understanding of the light–matter interaction is still missing even in the case of
simple systems. A remarkable example is the photoabsorption and photoionization of helium
(He). In 2007 Johnsson et al [2] applied an attosecond pulse train (APT) in combination
with a synchronized few-cycle infrared (IR) field in a pump–probe scheme, to study the
photoionization of He around its first ionization threshold. The authors demonstrated the
possibility to control the ionization probability on an attosecond time scale by changing
the relative delay between the APT and the IR pulse. They observed a sinusoidal oscillation
of the ionization probability as a function of delay. This modulation was explained with
two main mechanisms: (i) distortion of the atomic potential induced by the IR field and (ii)
interference of electron wavepackets (EWPs) created by subsequent pulses of the APT (see
figure 1). The calculations performed by the authors suggested that the EWP interference is
predominant. Therefore a reduction of the number of attosecond pulses in the train should
lead to a strong reduction of the oscillation contrast. In particular only a weak modulation of
the ionization and photoabsorption probabilities should be observed if single attosecond pulses
(SAPs) instead of APTs are employed to excite the system.

The delay-dependent modulation of the photoabsorption/photoionization probability was
further investigated both theoretically [3] and experimentally [4] showing that the temporal (or
spectral) features of the APT have an influence on the process. A few years later Holler et al [5]
obtained further evidence for this picture by the investigation of the complementary absorption
probability with transient absorption (TA) spectroscopy. As an all-optical technique, TA consists
in detecting the transmitted XUV spectra as a function of the relative APT—IR pulse delay
rather than the ionization fragments [5, 11, 12]. Thus, it is also able to probe the behavior
of bound states, which are not directly accessible with conventional attosecond spectroscopy
techniques.

In the case of SAP excitation of the IR-laser dressed helium, sub-cycle control over the
photoelectron emission has been demonstrated [8]. The observed IR-induced oscillations of
the photoelectron spectrum was attributed to a ‘which way’ interference between direct XUV
excitation and an IR-assisted two-color transition (see figures 1(b) and (c)). The complementary
optical response of helium exposed to a SAP has recently been investigated with the TA
technique both experimentally [6, 7, 9] and theoretically [10].
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Figure 1. Schematic of the main mechanisms proposed to explain the oscillation
of the photoabsorption probability in the case of APT (a) and SAP excitation
(b)–(c). (a) Interference between two parts of a transiently bound EWP excited
by subsequent pulses in the APT [2, 5]. (b) Resonant absorption lines of the 1snp
series affected by sub-cycle ac Stark shift and light-induced structures associated
with two-photon/two-color processes [6, 7]. IR dressed states are represented
with wavy lines. (c) ‘Which way’ interference between direct extreme-ultraviolet
(XUV) excitation and an IR-assisted two-color transition [8–10].

In this paper we address a few remaining open questions: how does the system behave
during the transition from multiple to SAP excitation? How strong is the modulation of the
photoabsorption probability affected by the interference mechanisms initiated within the same
attosecond pulse compared to the wavepacket interference generated by subsequent attosecond
pulses?

We employed APTs in a TA experiment in order to find an answer to these questions.
In the second section we will present the results obtained by changing the time duration of the
driving IR pulses used in the high-order harmonics generation (HHG) process, i.e. by effectively
changing the number of pulses in the APT. We will demonstrate that the oscillation strength is
unexpectedly insensitive to the number of attosecond pulses interacting with the He atoms.
As further evidence we will present and discuss in section 3 the results obtained by a direct
comparison of the oscillation strength observed in the regimes of single and multiple attosecond
pulses. The interference mechanism requires the transiently bound EWP to be in the proximity
of the nucleus when the next attosecond pulse interacts with the atom. Therefore a strong
dependence on the polarization of the external IR field used in the pump–probe experiment
is expected. IR fields with a large ellipticity will effectively prevent the transiently bound EWP
from returning to its parent ion. The experimental dependence of the oscillation strength on
the degree of ellipticity of the few-femtosecond IR pulses presented in section 4 agrees only
partially with the predictions. Finally, section 5 contains the conclusions.

2. Dependence on the attosecond pulse train time duration

The EWP interference picture proposed in [2] to explain the fast oscillation of the ionization
probability of He is based on the assumption that two parts of an EWP excited by
subsequent attosecond pulses of the train can interfere. Moreover, it was predicted that also
the photoabsorption probability should oscillate with half the period of the IR field used in
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Figure 2. Schematic of the experimental setup. The inset shows a RABBITT
trace [13] obtained with the APTs employed in the experiment. Few-cycle pulses
are generated starting from 850 µJ IR pulses with a time duration of ∼20 fs and
a central wavelength of 790 nm by means of the filamentation or hollow-core
fiber pulse compression technique. The IR beam is subsequently divided into two
arms by a beamsplitter. The more intense part of the beam is used to generate
the harmonics. The delay of the remaining IR pulse is adjusted before being
recombined with the XUV light. The two beams are then focused by a gold-
coated toroidal mirror into a pulsed He gas target (TA target). The transmitted
spectrum is recorded by an XUV spectrometer after removal of the residual IR
light with a second aluminum filter.

the pump–probe scheme. As the authors showed in their calculations, the strength of the
oscillations is expected to scale quadratically with the number of attosecond pulses constituting
the train. This modulation of the photoabsorption probability was experimentally observed in a
TA experiment [5], however its dependence on the number of attosecond pulses in the APT has
never been investigated.

We adopted a scheme similar to the one in [5] and studied the fast dynamics of the
photoabsorption probability as a function of time duration of the APT. The experimental setup
is sketched in figure 2. Few-femtosecond IR pulses with an energy of ∼850 µJ and a time
duration of ∼20 fs are further compressed either by filamentation [14] or by propagation through
a hollow-core fiber filled with argon gas [15]. The IR beam is then divided into two parts by
a broadband beamsplitter with a reflectivity of 20%. The transmitted part is focused into a
3 mm long cell filled with xenon gas to generate high-order harmonics (HH). After blocking
the residual IR field with a 100 nm thick aluminum filter, the XUV light is recombined with the
other arm of the interferometer using a mirror with a central hole. Both beams are subsequently
focused by a toroidal mirror into a 1.5 mm long cell filled with He. The cell is mounted on
top of a pulsed valve operating at the laser repetition rate with an opening time of ∼60 µs. The
density of He atoms in the cell is kept constant at a value of ∼5 × 1017 particles cm−3. The delay
between the IR and XUV beams is actively controlled by a closed-loop piezoelectric actuator,
which allows a minimal step size of 107 as. At the end of the optical path an XUV spectrometer
records the spectra of the transmitted light with a resolution of ∼50 meV in the region of interest.
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Figure 3. XUV spectra associated with the different APTs employed in the
experiment. (a)–(e) Harmonic spectra (black solid lines) and, (f)–(j) SPIDER
reconstructions of the IR driving pulses used to generate them. As expected, the
width of the individual harmonics is inversely proportional to the time duration of
the driving pulses. The red dotted curves in (a)–(e) show the transmitted spectra
after absorption in the TA target filled with He gas in the absence of the IR field.
The dash-dotted gray line marks the ionization potential of He, Ip = 24.59 eV.

For a given peak intensity, the number of attosecond pulses within the train is directly
linked to the time duration of the driving IR pulse. By changing the parameters of the IR
pulse compression setup it is possible to tune the time duration of the driving pulses and
so the duration of the associated APT. Figure 3 shows the HHG spectra (left panels, black-
solid curves) together with the SPIDER [16] measurements of the IR driving pulses used
for their generation (right panels). The width of each harmonic in the comb is inversely
proportional to the time duration of the APT. Indeed, the experimental XUV spectra show that
the bandwidth of the harmonics increases with a decreasing duration of the generating pulse (see
figure 4(c)). The spectra from figures 3(a)–(d) were obtained with the filament compression
setup, while the 7.9 fs IR driving pulses of figure 3(j) were generated with the hollow-core
fiber setup. A rough estimate of the number of pulses constituting the train in each case can
be obtained by calculating the harmonic spectrum generated by the driving IR fields measured
with SPIDER. We calculated the single-atom response by using the non-adiabatic saddle-point
model adapted for a numerically defined driving pulse [17]. The simulations reveal that the
number of attosecond pulses having an intensity higher than 1% of the APT peak intensity goes
from a maximum of 16 pulses in the case of the 19.6 fs driving pulse to 7 for the shortest APT
employed (see figure 4(d)).
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Figure 4. Single-atom response calculated with the non-adiabatic saddle-point
approximation starting from the SPIDER-retrieved electric fields of figure 3.
(a), (b) Comparison between calculated and experimental harmonic spectra for
the 19.6 and 7.9 fs IR driving pulses of figures 3(f) and (j), respectively.
(c) Experimental mean full-width half-maximum (FWHM) of the HH in
figures 3(a)–(e) as a function of the driving pulse time duration. The error bars
are defined as ±β where 2β represents the FWHM of the Gaussian distribution.
(d) APTs (solid curves) associated to the calculated spectra in (a) and (b). The
dashed curves show the corresponding envelope of the IR driving pulses used
in the calculations. In order to match the experimental conditions, the intensity
of the IR pulse was set to 1.75×1014 W cm−2 and only the contribution of the
so-called short trajectories was taken into account [18].

For each APT of figure 3 we performed a TA measurement recording the transmitted XUV
spectra as a function of the delay of the APT with respect to the IR pulse. Changing the time
duration of the APT in our experimental arrangement implies that the time duration of the
IR pulses used in the pump–probe scheme changes accordingly. Therefore we adjusted the
power of the IR pulses in order to keep the peak intensity in the interaction region fixed to
a value of ∼2.8 × 1012 W cm−2. Figures 5(a)–(c) show the results obtained for driving pulse
durations of 19.6, 13.1 and 7.9 fs, respectively. The optical response exhibits a complex behavior
that becomes richer for shorter APTs. Nevertheless, clear oscillations with half the period of the
IR laser field are present in the vicinity of the harmonic peaks for all three cases.
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Figure 5. (a)–(c) Raw transmitted XUV spectra measured with the APTs
represented by the HHG spectra displayed in figures 3(a), (c) and (e),
respectively. (d)–(f) Corresponding TA signal 1Abs(τ ). (g)–(i) Energy-
integrated normalized absorption 3(τ) = 1Abs(τ )/T0 defined in equation (1),
for the full energy integration window 1Etot = [20 eV, 27.5 eV] (black-solid
curves) and for the region below the ionization threshold Ip, 1E Ip = [20 eV, Ip]
(red-dashed curves). Clear oscillations with half the period of the IR field are
present in both the energy-resolved and energy-integrated data.

In order to compare the oscillation contrast of different measurements, we calculated the
IR-induced absorption 1Abs(E, τ ) as equal to −1T (E, τ ) = T0(E) − T (E, τ ), where T (E, τ )

is the transmitted XUV spectrum with the IR pulse delayed by τ with respect to the APT.
T0(E) is the transmitted spectrum when the external IR field is turned off. The 1Abs(E, τ )

associated with the TA scans of figures 5(a)–(c) are shown in figures 5(d)–(f), respectively.
The IR-induced features of 1Abs(E, τ ) are confined to an energy window between 20 and
27.5 eV for all investigated cases. The strongest change in absorption is found around the 15th
harmonic. The XUV photons belonging to this harmonic lie just below the ionization potential
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Ip = 24.59 eV. When no external IR field is present only weak absorption is recorded due to the
excited states accessible through single-photon transitions in this energy region. If the IR field
is turned on, two-photon transitions into the continuum become possible. The atom can absorb
an XUV photon together with an IR photon and have enough energy to overcome the Ip. This
process leads to an enhancement of absorption when the two pulses are temporally overlapping
and the probability for a two-photon/two-color transition is higher.

Our goal is to quantitatively compare the observed modulation contrast for an energy
window of interest 1E . As clearly shown in figure 3, different time durations of the driving
IR pulse correspond to substantially different XUV spectra, which complicates this task. To
address this, we normalize 1Abs(E, τ ) with respect to T0(E) and define the energy-integrated
normalized absorption 3(τ) as follows:

3(τ) =
1Abs(τ )

T0
= −

∫
1E [T (E, τ )− T0(E)] dE∫

1E T0(E) dE
. (1)

Figures 5(g)–(i) show 3(τ) integrated over the full energy window of interest 1Etot =

[20 eV, 27.5 eV] (black-solid curves) or for energies just below the ionization potential of
He, 1E Ip = [20 eV, Ip] (red-dashed curves). This analysis shows that, both, the absorption
enhancement around τ ' 0 and the 2ω-oscillations (ω being the driving frequency of the IR
field), are not canceled out after the energy integration process. Furthermore, when comparing
the black and red curves in figures 5(g)–(i) it is possible to recognize the same main features
for both investigated energy domains 1Etot and 1E Ip . This suggests that the structure of the
energy-integrated signal is dominated by the optical response of the states below Ip.

In order to determine the maximum strength of the fast oscillations, we performed a Gabor
time–frequency analysis of 3(τ) [19]. The width of the Gaussian window function was set
to 3.45 fs (∼1.3 optical cycles of the IR field). The oscillation amplitude was then estimated
by taking the maximum of the transformed signal located at the modulation frequency 2ω.
Figure 6(a) shows the dependence of the oscillation amplitude on the APT duration. The oscilla-
tion strengths are normalized to the case of the longest APT adopted in the experiment (driving
pulse FWHM = 19.6 fs). In contrast to the expectations from the EWP interference model
discussed so far [2], it is found that the oscillation amplitude stays essentially constant when
reducing the number of pulses in the APT (see figure 6(a)). This suggests that the picture based
on the interference of EWPs excited by subsequent attosecond pulses is at least insufficient to
fully explain the oscillation observed in the energy-integrated optical response of He.

Another important parameter in the experiment is the intensity of the external IR field. We
performed a series of TA measurements where we changed the intensity of the IR pulse from
1.1 to 3.4 × 1012 W cm−2 but kept the APT unchanged (see figure 6(b)). In this case a linear
dependence of the oscillation amplitude on the IR pulse intensity was observed independent of
the duration of the APT used in the experiment.

3. Single attosecond pulses

Further investigation of the physical mechanism at the basis of the observed 2ω-oscillations
of the optical response can be obtained by employing SAPs instead of APTs. In this way any
contribution ascribable to the interference of EWPs created by subsequent XUV pulses certainly
is excluded. We generated SAPs both in xenon and argon gas using the polarization gating (PG)
technique [20, 21] in combination with sub-6-fs IR pulses obtained with filament compression.
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Figure 6. Evolution of the oscillation strength (a) as a function of the number
of attosecond pulses composing the train and (b) as a function of the IR pulse
intensity with a fixed APT (figure 3(d)). In both panels the black-solid curves
refer to the full energy integrated signal 1Etot, red-dashed curves to the region
below the ionization potential 1E Ip . In (a) the signal is normalized to the
oscillation amplitude measured with the longest APT (driving pulse FWHM
of 19.6 fs). In (b) the signal is divided by the oscillation strength obtained
with an IR intensity of ∼1.1 × 1012 W cm−2. The relative oscillation strength
displays a linear behavior with the IR intensity while no significant reduction
of the modulation contrast is observed when using shorter APTs. The IR pulse
intensities were estimated by measuring the power, the spatial intensity profile of
the beam in the focus and the temporal pulse shape reconstructed by the SPIDER
measurements reported in figure 3. The definition for the error bars is the same
as introduced in figure 4.

The spectra of the SAP generated in argon are characterized by a FWHM of ∼9 eV with a central
energy of ∼35 eV and a long spectral tail extending below 20 eV. When xenon gas is used as
generating medium, the spectrum of the SAPs is centered around 27.5 eV with a FWHM of
∼5 eV (see figure 7(b)). The attosecond pulses have been fully characterized by means of the
FROG-CRAB method [22]. The retrieved time duration of the SAP after 80.000 iterations of
the reconstruction algorithm [23] was 410 ± 5 and 285 ± 5 as for xenon and argon, respectively.
Even if the central energy and the bandwidth of the XUV spectra are different in the two cases,
no appreciable changes are observed in the results.

One of the key points of the PG technique is the requirement for a stable CEP of the driving
pulses. When the gate is activated, both the amplitude and shape of the generated XUV spectra
show a periodic dependence on the CEP (see figure 7(a)). In particular, by changing the value of
the CEP by π/2 it is possible to select XUV light characterized by a continuous spectrum (SAP
generation) or by a discrete one (corresponding to the generation of two or more attosecond
pulses) [24]. This enables us to perform our TA experiment and compare the optical response
of He to a SAP (CEP = ϕ0) or multiple attosecond pulses (CEP = ϕ0 + π/2) without changing
any other parameters of the experiment or the alignment of the beams.
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Figure 8 shows the transmitted XUV spectra as a function of the delay with respect to
the IR pulse for SAP (figures 8(a) and (c)) or multiple attosecond pulses (figures 8(b) and (d))
generated in xenon and argon. Clear 2ω-oscillations of the transmitted spectra are observed in
all the experimental traces independently of the medium adopted for the XUV light generation
and from the number of attosecond pulses. The optical response of He atoms exposed to a
SAP in the presence of a dressing IR laser field has been recently experimentally observed [9]
and theoretically investigated [10]. The main features of the delay-dependent TA spectra have
been understood in terms of: (i) resonant absorption lines of the 1snp atomic states affected
by sub-cycle ac Stark shift [6]; (ii) light-induced structures associated with two-photon/two-
color processes (XUV±IR) which populate a non-dipole coupled s or d state [7]; (iii) ‘which
way’ interference [8] between the direct population of the 1snp states near threshold (n > 5)
and indirect population via a three-photon/two-color process (XUV + 2IR) involving the 1s2p
state. The fingerprints of these three main mechanisms are clearly present both for the case of
excitation with SAP or multiple pulses (figure 8).

The EWP interference picture discussed in the context of APTs does not apply to SAPs,
but should hold for the case of double or triple attosecond pulses. From this model, one
would expect to observe a significant increase of the 2ω-oscillation contrast in the energy-
integrated IR-induced absorption when switching from SAP (CEP = ϕ0) to multiple pulses
(CEP = ϕ0 + π/2). Moreover, a phase shift of the oscillations is expected [2]. In order to estimate
the total oscillation strength, we apply the method described in the previous section and calculate
the normalized absorption 3(τ) according to equation (1). The results are shown in figure 9.
Clear oscillations with half-cycle period are still present in the energy-integrated signal for
small positive delays (IR pulse comes first) and for both energy integration windows 1Etot

(figure 9(a)) and 1E Ip (figure 9(b)). The time–frequency analysis reveals that the maximum
strength of the oscillation stays constant within the experimental error bars. No clear increase
of the oscillation strength and no phase shift due to the presence of multiple attosecond pulses
is measured. This can already be seen from a direct comparison in figure 9.
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Figure 8. Delay-dependent transmitted XUV spectra for a CEP value ϕ0 leading
to the generation of a SAP (a, c) and for CEP = ϕ0 + π/2 (b, d). Panels (a)
and (b) are obtained with the XUV light generated in xenon while in (c, d)
attosecond pulses generated in argon were employed. The lines mark the energy
position of single-photon accessible atomic states of helium. Fast modulation of
the transmitted signal is evident both for single and multiple attosecond pulse
excitation independent of the generation medium.

As in the previous analysis, the structure of the signal integrated over the full region of
interest 1Etot is mainly dominated by the response below Ip. In particular, the main contribution
comes from the strong oscillating signal in the energy range between 24 eV and Ip, associated
with the three-photon/two-color process, listed as point (iii) above [10]. When the XUV light
arrives before the IR pulse, the fringes associated with this mechanism are expected to exhibit
a clear tilt in energy [10], the reason for this being that constructive interference occurs for
different delays at different energies. For positive values of the delay τ , the fringes are less
tilted than for negative τ and they become almost vertical. This explains why the oscillations in
the energy-integrated response 3(τ) vanish for τ < 0.

Another important contribution to the 2ω-oscillations of 3(τ) comes from the ac Stark shift
experienced by the absorption lines of the atomic states 1s3p (23.09 eV) and 1s4p (23.74 eV). As
shown in figure 8, these lines exhibit a clear sub-cycle absorption oscillation which is in phase
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Figure 9. Energy-integrated normalized absorption 3(τ), (a) for the full energy
integration window 1Etot = [20 eV, 27.5 eV] and (b) for the interval below
the ionization threshold 1E Ip = [20 eV, Ip]. In both panels, solid lines refer
to the SAP of figure 8(c), black-dashed lines to the multiple-attosecond-pulse
excitation of figure 8(d). Oscillations with half the period of the IR field are
present for delays τ > 0. No clear change in the behavior when moving from a
SAP to multiple pulses is evident in the measured data.

with the signal attributed to mechanism (iii) for τ > 0, thus enhancing the oscillating signal
in 3(τ).

4. Elliptically polarized infrared pulses

The EWP interference mechanism under investigation occurs only if some part of an initially
localized wavepacket is found in the region of space where it was created when the subsequent
attosecond pulse interacts with the atom. In other words, it occurs if it takes more than a half-
optical cycle for the EWP to completely ionize [2]. In this time the EWP can interact with the
external IR field. If so, a strong dependence of the process on the ellipticity ε of the external IR
field is expected. If the IR pulse is elliptically polarized, the transient EWP will experience an
additional lateral displacement as compared to the case of linear polarization, and the probability
for being driven back to the parent atom decreases by several orders of magnitude for sufficiently
large ε. This suppression of recollision is well known, for example, from the HHG process. The
XUV generation efficiency decreases by several orders of magnitude when the ellipticity of the
driving pulses increases [25, 26] (see the dash-dotted line in figure 11(b)). Indeed, this concept
is at the basis of the PG technique mentioned in the previous section. The polarization of the
driving pulse is modified in order to change from circular to linear and then back to circular.
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Figure 10. Delay-dependent transmitted XUV spectra for high-order harmonics
generated in Xe with 20 fs IR driving pulses. (a) Linearly polarized IR pulses,
(b) elliptically polarized IR pulses (εmax = 0.66). The 2ω-oscillations of XUV
transmission of the IR-dressed He are clearly visible in both cases.

Efficient XUV-light generation occurs only in the time window in which the ellipticity ε is lower
than a threshold value εth = 0.13 [27].

We measured the delay-dependent transmitted XUV spectra as discussed in the second
section of this work, but employing IR pulses with a variable degree of polarization ε. The IR
pulses have a fixed time duration of ∼25 fs and an intensity of ∼1 × 1012 W cm−2. Control of the
ellipticity ε was achieved by introducing an additional achromatic quartz quarter-waveplate into
the beam path. Figure 10 shows a comparison of the transmitted XUV spectra for ε = 0 (linearly
polarized pulses, figure 10(a)) and εmax = 0.66 (elliptically polarized pulses, figure 10(b)). The
XUV spectrum is composed of four narrow-band harmonics (harmonic orders 13–19). For
both values of ε, harmonics 13–17 exhibit a strong 2ω-oscillation of the transmitted signal.
Harmonic 19 lies outside the maximum energy range, 1Etot, employed in the previous analysis
and no IR-induced structures are observed. As a result we will concentrate only on the first
three harmonics in the following discussion. Unlike the previously presented cases, in this
experiment the value of ε is freely adjustable while leaving both the IR pulse duration and
the XUV spectrum unchanged. For this reason we can directly compare the transmitted signal
from different measurements without the need for normalizing the data to T0 (equation (1)).
The oscillation amplitude O(ε) is obtained by calculating the Fourier transform of the energy-
integrated transmitted signal: F{

∫
1E T (E, τ ) dE}.

Figure 11(a) shows the evolution of the transmitted signal integrated over a narrow energy
interval 1E centered around HH 13, 15 and 17 (upper, middle and lower panel, respectively).
The width of energy interval 1E is determined by the resolution of our XUV spectrometer and
it is equal to 34, 50 and 54 meV for harmonics 13, 15 and 17, respectively. Figure 11(b) displays
the associated amplitude O(ε) normalized to the oscillation strength O(ε = 0) found in the case
of linearly polarized IR pulses. In all investigated cases, the oscillation amplitude decreases for
increasing values of ε, but the observed reduction amounts to a value of only 30–40% even for
maximum ellipticity εmax. However, in the framework of the IR-driven transient EWP picture,
a reduction by several orders of magnitude is expected already for significantly lower values of
ε as is found for other recollision processes [28] (see figure 11(b)). Therefore the experimental
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Figure 11. (a) Comparison of the delay-dependent transmission T (τ ) for energy
intervals centered around harmonics 13, 15 and 17 for linearly polarized
(solid lines) and elliptically polarized IR pulses (dashed lines). (b) Oscillation
amplitude O(ε) normalized to the linearly polarized case O(ε = 0). The solid
colored lines have been evaluated for the same energy intervals used in (a), while
the black dashed line is obtained after full energy integration of the transmitted
signal (1Etot = [20 eV, 27.5 eV]). The gray dash-dotted line shows the relative
strength of harmonic 21 generated in argon by an IR field with an intensity of
3 × 1014 W cm−2 as calculated in [26]. A direct comparison between the well-
known recollision driven process of HHG, represented by the dash-dotted line,
and the experimental data shows that the two processes exhibit a complete
different behavior when changing the ellipticity ε. Even though for all the cases
in our experiment O(ε) decreases with increasing ε, the suppression is not as
strong as the one observed in the HHG process.

results confirm that the picture in which the transiently bound EWP is driven back and forth by
the external IR field before interfering with another EWP is incomplete.

5. Conclusions

We studied the optical response of helium atoms excited by an attosecond pulse train and a
delayed few-cycle IR pulse in a TA scheme. Clear oscillations with half the period of the IR
field were observed both in the energy-resolved and energy-integrated signal. Previously it was
suggested that the interference of transiently bound EWPs excited by subsequent attosecond
pulses is the origin of these modulations [2]. In order to test the completeness and correctness
of this model, we adjusted various relevant parameters in this experiment. We recorded the
modulations for a varying number of pulses in the APT, as a function of IR intensity and
ellipticity. We found that the oscillation amplitude does not scale with the number of attosecond
pulses in the APT as predicted by the EWP picture. A direct comparison between the SAP and
multiple-attosecond-pulses excitation showed that the strength of the oscillations is the same
for both cases. Furthermore, no phase shift of the modulations is observed when switching
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from APT to SAP excitation—in contrast to the theoretical predictions in [2]. Finally, further
evidence on the incompleteness of the previously proposed interference mechanism is provided
by the measured dependence on the ellipticity ε of the IR field. The observed scaling of the
modulation contrast is not in agreement with the recollision picture implied by a transiently
bound EWP being driven back and forth by the external IR field during the interaction.

To conclude, our new experimental results show that, even in the case of APTs, the
interference between EWPs excited by consecutive attosecond pulses in the train is not the
dominant mechanism responsible for the observed modulations of the absorption probability.
The modulation of the optical density can rather be attributed to the largest extent to a
‘which way’ interference originating in the existence of different excitation pathways accessible
through two-color interactions involving the attosecond pulses and the IR field [9, 10].
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