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Stimulating electron competition with extreme-ultraviolet-initiated high-order harmonic generation
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We address extreme-ultraviolet (XUV) initiated high-order harmonic generation (XIHHG) in argon atoms
observing a resonant enhancement of the high-energy harmonics when the XUV pulse energy is tuned to the
well-known window resonance. We attribute this effect to a three-stage mechanism: excitation of the 3s3p6 4p
window resonance, followed by field-assisted autoionization and strong-field driven recollision. We also verify
that the observed effect is robust against intensity-averaging, increasing the possibility that it may be observed
experimentally. The resonant XIHHG mechanism represents an important addition to the attosecond toolset, as
experimental schemes to identify signatures of correlation have heretofore proved elusive.
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I. INTRODUCTION

High-order harmonic generation (HHG) is arguably the
central process of attosecond (as) physics. While many ap-
plications focus on the generation of attosecond laser pulses
[1], the technique is also invaluable as a spectroscopic tool
as it affords a sensitive probe of electronic and even nuclear
dynamics on the sub-Angstrom (spatial) and subfemtosecond
(time) scales [2,3]. In this paper, we investigate how atomic
structure may affect HHG, when HHG is initiated by the
resonant absorption of an XUV photon.

Usually, HHG is understood in terms of the semi-classical
“three-step” or “simple-man’s” model wherein an electron is
(1) tunnel-ionized and (2) accelerated by a strong electric
field before (3) recolliding with its parent ion, releasing its
absorbed energy in the form of a high-energy photon [4]. The
recollision encodes structural and dynamical information in
the emitted light, and thus by a careful analysis of the har-
monic spectrum, HHG is realized as a sensitive measurement
tool [5,6].

Despite the success of high-order harmonic spectroscopy,
the technique is severely limited by the initial step: tunnel
ionization is inefficient and restricted to the outermost valence
electrons. Indeed, the long-awaited goal of as-pump as-probe
laser schemes can likely not be realized with existing HHG
sources, as the intensity of the pulses produced is so limited
by the conversion efficiency [7].

One way to circumvent these limitations is with the use
of both an extreme ultraviolet (XUV) and infrared (IR) pulse
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such that HHG is initiated by XUV-induced photoionization
rather than IR-induced tunnel ionization. This can both in-
crease the HHG efficiency and, more relevantly for the present
work, stimulate HHG with more deeply bound electrons. The
potential efficiency gains of XUV-initiated HHG (XIHHG)
were demonstrated theoretically in 2005 [8–10], and recently
absorption of XUV photons during the tunneling ionization
process has been shown to increase harmonic amplitudes in
small molecules [11]. However, the complexity of modeling
multielectron systems in strong fields has hindered progress
on the treatment of nonvalence electrons in XIHHG. Sev-
eral HHG schemes which employ an XUV pulse to modify
a tunnel-ionized system have been examined theoretically
[12,13], and XIHHG with core electrons has been studied
in small molecules [14], and with inner-valence electrons in
atoms [15] and ions [16].

Other applications of XIHHG include isolating and con-
trolling long trajectories [17] and observing interference
between photon- and tunneling-initiated recombination path-
ways [18]. Inverted schemes where XUV photons are
absorbed during the recombination rather than ionization step
have resulted in the generation of additional plateaus beyond
the IR-driven harmonic cutoff [19–21], with applications to
attosecond pulse metrology [22].

In a previous paper [15] we described the use of XIHHG to
resolve the contribution of inner- and outer-valence electrons
to the harmonic spectrum in neon, and noted that a key goal of
this technique should be to identify signatures of correlation
between electrons. The observation of such behavior is by
no means trivial, as recent studies have shown, for instance,
that any potentially interesting XUV-initiated processes are
rendered invisible by strong-field ionization in XUV pump–
IR probe photoelectron spectroscopy [23]. In this article
we outline an XIHHG scheme that not only enables us to
observe signatures of multielectron effects, but also to control
them. Previously, we showed how autoionizing resonances
affect low-order harmonic generation in argon [24]. Here, we
investigate how these “window” resonances affect XIHHG,
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and find that at moderate IR intensities autoionization from
the XUV-pumped 3s3p6 4p state enhances the HHG yield
around the cutoff region of the spectrum. The observation of
harmonics arising from Rydberg states has also been reported
for one-color (i.e., standard) HHG setups [25]. There, the
population of the excited states was driven by the ramp-on
of the IR, and the effect was to produce additional harmonics
via the “e-HHG” (excited state HHG) mechanism. However,
in the XIHHG scheme used in this study the use of the XUV
pump pulse affords an additional control parameter to stimu-
late the process, and thereby assesses the role of the electron
correlation.

This scheme requires accurate description of both the
argon atomic structure including electron correlation and
electron dynamics mediated by an IR laser. While these
challenges have been surmounted separately in the fields of
high-precision atomic physics and semi-classical modeling
of strong-field processes, only a handful of methods exist
which can handle them simultaneously. Among them, the
R matrix with time-dependence (RMT) technique has been
demonstrated in studies of strong-field processes including
attosecond-transient absorption spectroscopy [26,27], elec-
tron rescattering from negative ions [28], electron dynamics
in attosecond angular streaking [29,30], IR-mediated HHG
[31,32], and XIHHG [15,16].

II. R MATRIX WITH TIME-DEPENDENCE METHOD

RMT is an ab initio technique which solves the time-
dependent Schrödinger equation by employing the R-matrix
paradigm, dividing configuration space into two separate
regions [33]. In the inner region the time-dependent multi-
electron wave function is represented by an R-matrix basis
with time-dependent coefficients. In the outer region, the wave
function is expressed in terms of residual-ion states coupled
with the radial wave function of the ejected electron and is ex-
pressed explicitly on a finite-difference grid. The two-region
wave functions are then matched directly at the boundary in
both directions. The method has recently been extended to
include the description of arbitrary light fields [34], semi-
relativistic effects including spin-orbit interaction [35], and
molecular targets [36]. A complete description of the code can
be found in Ref. [37].

The harmonic spectra are obtained by Fourier-transforming
and squaring the time-dependent expectation value of either
the dipole length or the dipole velocity [38]. Indeed, the spec-
tra produced from both methods show excellent agreement
with each other until well past the cutoff energy, which is
used as a check for accuracy in our calculations. Spectra
determined from the dipole length are presented in this paper.

III. CALCULATION PARAMETERS

The primary laser is a six-cycle, 1.8-µm pulse with an
intensity of 5 ×1013 Wcm−2 and a three-cycle, sine-squared
ramp on and off profile. This isolates the generation of the
high-energy cutoff harmonics to a single trajectory on a single
IR cycle [32], allowing greater resolution in determining the
mechanism responsible for the increase in harmonic yield. In
a recent experiment a similar IR pulse was used to produce

43 attosecond (as) soft-x-ray pulses [39]. Longer duration
IR pulses elicit the same resonant increase in yield of the
cutoff harmonics, however, the underlying mechanism is more
difficult to interpret from these spectra due to multicycle inter-
ference effects between the cutoff trajectories and increased
tunnel ionization. The XUV intensity is 0.1% of the IR in-
tensity and is 15 fs in duration (except in Fig. 6), beginning
with the IR pulse and ending at its penultimate peak. Unless
otherwise stated, the XUV energy is 27 eV, chosen to pump
the 3s3p6 4p state. These parameters are chosen to emu-
late the mechanism described in Ref. [15] wherein the XUV
pulse populates Rydberg series converging onto an ionisation
threshold, allowing tunnel-ionisation and subsequent HHG to
be driven with the inner-valence electrons.

The argon target is described within an R-matrix inner
region of radius 20 a0 and an outer region of 2000 a0. The
finite-difference grid spacing in the outer region is 0.08 a0

and the time step for the wave-function propagation is 0.24 as.
The description of argon includes all available 3s23p5 ε� and
3s3p6 ε� channels up to a maximum total angular momentum
of Lmax = 107. The continuum functions are constructed from
a set of 50 B-splines of order 9 for each available angular
momentum of the outgoing electron.

Importantly, we can also selectively include all doubly
excited states of the type 3s23p4ndn′�, which is key for the
accurate description of the 3s3p6 np window resonances [40].
The 3s3p6 2S state interacts strongly with the 3s23p4(1D)nd
series (see, for example, Ref. [41]). Hence, we could ex-
pect resonances of the type 3s3p6np to interact strongly with
resonances of the type 3s23p4ndn′� through the dielectronic
interaction, and indirectly, through the laser field. Thus, by
selective inclusion of the doubly excited states, the influence
of the autoionising (3s3p6np) states can be controlled inde-
pendently of the direct ionisation of the 3s electron.

IV. RESULTS

Figure 1 shows the harmonic spectrum produced by argon
in the laser scheme outlined above for different expansion
lengths in the atomic-structure description of Ar. The spec-
trum obtained from only the 1.8-µm pulse obtained using the
full atomic-structure description is also shown for reference.
The XIHHG spectrum shows a double plateau structure, at
variance with the single plateau of the 1.8-µm spectrum. The
cutoff energies marked by the cross and star correspond to
classical cutoff energies calculated with the binding energy
of the 3s and 3p electrons, respectively [15,43]. These are
in good agreement with the principal cutoff of the 1.8-µm
spectrum (generated by tunnel-ionized 3p electrons) and the
second cutoff of the XIHHG spectrum (generated by tunnel-
ionized 3s electrons). However, the principal cutoff of the
XIHHG spectrum is significantly reduced from this classically
predicted value, as the photoionized 3p electrons are born
into the continuum with around 11-eV energy, which reduces
the cutoff to approximately 58 eV (diamond). To confirm the
source of the high-energy harmonics, we perform the calcu-
lation removing the 3s3p6 2S ionization threshold from the
atomic structure description. This eliminates the contribution
of the 3s electron [15,24]. The corresponding spectrum in
Fig. 1 (green dots) indeed shows that the second plateau is
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FIG. 1. The smoothed cutoff harmonics produced by argon in
a mixed 1.8-µm and 27-eV laser pulse scheme. The figure shows
the “full” spectrum (red dashes), the spectrum neglecting the ac-
tion of the 3s electron (green dots), the spectrum not including the
3s23p4 ndn′� Rydberg states (solid blue), and the spectrum produced
by the IR pulse only (purple dot-dash). The double plateau structure
is marked by the classically calculated cutoff energy for the 3p (star)
and 3s (cross) electrons. Also shown is the cutoff energy calculated
for photoionized 3p electrons (diamond).

removed in the absence of the 3s electron. This is in line with
previous calculations for neon [15].

The most prominent feature in the spectrum is in the range
between 55 and 65 eV where the calculation incorporating the
full atomic structure yields harmonics enhanced by up to two
orders of magnitude. To rule out any direct effect of the XUV
pulse or atomic resonances we perform a time-frequency anal-
ysis on the spectrum (Fig. 2) by taking a Gabor transform
[44,45] of the time-dependent dipole expectation values. The
harmonics in the 55- to 65-eV energy range are produced
around the zeros of the IR field, in line with the predictions
of the three-step model [46], thus strongly indicating that
this enhancement arises from strong-field-driven recollision
dynamics of the electronic wave packet. Harmonic emission
at 60 eV is dominant at the electric-field node prior to the peak

FIG. 2. Time-frequency decomposition of the harmonic emis-
sion from argon in a mixed 1.8-µm and 27-eV laser pulse scheme.
The emission time is shown relative to the peak of the IR pulse, which
is overlayed for reference. The strong emission in the 55- to 65-eV
energy range coincides with a recollision event at −2.0 fs, indicating
that the source of the emission is a strong-field-driven recollision
process.

FIG. 3. Harmonic response of argon for a variety of XUV photon
energies: 25 eV (vertical dashed black), 27 eV (solid red), 29 eV
(horizontal dashed blue), and 31 eV (dotted green). The IR only
spectrum is shown for reference (dot-dash purple). Detuning the
XUV pulse energy from the window resonance (≈ 27 eV) suppresses
the enhancement in yield.

of the IR pulse, which is consistent with a harmonic response
initiated by the emission of an energetic electron. This is con-
sistent with supporting classical trajectory calculations, which
suggest that cutoff energies around 60 eV are only obtained
for trajectories launched before the peak of the IR pulse.

At energies below the 3p cutoff we do not expect to observe
any influence of the 3s electron (as the ionization probability
for the 3s is 3000 times lower than for the 3p with the present
laser parameters), but only the calculation incorporating the
full atomic structure displays the strong emission in this 55- to
65-eV range. Previous results for neon suggest that this emis-
sion is unlikely to be due to a direct contribution of the 3s, and
thus we seek an alternative explanation. It is well known that,
at photon energies around 27 eV, strong, resonant excitation
of the 3s electron into the 3s3p6 np states actually suppresses
photoionization of the 3p electron [40]. We showed in a
previous study that these “window resonances” imprint on
harmonic generation driven by higher-energy (390 nm) laser
pulses [24]. We note that while the role of autoionizing states
in traditional (one-color) HHG has been investigated previ-
ously both theoretically by Strelkov [47] and experimentally
by Fareed et al. [48], these studies involved the recombination
of a laser-driven electron into an autoionizing state, resulting
in resonant harmonic generation, and thus differ from the
present scheme where autoionization is the initial step in the
mechanism. To our knowledge, the autoionization process it-
self (wherein a 3p electron decays into the 3s hole, promoting
the excited electron into the 3p−1 continuum) has not yet been
observed in HHG. Another significant difference between this
work and other resonant harmonic generation schemes is that
here the gain in harmonic yield is realized as a broad (≈
10eV) enhancement of the cutoff harmonics, rather than a
narrow (≈ 30 meV) increase in yield at the autoionizing state
energy [48].

To probe the influence of autoionization in the present
scheme, we remove all doubly excited configurations of the
residual Ar+ ion from the atomic structure description while
retaining the 3s3p6 2S ionization threshold. This changes the
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FIG. 4. Proposed three-stage mechanism for the source of resonant enhancement in XIHHG of argon: (1) A 3s electron is promoted by
the XUV pulse into a 3s3p6 np state. (2) A 3p electron decays to the 3s hole promoting the excited electron into the 3p−1 continuum via
(field-assisted) autoionization. (3) The ionized electron is driven to recollision by the strong field yielding HHG.

energy of the 3s3p6 4p state and we adjust the XUV en-
ergy accordingly, but, importantly, it also drastically changes
the shape of the 4p resonance [40]. Effectively, the reduced
atomic structure description allows excitation and ionisation
of both 3s and 3p electrons, but suppresses the autoionization
pathway.

In the corresponding spectrum in Fig. 1 (solid blue), we
do observe the second plateau due to photoionization of the
3s electron. However, the enhancement in yield in the 55- to
65-eV range is absent, confirming this feature is not caused by
a direct contribution from the 3s electron.

Additionally, detuning the XUV pulse energy from the
window resonance also suppresses the enhancement (shown
in Fig. 3), as does reducing the XUV intensity (not shown).
We propose, based on these behaviors, the following mecha-
nism, depicted in Fig. 4, as the source of this enhancement.
Stage 1: A 3s electron is promoted into the 3s3p6 4p state by
the XUV pulse. Stage 2: Autoionization: A 3p electron decays
into the 3s hole releasing the excited electron into the 3p−1

continuum. Finally, stage 3: The continuum electron is driven
by the IR field to recollide with the parent ion and produce
high harmonic radiation. Autoionization is affected by the
presence of the IR field [49], and so the second stage might
more accurately be termed “field-assisted autoionization.”

Importantly, both autoionization and direct photoionization
of the 3p result in the electron being “born” into the contin-
uum with nonzero energy (equal to the difference in energy
between the XUV photon energy and the binding energy of
the 3p electron), which affects the ensuing trajectory in the
strong field. Classical trajectory calculations [15,32] show
that the corresponding cutoff energy is reduced from 66 eV
(for tunnel-ionized 3p electrons) to 58 eV (for autoionized or
photoionized 3p electrons). This is borne out in the harmonic
spectra (Fig. 1). Moreover, the cutoff is not reduced in cal-
culations neglecting the autoionization pathway showing that
direct photoionization of 3p electrons is not the source of the
enhancement.

To probe this mechanism further we investigate the effect
of the IR intensity. Figure 5 shows the enhancement for four
different IR intensities, from 4–7 × 1013 Wcm−2. The shift of

the cutoff due to the excess energy of the autoionized electron
is in line with classical trajectory calculations. The position
of the resonance moves with the expected cutoff energy, and
at higher intensity, the enhancement spans a broader energy
range. This is in line with the expectation of our proposed
mechanism: a stronger field elicits a broader range of re-
turn velocities for electrons ionized around the pulse peaks.
At insufficiently high intensity, tunnel ionization is strongly
suppressed. At high intensity we expect that the direct tun-
nel ionization of 3p electrons should dominate the harmonic
spectrum, and including the autoionizing pathway, makes less
of a difference. At intensities around 5 × 1013 Wcm−2 the
resonant (autoionization) and nonresonant (tunnel-ionization)
pathways are in balance and we observe the largest difference
between the two spectra (around a 30 times enhancement for
these pulse parameters).

Finally, we investigate the effect of the XUV pulse length
on the yield. The yield enhancement is calculated by taking
the ratio of the cumulative yields of the “full” and 3p-only
spectra between 55 and 65 eV. We find that independent of

FIG. 5. Smoothed harmonics in the 45–90 eV range for four
different IR intensities [(a) 4 × 1013, (b) 5 × 1013, (c) 6 × 1013, and
(d) 7 × 1013 Wcm−2]. Both the “full” spectrum (solid red) and that
neglecting the 3s electron (black dashes) are shown. The enhance-
ment is the region bounded by the two spectra (dark, red shading).
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FIG. 6. Gain in cumulative harmonic yield in the 55–65 eV range
for a variety of time delays (measured between the end of the XUV
pulse and the peak of the IR pulse). The IR pulse is shown (top)
for reference. The end of the XUV pulse for various time delays is
marked with blue squares or red diamonds.

time delay, at least 60 cycles (9 fs) of the XUV pulse are
required to see any gain in yield. Figure 6 shows the yield
enhancement as a function of XUV time delay for a 60-cycle
XUV pulse. (The time delay is measured between the end
of the XUV pulse and the peak of the IR). The largest en-
hancement in the yield is obtained when the XUV pulse has
a delay of around −11 fs. Interestingly, when the XUV pulse
remains “on” beyond this delay, the resonant yield is actually
suppressed.

This lends weight to our proposed mechanism: if the XUV
pulse is too short, we do not sufficiently populate the 3s3p6 4p
state, as required for stage 1. If the time delay is too small,
the 3s3p6 4p has insufficient population to start the three-step
process to generate harmonic emission at the critical time of
−2 fs: the wave packet generating the HHG signature must
be created no later than a time of about −7 fs. Thus the
XUV pulse must arrive sufficiently ahead of the NIR pulse
to allow substantial (photoassisted) autoionization to occur.
Given that (neglecting the influence of the IR) the autoioniz-
ing state decays in approximately 8 fs [49], the time delays
offering optimal enhancement of HHG are thus in line with
the proposed mechanism.

V. MACROSCOPIC EFFECTS

Macroscopic effects will play a key role in the manifes-
tation of this effect experimentally, in particular the phase
matching of the resonant harmonics. One contributor to the
phase mismatch of the resonant harmonics is the different
refractive indices induced in the medium by the XUV and IR
pulses [50]. Comparing the different effective refractive in-
dices, calculated from relevant values in the literature [51–53],
we predict that an added delay of less than 4 fs, which accord-
ing to Fig. 6 would still produce a resonant boost in yield, can
be achieved provided the depth of the argon gas jet is less than
6 mm [54].

Another key macroscopic effect which must be considered
experimentally is focal volume averaging. Figure 7 shows
harmonic spectra which have been intensity-averaged over

FIG. 7. Smoothed harmonic response of argon when irradiated
by an IR only pulse and by a mixed two-color laser scheme. Shown
are results at a single, peak intensity (5 × 1013 Wcm−2) and results
which have been focal-volume averaged.

a range of IR intensities up to a peak intensity of 5 ×
1013 Wcm−2 using the method outlined in Ref. [55]. The
enhancement of the harmonic yield between 55 and 65 eV
persists after accounting for focal volume averaging. We also
performed further calculations (not shown) using an attosec-
ond pulse train rather than a long XUV pulse as the secondary
pulse. Generating such a pulse train, and controlling its time
delay with respect to the driving IR, is now standard practice
in attosecond laboratories. With this laser regime we see a
similar boost in the harmonic yield between 55 and 65 eV.
Thus we are confident that probing this mechanism should be
achievable experimentally.

VI. CONCLUSION

XIHHG presents an attractive means of studying electron
interactions in atomic and molecular systems. Where previ-
ous studies focused on either the extension of the harmonic
spectrum, or the efficiency gains offered by XIHHG, we here
demonstrated the technique’s promise for investigating the
role of electron correlation in ultrafast dynamics. By selecting
the XUV energy to populate the 3s3p6 4p Rydberg state in Ar,
we observed an enhancement in the HHG yield which could
not be accounted for by the direct contribution of either the
3s or 3p electrons. Instead, we found that the enhancement
appears in the spectra only when both the 3s and 3p ionization
channels are open, and all doubly excited configurations of the
residual Ar+ ion were included in the calculation. Based on
previous investigations which used the same R-matrix basis
we can then associate this resonant enhancement with an
autoionization pathway taking 3s3p6 4p to 3s23p5 ε�.

We thus proposed a “three-stage” mechanism, where 1()
the XUV excitation of the inner valence electron is followed
by (2) field-assisted autoionization before (3) the ionized elec-
tron is driven on a recollision trajectory by the IR field. This
resonant enhancement of ionization leads to a corresponding
enhancement in the HHG yield and a reduction in the cutoff
energy, associated with the classical trajectory described by
an electron “born” into the IR field with nonzero velocity.

063105-5



KATHRYN R. HAMILTON et al. PHYSICAL REVIEW A 108, 063105 (2023)

Increasing the IR intensity causes the resonant feature to
span a broader energy range below the increased cutoff en-
ergy, and the amplitude of the resonant effect is reduced as the
direct tunnel ionization of 3p electrons begins to dominate the
spectrum. We also find that the XUV pulse must be at least
60 cycles in duration (to ensure sufficient population of the
3s3p6 4p state) and must be timed to allow the autoionizing
state to decay at a subsequent peak of the IR field. After
performing intensity volume averaging on our results, we
still obtain an enhancement of the harmonic yield associated
with the proposed mechanism, suggesting that the mechanism
should be experimentally observable.

While these results lend weight to the proposed mech-
anism, the time-dependent evolution of the state is not
elucidated by this study, as the observable is tied to the
strong-field continuum dynamics rather than the underlying
atomic physics. However, a study which probed only the
bound state dynamics (for example, by employing techniques
of attosecond transient absorption spectroscopy) could shed
further light on the process, and will be the basis of subsequent
research into this system.

The interest in the present study, however, is the interac-
tion between the atomic physics at play in the correlation
induced dynamics (autoionization), and the “simple-man”
physics driven by the strong field. To increase the contrast
between the two regimes we chose, in this and previous
studies [15], to employ a 1.8-µm IR pulse. This effectively
reduces the direct HHG yield, while supporting sufficiently
high-energy harmonics wherein we can observe the action
of the inner-valence electrons. It is hard to speculate if this
mechanism should persist for other target atoms, or indeed,

in the commonly used 800-nm laser regime, as it depends
heavily on the relative importance of the autoionization and
tunnel-ionization pathways. However as 1.8 µm lasers become
increasingly more available (see, e.g., Ref. [39]), it is our
hope that combined XUV + 1.8 µm laser pulse schemes will
provide the possibility for stimulating and observing reso-
nant processes, particularly those which impact the cutoff
harmonics.

The data used in this paper may be found using Ref. [42].
The RMT code is part of the UK-AMOR suite and can be
obtained for free at Ref. [56].
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