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Abstract: An all-optical method is proposed for the measurement of the 
spectral phase of isolated attosecond pulses. The technique is based on the 
generation of extreme-ultraviolet (XUV) radiation in a gas by the 
combination of an attosecond pulse and a strong infrared (IR) pulse with 
controlled electric field. By using a full quantum simulation, we 
demonstrate that, for particular temporal delays between the two pulses, the 
IR field can drive back to the parent ions the photoelectrons generated by 
the attosecond pulse, thus leading to the generation of XUV photons. It is 
found that the generated XUV spectrum is notably sensitive to the chirp of 
the attosecond pulse, which can then be reliably retrieved. A classical 
quantum-path analysis is further used to quantitatively explain the main 
features exhibited in the XUV emission. 
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1. Introduction 

In the past decade attosecond science has proven to be a very active research field, with a 
number of notable applications in atomic, molecular and solid state physics [1, 2]. Ultrafast 
electron dynamics have been investigated by implementing various novel experimental 
techniques: attosecond streaking spectroscopy, attosecond transient absorption spectroscopy, 
attosecond photoemission spectroscopy, based on the measurement of angle-resolved 
photoelectron or ion spectra, and attosecond nonlinear optics [3–6]. A general prerequisite of 
any application of ultrashort pulses is the reliable measurement of their temporal 
characteristics. 

Several methods [7–12] have been proposed for the temporal characterization of trains 
and isolated attosecond pulses (IAPs), usually based on the measurement of the photoelectron 
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spectra generated by the extreme-ultraviolet (XUV) attosecond pulses in the presence of an 
infrared (IR) femtosecond field, as a function of the temporal delay between the two pulses. 
In the following we will focus on IAPs. In this case, the implementation of the attosecond 
streak camera technique [12], in combination with the Frequency Resolved Optical Gating for 
Complete Reconstruction of Attosecond Bursts (FROG-CRAB) algorithm [13] allow one to 
obtain a complete temporal characterization of the streaking IR field and to measure the 
temporal intensity envelope and spectral phase of the attosecond pulse. Another experimental 
approach based on the measurement of the photoelectron spectra as a function of the delay 
between an attosecond and a femtosecond pulse is called Phase Retrieval by Omega 
Oscillation Filtering (PROOF) [14], which can be used to characterize ultra-broadband 
attosecond pulses. Both FROG-CRAB and PROOF algorithms do not provide any 
information about the carrier-envelope phase (CEP) of the attosecond pulses. Recently, it was 
demonstrated that the CEP of isolated pulses can be obtained by measuring the interference 
structure in the photoelectron spectra induced by XUV + IR fields [15]. 

Various all-optical methods, based on the measurement of the spectrum have been 
proposed and partly implemented to reconstruct the phase of attosecond pulse trains [16–19]. 
These optical schemes are based on in situ measurements, where the production and the 
measurement of attosecond XUV pulses are entangled. The use of all-optical schemes offers a 
number of important advantages with respect to the techniques based on the measurement of 
photoelectrons, in particular a very high detection efficiency and a high signal-to-noise ratio. 
This is particularly true in the case of high-photon energy attosecond pulses. Recently an in 
situ technique for the measurement of the full space-time structure of the attosecond pulses in 
the generation medium has been demonstrated [20]. While the in situ measurements are 
extremely useful for the investigation of the physical processes leading to the generation of 
attosecond pulses, the determination of the temporal characteristics of the pulses in the target 
region (i.e., in correspondence of the sample under investigation) by using an all-optical 
technique requires the use of a different approach. 

In this work, we propose an all-optical method to characterize the spectral phase of an IAP 
in the target region. The attosecond pulse to be characterized ionizes an atom and a time-
delayed IR pulse with stable CEP is used to steer back to the parent ion the generated electron 
wave packet. This general scheme has been already investigated by Starace and associates 
[21] to study the dynamics of low-energy photoelectrons ionized by IAPs in the presence of 
an intense IR field. Moreover, the use of IR pulses in combination with attosecond pulses in 
photoemission processes from atoms has been analyzed in the past few years [22–26]. Here 
we propose a novel scheme, based on the measurement of the spectrum of the XUV photons 
produced by high-order harmonic generation in a gas by the combined action of an IAP and a 
strong IR pulse. It is found that the generated spectrum is strongly dependent on both the 
delay between the two driving pulses and notably on the chirp of the IAP, thus offering an 
experimental all-optical method for the measurement of the spectral phase of attosecond 
pulses. The process has been investigated by calculating the numerical solution of the time-
dependent Schrödinger equation (TDSE) at the single-atom level, together with considering 
the on-axis phase-matching effect. The underlying dynamics is understood in terms of the 
decoupling of the ionization induced by the attosecond pulses and the subsequent electron 
acceleration controlled by the IR field. The results of the complete numerical model are also 
discussed in terms of classical electron trajectory analysis. 

2. Results and discussion 

We consider a linearly chirped Gaussian XUV pulse, whose vector potential is given by the 
real part of [27, 28] 
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where ω0 is the central carrier frequency, ξ is the dimensionless linear chirp rate controlling 
the spectral phase of the pulse, φ0 is the CEP, I0 and τ are the peak intensity and duration (full 
width at half maximum) of the transform-limited pulse (ξ = 0), respectively. Equation (1) 
describes a realistic pulse whose duration and peak intensity depends on the chirp rate, ξ, 
while its energy and spectral profile do not depend on ξ. The vector potential of the IR pulse 
is written as 

 2 1/ 4

1 1 1 1
( ) cos [2 arc cos(2 ) / ]sin( ),

IR
A t A t T tω ϕ−= − +  (2) 

where A1 is the peak amplitude, ω1 is the central carrier frequency, T1 is the pulse duration, 
and φ1 is the CEP. The total vector potential of the two-color driving field is given by A(t) = 
AIR(t) + Re{AXUV(t - td)}, where td defines the temporal delay between the XUV and IR pulses. 

We have calculated the extreme-ultraviolet emission spectrum generated in helium by the 
two-color laser field by numerical integration of the TDSE within the single-active electron 
approximation. The numerical solution of TDSE is based on the expansion of the time-
dependent wave function in a series of partial waves, which forms a set of coupled equations 
between the different angular quantum numbers for the radial wave function. The finite-
element discrete variable representation (FE-DVR) method is employed to discretize the 
radial equations with the advantage of providing block-diagonal sparse matrix representation 
of kinetic operator and the diagonal matrix representation of the effective potential. The 
temporal evolution of the wave function is carried out by the Arnoldi-Lanczos algorithm. The 
spectrum is obtained from the Fourier transform of the time-dependent dipole acceleration 
expectation value, which is calculated via the Ehrenfest theorem using the wave function at 
each evolution step. The helium atom is described by the effective central potential [29] 

 

Fig. 1. XUV spectrum generated in helium by the combination of an IR pulse and an isolated 
attosecond pulse, vs. the temporal delay between the two pulses, calculated by using the full 
quantum simulations described in the text. The yellow-dashed line is the vector potential of the 
IR pulse. The parameters of the attosecond pulse used in the simulations are the following: 
peak intensity I0 = 1012 W/cm2, transform-limited duration τ = 260 as, central photon energy ω0 
= 36 eV, chirp rate ξ = 0, and CEP φ0 = 0. The parameters of the IR pulse used in the 
simulations are the following: peak intensity I1 = 6 × 1013 W/cm2, duration of 5 fs, and central 
photon energy ω1 = 1.63 eV (corresponding to a central wavelength of 760 nm). 
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We have first calculated the extreme-ultraviolet spectrum upon scanning the relative delay 
between the XUV and IR pulses. The parameters of the XUV attosecond pulses are: 
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transform-limited peak intensity I0 = 1012 W/cm2, transform-limited duration τ = 260 as, 
central photon energy ω0 = 36 eV, chirp rate ξ = 0, and CEP value φ0 = 0. The parameters of 
the IR pulse are: peak intensity I1 = 6 × 1013 W/cm2, pulse duration 5 fs, and central photon 
energy ω1 = 1.63 eV, corresponding to a central wavelength of 760 nm. The simulation 
parameters used in our calculation are the following: The maximum radial distance is rmax = 
300 a.u. with 600 finite elements and eight basis functions in each element, the maximum 
angular quantum number is lmax = 10, the time step of wave function propagation is δt = 0.04 
a.u. and the Arnoldi-Lanczos propagation order is M = 100. 

The calculated XUV spectra are shown in Fig. 1, as a function of the temporal delay 
between XUV and IR pulses, in the photon energy range between 18 eV and 30 eV. The 
yellow-dashed line in Fig. 1 displays the temporal evolution of the IR vector potential. The 
numerical results clearly show that in the 20-28 eV energy region the XUV radiation is 
produced only at particular delays around the temporal overlapping region between the two 
driving pulses. The generation yield shows a notable dependence on the delay: XUV emission 
is generated in correspondence of the crests of the vector potential of the IR pulse, thus 
showing a periodic modulation, with a period equal to half-optical cycle of the IR radiation. 
The origin of the delay-dependent spectrum in Fig. 1 can be understood in terms of the 
recollision interference picture as follows. For the IR and XUV pulse parameters considered 
in the simulations, the ionization of the helium atom is mainly governed by the XUV pulse 
via single-photon excitation, while the IR pulse is only responsible for the control of the 
electron dynamics in the continuum. Near the crests of the IR vector potential, the IR field 
results in a momentum shift of the photoelectrons large enough to steer the electronic wave 
packet back toward the parent ion, where the maximum spatial overlap between the 
continuum wave packet and the ground state produces efficient continuum-bound transitions 
thus leading to XUV emission. 

 

Fig. 2. Comparison of the XUV spectra calculated for the 36-eV (red-solid) and 50-eV (blue-
dashed) isolated attosecond pulses at the fixed XUV-IR delay td = −400 as. Other parameters 
are the same as in Fig. 1. 

To further confirm this interpretation, we have calculated the XUV spectra generated by 
the two-color field in the case of IAPs with higher central photon energy (ω0 = 50 eV), 
without changing the other XUV and IR parameters. The result is shown in Fig. 2. The solid-
red line shows the harmonic spectrum generated in the case of IAPs with central energy ω0 = 
36 eV, calculated at a particular delay td = −400 as; the dashed-blue line represents the 
harmonic spectrum calculated at the same delay value in the case of IAPs with central energy 
ω0 = 50 eV. Here the original IR spectrum used in the simulation has been removed. At low 
energy (<10 eV) the two spectra representing the rather weak signal are identical, since the 
emission in this spectral region is generated entirely by the IR pulse, without any contribution 
from the XUV pulse. In the high-energy region, the Gaussian components A and B shown in 
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Fig. 2 correspond to the spectra of the IAPs used in the simulations. This can be confirmed by 
the calculation of the XUV spectra in the absence of the IR pulse. As already shown in Fig. 1, 
extra emission peaks between 20 and 28 eV, hereafter called recollision emission spectrum 
(RES), are produced in the case of low-photon energy IAPs, while in the case of high-photon 
energy IAPs the RES component is not present. The RES absence for high-photon energy 
excitation supports the proposed recollision interference picture, since the photoelectrons 
released by 50-eV attosecond pulses are characterized by a higher initial velocity, so that the 
same IR field is not strong enough to drive the photoelectron back to the parent ion. Thus the 
tiny continuum-bound overlap inhibits the RES generation. 

 

Fig. 3. Temporal intensity profile (red-dashed) of pulse trains corresponding to the RES (20-28 
eV), together with the electric field of the IR pulse (blue-dashed-dot) and the XUV pulse 
(wine-solid) at the XUV-IR delay td = −400 as. Other parameters are the same as in Fig. 1. 

A deeper physical insight into the dynamics can be achieved by considering the temporal 
structure corresponding to the RES. We have employed a square filter to select the RES (20-
28 eV) obtained in the case of the XUV-IR delay td = −400 as and we have performed the 
inverse Fourier transform to obtain the temporal intensity profile, as shown by the red-dashed 
line in Fig. 3, where the driving IR pulse and the XUV pulse are also plotted. A train of pulses 
is obtained, separated by half-optical cycle of the IR pulse, thus implying multiple 
recollisions of the electron to the ionic core. Every time the electron passes through the ionic 
core, an attosecond pulse burst is emitted. This process leads to the harmonic structure of the 
RES. 

It is also possible to analyze the recollision process by calculating the classical electron 
trajectories in the case of the two-color excitation by using the simple-man model [30, 31], 
where the first step of tunnel ionization is replaced by the single-photon ionization induced by 
the attosecond pulse. In this case, the electron released by the absorption of one XUV photon 

has a nonzero initial velocity 
0

v , which is estimated as 
0 0 0 0
( ) 2[ ( )]

p
v t I V tω= ± − −  in atomic 

units [32]. Here, Ip is the ionization energy of the helium atom, and V(t0) is the height of the 
Coulomb barrier combined with the IR field at the release moment t0. The positive and 
negative velocity values correspond to electrons released in two opposite directions, thus 
forming two families of classical electron trajectories. The harmonic emission is associated 
with the maximum continuum-bound overlap described by those trajectories where 
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Fig. 4. Classical electron trajectories characterized by a pair of release time and recollision 
time. Blue dots and red cycles represent the positive and negative initial velocity used in the 
classical electron trajectory analysis, respectively. The XUV and IR pulse parameters are the 
same as in Fig. 1. 

which corresponds to electrons that, under the action of the IR field, can return to the ionic 
core at the recollision instant, tf. The solution of Eq. (4) in the case of 36-eV pulses yields two 
families of trajectories, as shown in Fig. 4, which displays all the possible returning 
trajectories characterized by the release time and the recollision time in the case of positive 
(blue-dot) and negative (red-cycle) velocity values, v0. Figure 4 shows that a given release 
time may correspond to more than one recollision times, in agreement with the multiple 
recollision picture. These trajectories can form five branches of harmonic generation, in 
which consecutive branches correspond to the two different trajectory families. We can see 
that the number and position of these branches agree well with the TDSE result reported in 
Fig. 1. We have then applied the classical model in the case of IAPs centered at 50 eV. In this 
case no returning electron trajectories exist, thus explaining the absence of the extra harmonic 
emission, as previously discussed. We point out that when the electron returns to the ionic 
core, it will leave the ionic core with non-zero velocity by scattering from the ionic potential 
[21]. This process is different from the well-known three-step model of high harmonic 
generation, where the electron recombines with the parent ion at the last step. Consequently, 
in our parameter regime, the harmonic photon energy cannot be simply expressed as the sum 
of the electron kinetic energy obtained in the external field and the atomic ionization 
potential. 

A notable result of our numerical calculations is that the high harmonic generation process 
induced by the two-color field encodes the spectral phase information of the attosecond pulse. 
This is due to the fact that the ionization step is determined by single-photon ionization, 
which makes the spectrum of the XUV pulse be directly mapped onto the free electron wave 
packet that finally interferes with the atomic ground state. Figure 5(a) shows the harmonic 
spectrum calculated assuming an XUV-IR delay of −400 as, for three different chirp rates of 
the 36-eV attosecond pulse: (i) ξ = 0, (ii) ξ = 2, and (iii) ξ = −2. As we have already discussed, 
the harmonic spectra reported in Fig. 5(a) below 10 eV and above 30 eV are generated 
independently by the IR pulse and by the XUV pulse, respectively, and are not affected by the 
chirp of the XUV pulse. On the contrary, the RES spectral components between 20 and 30 eV 
strongly depend on the chirp of the attosecond pulse. This offers the possibility to measure the 
XUV spectral phase using an all-optical method. Figure 5(b) shows the RES calculated at td = 
−400 as upon changing the chirp in the range −3 ≤ ξ ≤ 3. 
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Fig. 5. (a) Comparison of the XUV spectrum calculated at the fixed XUV-IR delay td = −400 
as for three different chirp rates of the XUV pulse: ξ = 0, (ii) ξ = 2, and (iii) ξ = −2. Inset is a 
zoom of the spectra in the region between 20 and 30 eV. (b) Singe-atom RES versus chirp 
rates of the XUV pulse at the fixed XUV-IR delay td = −400 as. (c) Macroscopic on-axis RES 
versus chirp rates of the XUV pulse at the fixed XUV-IR delay td = −400 as. Other parameters 
are the same as in Fig. 1. 

It is well-known that macroscopic propagation effects play an important role in high 
harmonic generation [33, 34]. The full simulation of the macroscopic RES generated in the 
XUV + IR fields requires the numerical solution of Maxwell propagation equation with the 
source term of the single-atom response obtained by the TDSE. In order to make the 
simulation manageable and reveal the essential physical picture, we have used a simple one-
dimensional (1D) wave equation to consider the macroscopic RES along the propagation axis, 
while the single-atom response is still calculated by numerically solving three-dimensional 
(3D) TDSE. We can arrange that the IR pulse is loosely focused so that the on-axis intensity 
variation and the phase deviation from the plane wave due to focusing effect can be 
neglected. The focusing effect of the XUV pulse along the propagation axis is taken into 
account by modifying Eq. (1) as [35] 
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where z is the position coordinate, z0 is the Rayleigh length, and c is the light speed. The total 
vector potential of the two-color field along the propagation axis is therefore given by 

( )
( , ) ( / ) Re{ ( , )}

f

IR XUV d
A z t A t z c A z t t= − + − . We assume an XUV pulse with a 20-μm beam waist, 

corresponding to a Rayleigh length of z0 = 36.4 mm at 36 eV, is focused at the entrance of 1-
mm-thick gas cell filled with 10-torr gas pressure. By integrating the 1D wave equation, we 
can obtain the macroscopic on-axis RES calculated at td = −400 as upon changing the chirp in 
the range −3 ≤ ξ ≤ 3, as shown in Fig. 5(c). The comparison of Fig. 5(b) and 5(c) 
demonstrates that the chirp-dependent RES structure is nearly not modified by the on-axis 
propagation effect. An almost one-to-one mapping relation between chirp and RES shape is 
visible. In other words, the RES produced by XUV pulses with different chirp are also 
different, so that it is possible to retrieve a unique chirp value from the RES structure. We 
note that, from the experimental point of view, the measurement of the XUV-IR temporal 
delay can be affected by a relative uncertainty. However, we can still implement a procedure 
to determine the XUV chirp rate. We denote the experimental RES as I(te, ω), where te is the 
measured XUV-IR delay, and the calculated RES as S(td, ω, ξ), where td is the exact XUV-IR 
delay. The experimental delay, te, can be calibrated to the exact value td by shifting the 
temporal axis: td = te + tc, where tc is a time constant. The two unknown parameters (ξ, tc) can 
be determined by searching the optimal values that minimize the root-mean-square error 
between the two-dimensional normalized data I(td - tc, ω) and S(td, ω, ξ). The minimization 
technique can be implemented by the algorithm of Simulated annealing which has given good 
results in avoiding local minima. The time cost for the retrieval procedure is mainly 
dependent on the calculation of the single-atom TDSE which usually needs several hours 
using parallel code. 

 

Fig. 6. The RES generated in helium by the combination of a chirped IR pulse and an isolated 
attosecond pulse, vs. the temporal delay between the two pulses. The yellow-dashed line is the 
vector potential of the chirped IR pulse. The chirp rate of the IR pulse is set to 1, leading to a 
broadening of the pulse duration from 5 fs to 7 fs. Other simulation parameters are the same as 
in Fig. 1. 

We have analyzed the effect of the chirp of the IR pulse on the RES structures. The RES 
is calculated for a chirped IR pulse used in combination with an isolated attosecond pulse, 
upon scanning the temporal delay between the two pulses. The result is shown in Fig. 6, 
where the yellow-dashed line displays the temporal evolution of the chirped IR vector 
potential. Apart from the chirp of the IR pulse, which leads to a broadening of the pulse 
duration from the transform-limited value of 5 fs to 7 fs, the other parameters of the 
simulation are the same as in Fig. 1. We note that the IR chirp affects the shape of the RES 
structures, so that, in order to characterize the chirp rate of the attosecond pulses, the IR chirp 
has to be independently measured (e.g., by using the frequency resolved optical gating 
method). 
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Fig. 7. Singe-atom RES versus the intensity of the chirp-free IR pulse at the fixed XUV-IR 
delay td = −400 as. Other simulation parameters are the same as in Fig. 1. 

We have then calculated the influence of the IR intensity on the RES in the single-atom 
response. Figure 7 shows the RES in energy region between 18 eV and 27 eV as a function of 
the IR intensity at a fixed XUV-IR delay td = −400 as. Apart from scanning the IR intensity, 
other simulation parameters are the same as in Fig. 1. As the IR intensity is decreased, we can 
clearly see a linear shift of the RES energy position towards the low-energy direction together 
with the reduced RES intensity. When the IR intensity decreases to 1013W/cm2, the IR field 
cannot steer the photoelectron induced by XUV pulse to ionic core so that the RES finally 
disappears. Since the IR intensity affects position and shape of the RES, in order to 
characterize the chirp rate of the attosecond pulses such intensity has to be independently 
measured. 

 

Fig. 8. RES generation efficiency as a function of the XUV pulse intensity, calculated at the 
fixed XUV-IR delay td = −400 as. Other simulation parameters are the same as in Fig. 1. The 
point corresponding to the XUV intensity used in Fig. 1 is shown as a red filled circle. 

Efficient generation of the RES requires a good temporal and spatial overlap between the 
IR and the XUV pulses. The spot size in the beam waist of the IR and XUV pulses can be 
reasonably assumed as 150 μm and 20 μm, respectively. In the above discussion, the peak 
intensity of the IR pulse is set as I1 = 6 × 1013 W/cm2. In this case, the intensity of the IR 
beam at the radial position corresponding to the radial edge of the XUV beam can be 
approximately estimated as I2 = I1 exp(−20/150)≈5.25 × 1013 W/cm2. At this IR intensity (I2), 
we can see from Fig. 7 that the RES structure is only slightly changed, which does not 
significantly affect the retrieval procedure. Upon increasing the IR spot size and upon 
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increasing the XUV spot size, the effect of the IR intensity variation along the radial profile 
could be further reduced. 

Another important issue is the estimation of the efficiency of the RES generation. We 
have calculated the RES generation efficiency, which is defined as the ratio between the 
maximum amplitude of the RES and the intensity of the main XUV spectrum at 36 eV, upon 
scanning the XUV pulse intensity for a fixed XUV-IR delay td = −400 as. The result is shown 
in Fig. 8, which shows an almost linear dependence of the efficiency vs. the XUV intensity 
over a wide range from 108 to 1012 W/cm2. 

The crucial point for the all-optical measurement is to steer the continuum electron wave 
packet to revisit the parent core. This can be achieved by either increasing the peak intensity 
of the IR pulse or using longer wavelengths. In order to characterize high-photon energy 
XUV pulses, the use of long-wavelength IR radiation presents a number of important 
advantages. As an example, we consider an XUV pulse with central photon energy ω0 = 150 
eV and transform-limited duration 60 as, and an IR pulse with photon energy ω1 = 0.69 eV 
(central wavelength 1800 nm), peak intensity 6 × 1014 W/cm2 and duration 12 fs. In this case 
the simulation parameters used in our calculation are the following: the maximum radial 
distance is rmax = 500 a.u. with 1000 finite elements and eight basis functions in each element, 
the maximum angular quantum number is lmax = 30, the time step of wave function 
propagation is δt = 0.04 a.u. and the Arnoldi-Lanczos propagation order is M = 330. The 
calculated chirp-dependent RES at the fixed XUV-IR delay td = −400 as is shown in Fig. 9, 
where for the sake of clarity, we plot only the spectral region between 118 eV and 122 eV. 
Our result demonstrates that the proposed all-optical method is also applicable in the 
characterization of the chirp rate of high-photon energy attosecond pulses. 

 

Fig. 9. Comparison of the RES calculated at the fixed XUV-IR delay td = −400 as for three 
different chirp rates of the XUV pulse: ξ = 0, ξ = 2, and ξ = −2. The parameters used in the 
simulations are the following. XUV pulse: transform-limited duration τ = 60 as, central photon 
energy ω0 = 150 eV. IR pulse: peak intensity 6 × 1014 W/cm2, duration 12 fs, photon energy ω1 
= 0.69 eV (wavelength 1800 nm). 

The evaluation of the influence of transient absorption on the macroscopic RES is a very 
challenging task, beyond the scopes of this work. We used a relatively simple method to 
estimate the absorption degree of the RES. We calculated the IR-dressed absorption cross 
section of single Helium atom using the method described by Gaarde et al. [26]. In the 
calculation, the model potential of Eq. (3) is used and the IR pulse parameters are the same as 
in Fig. 2. The Beer’s law was employed to evaluate the macroscopic absorption degree. We 
note that, for the particular experiment parameters assumed in this work (low gas pressure 
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and short length of the gas cell), single-atom effects are the predominant ones, so that 3D 
propagation effects can be reasonably neglected. Figure 10 shows the calculated RES (green 
line) upon considering the effect of absorption in the case of a 1-mm-thick gas cell with a10-
torr gas pressure, together with the original RES (red line), extracted from Fig. 2, for 36-eV 
attosecond pulses. The absorption is not uniform over the RES: around 21.4 eV it is about 
4%, it increases up to about 50% between 22 eV and 26 eV and then decreases to about 25% 
in the energy range between 26 eV and 45 eV. Figure 10 clearly shows that absorption affects 
the relative height and the width of the peaks lying in the RES. Therefore, for a correct 
application of the reconstruction procedure described in this work, the IR-dressed gas 
transmission curve has to be considered in order to reproduce the experimental results. 

 

Fig. 10. Comparison of the original RES (red line) extracted from Fig. 2 and the RES (green 
line) calculated from Beer’s law upon taking into account the absorption effect. 

3. Conclusion 

In conclusion, we have discussed a novel all-optical method for the measurement of the 
spectral phase of isolated attosecond pulses, based on the use of a two-color scheme. A CEP-
stable IR pulse is employed to drive back to the parent ions some of the photoelectrons 
generated by the IAP in a gas medium. The XUV spectrum generated by the two-color field is 
notably sensitive to the chirp of the attosecond pulse, which can thus be uniquely determined. 
A full quantum simulation has been performed to demonstrate the potentialities of the 
technique. A simple classical electron trajectory description, in very good agreement with the 
quantum simulations, has been discussed to obtain a clear physical picture of the processes at 
the basis of the proposed measurement technique. 

Acknowledgments 

This work was supported by the National Natural Science Foundation of China (Grants No. 
11127901, No. 61221064, No. 11404356), 973 Project (Grant No. 2011CB808103), Shanghai 
Commission of Science and Technology Yangfan Project (Grant No. 14YF1406000), 
Shanghai Institute of Optics and Fine Mechanics Specialized Research Fund (Grant No. 
1401561J00) and the European Research Council under the European Community’s Seventh 
Framework Programme (FP7/2007-2013)/ERC Grant Agreement No. 227355 ELYCHE. 

#232491 - $15.00 USD Received 16 Jan 2015; revised 1 Apr 2015; accepted 3 Apr 2015; published 9 Apr 2015 
(C) 2015 OSA 20 Apr 2015 | Vol. 23, No. 8 | DOI:10.1364/OE.23.009858 | OPTICS EXPRESS 9869 




