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Probing electronic binding potentials with
attosecond photoelectron wavepackets
D. Kiesewetter1, R. R. Jones2*, A. Camper1, S. B. Schoun1, P. Agostini1 and L. F. DiMauro1
The central goal of attosecond science is to visualize, understand and ultimately control electron dynamics in matter over the
fastest relevant timescales. To date, numerous schemes have demonstrated exquisite temporal resolution, on the order of ten
attoseconds, in measurements of the response of photo-excited electrons to time-delayed probes. However, attributing this
response to specific dynamical mechanisms is difficult, requiring guidance from advanced calculations. Here we show that
energy transfer between an oscillating field and low-energy attosecond photoelectron wavepackets directly provides coarsegrained information on the effective binding potential from which the electrons are liberated. We employ a dense extreme
ultraviolet (XUV) harmonic comb to photoionize He, Ne and Ar atoms and record the electron spectra as a function of the
phase of a mid-infrared dressing field. The amplitude and phase of the resulting interference modulations in the electron
spectra reveal the average momentum and change in momentum of the electron wavepackets during the first quarter-period
of the dressing field after their creation, reflecting the corresponding coarse characteristics of the binding potential.

C

oherent energy transfer from a strong oscillating electric
field to (quasi-)free electrons is the basis for much
of the physics underlying the response of matter to
intense laser fields. Moreover, it provides the clockwork for most
attosecond measurements to date1–17 . According to the simpleman’s
model18–20 , a free electron which is liberated from its host at time
t = 0 while in the presence of a weak oscillating electric field,
F(t) = Fω (t) cos(ω(t − t0 ))ẑ, obtains a momentum boost that is
proportional to the vector potential at the instant of its release.
(This assumes, without loss of generality, that the vector potential
has been defined to be zero at the beginning of the radiation pulse,
and the field is sufficiently weak that the electron’s energy is much
greater than the ponderomotive energy, Up = e2 Fω 2 /4mω2 .) As a
result, the release time of the free electron within the oscillating
vector potential can be mapped to the change in the electron’s
momentum (or energy) due to the drive field, making it possible to
employ photoelectron spectroscopy to determine relative ejection
times with attosecond precision. Specifically, a free electron with
initial momentum p0 parallel to the laser field gains an energy
W =−

e
m

p0

Fω
ω

sin(ωt0 )

(1)

from the laser pulse (see Supplementary Information). Here e and
m are the electron charge and mass, respectively, and t0 is the time
between liberation and the next zero of the vector potential.
This classical ejection time-to-energy encoding also holds for the
quantum description of a photoelectron as a wavepacket (see ref. 21
and Supplementary Information). It is exploited in the attosecond
‘streaking’ technique which was first used to characterize isolated
attosecond extreme ultraviolet (XUV) pulses4,6 via photoionization
into a laser-dressed continuum. It has also enabled the exploration of
a variety of phenomena occurring on attosecond and femtosecond
timescales, including time-resolved photoemission from solids11 ,
tunnelling times12 , and autoionization13 or Auger decay7 in atoms.

Of course, invoking the simpleman’s direct time-to-energy mapping
implicitly assumes a constant momentum p0 , ignoring any influence
of the parent ion or emitting surface. Therefore, if the mapping is to
hold, even approximately, the total energy E of the electrons ejected
into the continuum must be much greater than both the binding
energy in the electronic ground state, Ip , and the ponderomotive
energy of the dressed electron, Up = e2 Fω 2 /4mω2 (ref. 6).
For ionization near threshold, the streaking concept can still be
applied, but the maximum energy transfer and the phase at which
this maximum occurs differ substantially from that predicted by
equation (1), due to the non-negligible potential, U (r), and the
position dependence it imposes on the electron’s momentum22–24 .
The measurements described here exploit the failure of the
simpleman’s model near threshold, allowing us to extract coarsegrained information on the effective binding potential by comparing
electron spectra at low and high energies.
Equation (1) describes the effect of a dressing field on
an isolated attosecond wavepacket. The same energy-transfer
phenomenon underlies reconstruction of attosecond beating by
interfering two-photon transitions (RABBITT) measurements3,25–27 .
Our experimental configuration follows the RABBITT prescription,
but we extract and use additional information beyond the standard
formalism, implementing what we call RABBITT+ to characterize
the influence of the binding potential on a coherent train of laserdressed attosecond photoelectron wavepackets produced by an
XUV harmonic comb (see Fig. 1 and Supplementary Information).
RABBITT was originally developed to characterize periodic
attosecond pulse trains contained within ionizing XUV harmonic
combs. The odd-order harmonics are generated from a replica of
the low-frequency dressing field F(t) (refs 3,25–27). In a RABBITT
measurement, the XUV harmonics produce ‘direct’ photoelectrons
at discrete energies. At the same time, the dressing laser coherently
redistributes some of the photoelectron amplitude to different
energies, forming discrete ‘even-order’ sidebands between the ‘oddorder’ direct ionization peaks. The superposition of transition
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Figure 1 | Photoionization in a laser-dressed continuum and illustration of
the RABBITT+ scheme. When near its parent ion, a low-energy
photoelectron has a kinetic energy K(r) much larger than its total energy E,
resulting in sidebands which exhibit delay-dependent modulations with a
different amplitude and phase than that predicted by the simpleman’s
model. Purple arrows: XUV (odd-order harmonic) absorption from the
ground state |0i. Red arrows: absorption and emission of dressing-laser
photons from direct, odd-harmonic photoionization channels into
even-order sidebands.

techniques have been employed to measure differences in the
times required to photoionize electrons from various orbitals within
the same, or different, atomic or molecular species14,15,29–31 , or to
identify structure in ionization continua17,32,33 . However, because
ionization ‘time delays’ and spectral resonances both inherently
depend on the binding potentials through which ionized electrons
travel, and because those potentials are assumed to be negligible in
the basic time-to-energy mapping upon which the measurements
rely, the interpretation of such experiments requires substantial
theoretical support24,34–39 . Indeed, the application of attosecond
methods to explore electron dynamics in more complex systems
has been limited by the lack of a systematic procedure for directly
mapping experimental observables to relevant time-dependent
properties of the system under study. Here we describe a novel
approach to provide one such mapping. Using RABBITT+, we
characterize the effective binding potential by measuring sideband
amplitudes and atomic phase shifts near threshold, where they are
difficult to accurately calculate37,40 , and comparing them to the
simpleman’s result.
We present an analytic reformulation of field-driven energy
transfer, directly relating relevant characteristics of the effective
binding potential to our attosecond photoelectron spectroscopy
measurements. Experimentally, we implement the RABBITT+
method (described below) with near-threshold photoelectrons
which are most sensitive to the binding potential. Specifically,
we exploit the fact that in streaking and RABBITT/RABBITT+
measurements, energy transfer to an outgoing electron is principally
determined by its average momentum, P1 , during the first quartercycle of the dressing field after ejection, and the rate of change, −α,
in the average momenta, P1 and P2 evaluated during the first
and second quarter-cycles of the field, respectively. Accordingly, as
shown in Fig. 2, RABBITT+ measurements of sideband amplitudes
and phases enable the direct evaluation of the atomic phase 2ϕ and
an effective kinetic energy K0 , which determine U1 , the average
effective potential during the interval 0 ≤ t ≤ T /4, as well as
the effective force α as the electron moves into the next quartercycle. Notably, the effective potential which is probed includes both
electron–electron as well as electron–ion interactions.

Experiment
amplitudes, from different direct ionization channels into the
sidebands, leads to multi-path interference that modulates the
amplitude in each sideband as a function of the relative delay, t0 ,
between the ionizing and dressing fields.
Using a semiclassical extension of the simpleman’s model
(see ref. 28 and Supplementary Information), the delay-dependent
yield Pn in the even-order sideband corresponding to the nth
harmonic is
Pn '

e4

|zk |2 |efXUV |2
2

16m2 h̄

Fω 2
ω4

k0 2 (1 + β 2 + 2β cos(2ωt0 − 1φ))

(2)

where zk = hk|z |0i is the XUV photoionization dipole matrix
element with k = p/h̄, h̄k0 is the electron’s momentum along the
dressing polarization, e
fXUV is the spectral amplitude of the XUV
field in the (n − 1)th-order harmonic, and β and 1φ are the
field-amplitude ratio and spectral phase difference, respectively,
between the (n + 1)th and (n − 1)th harmonics. The sideband yield
oscillates at a frequency of 2ω as a function of t0 , with an amplitude
proportional to the partial kinetic energy, K0 = h̄2 k0 2 /2m. Notably,
this amplitude is identically zero at threshold, and the ‘atomic phase
shift’ that appears in RABBITT characterization of XUV pulses in
real atoms3 is absent.
Despite their basis in the driven motion of free electrons, there
is great interest in applying streaking and RABBITT as attosecond
probes of atomic and molecular processes. For example, both

We recover coarse-grain information (U1 and α) on the effective
binding potentials in neon and helium by performing RABBITT+
measurements with low-energy photoelectrons from helium, neon
and argon with Ip = 24.59, 21.56 and 15.76 eV, respectively. The
argon measurements serve as a phase reference for the other two
gases. The target atoms are introduced into a magnetic bottle
electron spectrometer41 where they are photoionized by an XUV
pulse train, produced via high harmonic generation (HHG) in
CO2 , in the presence of the dressing field, which is a weak copy
of the 1.7 µm HHG driving field (T /4 = 1.4 fs). We measure the
photoelectron spectrum as function of delay between the XUV
and dressing field, producing the RABBITT spectrogram from
which we extract sideband yield oscillation amplitudes and phases
(see Methods).
With RABBITT+, we measure the net phase, Φ = 1φ + 2ϕ,
of the delay-dependent modulations in the yield associated with
each even-order photoelectron sideband. When standard RABBITT
is applied to characterize an attosecond pulse train, the phase
difference 1φ (a function of photon energy that depends only
on the XUV properties) is the parameter of interest, whereas ϕ
(a function of E that depends only on the binding potential) must be
calculated to extract 1φ from Φ (ref. 3). Here, we seek to measure
the near-threshold values of ϕ to recover the coarse characteristics
of the electron’s time-dependent momentum and, through it, those
of the effective binding potential. To do so, we must first determine
1φ at the relevant photon energies. For this, standard RABBITT
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to determine 1φ for the same harmonics which are relevant to
near-threshold photoionization in the higher-Ip targets He and Ne
(see Methods and Supplementary Fig. 5).
Extracting binding potential information from RABBITT+
also requires measurement of the sideband amplitudes. The
interpretation of the sideband amplitudes and atomic phases are
readily understood in the context of the analytic reformulation of
electron energy transfer in a coarse-grained pseudo-potential, as
motivated and described below.
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Figure 2 | Atomic parameters extracted from RABBITT+ measurements.
He (blue circles), Ne (red squares) and Ar (purple diamonds). The thick
black line in each plot is the simpleman’s prediction for the respective
quantity. a, Effective kinetic energy, K0 , for each atom. b, Atomic phase, 2ϕ,
for each atom. c,d, U1 and α, respectively, for the effective potential
experienced by the departing electron during the first quarter-cycle of the
dressing field after its ionization. Both c and d are derived from the
quantities plotted in a and b. Error bars originate from the standard
deviation of multiple measurements (see Methods). The considerable
scatter in a and c for all targets above 10 eV is due to a systematic artefact
in the detector collection efficiency which is not reflected in the error bars.

measurements are performed at photoelectron energies above
threshold in the low-Ip reference Ar, using established values of ϕ
(which are calculable with sufficient accuracy at these energies37,40 )
70

For a weak dressing-laser pulse, F(t), with at least several field
cycles, the net energy transfer W to a free electron occurs in the
time interval between the electron’s emission at t = 0 and the next
maxima of the field at t = t0 . In a non-zero potential, W is acquired
between t = 0 and the first field maximum after the electron
leaves the principal influence of the parent ion22 . For the nearinfrared dressing fields that are commonly used for streaking and
RABBITT(+) measurements, even near-threshold photoelectrons
exit the binding potential in a fraction of the laser period, allowing
us to comfortably define the relevant field maximum as the one
that occurs at T /2 + t0 . Since W is approximately equal to the
product of the field and the electron’s momentum integrated over
roughly the first half-cycle of the field after the electron’s emission
(see Supplementary Information), and the electron experiences a
non-negligible binding potential during only a (small) fraction of
this interval, W primarily depends on the average momentum
during this time and is, therefore, insensitive to the precise
spatial characteristics of U (r). Although this inherently limits the
information content in a streaking or RABBITT+ measurement,
it allows us to compute the sideband yield in equation (2) (or the
energy transfer in equation (1)) using any potential for which the
average momentum of the departing electron (during a brief interval
after emission) is the same as that in the actual potential.
Accordingly, we employ a one-dimensional pseudo-potential
which coarsely describes the dynamics of a photoelectron leaving
its parent ion along the dressing-field polarization (ẑ), and for
which equations (1) and (2) can be readily calculated in terms
of the parameters relevant to the actual potential. The pseudopotential is defined by the average values of the photoelectron
momentum P1 and P2 in the actual potential, during the time
intervals 0 ≤ t ≤ T /4 and T /4 < t ≤ T /2, respectively (see Fig. 3a).
The momentum is allowed to vary linearly in time, with constant
slope −α from 0 ≤ t ≤ T /4, and then assumes a constant value P2
until some time after the field maxima at t = T /2 + t0 , the time at
which the net energy transfer is complete. The photoelectron energy
E and the coarse-grained momentum function determine the
relevant pseudo-potential, with U1 = E − P1 2 /2m − (αT /4)2 /24m
and U2 = E − P2 2 /2m, the average values of the actual potential
during the first quarter-cycle and the following fractional-cycle until
the next field maximum, respectively (see Fig. 3b). The energydependent pseudo-potential varies linearly with position during the
interval, 0 ≤ t ≤ T /4, with a constant slope α. At higher energies the
electron travels a greater distance during any quarter-cycle of the
field, and spends less time in the deepest part of the actual binding
potential. As a result, the coarse-grained momentum function and
pseudo-potential approach p0 and zero, respectively, with increasing
electron energy.
As outlined in the Supplementary Information, defining the
coarse-grained momentum and pseudo-potential parameters on
quarter-cycle intervals leads to particularly convenient, analytic
expressions for both energy transfer via streaking and RABBITT+
sideband yields. The equations are completely analogous to
equations (1) and (2), but with amplitudes and phase shifts that
depend explicitly on the coarse characteristics of the effective
potential explored by the departing electron while 0 ≤ t ≤ T /4.
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Figure 3 | Pseudo-potential relevant to energy transfer in a laser-dressed
continuum. a, An electron is ejected at time t = 0 in the presence of a weak
oscillating electric field F(t). For 0 ≤ t ≤ T/4, the electron has an average
momentum P1 and experiences a constant restoring force α along the laser
polarization. For t > T/4, its momentum is constant at P2 until after the
next field maximum at T/2 + t0 . Eventually, after the net energy transfer
has been established, the electron’s momentum assumes its asymptotic
value, p0 . b, Illustration of the corresponding spatial dependence of the
pseudo-potential along the field polarization.
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For streaking, we find that the central energy of a continuum
electron wavepacket is shifted by
W '−

P0 =

q

e
m

P0

Fω
ω

sin(ωt0 − ϕ)

(3)

[P1 − (1 − π/4)α/ω]2 + (α/ω)2

tan ϕ =

−α/ω
P1 − (1 − π/4)α/ω

(4)

Although explicitly computed for the pseudo-potential,
equations (3) and (4) are valid for any potential for which the
departing electron’s average momentum takes on the values P1
and P2 during the intervals, 0 < t < T /4 and T /4 < t < T /2,
respectively. The accuracy of equations (3) and (4) has been
confirmed, numerically, for ionization from a variety of potentials
and initial binding energies, provided the electron leaves the
influence of the potential within the first half-cycle following
ionization (see Supplementary Information). As an example, Fig. 4
shows the excellent agreement for a singly charged Coulomb
potential, assuming dressing-laser parameters similar to those used
in our experiments. For RABBITT(+), a semiclassical analysis can
again be used to derive, from equation (3), the yield in the sideband
at the nth harmonic,
F 2
e4
2 e
2 ω
|
z
Pn '
κ | |fXUV |
4
16m2 h̄
ω4
2
2
× P0 (1 + β + 2β cos(2ωt0 − 1φ − 2ϕ)) (5)

Figure 4 | Classical energy transfer in laser-dressed Coulomb potentials.
Calculations are performed for a 1.7-µm dressing field with duration 65 fs
and peak intensity 1011 W cm−2 , for electrons with different E (1.5 eV,
4.5 eV and 9.0 eV for the upper, middle and lower panels, respectively) with
no potential (black) and in singly charged effective Coulomb potentials
corresponding to two different electron angular momenta: ` = 0 (blue) and
` = 1 (red). The electrons are launched at the most probable radial distance
for an electron in the ground state of the respective Coulomb potentials. For
each Coulomb potential, solid line: numerical calculation using exact
potential; dotted line (hidden behind solid line): fit of equation (3) to the
numerical calculation illustrating that equation (3) very accurately captures
the functional form of the energy transfer; dashed line: results of
equation (3) using the pseudo-potential described in the text with P1 and
P2 set equal to the average electron momentum in the Coulomb potential
during the time intervals 0 ≤ t ≤ T/4 and T/4 < t ≤ T/2, respectively.

where zκ is a dipole matrix element analogous to that in equation (2)
but with an altered final state determined by κ(r) = p(r)/h̄,
the field-free but position-dependent momentum in the effective
potential, with κ(r → ∞) = k (see Supplementary Information).
Equations (3) and (5) are nearly identical to equations (1)
and (2), respectively, except that the asymptotic momentum p0
and wavevector k have been replaced with an effective momentum
P0 and wavevector κ, and an additional energy-dependent phase
factor, ϕ (half of the ‘atomic phase’), appears in both equations
as a consequence of the non-zero potential. With near-threshold
photoelectrons escaping a binding potential, one expects an effective
momentum P0 larger than the asymptotic momentum p0 . For
ionization far above threshold, where E  U1 , U2 , one can find by
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inspection: P1 , P2 → p0 and α → 0. Therefore, for large E, P0 → p0 ,
κ → k and ϕ → 0, recovering the simpleman’s result.
Through equation (4), equations (3) and (5) can be used to
directly extract coarse-grained information on the time-dependent
momentum and effective potential experienced by a dressed
photoelectron in a streaking or RABBITT+ experiment. Clearly,
it is not sufficient to measure only time delays or phases to obtain
this information. One must also record the magnitude of the
energy transfer or the delay-averaged sideband yield for streaking
or RABBITT+, respectively.
To extract P0 versus E from the RABBITT+ measurements, we
use the undressed yields Pn−1 and Pn+1 in adjacent
√ direct ionization
peaks to compute the normalized yield Pn / Pn−1 Pn+1 from the
oscillating component of the sideband at the nth harmonic order.
In the absence of resonances, the factors e
fXUV and zκ in equation (5)
are only weakly dependent on energy and, given our dense XUV
comb, are eliminated through this normalization. Accordingly, the
delay-averaged, normalized sideband yield at the energy of the
nth harmonic is proportional to the effective partial kinetic energy
K0 = P0 2 /2m, with the constant of proportionality determined by
the normalized yields at high energy, as described in Methods.

Results
The near-threshold values of K0 , representing the effective electron
kinetic energies during the first quarter-cycle after ionization, are
plotted for Ar, Ne and He in Fig. 2a, along with the simpleman’s
expectation K0 = E. The results for Ar and He are roughly as
expected, with K0 considerably larger than E at low energies,
becoming only slightly larger or comparable to E with increasing
energy. The result for Ne is more interesting, with K0 < E at all but
the lowest energies, not indicative of a purely attractive effective
binding potential. Naively, one might expect a greater similarity
between the Ar and Ne results (as opposed to Ar and He) given the
different initial and final angular momentum channels in He.
The near-threshold atomic phases which are extracted for He
and Ne are plotted in Fig. 2b. Qualitatively, the results have the
expected deviation from the simpleman’s model. The small values
of ϕ at high energy, where the effective potential has little influence
on the energy transfer, rapidly increase in magnitude approaching
threshold, where the potential dominates the energy transfer.
Following equation (4), the experimentally determined values
of P0 and ϕ define the average momentum, and rate of change
in momentum, of the departing photoelectron during the first
quarter-cycle of the dressing field following ionization. In turn, these
quantities can be used to obtain U1 and α, which reflect the average
potential (see Fig. 2c) and change in potential (see Fig. 2d) during
this 1.4 fs time interval. In addition, the quantity U1 T /4h̄ represents
the net phase shift of the photoelectron wavepacket, after it has
travelled for a time T /4 through the most significant part of the
binding potential, relative to that of a free electron with the same
total energy.
In He, the effective potential agrees qualitatively with
expectations. Both U1 and α are the most pronounced at low
E, where the effect of the non-zero binding potential is most
prominent. As E increases, the electron spends less time in the
deepest and steepest part of the potential, reducing the depth and
slope of the potential when averaged over the quarter-cycle (1.4 fs)
time interval. The effective potential for Ne is distinctly different.
First, it has a relatively modest average gradient, even very near
threshold. Second, the magnitude of U1 is only a few eV at most
and actually changes sign for E > 4 eV. One interpretation of this
result is that the physical potential has a repulsive component that
dominates the energy transfer at rather large distances from the
atom. However, it is important to remember that the methods we
employ provide information on the effective potential, including
multi-electron interactions.
72

The data are qualitatively consistent with previous theoretical
results. Namely, the RABBITT+ sideband amplitudes in He (Ne)
calculated by Mauritsson et al.40 are consistently higher (lower)
than predicted by the simpleman’s model, suggesting that the
effective momentum of the photoelectron ejected from the two
atoms is greater (less) than p0 . Supplementary Fig. 6 shows the
result of applying our analysis to directly extract coarse-grained
information on the electron momentum and the effective potential
from the sideband amplitudes and phases computed by Mauritsson
and colleagues40 . Although there are quantitative differences in
calculated and measured parameters, there are key similarities as
well, including a considerably larger magnitude of U1 in He relative
to Ne, a greater value of α at low energy in He as compared to Ne,
and the curious change in sign of U1 with increasing energy in Ne.
The distinctions between the coarse characteristics of the effective
potentials in Ne and He suggest real differences in the influence that
other electrons have on the departing electron in these atoms.

Conclusion
Beyond the atomic systems studied here, the RABBITT+ technique
should also be applicable to molecules. Although ionization into
excited ionic states and dissociation present additional technical
challenges, RABBITT measurements in molecules have already
been reported31 , and extensions to RABBITT+ should be possible.
Also, although we have not shown it here due to insufficient signal to
noise, in principle, finer details of the long-range part of the actual
potential may be accessible by comparing the changes in the coarse
characteristics of the potential as a function of electron energy.
Moreover, applying our method to streaking experiments should
enable the direct measurement of changes in the effective potential
experienced by a departing electron due to additional atomic or
molecular ionization, or ultrafast structural rearrangement.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
Received 22 May 2017; accepted 31 August 2017;
published online 2 October 2017
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Methods
Experiment. We use 65 fs (full-width at half-maximum intensity), 1.7 µm
(h̄ω = 0.73 eV, T /4 = 1.4 fs), 2 mJ laser pulses which serve as the fundamental for
the HHG process and the dressing field. The laser pulses are derived from an
optical parametric amplifier pumped by the 800 nm output of a 1 kHz Ti:sapphire
amplifier. We choose 1.7 µm for the fundamental wavelength to provide a denser
energy sampling by the XUV comb, and because the resulting photoelectron
energies are nearly identical in all three gases, allowing for direct comparison of
electron spectra without a precise calibration of the energy-dependent detection
efficiency. CO2 is used as the generation gas due to its low Ip and structure-free
HHG in the energy range studied. Low-energy photoelectrons were collected with
the assistance of an accelerating potential in the spectrometer flight tube.
The RABBITT+ experiments involve, in addition to the usual determination of
the phases of the sideband modulations, the measurement of populations in both
the odd-order harmonic and sideband channels. Odd-order harmonic populations
are determined from the maximum value of the harmonic peaks in the
dressing-free reference spectrum. Sideband populations are determined from the
maxima in the 2ω component of the fast Fourier transform of the RABBITT+
delay scan. Similar results are obtained by integrating the yields over the respective
spectral features, except in energy regions where the peaks begin to overlap due to
limited spectrometer resolution. The 2ω component phase, Φ, is determined by
first integrating over each harmonic, then taking the fast Fourier transform.
Five data sets are combined to produce the results shown in Fig. 2. Each data set
includes two RABBITT+ measurements for each target atom, and a dressing-free
reference spectrum is collected before and after each RABBITT+ scan. The latter is
used to retrieve the odd-harmonic amplitudes and account for slow drifts of the
laser system. The intensity of the dressing field is higher than that for typical
RABBITT measurements, as required to improve statistics against the unfavourable
energy scaling of the sideband yields at low energy. The higher intensity results in a
measurable 4ω oscillation component of up to 30% of the 2ω oscillations, but only
at the highest energies shown in Supplementary Fig. 4, and in only some of the data
sets. Based on the amplitude ratio of the 4ω and 2ω components, we estimate the
dressing intensity to range between 1.1 and 3.1 × 1010 W cm−2 .
Analysis. As noted above, five data sets (each containing multiple RABBITT+
measurements for each target) are combined to produce the results shown in Fig. 2.
Although we can ensure that the dressing-laser intensity is very nearly constant for
different targets in the same data set, small differences in the effective dressing-laser
intensity for different data sets are unavoidable, due primarily to small variations in
the spatial overlap of the XUV and dressing-laser beams. Within the same target
species, these intensity variations result in proportional, systematic differences in

the sideband yields from data set to data set (see equation (5)). Accordingly, prior
to combining the different data sets to obtain the average sideband yields for each
target, we first correct for the small intensity variations. For each data set, a single
multiplicative factor is used to rescale all the yields so that they best match the
respective values from every other data set. Once the data sets for each target are
combined, the average high-energy asymptotic behaviour defines the single, global
scaling factor that we use to convert normalized sideband yield to P0 or K0 . This
process preserves the (small) relative differences between targets in the normalized
yields at the highest electron energies available in the experiments.
Atomic phase variations, due to Ar continuum resonances, are not taken into
account in the computed values of ϕAr we have used to extract 1φ for the
harmonics relevant to near-threshold photoionization in He and Ne40 . As described
in the Supplementary Information, the effects of these resonances are removed
from the Ar phase measurements by slightly altering the fundamental wavelength,
detuning the harmonics from these resonances.
Due to the considerable variation in ϕAr across the broad Cooper minimum42
that is centred near E = 35 eV (but whose effects on the sideband amplitudes and
phases extend downward to approximately 25 eV) (ref. 33), we restrict our phase
measurement to XUV photon energies <40 eV. In principle, the near-threshold
(E < 15 eV) atomic phases for He and Ne can then be trivially obtained from the
measured values of Φ for each sideband. However, since the RABBITT+
interferometer is not actively stabilized, the relative delay between the XUV and
dressing pulses varies between measurements. As a result, there is an additional,
unknown offset phase for each target gas. We eliminate this offset phase by defining
the atomic phase for each species, at an energy well above threshold (45 eV photon
energy), to be equal to its (small) calculated value40 . Similar overall results are
obtained if the extracted atomic phases are, instead, referenced to their calculated
values at a 37 eV reference photon energy (below the Cooper minimum in argon).
The continuum–continuum part of the total atomic phase calculated in ref. 40 has
been adjusted to match the experimental wavelength using an analytical
approximation of the continuum–continuum phase37 . This enables us to define
ϕNe (E = 23.7 eV) = 0.033 and ϕHe (E = 20.6 eV) = 0.038.
Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding author upon
reasonable request.
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