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Recollision physics and attosecond pulse generation meld the precision of optics with collision physics. 
As a follow-up to our previous work, we reveal a new direction for the study of electronic structure and 
multielectron dynamics by exploiting the collision-physics nature of recollision. We show experimentally 
that, by perturbing recollision trajectories with an infrared field, photorecombination time delays can be 
measured entirely optically using the Cooper minimum in argon as an example. In doing so, we demonstrate 
the relationship between recollision trajectories and the transition moment coupling the ground and 
continuum states. In particular, we show that recollision trajectories are influenced by their parent ion, 
while it is commonly assumed they are not. Our work paves the way for the entirely optical measurement 
of ultrafast electron dynamics and photorecombination delays due to electronic structure, multielectron 
interaction, and strong-field-driven dynamics in complex molecular systems and correlated solid-state 
systems.

Introduction

Recollision consists of 3 steps [1]: (a) in the presence of a strong 
field, an electron tunnels into the continuum (ionization), (b) 
the electron is accelerated by the strong field (propagation), 
and (c) the electron recombines with its parent ion and emits 
an attosecond pulse (recombination). The spectral phase of 
attosecond pulses generated through recollision is predomi-
nantly shaped by the field-driven continuum dynamics during 
the propagation step [2,3], but can be shaped by the phase of 
the transition moment coupling the ground and continuum 
states during tunnel ionization or recombination [4]. Thus, the 
measurement of the spectral phase of attosecond pulses can 
reveal information about the underlying structure of the gen-
eration medium through the characterization of the transition 
moment phase.

The measurement of the spectral phase of attosecond pulses 
is most commonly accomplished by photoionizing a target 
atom with an attosecond pulse in the presence of a weak infra-
red field [5–7]. In this regime, known as attosecond ex situ 
measurement, the phase of the attosecond pulse and, thus, the 
transition moment of the generation atom are imprinted onto 
the photoelectron spectrum from the target atom and this can 
be measured by monitoring the variation of the photoelectron 
spectrum with the delay between the attosecond pulse and 
infrared field.

An experimentally simpler alternative form of attosecond 
measurement was first proposed in 2006 [8] and involves the 
perturbation of the recollision process, which generates an atto-
second pulse with a weak infrared field. As the delay between 
the weak infrared field and the field driving recollision is varied, 
the attosecond pulse intensity spectrum varies and this varia-
tion can be used to measure the spectral phase of the recollision 
electron up to a constant [8–11]. This form of measurement, 
referred to in situ or all-optical measurement, has been applied 
to several gas-phase high harmonic generation (HHG) exper-
iments extended to solid-state HHG [12] and has become an 
invaluable tool for the characterization of recollision dynamics 
[13–16]. Previous works [16,17], however, have demonstrated 
that these all-optical techniques are insensitive to transition 
moment phase shifts arising from 2-center interference [17] 
and the recollision-induced excitation of a shape resonance 
[16]. Generally, it has been assumed that all-optical attosecond 
measurement is insensitive to the transition moment phase and 
only characterizes the dynamics of the recollision electron in the 
continuum [9].

The insensitivity of all-optical measurement to the transition 
moment phase follows from the assumption that the transition 
moment phase plays no role in determining recollision trajec-
tories. Quantitative rescattering theory (QRS) [18] formalized 
this assumption and describes attosecond pulse spectra as the 
product of a universal continuum electron wave packet, specific 
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to the generation medium only through the ionization dynam-
ics, and the field-free transition moment of the generation atom 
in the spectral domain. QRS suggests a means for the efficient 
calculation of HHG from complex systems with sufficient accu-
racy [19,20], and the mathematical formalism of QRS has rein-
forced the notion that recollision trajectories are independent 
of the transition moment phase.

In a recent work [21], we argued that this assumption is incor-
rect and argued that the transition moment does play a role in 
the determination of recollision trajectories. The implication of 
this is that all-optical measurement should be sensitive to the 
transition moment phase, which appears to conflict with the 
findings of previous works that demonstrated otherwise [16,17]. 
This work constitutes an experimental follow-up to our previous 
work [21], conclusively demonstrates the sensitivity of attosecond 
all-optical measurement to the transition moment phase, and 
confirms that the transition moment phase plays a role in the 
determination of recollision trajectories. To do this, we perform 
an attosecond all-optical measurement in argon, which exhibits 
a well-known Cooper minimum [22] and corresponding π-phase 
jump in its photorecombination cross-section. Our experimental 
results conclusively show that all-optical techniques are sensitive 
to the transition moment phase shift around the Cooper mini-
mum in argon. We support these experimental findings using 
both ab initio simulations based on time-dependent density 
functional theory (TD-DFT) and an extension of the strong field 

approximation (SFA), the semiclassical model of recollision, 
which incorporates the transition moment phase [21]. The impli-
cations of our results are critically important for the interpreta-
tion and design of experimental attosecond measurement and 
has implications regarding the description of attosecond pulse 
generation on a fundamental level.

Experimental Design
We begin by describing our experimental all-optical measure-
ment and present the measured attosecond pulse spectral inten-
sity and group delay alongside a simulation of the experimental 
conditions calculated using TD-DFT [23]. Our experimental 
measurement of the group delay variation around the Cooper 
minimum agrees with the simulation of experimental condi-
tions. We then validate our interpretation of the experimental 
results by simulating perturbed attosecond pulse emission in 
argon using our theoretical model. We first show the difference 
in the spectral phase between perturbed and unperturbed atto-
second pulse emission, demonstrating that the perturbation-
induced phase shift is sensitive to the transition moment phase. 
We then present the results of a simulated optical measurement, 
which agrees with our experimental results. Finally, we present 
a physical interpretation of how the Cooper minimum affects 
recollision trajectories based on the semiclassical description 
of recollision known as the SFA [3].
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Fig. 1. Experimental diagram. (A) The polarization-gated driving pulse (red) and perturbing pulse delayed by time τ (blue) are focused into an argon gas jet. The perturbing 
pulse has a relative intensity less than 10−4 and incident angle of θp = 6.9 mrad with respect to the driving field. (B) The perturbation induces a delay-dependent modulation of 
the electron trajectories and XUV wavefronts (red to blue) across the driving field beam front. This results in a deflection of the XUV beam in the far-field by a delay-dependent 
angle θΩ(τ), which is recorded in the XUV spectrometer. (C) The deflection of the XUV emission is recorded over a range of delays (in units of the perturbing field period Tp) 
and spectrally resolved. The resultant spectrograms for XUV energies of 60 (top) and 80 (bottom) eV are shown. The phase difference in the deflection modulation phase is 
proportional to the difference in group delay, ΔτΩ, between the 2 energies.
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For our experiment, we generate an isolated attosecond 
pulse in argon using polarization gating [24], which involves 
superposing left and right circularly polarized pulses separated 
by a small time delay. This results in a linear polarization within 
the temporal window where the 2 polarizations overlap. Since 
recollision is extremely sensitive to the ellipticity of the driving 
field [25], attosecond pulse emission is confined to this overlap 
region, resulting in the emission of an isolated attosecond pulse.

The experimental diagram of our all-optical measurement 
is shown in Fig. 1A. For more experimental details, please see 
the Supplementary Materials. We focus a 12 fs, polarization-
gated driving pulse with a central wavelength of 1.8 μm into 
an argon gas jet, as shown by the red pulse. We perturb recol-
lision with a second harmonic of the driving pulse delayed by 
a time τ that is polarized parallel to the linearly polarized com-
ponent of the driving field, has a relative intensity less than 
2 × 10−4 (our procedure for estimating the ratio is discussed in 
the Supplementary Materials), and is focused into the gas jet 
at an angle of θp = 6.9 mrad with respect to the driving beam. 
This is depicted by the blue beam in Fig. 1A. In the gas jet, the 
perturbing field modifies the recollision trajectories and imparts 
a phase shift that depends on the time delay between the driving 
and perturbing fields and the vertical position of the atom within 
the gas jet due to the noncollinear geometry.

The phase shift induced by the perturbing field can be cal-
culated using the SFA as follows:

where k is the continuum electron canonical momentum, tb is 
the time of ionization, tr is the time of recombination, A(t) and 
Ap(t, ϕ) are the driving and perturbing field vector potentials 
at time t and relative phase ϕ, and η′(k) is the gradient of the 
transition moment phase for continuum state momentum k. A 
full description of the perturbation-induced phase shift is included 
in the Supplementary Materials, and vector notation has been 
omitted due to the assumption of a linearly polarized field. For 
our measurement, the relative phase φ between the driving and 
perturbing field is determined from the time delay between the 

driving and perturbing fields, the vertical position within 
the gas jet, and the angle between the driving and perturbing 
beams [9].

As the time delay between the perturbing and driving fields 
is varied, the phase shifts of recollision trajectories across the 
driving field beam front change. This results in a varying far-
field angular deflection of each spectral component of the extreme 
ultraviolet (XUV) emission, which we label as θΩ(τ). The dif-
ference in the phase of this modulation between 2 energies is 
proportional to the difference in XUV emission time [9]. This 
is depicted in Fig. 1C, which shows the resultant spectrograms 
for photon energies of 60 (top) and 80 eV (bottom). The differ-
ence in the modulation phase is proportional to the difference 
in emission times ΔτΩ for these energies. We have similar spec-
trograms for each frequency component. We record 200 atto-
second pulse spectra for each delay step to reduce the influence 
of noise and fluctuations on the measurement. We then group 
the scans into 4 individual measurements, which we analyze 
separately to obtain the measured uncertainty.

Results and Discussion
The emission time analysis is performed for each spectral com-
ponent of the measured attosecond pulse, providing a meas-
urement of the difference in emission time for each spectral 
component. The group delay of the recollision electron is 
obtained from the relative delay of each spectral component 
with respect to that of a fixed energy. Our experimental results 
and uncertainty are depicted in Fig. 2 by the solid red lines and 
shaded red regions in all subfigures, respectively. The unper-
turbed attosecond pulse spectrum is shown in Fig. 2A in red, 
where the Cooper minimum is observed near 54 eV. Based on 
the cutoff XUV photon energy of 110 eV, the pulse reaches a 
peak intensity of 1 × 1014 W/cm 2 within the jet. The attosecond 
pulse spectrum calculated using a TD-DFT simulation of the 
unperturbed experimental conditions is shown by the dashed 
line (scaled ×10 for clarity). Absorbing boundaries [26] are 
used beginning at a radius of F0∕�2

0
 to suppress long trajectory 

emission, where F0 is the peak electric field amplitude and ω0 
is the driving field frequency. The position of the Cooper min-
imum in the TD-DFT simulation, near 51 eV, is lower than the 
experimental result, near 54 eV. The positions of the Cooper 

(1)

�
(

k, tb, tr ,�
)

=∫
tr

tb

[

k+A(�)
]

Ap(� ,�)d�

+Ap

(

tb,�
)

�
(

k+A
(

tb
))

−Ap

(

tr ,�
)

�
(

k+A
(

tb
))

,

A B C

d

d

Fig. 2. Experimental all-optical measurement in argon. (A) Measured intensity spectrum and (B) group delay for the attosecond pulse generated in argon (solid line) by a 12 fs 
1.8 μm driving field with a peak intensity of 1 × 1014 W/cm 2. The dashed lines show the spectrum and group delay from a TD-DFT simulation of the experimental conditions. 
(C) Difference between the measured group delay and the expected semiclassical result in the spectral region of the Cooper minimum before (red) and after (magenta) 
smoothing the data. The shaded red region denotes the experimental uncertainty.
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minimum from our simulation and experiment, however, both 
agree with previously published theoretical [27,28] and exper-
imental results [29]. Given the message of this work concerns 
the qualitative capabilities of all-optical attosecond measure-
ment, it only is the qualitative dynamics of recollision and the 
effect of the Cooper minimum on recollision trajectories that 
are important for our work. We use a thin gas jet to minimize 
the macroscopic contributions due to phase matching and placed 
the jet before the beam focus.

The measured group delay is shown in Fig. 2B, where the 
experimental data are shown as a solid red line and the group 
delay from our TD-DFT simulation of the experimental con-
ditions is shown by a dashed line with a vertical offset for clarity. 
Both the experimental and theoretical group delay curves are 
predominantly linear until the cutoff energy near 90 eV, but 
deviate from linearity near the Cooper minimum. The differ-
ence between the experimentally measured group delay and 
the linear group delay expected from systems without a tran-
sition moment phase shift is the photorecombination time 
delay. Here, we use the group delay from a time-dependent 
Schrödinger equation (TDSE) simulation of a hydrogenic atom 
with an ionization potential of 15.8 eV (obtained by scaling the 
nuclear charge) as our reference, which has a slowly varying 
transition moment phase at large energies [30]. The difference 
between the measured group delay and the group delay from 
the simulation of the reference hydrogenic atom calculated with 
the experimental conditions represents the photorecombina-
tion time delay from our experimental measurement and is 
shown in Fig. 2C in red, and a smoothed version of the curve 
is shown in magenta. The maximum delay difference around 
the Cooper minimum near 54 eV is 180 as, in agreement with 
other studies of photorecombination time delays in argon [4]. 
The positive delay measured at energies below the Cooper min-
imum is similar to group delay from calculations of photoion-
ization delays in argon [31] and results from the difference in 
the Coulomb scattering phase of the continuum states popu-
lated by the 1s and 3p orbitals of the reference hydrogenic and 
argon atoms, respectively [30].

While our results agree with previous measurements of the 
photorecombination time delay around the Cooper minimum 
in argon [4] and our own simulations of the experimental con-
ditions, the energy region around the Cooper minimum lies 
within an energy range that could exhibit a signal contaminated 
by second-order diffraction of the high-energy components of 
our attosecond pulse spectra. We verified our measurement by 
filtering out the high-energy components of the attosecond pulse 
spectra, and our results remained consistent (details are dis-
cussed in the Supplementary Materials).

To support our experiment, we perform an ab initio simu-
lation of an all-optical measurement in argon using TD-DFT 
[23]. The details of our implementation of TD-DFT are pro-
vided in the Supplementary Materials. We simulate the gener-
ation of an isolated attosecond pulse in argon using a single-cycle 
driving field with a wavelength of 1.8 μm and a peak intensity 
of 1 × 1014 W/cm 2. We use an absorbing boundary [26], which 
begins at a radial distance of 0.8 × F0∕�

2
0
 in order to suppress 

emission from long trajectories and obtain a clear spectrum. 
We simulate an all-optical measurement by adding a weak sec-
ond-harmonic of the driving field with a relative intensity of 
10−4 and scanning the relative phase of the perturbing and 
driving fields. We do this for argon using TD-DFT and for a 
reference hydrogenic atom with the same ionization poten-
tial (15.8 eV) as the argon atom calculated with DFT and com-
pare these results to isolate the effect of the transition moment 
phase on the all-optical measurement of attosecond pulse emis-
sion from argon.

The spectrogram from our simulated all-optical measure-
ment is presented in Fig. 3A, which shows the variation of the 
attosecond pulse intensity spectrum with the relative phase 
between the driving and perturbing fields normalized for each 
emitted frequency. The overlaid solid red and dashed blue lines 
denote the phase that maximizes emission at each frequency 
from our simulated measurements in argon and the reference 
hydrogenic atom, respectively. Throughout the entire spectrum, 
the optimal relative phase from the argon and hydrogenic atom 
measurements increases with photon energy and plateaus near 

A B

d

p

Fig. 3. Simulated all-optical measurement in argon. (A) Spectrogram from simulated ω − 2ω all-optical measurement of attosecond pulse emission in argon calculated using 
time-dependent density functional theory. The overlaid red and blue lines denote the optimal relative phase between the driving and perturbing fields for each photon energy 
from all-optical measurements performed in argon and a reference hydrogenic atom with an equivalent ionization potential, respectively. (B) (Solid red) Difference between 
the optimal relative phase for the simulated all-optical measurements in argon calculated using TD-DFT and the reference hydrogenic atom. (Dashed blue) Change in the 
optimal relative phase in a model argon atom due to a Lorentzian π-phase shift in its recombination moment at 51 eV. The driving field is a single-cycle pulse with a wavelength 
of 1.8 μm and a peak intensity of 1 × 1014 W/cm 2, the perturbing field is a second harmonic of the driving field with a relative intensity of 10−4, and absorbing boundaries [26] 
are used to suppress long trajectory emission.
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100 eV, reflecting the conventional attochirp for short trajectory 
emission. Below 40 eV, the optimal phase from the argon meas-
urement exhibits several modulations due to multi-channel and 
multi-pole effects [28].

At the Cooper minimum near 51 eV, the optimal phase from 
the argon measurement shows a clear modulation due to the 
transition moment phase shift. The difference between the opti-
mal phase from the argon and reference hydrogenic atom around 
the Cooper minimum reveals how the transition moment phase 
shift around the Cooper minimum affects all-optical measure-
ment. This is shown in Fig. 3B by the solid red curve. The dashed 
blue curve shows the difference between the measured group 
delay for an all-optical measurement from a model argon atom 
with a Lorentzian π-phase shift in its transition moment and a 
reference hydrogenic atom calculated using an extension of the 
SFA, which accounts for the transition moment phase shift in 
the calculation of recollision trajectories [21]. For the SFA cal-
culation, the driving and perturbing fields are sinusoidal fields 
with the same respective wavelengths and peak intensities as 
in the TD-DFT calculation and only short trajectory emission 
is considered. A thorough description of the SFA and all-optical 
measurement for systems with a transition moment phase shift 
is provided in the Supplementary Materials.

Despite the comparatively simple model employed by the 
SFA, the difference in the measured group delay due to the tran-
sition moment phase from the TD-DFT simulation and the SFA 
calculation shows qualitative agreement. Both show positive 
variations in the measured group delay ∼50 as at energies below 
the Cooper minimum and a maximum decrease in the meas-
ured group delay ∼180 as at the Cooper minimum (51 eV). This 
agreement supports the inclusion of the transition moment 
phase in the calculation of recollision trajectories in the SFA.

Before discussing the implications of our work, we must first 
address the apparent contradiction of our results with previous 
works [16,17]. The first of these works [17] demonstrated the-
oretically that attosecond all-optical measurement is insensitive 
to the field-free transition moment phase due to the 2-center 
interference in a diatomic molecule. In order to obtain a sharp 
phase shift in the calculated HHG spectra, the first excited state 
was projected from simulations to reduce the polarizability of 
the ground state. This projection suppresses the influence of all 
external fields including the perturbing field used for measure-
ment on the transition moment and forces the HHG spectrum 
to be shaped predominantly by the field-free transition moment 
similarly to the formalism suggested by QRS [18]. In contrast, 
our results necessarily include the full response of the system 
and the transition moment to all external fields. This is expounded 
upon in the Supplementary Materials.

The second of these works demonstrated attosecond all-
optical techniques to be insensitive to transition moment phase 
shifts arising from a shape resonance in SF 6 [16]. The resolu-
tion of this disagreement lies in the distinct pathways to recom-
bination in conventional recollision and recollision-induced 
shape resonance excitation. In the presence of a shape reso-
nance, the continuum electron enters into a localized quasi-
bound state prior to recombination to the ground state. The 
shape resonance in SF 6 has been shown to be robust against 
variations of external fields [32]. Thus, the quasi-bound state exhib-
its a much lower polarizability than the electron in the continuum 
and the influence of the perturbing field on the quasi-bound state 
is negligible when compared with that on the continuum elec-
tron. Consequently, the all-optical measurement of recollision 

in the presence of a shape resonance is sensitive only to the 
dynamics occurring prior to the excitation of the shape res-
onance, which are equivalent to those of conventional rec-
ollision. This is also expounded upon in the Supplementary 
Materials.

It is important to have a qualitative understanding of our 
results, for which we turn to the semiclassical model of recol-
lision [1,3]. The sensitivity of the all-optical approach to the 
transition moment phase shift around the Cooper minimum 
in argon can be explained as a consequence of the spatial struc-
ture of the 3p orbital wavefunction. Cooper minima arise from 
a change in the sign of the dipole transition element with con-
tinuum state energy, resulting in a phase shift and spectral min-
imum in the transition moment [22].

Semiclassical recollision trajectories are calculated through 
the expression for the recollision dipole spectrum calculated 
using the SFA:

where Ip is the ionization potential, A(t) and F(t) are the driving 
field vector potential and electric field at time t, d0(k) is the 
transition moment between the ground state and continuum 
state with momentum k, and S(k, tb, tr) is the semiclassical action. 
We let η(k) denote the phase of the transition moment:

Equation 3 is typically solved using saddle-point integration, 
which involves finding and setting the derivatives of the inte-
grand phase with respect to the integration variables to zero, 
resulting in a system of equations whose solutions correspond 
to the dominant contributions of the integrand. The equation 
obtained from the evaluating derivative of the integrand phase 
in Eq. 3 with respect to k, which is broadly interpreted as a 
displacement condition for recollision trajectories, including 
the transition moment phase is given as follows [21]:

where η′(k) is the gradient of the transition moment phase 
at momentum k. The integration of the kinetic momentum 
between times tb and tr describes the displacement of the rec-
ollision electron due to the driving field. For the case of a slowly 
varying transition moment phase, ∣η′(k) ∣  ∼ 0 and Eq. 4 states 
that a recollision electron must return to its position of origin 
to undergo recollision. When the transition moment phase 
varies sufficiently rapidly, the second and third terms act as 
momentum-dependent spatial offsets of the relative positions 
of ionization and recombination. While the dynamics of rec-
ollision and recombination are inherently quantum mechanical 
and wave-like in nature, the interpretation of Eq. 5 as a dis-
placement condition for semiclassical trajectories and the local-
ization of ionization and recombination during recollision have 
led to many valuable insights [8–11,33–37], which we extend 
here.

If we consider the Cooper minimum in argon, the semiclas-
sical interpretation of Eq. 5 is clear: As the recollision electron 
kinetic energy passes through the Cooper minimum, the displace-
ment condition in Eq. 5 requires that the difference between the 
positions of ionization and recombination changes according to 
the gradient of the transition moment phase around the Cooper 
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minimum. This is depicted in Fig. 4, which shows a qualitative 
depiction of recollision trajectories as a function of time in (A) 
and the cross-section (blue, left axis) and transition moment phase 
(red, right axis) of argon in (B). Due to the linear atto-chirp, the 
recombination time of a given trajectory can be mapped to an 
emitted photon energy and this energy is denoted by the vertical 
black arrows relating Fig. 4A and B. For a recollision trajectory 
leading to photon emission below (above) the Cooper minimum, 
the position of recombination is the lower (upper) lobe of the 3p0 
orbital. The position of recombination is depicted by the white 
circles and purple hue, representing XUV emission. At the Cooper 
minimum, the position of recombination shifts from one lobe to 
the other as the radial dipole matrix element changes sign [22], 
resulting in the variation of recollision dynamics as observed in 
our experiment.

This interpretation is closely related to the localization of 
ionization and recombination in the molecular SFA [33], where 
the outer lobes of the 3p0 orbital play the role of distinct atomic 
centers in the linear combination of atomic orbital description 
of molecular systems. As a first-order approximation, the dis-
tance traveled by an electron traveling with the kinetic energy 
leading to photon emission at 54 eV during a time of 180 as 
is 12 a.u. (atomic units), roughly the spatial extent of the 3p0 
orbital. A more thorough description of the semiclassical inter-
pretation is provided in a related paper [21].

Conclusion

To conclude, we have experimentally verified the predictions 
of our previous work [21], which argued that the recollision 

electron wave packet when observed through attosecond pulse 
emission is not independent of the transition moment phase. 
We now stand back even further from the details of the current 
experiment and consider the close connection between non-
linear optics and photoionization time delay measurements in 
attosecond physics. Nonlinear optics requires that the nonlin-
ear process, whether perturbative or nonperturbative, returns 
the system to its initial or a coherently related state. If this were 
not the case, phase matching would be impossible. In other 
words, the 3-step recollision model requires that photoioniza-
tion and photorecombination are identical—the recolliding 
wave packet that produces a pulse is identical to the outgoing 
wave packet created by that pulse.

In support of this general principle, we have demonstrated the 
link between recollision trajectories and the transition moment 
phase by measuring the photorecombination time delay around 
the Cooper minimum in argon entirely optically. Compared with 
traditional forms of attosecond measurement based on photoion-
ization [5,6] that require a sophisticated photoelectron spectrom-
eter in addition to the attosecond pulse generation apparatus [38], 
optical measurements are much easier to accomplish. Our all-
optical approach can be readily generalized to studying multie-
lectron interaction including collision-induced plasma excitation 
[39,40] and Fano resonances [41] and can be extended to gas-
phase molecules [42] and possibly solids [43]. Further, our results 
suggest a form of electron orbital tomography, wherein the spatial 
structure of a wavefunction can be inferred from all-optical meas-
urements of recollision. This is expounded upon in a related study, 
which considers the effect of the transition moment phase using 
the SFA [3,21].

Assessing these differing measurement approaches, meas-
uring time delays by photoionization is encumbered by their 
sensitivity to many possible sources of delay, including electron 
dynamics [42], molecular structure [44], and dispersive effects 
during attosecond pulse propagation [7], leading to a lack of 
clarity regarding the measurement. In contrast, our all-optical 
measurement is sensitive to the transition moment phase around 
the Cooper minimum in argon and is predicted to be insensi-
tive to field-free ionic structure [21]. Other collinear all-optical 
measurement techniques have been shown to be insensitive to 
2-center interference and shape resonances [16,17]. Since pho-
toionization and photorecombination experiments measure 
different things, combining them will allow us to unambigu-
ously isolate the time delays associated with molecular struc-
tural and electron dynamic effects.

Finally, trajectory dynamics and recombination have typ-
ically been treated as independent [18]. The sensitivity of our 
all-optical approach, however, demonstrates the limitations of 
this approximation. The recollision electron wave packet, as 
observed through the recollision dipole moment, is not inde-
pendent of its parent ion. Our results have significant impli-
cations regarding how recollision is described on a fundamental 
level. In particular, the independence of continuum electron 
wave packet when observed through attosecond pulse emis-
sion and the generation medium has been used to justify the-
oretical descriptions of attosecond pulse generation [18] and 
the interpretation of experimental measurements. Our results 
show that the assumption that recollision trajectories are inde-
pendent of the transition moment phase is an approximation. 
The interdependence of recollision trajectories and the source 
medium must be addressed in the interpretation of all atto-
second experiments. This has already been understood in the 

A

B

Fig. 4. Qualitative depiction of recollision in argon. (A) Recollision trajectories leading 
to photon emission in argon and (B) the transition moment cross-section (blue, left 
axis) and phase (red, right axis) in argon. The trajectories in (A) leading to photon 
emission at a given energy in (B) are denoted by the black vertical arrows. In (A), 
the 3p0 orbital in Ar is overlaid for each trajectory at the time of recombination, 
denoting the position of recombination with the white circles and the orbital lobe 
that dominates dipole emission as originally described by Cooper. At energies below 
(above) the Cooper minimum, the lower (upper) lobe dominates dipole emission. 
Around the Cooper minimum, the lobe that dominates dipole emission changes, as 
denoted by the dashed trajectories and the double-headed arrow.
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context of solid-state HHG [45], and limitations of QRS have 
been identified in other gas-phase experimental works [33,46]. 
Our results clearly demonstrate the limitations of treating rec-
ollision trajectories and recombination as independent pro-
cesses and will pave the way for more efficient measurements 
of ultrafast electron dynamics in atomic, molecular, and solid-
state systems.
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