
New J. Phys. 26 (2024) 113017 https://doi.org/10.1088/1367-2630/ad8f5b

OPEN ACCESS

RECEIVED

20 September 2024

REVISED

29 October 2024

ACCEPTED FOR PUBLICATION

6 November 2024

PUBLISHED

22 November 2024

Original Content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOI.

PAPER

Attosecond emission delay from atoms and molecules using
multi-dimensional XUV interferometry
Adam SWyatt1, David T Lloyd2, Richard T Chapman1, Christopher Thornton1,
Paulina Majchrzak1, Alfred J H Jones1, Emma Springate1 and Kevin O’Keeffe3,∗
1 Central Laser Facility, STFC Rutherford Appleton Laboratory, Harwell OX11 0QX, United Kingdom
2 Clarendon Laboratory, Department of Physics, University of Oxford, Parks Road, Oxford OX1 3PU, United Kingdom
3 Faculty of Science and Engineering, Department of Physics, Swansea University, Singleton Park, Swansea SA2 8PP, United Kingdom
∗ Author to whom any correspondence should be addressed.

E-mail: k.okeeffe@swansea.ac.uk

Keywords: attoscience, interferometry, high-harmonic generation

Supplementary material for this article is available online

Abstract
Multi-dimensional interferometry of high harmonic generation is demonstrated using an inline
Gouy interferometer. The rich data sets acquired with this technique, coupled with its inherent
stability, enable robust phase analysis to be performed, allowing the delay in harmonic emission
from a range of atomic and molecular gases to be measured relative to harmonic emission from
argon with single-digit attosecond precision. Delays of−78± 6 as,−25± 6 as, 30± 3 as and
60± 3 as relative to emission from argon were measured for Xe, Kr, CO2 and N2, respectively. The
scheme can easily be incorporated in other high harmonic experiments, such as tomographic
imaging of molecular orbitals, and provides an experimentally simple route towards probing
ultrafast dynamics in molecular systems.

1. Introduction

High harmonic generation (HHG) is an established method for producing coherent, extreme ultraviolet
(XUV) radiation with attosecond pulse durations [1] and provides unique opportunities for spectroscopy of
molecular systems [2, 3]. The well-known three-step model can be used to describe the process which
produces high order harmonics [4]. First, an intense laser field ionizes an atom. The liberated electron is then
accelerated away from and then towards the parent ion by the same laser field. Finally, the electron may
recombine with the ground state of the parent ion, resulting in the emission of a photon of energy Eq = qh̄ω0,
where q is an odd integer and ω0 is the fundamental laser frequency.

The emitted XUV field can be defined as a sum over various laser-driven quantum trajectories, each
depending on a phase factor due to propagation of the electron wavepacket in the continuum, as well as the
dipole transition moments during ionization and recombination; consequently, the emitted field provides a
snapshot of the orbital structure of the generating species on a sub-laser-cycle timescale (i.e. 10 s to 100 s of
attoseconds). HHG-based spectroscopy has therefore emerged as a powerful tool for extracting structural
and dynamical information from molecular systems that can complement existing spectroscopic techniques.
For example, the chirp inherent in the electron wavepacket during propagation and recombination provides
a map between harmonic order and recollision time, which has previously been exploited to probe the
nuclear dynamics of molecular hydrogen and deuterium, as well as small organic molecules [5, 6]. Since the
propagation of the electron wavepacket is governed by the driving laser field, a high degree of spatial
selectivity is possible between the ionization and recombination states involved in HHG that has been
previously been utilized to perform tomographic imaging of aligned molecules [7, 8]. More recently,
HHG-based spectroscopy has allowed a host of ultrafast phenomena in molecules to be observed in realtime
including charge migration and transfer [9], electron–hole dynamics after strong-field ionization [10], and
electronic, vibrational and rotational dynamics [11]. However, in most HHG experiments, only the intensity
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of the harmonic spectrum is recorded, with the loss of phase information severely limiting the ability to fully
reconstruct the state of the system. Retrieving the phase of the harmonic emission, which is important for
extracting structural and dynamical information from harmonic spectra [12], is therefore a crucial
requirement towards realising the full potential of HHG-based spectrocopy.

Interferometry is a proven method for characterising both the spatial and temporal phase of HHG
sources. In the spatial domain, techniques such as multi-slit interference [13, 14], lateral shearing
interferometry [15], spatially-encoded interferometry [16] and mutual interferometric characterization [17]
have been used to determined the spectrally-resolved spatial phase of HHG emission. Methods to access
temporal phase information have incorporated the use of two transversely separated laser foci in the
generation region [18, 19], harmonic generation using a single beam in a mixture of noble gases [20],
symmetry breaking of the HHG process in multi-colour fields [21], interference of two-photon transitions
[22], as well as transversely separated beams in gas mixtures [23]. Recently, interference between harmonics
generated in two gas targets, each located at one of two longitudinally-separated foci produced by a
piezo-controlled segmented mirror, was demonstrated [24]. Compared with other techniques, this approach
has the significant advantage that the signal strength and species in each arm of the interferometer can be
varied independently, providing direct insight into fundamental processes such as tunnel-ionization [25, 26],
laser-Coulomb coupling [27] and circular dichroism [28].

The XUV interferometer demonstrated here also comprises two longitudinally-separated gas targets.
However, harmonics from both targets are generated within a single focus [29–31]. In this arrangement, the
phase of harmonics generated at both target positions is different due to the smooth variation of the laser
intensity and Gouy phase through the focal region, resulting in interference between harmonics generated in
each target. In this paper, we demonstrate that by extending the parameter space of such a Gouy-based HHG
interferometer it is possible to perform multi-dimensional interferometry from which the harmonic phase
can be extracted with sub-wavelength precision, allowing the direct measurement of HHG emission delays
from a range of atomic and molecular gases relative to a reference gas. This approach is straightforward to
implement in existing HHG beamlines, provides single-digit attosecond precision, and is naturally
compatible with pump-probe and tomographic imaging schemes, therefore opening a new route towards
ultrafast spectrosopy of complex molecular systems.

A schematic of the interferometer is illustrated in figure 1(a). A laser beam is apertured slightly prior to
focusing using a mechanical iris. The phase of harmonics generated at each target is given approximately by
[32, 33]

ϕq (z, r)≈ qϕG (z)−αj
qI(r,z)+ψq (1)

where ϕG(z)≈−z/zR is the Gouy phase after irising the beam, z is the longitudinal position, zR is the
Rayleigh range of the driving beam, r is the transverse coordinate, I(r,z) is the laser intensity, αj

q is a
parameter related to the propagation time of the electron wavepacket in the continuum, which differs for the
long (j= l) and short (j= s) quantum trajectories, and ψq is the phase acquired during ionization and
recombination. Since the on-axis intensity, I(0,z), varies relatively slowly with z through the focal region, the
phase difference between both sources in this region is dominated by ϕG(z), corresponding to a
position-dependent delay between harmonics generated at each source. For two HHG sources in the focal
region, where one source is fixed in position and the second is separated longitudinally from the first by∆z,
the Gouy phase results in a delay in harmonic emission between the sources given by∆t≈ q∆z/ω0zR. The
resulting interference between harmonics generated in each target manifests as strong modulations in the
spectrally-resolved harmonic intensity as∆z is varied. In a typical HHG experiment, zR is of the order of
millimetres and target positions can reliably be moved with sub-millimetre precision, such that delay steps of
a few attoseconds are readily achievable. Indeed, the inherent synchronization of this scheme has previously
enabled the demonstration of harmonic interference with unprecedented zeptosecond (10−21 s) temporal
stability [29], the measurement of the harmonic phase difference between isotopes of molecular hydrogen
[30], as well as the observation of interference between the separate components of the harmonic emission
corresponding to the long and short quantum trajectories [31].

Previous implementations of HHG-based Gouy interferometry have only accessed limited regions of the
available parameter space: the (∆z,ω) domain [29, 30], and the (∆z,ω,R) domain [31], where R is the
transverse coordinate at the detector plane. In this paper, an extension of the approach taken in [31] is
demonstrated, whereby the expanded parameter space of the interferometer, corresponding to the
(z1,z2,ω,R) domain, is accessed by recording the spatially-resolved harmonic spectrum as a function of both
target positions, where z1 and z2 are the longitudinal positions of the first and second target positions,
respectively. This approach yields a significantly richer data set that allows us to unambiguously distinguish
phase contributions from the long and short trajectories independently that are not attributable to
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Figure 1. (a) Experimental setup. The spatio-spectrally resolved harmonic profiles are recorded for a range of target positions, z1
and z2. (b) Calculated on-axis phase variation of the driving laser through the focus with (blue line) and without (black dashed
line) clipping from iris aperture. (c) Yellow (purple) line: Modulations in the on-axis (R= 0) harmonic intensity for q= 15 as the
longitudinal separation between the first (second) target is varied while keeping the second (first) target fixed at position z= 0.
(d) On-axis (R= 0) interferogram for q= 15 in the (z1,z2) domain. The yellow and purple boxes highlight the regions
corresponding to the data shown in (c). (e) Evolution of the (z1,z2) interferograms for q= 15 for increasing values of R.

phase-matching or diffraction [34, 35]. Extending the concept to molecules could allow the contributions
from different parent atoms to be isolated. The details of this will be left to a follow-on paper, and in this
publication we concentrate on the on-axis (R= 0) component (dominated by a single trajectory) to
demonstrate how the harmonic emission delay from a range of atomic and molecular gases relative to a
target gas can be measured directly from the resulting interferograms.

2. Experimental setup

The output of a Ti:sapphire laser system (KMLabs Dragon) operating at 1 kHz and centre wavelength 780 nm
was focused into a vacuum chamber using an achromatic lens with a focal length f = 750mm. The pulse
duration on target was approximately 40 fs and pulse energy was 310µJ. The interferometer consisted of two
gas targets placed in the focal region and along the propagation axis of the Ti:sapphire beam, as illustrated in
figure 1(a). Both gas targets consisted of thin-walled nickel tubes, squeezed to a thickness of approximately
0.6mm, and sealed at one end. The first (laser side) and second (spectrometer side) gas targets were each
mounted to computer-controlled encoded translation stages, allowing the independent control of z1 and z2.
Gas exit holes were drilled through both targets in situ by the laser beam, and at the beginning of the
experiment each target was scanned about the focal region to open the exit holes and ensure that there was
no clipping of the fundamental, or harmonic beams. The first and second gas targets were backed with argon
to a pressure of 8mbar and 4mbar, respectively, such that the strength of harmonic emission from both
targets was balanced. The small pressure difference between targets can be attributed to a slight difference in
the thickness and size of the exit holes of each target, while the low pressures used ensured that
phase-matching, ionization and absorption effects in both targets were minimized. The spatially-resolved
harmonic spectrum was recorded using a custom-built spectrometer composed of an aberration-corrected
concave grating (Hitachi: 001–0640) and microchannel plate (MCP) coupled to a phosphor screen, which
was then imaged with a CCD camera. A 1mm diameter aperture was placed between the target chamber and
spectrometer to maintain the low pressure needed for operating the MCP, which was positioned
approximately 0.7m from the laser focus. With gas in both targets, strong modulations in the harmonic
spectrum were observed as the longitudinal position of the gas targets was varied. In order to optimize the
modulations, the laser beam was apertured slightly using a mechanical iris placed before the focusing lens,
resulting in approximately 75% power transmission through the iris and a measured Rayleigh range of
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approximately zR = 9mm. The effect of the iris can be seen in figure 1(b), which shows the calculated Gouy
phase across the focus with (blue line) and without (black dashed line) aperturing the beam. The effect of the
iris was calculated by propagating the apertured beam from the lens to the focal place via the Fresnel
approximation and then propagating the beam about the focus using the angular spectrum method. The iris
plays an important role in the interferometer as it results in a linear on-axis phase variation, as seen in
figure 1(b), resulting in high-contrast interference fringes across the entire scan.

To record the intensity of the four-dimensional interferograms, I(z1,z2,ω,R), both targets were placed
near the focus of the laser beam. The longitudinal positions of both targets were then scanned over the
ranges z1 =−10− 0mm and z2 = 0− 10mm. The position z1 = z2 = 0mm corresponded to the case
where both targets were adjacent to each other close to the focus of the laser and with a small displacement
(≈ 1mm) between the targets. The spatio-spectral HHG profile was recorded at each combination of target
positions with a full scan consisting of 2601 (51× 51) separate spectra, corresponding to a longitudinal
resolution of 0.2mm in both z1 and z2. The exposure times during each scan ranged from 100ms to 300ms
depending on gas target. Concatenation of the recorded HHG profiles allows the I(z1,z2,ω,R)
interferograms to be constructed.

3. Results and discussion

Results from a scan with argon in both gas targets are shown in figures 1(c)–(e). In figure 1(c), two lineouts
are shown, corresponding to the on-axis (R= 0) 1-D interference similar to data recorded in previous
implementations of Gouy-based HHG interferometry [29–31] in which a single gas target is scanned
longitudinally through the focus while the other is held fixed in position. Although strong on-axis
modulations are observed, this approach accesses a significantly reduced portion of the available parameter
space, limiting the information that can be extracted. By utilizing the full parameter space of the
interferometer a much richer phase landscape is accessible, enabling more precise phase analysis of the
measured interferograms to be performed. The full 4D interferograms also represent complex data sets
which can be used as a rigorous test of theoretical models.

Figure 1(c) shows the on-axis (R= 0) component of I(z1,z2,ω,R) for q= 15 with argon in both gas
targets, corresponding to a 2D interferogram in the (z1,z2) domain. The structure of this interferogram can
be understood by considering a simple model of the fringe spacing in this domain. Using equation 1 the
on-axis phase difference near the beam waist in the case of both targets containing the same gas species can
be approximated as

∆ϕq (z1,z2)≈ q
(z2 − z1)

zR
+αs

q
I0
z2r

(
z22 − z21

)
, (2)

where I0 is the on-axis peak intensity at the focal plane and αs
q reflects the dominance of the short-trajectory

component of the harmonic emission to the on-axis harmonic spectrum [35]. Close to the focal region, the
laser intensity varies slowly with longitudinal position such that the phase difference between harmonics
generated in both targets is dominated by the first term in equation (2), which varies approximately linearly
across this region as a result of the use of an appropriately sized aperture before the focusing lens. In this
simple model, the fringe period scales as∼zR/q. As a result, clear diagonal fringes are observed in the (z1,z2)
domain over the full range of measured longitudinal positions, with the spacing between fringes decreasing
for increasing harmonic order.

The simple model described by equation (2) is useful for understanding the scaling and general structure
of the interferograms. However, in order to develop a more complete model of the interferometer,
simulations were performed that incorporated numerical propagation of the laser beam, as well as a
semi-classical model of harmonic emission from both sources based on the strong-field approximation
(SFA) [36]. The simulations were performed for a pulse duration of 40 fs, peak laser intensity at the focus
after clipping of 1.6× 1014 Wcm−2 with an effective Rayleigh range of 8.6 mm and a hydrogen-like dipole
with ionization potential 15.76 eV. The longitudinal and transverse structure of the laser beam within the
focal region was calculated using the angular spectrum method, assuming an azimuthally symmetric beam,
and taking into account the effect of clipping by the mechanical iris. The harmonic emission from each gas
cell, taken as the single-atom response over a plane and incorporating the transverse extent of the driving
field, was then calculated using the SFA model. The harmonic fields from both targets were propagated to the
detector plane using the Fresnel diffraction integral, where they were summed to yield the spatio-spectrally
resolved harmonic profile. The full I(z1,z2,ω,R) interferogram was then simulated by repeating the
calculation for each target position. Interferograms were simulated over z1,z2 =±12mm for the case of
argon in both gas targets and the results for the on-axis component for harmonics orders q= 17− 25 are
shown in figure 2(bottom row). The yellow-shaded area corresponds to the (z1,z2) region that could be
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Figure 2.Measured (top row) and simulated (middle row) on-axis interferograms for q= 17− 25 with argon in both targets.
Simulated (bottom row) interferograms over z1,2 =±12mm with the yellow-shaded region corresponding to the data shown in
the middle row and highlighting the experimentally accessible region in this experiment. Note, the z1,2 offset between the
simulated and measured interferograms has been removed for the interferograms shown in the middle row.

measured in this experiment and is shown separately in figure 2(middle row) for clarity. The measured
on-axis interferograms for harmonic orders q= 17− 25 are shown in figure 2(top row). Excellent agreement
between the measured and simulated interferograms is observed over all harmonic orders. Both measured
and simulated interferograms exhibit clear diagonal fringes across all harmonic orders with decreasing fringe
spacing for increasing values of q. For harmonics in the cutoff region (q> 21) the measured fringes are
observed to bend slightly at large values of z1 and z2. This behaviour, which is also observed in the simulated
interferograms, is due to the increasing value of αs

q towards the harmonic cutoff [37], which increases the
contribution of the quadratic phase term in equation 2 and leads to curvature of the fringes in the (z1,z2)
domain at large target separations. The use of thin-walled tubes as gas targets currently limits the
experimentally accessible region of the (z1,z2) domain to that highlighted by the yellow boxes in
figure 2(bottom row). However, alternative gas delivery systems, such as gas jets, could be employed to access
a larger region of the (z1,z2) domain.

The behaviour in the radial dimension can be observed by considering consecutive (z1,z2)
interferograms along the R domain, a selection of which are shown in figure 1(e) (additional data in
supplementary material). It is seen that in off-axis regions the structure of the interferogram becomes
significantly more complex, departing from the simple diagonal fringe patterns observed on-axis. This is the
result of an increasing contribution from the long-trajectory components of the harmonic emission, which
exhibit a larger divergence due to the longer transit times of electrons in the continuum and consequently
larger transverse phase variation at the generation plane [35]. In transverse regions where the short and long
trajectory components have approximately equal contributions to the measured spectrum, such as at
R≈ 1mm in figure 1(e), the interferogram becomes highly structured due to interference between the
overlapping contributions of the different trajectory components from both gas targets [38]. Qualitative
agreement of this complex structure between measured and simulated interferograms is observed across all
harmonics (see supplementary data) providing strong evidence that the distortions in the fringe patterns are
due to the relative contributions of the different trajectory components of the harmonic emission. A detailed
discussion of the structure of the interferograms in the radial co-ordinate and its dependence on quantum
trajectories will be provided in a separate publication. In the rest of this paper analysis is restricted to the
on-axis (R= 0) component of the harmonic emission which is dominated by the short-trajectory
component, simplifying analysis and interpretation of the observed interferograms.

The inherent stability of this setup allows the Ar−Ar interferograms to be used as a highly stable
reference to perform differential phase measurements. Previously, differential phase measurements using
HHG-based interferometry have been employed to resolve the photorecombination dipole phase difference
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between neon and helium, as well as the photorecombination dipole phase around the Cooper minimum of
argon [24]. This scheme makes use of the factorization of the HHG process in which the harmonic yield can
be expressed as the product of recolliding electron wavepackets, governed by the driving laser field, and the
photorecombination cross-section of the generating species [39, 40], allowing the harmonic phase to be
expressed as the sum of the phases acquired during the strong-field driven processes of ionization and
propagation and the phase at photorecombination. Comparing HHG interferograms obtained under
identical driving laser conditions and removing the strong-field contribution to the harmonic phase then
allows the dipole phase difference between a target and reference atom to be measured.

In the current setup, for the case of argon in both targets, the on-axis phase difference according to
equation (1) is given by

∆ϕAr-Arq (z1,z2) = q(ϕG (z1)−ϕG (z2))+αs,Ar
q (I(z1)− I(z2)) . (3)

Replacing the gas in the second target and repeating the scan under identical driving laser conditions yields a
separate interferogram the on-axis phase difference of which is given by

∆ϕAr-Xq (z1,z2) = q(ϕG (z1)−ϕG (z2))+
(
αs,Ar
q I(z1)−αs,X

q I(z2)
)
+
(
ψAr
q −ψX

q

)
(4)

where X is the gas species in the second target. Taking the difference between∆ϕAr-Arq (z1,z2) and
∆ϕAr-Xq (z1,z2) yields the absolute phase difference between harmonics generated in the target and the argon
reference gas

ΦX
q (z1,z2) = I(z2)

(
αs,X
q −αs,Ar

q

)
+
(
ψAr
q −ψX

q

)
. (5)

Taking the difference therefore removes the common contributions due to the Gouy phase and the
longitudinal intensity variation in the first target. The first term in equation 5 is the phase difference due to
the different transit times experienced by the electron wavepackets from the target and reference gases during
the propagation phase of HHG. It is noted that although αs

q is simply due to classical acceleration from the
laser field it is not the same for both targets owing to the change in ionization time (due to tunnelling through
a different barrier). The second term in equation (5) accounts for the phase difference between the target and
reference gases due to both ionization and photorecombination. Consequently, the differential phase that is
extracted, Φq(z1,z2), is related to all stages of the HHG process: ionization, propagation and recombination.

To perform differential measurements, a series of scans were performed under identical driving laser
conditions for a range of atomic and molecular gases in the second target while leaving the argon in the first
target unchanged. We note that the reference gas does not need to be argon. For example, differential
measurements have previously been demonstrated using neon as a reference gas in order to exploit its
relatively flat dipole phase in the region of the Cooper minimum of argon [24]. For each scan, the amplitude
and phase of the on-axis component of the reference and target interferograms was extracted for each
harmonic order using bandpass filtering [41] to yield the complex quantities ZX

q (z1,z2) and Z
Ar
q (z1,z2) for the

target and reference gases. The resulting 2D complex interference amplitude

Z̃X
q (z1,z2) = ZX

q (z1,z2)
[
ZAr
q (z1,z2)

]∗
(6)

was then calculated (see supplementary material). The results of these measurements are summarized in
figure 3, which show [ρXq (z1,z2),Φ

X
q (z1,z2)] = [|Z̃X

q (z1,z2)|,arg(Z̃X
q (z1,z2)] for each harmonic order and gas

species combination. Each data point in figure 3 corresponds to the value of the complex interference
amplitude for a particular harmonic order and gas combination at a single (z1,z2) position; points of the
same colour are from the same gas-species combination. It is seen that the data for each harmonic order is
distributed into well-defined bands, demonstrating a clear phase relationship across all (z1,z2) positions. The
angle of each band yields the absolute phase difference between the harmonic emission from the target and
reference gases, according to equation 5. For each harmonic order in figure 3, the amplitude corresponds to
the strength of the signal and has been normalized to the maximum amplitude of Z̃X

q (z1,z2) for that
harmonic order across all gas combinations. A clear signal was observed in all cases with the exception of the
xenon-argon combination, which only exhibited clearly resolvable fringes up to q= 19 (see supplementary
material) due to the lower ionization potential, and consequently lower harmonic cut-off, of xenon. A clear
rotation of the phase angle is observed for increasing harmonic order for all gas combinations with the
rotation direction being different for atoms (anti-clockwise) and molecules (clockwise). This rotation is due
to the well-known chirp of harmonic emission and the opposite rotation direction indicating that, relative to
emission from argon under the same laser conditions, harmonic emission occurs earlier in the atomic
systems investigated and later in the molecular systems. As discussed below, it has been demonstrated that
harmonic emission from molecules is sensitive to structural and dynamical effects [12], that may result in
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Figure 3. Polar plots showing the differential interferometric complex amplitude Z̃X
q (z1,z2) for all harmonic orders and gas

combinations used in the experiment. The radial co-ordinate indicates the strength of the interferometric term and the angle the
differential phase. The angular spread can be used to determine the precision of the measurement. Each data point corresponds to
the amplitude and phase of the interferometric contribution at a given pair of target positions, all points of a given colour
correspond to all target position pairs for a given gas combination.

earlier harmonic emission. Extending these measurements to a wider range of molecular gases will be the
subject of future experiments.

For each target gas, the differential phase, ΦX
q (z1,z2), was extracted by calculating the weighted mean of

the corresponding band of data points shown in figure 3. The resulting differential phase extracted for each
harmonic order and target gas species is shown in figure 4. The associated error, illustrated by the shaded
region in figure 4, was taken as the standard deviation of the data points from the weighted mean. The
average error across all harmonics measured was 65mrad (corresponding to a temporal resolution of
approximately 1 as at the centre energy of the measured harmonics), demonstrating that extremely precise
phase measurements can be performed with this approach. This precision was afforded by the 4D data set:
spatially-spectrally resolving the harmonics allows for a single trajectory to be isolated, and the 2D
longitudinal scan allows for more refined bandpass filtering and higher redundancy (i.e. more independent
data points) compared to a 1D longitudinal scan. The phase difference was observed to vary approximately
linearly across all harmonics measured. The gradient of the linear fits (dashed lines) shown in figure 4
therefore corresponds to the average delay,∆τ , in the emission of the attosecond pulse train from the
corresponding gas relative to argon and is summarized in table 1. It is seen that emission from the atomic
systems Xe and Kr occurs earlier (∆τ < 0) relative to emission from Ar while relative emission occurs later
(∆τ > 0) for CO2 and N2. The inline nature of the interferometer allows precise measurement of the
emission delays with a standard deviation of approximately 5 as across the gas combinations investigated. We
note that this precision is significantly better than the sampling limit from the bandwidth of the
measurements (δt= 2π

∆ω = 2π
∆qω0

= 188 as) and that such few attosecond accuracy compares very well with
recent experiments to probe the dipole response of HHG using XUV ellipsometry [42] as well as previous
Gouy-based interferometry measurements of the harmonic phase difference between isotopes of molecular
hydrogen [30].

Varying the gas species in the second target changes Ip which leads to variation in all three stages of the
HHG process: ionization, continuum dynamics and photorecombination. After tunnel ionization the
electron emerges into the continuum at time ti with approximately zero momentum (pe ≈ 0) at a position
re(ti )≈ Ip/|EL(ti )|, where EL(t) is the laser field strength, such that the initial conditions of the electron are
approximately independent of the core potential. Since the electric field of the laser is significantly stronger
than that of the parent ion, the contribution of the core’s potential to the ionized electron can be neglected
and subsequent dynamics of the electron are predominantly determined by the laser field with the electron
returning to the vicinity of the core at a later time tr with non-zero momentum (pe = ωq − Ip). The delay
times extracted from the differential phase are therefore dominated by the contributions due to the
laser-driven propagation in the continuum and photorecombination.
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Figure 4.Measured phase difference (squares and dashed line) between target gas and argon reference and linear fit to data (solid
line). The shaded regions correspond to the error calculated from the spread of the corresponding data shown in figure 3.

Table 1.Measured delay in harmonic emission relative to emission from argon reference.

Gas in target 2 IP (eV) ∆τ (as)

Xe 12.1 −78± 6
Kr 14.0 −25± 6
CO2 13.8 30± 3
N2 15.6 60± 3

Over the range of harmonic orders observed in this experiment, delays in harmonic emission relative to
argon of∆τ =−25± 6 as and∆τ =−78± 6 as were measured for Kr and Xe, respectively. To estimate the
propagation delay due to the difference in ionization potential relative to argon (∆Ip) the classical
trajectories of the electron after ionization were calculated for different ionization potentials. Return times
after argon of 35 as and 72 as were calculated for Kr (∆Ip = 1.76 eV) and Xe (∆Ip = 3.63 eV), respectively.
These values are similar to the absolute values of the measured delays, indicating that the continuum
dynamics can contribute significantly to the measured delays.

To estimate the delay due to ionization and photorecombination the relative delay was simulated using
the SFA for a range of different ground-state hygrogen-like orbitals with fixed ionization potential
Ip = 15.759 eV (i.e. that of Argon). The on-axis phase of harmonics in the far-field for 1s, 2s, 2p, 3s and 3p
orbitals was calculated with resulting delays ranging from∆τ =−13 as for the 1s–2s orbitals to∆τ =
−117 as for the 1s–3s orbitals (see supplementary material). These simulations indicate that the delays
extracted in our interferometric measurements are comparable to the delays caused by the change in orbital
structure. This, combined with the fact that we measured positive delays for molecules and negative delays
for larger atoms, is strong evidence for the sensitivity of this technique to the orbital structure of the parent
species.

The differential phase was also extracted for unaligned CO2 and N2. The resulting delays in emission
relative to the Ar reference were∆τ = 30± 3 as for CO2 and∆τ = 60± 3 as for N2, indicating the
harmonics are emitted later from the molecular gases tested relative to emission from Ar. Harmonic emission
from molecules is expected to be more complex than the case of atoms. Both electronic and nuclear
dynamics are present between ionization and recombination, as well as the contribution from several
electronic states of the molecular ion. For example, using two-slit interferometry to measure the relative
phase between harmonic emission from aligned and unaligned CO2 it has been shown that the highest
occupied molecular orbital (HOMO), HOMO-1 and HOMO-2 all contribute to high harmonic emission
resulting in strong phase variation between harmonics depending on the relative contributions of the various
channels [12]. In figure 4, the measured phase difference between CO2 and Ar is seen to vary smoothly across
the full range of harmonics observed. However, in contrast with Smirnova et al [12], the target gas in this
experiment is a randomly aligned molecular ensemble and the angle-dependent contributions from the
different channels are smeared out. Thus, we do not expect to be sensitive to phase variations originating
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from the different contributing orbitals. However, the setup used in this experiment is naturally compatible
with alignment experiments and will be the subject of a future experiment. Indeed, since the target and
reference gases are longitudinally separated, arbitrary reference gases can be used, in contrast with
conventional two-slit interferometry where both sources are transversely separated in a single gas jet,
allowing independent control of the reference species and signal (via pressure tuning). Such control may
prove useful in performing interferometry on complex systems where use of a reference atom with
well-known dipole phase may be beneficial.

For N2, both the target and reference gas have similar ionization potentials (∆Ip = 0.18 eV) resulting in
near identical intensity-dependent ionization probabilities [43–45]. As a result, the ionization and
propagation steps of the HHG process are the same in both gases. In this case, the extracted phase difference
is given by

Φq (z1,z2)≈
(
ψAr
rec,q −ψN2

rec,q

)
(7)

and is the absolute photorecombination phase difference between argon and N2. The photorecombination
phase is an important parameter for tomographic imaging. In previous experiments imaging the HOMO of
N2 [7], the phase values needed for reconstruction were assumed based on calculations [46]. In our
experiment, the phase difference is accessed directly. Combined with molecular alignment, this opens the
possibility of time-resolved tomographic imaging of molecules in a simple experimental arrangement.

4. Conclusion

Multi-dimensional HHG-based Gouy interferometry has been demonstrated as a method for accessing the
absolute phase difference of harmonic emission from atomic and molecular gases, allowing relative emission
times to be measured with single-digit attosecond precison. This scheme is straightforward to implement in
existing HHG setups that use free-focus geometries and opens new opportunities for probing electronic
wavefunctions. Future experiments will focus on using this technique to probe phase variations around
Cooper minima and atomic resonances, as well as to resolve the phase of harmonics generated in aligned
molecular gases. More generally, the multi-dimensional nature of this measurement provides data sets that
are significantly richer than those retrieved in other HHG interferometry techniques. Modelling based on the
SFA yields excellent agreement between the simulated and measured interferograms for the case of argon in
both targets. However, extending modelling to molecular systems, particularly in the case of alignment
systems where a host of structural and dynamical effects can be observed, has the potential to provide new
insight into molecular dynamics, as well as to act as a robust test of underpinning theoretical models.
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