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Origin of the multiphoton-regime harmonic-generation plateau structure
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A physical interpretation is provided for the formation of the multiphoton-regime plateau feature in the spectra
of nonlinear and correlated process of high-order harmonic generation (HHG) of two-active-electron atoms
interacting with an intense linearly polarized laser field [Phys. Rev. A 88, 053412 (2013) for beryllium]. While
in the strong-field tunneling regime the plateau feature is well known to be due to rescattering effects of the
freed electron, its counterpart in the multiphoton regime is due to atomic resonance effects involving both singly
excited states and doubly excited states. Here, we propose a strategy to uncover which kind of these states are
responsible for this phenomenon. By studying the sensitivity of HHG to the initial state in helium, we show that
this multiphoton-regime plateau structure mostly originates from singly excited states.
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I. INTRODUCTION

The discovery of high-order harmonic generation (HHG)
experimentally in the late 1980s was based on rare gases
[1-7], which are multielectron systems. To produce short-
wavelength harmonics of the fundamental of the driving laser
field, a first group [5,7] used long-wavelength driving lasers
(iodine-laser radiation at 1315 nm and Nd:YAG laser at
1064 nm); while a second group [1-4,6] used short-
wavelength driving lasers in the range 266—307 nm. In the
former case, HHG occurs in the low-frequency tunneling
regime defined by a Keldysh parameter y = |/E,/2U, < 1,
where Ej, is the target binding energy and U, is the elec-
tron ponderomotive energy. In this low-frequency tunneling
regime, the three-step scenario [8—10] (i.e., ionization by
tunneling, laser-driven electron motion away from and back
to the target ion, and recombination of the electron with
harmonic emission) has proved to be an invaluable guide for
understanding and planning HHG experiments. In the latter
case, HHG occurs in the multiphoton regime defined by y > 1
where this simple-man’s model [8—10] is no longer applicable.
Although this simple-man’s model for multielectron targets
is usually thought in terms of single-active-electron approx-
imation, multielectron effects must manifest themselves in
the HHG produced in both the tunneling regime and the
multiphoton regime.

In the tunneling regime, the numerically demonstrated
quantitative rescattering (QRS) theory [11-13] or the three-
step analytic formulas for HHG [14-16] have shown that
signatures of multielectron effects should be visible in the
HHG spectra. The QRS theory [11-13] and the analytical
formulation [14—16] both rely on the key idea that there is a
close connection between an atom’s or molecule’s HHG spec-
trum (via the photorecombination cross section) and its field-
free photoionization cross section. These predictions have
been confirmed experimentally [17], since the well-known
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giant dipole resonance (through interchannel many-electron
correlations) in the 4d-subshell photoionization cross section
of Xe was found to strongly influence the HHG spectra.
Similarly, the strong resonances evidenced experimentally
in HHG spectra of the Cr* and Mn™ transition-metal ions
[18,19] were explained theoretically [20] as stemming from
well-known intense 3p — 3d inner-shell transitions in the
photoionization cross sections of those ions. Also, the promi-
nent feature near 60 eV observed experimentally in the super-
continuum spectrum of He was attributed to the 2s2p (' P°)
autoionizing state [21]. In this tunneling regime, a general
feature is that the HHG spectrum exhibits the well-known
plateau structure (in which intensities of harmonics remain
roughly constant) [7]. This nonperturbative feature stems from
rescattering effects of the freed electron, and the cutoff (where
generation efficiency drops dramatically) occurs at the odd
harmonic order N closest to £ + 3.17U, [22].

In the multiphoton regime, several theoretical [23-34] and
experimental [23,35-40] works have demonstrated resonance
effects or multielectron effects on the HHG spectra of atoms.
In particular, effects of the 2s2p (! P°) doubly excited state
of He (initially in its ground state) on the HHG spectrum
were well evidenced [33]. More interesting, effects of both the
2p4s ' p? and 2p5s ! P° doubly excited states of Be (initially
in its ground state) on the HHG spectra were found to lead to
an increase by an order of magnitude over a range of harmon-
ics that form a plateau, extending from the resonant harmonic
up to a cutoff at the 25th harmonic [34]. However, when
each of the resonant harmonics was in resonance with a given
autoionizing state, there was also a low-order multiphoton
resonance with singly excited states [e.g., the 1snp ! P° singly
excited states in He or the 25s2p (! P°) singly excited state in
Be]. Thus, whether this multiphoton regime plateau structure
is due to either doubly excited state resonances or singly
excited state resonances is still puzzling. Finally, whether this
plateau feature seen in the HHG spectra of Be also occurs in
the HHG spectra of He needs to be elucidated.

In this paper, in order to shed light on the origin of
the multiphoton regime plateau structure predicted in the
HHG spectra of two-active-electron atoms (e.g., Be [34]),
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FIG. 1. Schematic energy level diagram showing (a) the 1s?
(' §¢) ground-state and (b) the 1s2s (' S¢) state as an initial state
for production of harmonics by a strong laser field with frequency
wy. The red arrows indicate a nine-photon transition from the
corresponding initial state to the He 2s2p (! P°) autoionizing state
followed by harmonic emission (w = Nw,) back to the same initial
state. The binding energy in (a) is E, = 24.6 eV, while it is E, ~
4.18 eV in (b).

we propose to study the sensitivity of the HHG spectra for
helium atoms to their initial quantum state. For the helium
atom being initially either in its 15> ('$¢) ground state or in
its 1525 (' §¢) excited metastable state that is exposed to an
intense linearly polarized flat-top laser field with a resonant
driving frequency wj™* such that Q/* = gwj™ is resonant to the

transition between the initial state and the 25s2p (! P?) doubly
excited state, we solve the full-dimensional two-electron time-
dependent Schrodinger equation (TDSE) and calculate the
HHG spectra. The rationale behind this strategy is that when
starting from an excited state (rather than the ground state
as in Refs. [33,34]), singly excited state resonances can be
excluded from analyses for production of HHG plateau. Thus,
any plateau feature in the HHG spectra would be exclusively
due to doubly excited state resonances.

Focusing on the resonant ¢ = 9 harmonic, our findings are
threefold. First, the intensity of the resonant ninth harmonic
in the HHG spectra obtained from these two initial states is
found to be significantly enhanced relative to its direct neigh-
bors. Second, when He atom is initially in its 1s® (! §¢) ground
state [as illustrated in Fig. 1(a)] we find that a plateau structure
is formed from the resonant ninth harmonic and extends up to
the 25th harmonic, while when He atom is initially in the 1s2s
(' 5¢) singly excited state [as illustrated in Fig. 1(b)] there is
no such a plateau structure. Third, by varying the laser driving
frequency wy, near the resonant driving frequency w;* for the
initial 152s (' $¢) singly excited state, an asymmetric Fano-like
resonance profile [with a width 'y, ~ 0.037 €V equals that
for the 2s2p (! P°) autoionizing state] is directly observed in
the energy-integrated harmonic power Ag(w, ) for the resonant
ninth harmonic. However, this observation occurs for a laser
peak intensity in the range 7—15 TW/cm?. This latter result
contrasts with that obtained for the initial ground state since
the spectroscopic observable that exhibits the same feature
is not Ag(wy ), but instead the ratio A¢(w;)/A7(wy) between
the resonant ninth harmonic and the nonresonant seventh har-
monic. Indeed, when the ninth harmonic is tuned on resonance

with the nine-photon transition between the ground state and
the 252p (! P°) doubly excited state, there is a three-photon
resonance between the ground state and the intermediate 1s2p
(! P?) singly excited state. Thus, not only the third harmonic is
largely enhanced, but also the higher-order harmonics (includ-
ing the seventh and the ninth harmonics). Therefore, taking
the ratio Ag(wy)/A7(wr) eliminates the contribution for the
intermediate 1s2p (! P°) singly excited state and isolates the
contribution for the 252p (! P?) doubly excited state. We note
that the evidence of doubly excited states on HHG spectra
only occurs for a driving laser with duration longer than the
lifetime of these autoionizing states [32-34]. All these results
show that the plateau structure observed in the HHG spectra
produced in the multiphoton regime originates mostly from
singly excited state resonances.

This paper is organized as followed. In Sec. II, we briefly
describe our numerical method in obtaining the dipole veloc-
ity from which the HHG spectrum is calculated. In Sec. III,
we present our numerical HHG results for the two initial-state
schemes illustrated in Fig. 1(a) and Fig. 1(b). In Sec. IV, we
summarize our results and draw some conclusions. Atomic
units (a.u.) are used throughout this paper unless specified
otherwise.

II. NUMERICAL METHOD

The ab initio calculation of the HHG spectrum for the
He atom being initially in its ground or singly excited state
is obtained as in Refs. [32-34], i.e., using the wave packet
solution of the two-electron TDSE. Our numerical methods
are presented in detail in Sec. II B of Ref. [33]. Thus, in
the following only a summary of key points is provided. The
laser-atom interaction is treated within the electric dipole ap-
proximation. Owing to gauge invariance, the HHG spectrum
can in principle be evaluated using the induced dipole in the
length, velocity, or acceleration gauge. However, use of either
the length gauge or the acceleration gauge requires accurate
two-electron wave packets at either large or small radial
coordinates, respectively, whereas the velocity gauge requires
accurate wave packets at intermediate radial coordinates. We
employ a moderate laser peak intensity of 7-130 TW /cm?.
Despite the small binding energy for the 1s2s (! §¢) excited
state (E, ~ 4.18 eV), we carry out our calculations for driving
laser frequencies in the range within which lies the funda-
mental of the tunable KrF laser, that is also comparable to
the frequency range used in Ref. [33] where the He atom was
initially in its ground state. With these choices of laser pa-
rameters, we are always in the multiphoton regime where the
ponderomotive energy and the quiver amplitude never exceed
0.08 eV and 0.86 a.u., respectively. We find that calculating
the induced dipole in the velocity gauge within a radial box of
ro = 30 a.u. gives converged results for the HHG spectrum of
He.

The full-dimensional two-electron TDSE describing the
interaction of He with a laser field in the electric dipole
approximation and the velocity gauge reads:

i0,W,(ry, 12, 1) = [Hy + A@).(p1 + p2) Vo (r1, 12, 8), (1)
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where the nonrelativistic field-free Hamiltonian Hj is

L T @)

with ry, r, and p;, p» being, respectively, the spatial and
momentum coordinates of the two electrons. In Eq. (1), the
vector potential and the electric field linearly polarized along
the z axis are defined in the time interval —7/2 <t < T/2 as:

A1) = Aof (1) sin(wrt + e, E(1) = —3,A(1),  (3)

where oy is the frequency of the driving laser, ¢ is its carrier-
envelope phase (CEP), and T is its total duration. The laser
peak intensity is given by I = EZ, where Ey = Agwy, is the
laser amplitude. Toma et al. [23] have found experimentally
that resonance effects in HHG that may not be visible for
a Gaussian-shaped focus, could be observed for a spatially
shaped flat top focus. Hence, here the pulse envelope, f(¢),
in our calculations has a trapezoidal (flat-top) profile, where
the laser pulse is ramped on and off over eight optical cycles,
with a total duration of N, = 30 optical cycles. Owing to this
large number of optical cycles, CEP effects are negligible.

The flexibility of our numerical method used here and
in Refs. [33,34] allows us to prepare an arbitrary field-free
initial state from which its evolution [see Eq. (1)] in the
presence of the laser field can be solved accurately using
an embedded Runge-Kutta method of order 5. Note that for
both initial states and laser parameters considered here, the
norm of the wave packet is always well conserved. Once
the time-dependent wave functions W, (r;, r», t) are obtained,
the expectation value of the dipole velocity operator d,(t) is
calculated as in [33,34]:

dy(1) = (Wy(ry, v, D)y, + 70, [Wo (1, 12, 1)), (4)

where m,, = p,, — A and ,, = p,, — A define the kinematical
momenta, which differ from the canonical momenta p,, and
P, by the vector potential. The power P(w;; w) of the har-
monic radiation with frequency w induced by the laser field is

. T2 .
Ploy;@) = @F, dw) = — / dt e d, ). (5)
-T2

We employ ten values of the total angular momentum L,
where 0 < L < 9 [34]. For each total angular momentum L,
we use four pairs of individual electron angular momenta
(1,0, i.e., for a given L and a given value of [, where 0 <
[ < 6, we chose I” according to the usual angular momentum
and parity selection rules and, to avoid redundancy, [ < ['.

III. NUMERICAL RESULTS

In this part, we discuss in Sec. III A the initial-state sen-
sitivity of the HHG spectra of He for a fixed laser driving
frequency and intensity, including electron correlation effects.
Section III B is devoted to the dependence of the HHG spectra
on the driving frequency. Finally, the variation of the energy-
integrated harmonic power for the resonant ninth harmonic as
a function of the driving frequency is discussed in Sec. III C.
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FIG. 2. (a) Time dependence of the scaled electric field [see
Eq. (3)] and the induced dipole velocity [see Eq. (4)] for a 30-cycle
flat-top laser field at the resonant frequency w; = w;® = E4./9 =
6.65618 eV, where E_, is the energy gap between the initial 15 (' §¢)
ground state and the 252p (' P°) doubly excited state. (b) The TDSE
results for the harmonic spectrum [see Eq. (5)]. The pulse intensity
is 1 =1.3 x 10" W/cm?, corresponding to a Keldysh parameter
of y =5.3; i.e., the multiphoton regime prevails. (c) Integrated
harmonic power Ay (w.) [see Eq. (6)] for three driving frequencies:
wy, = 6.55 eV (off-resonance), w; = w** (on-resonance), and w; =
6.74 eV (off-resonance).
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A. Initial-state sensitivity of the HHG spectra

In order to analyze the dependence of the HHG spectrum
(5) on the target initial state, we consider the two cases
defined in Figs. 1(a) and 1(b). In Fig. 1(a), the helium atom
is initially in its 1s® (! §¢) ground state with an energy E; = 0,
and its binding energy is E, = 24.59 eV; while in Fig. 1(b),
it is initially in the 1s2s (' §¢) excited state with an energy
E; = 20.41 eV above the ground state, and its binding energy
for the 2s electron is Ej, ~ 4.18 eV. To couple by nine-photon
transition each of these initial states with the 2s2p ('P°)
doubly excited state (having an energy E»y, 2 59.9 eV above
the ground state), we use a driving frequency w'**(1s%) =
(Exs2p — Ei)/9 >~ 6.65618 eV for He initially in its ground
state, and w[**(1s2s) >~ 4.388 eV for He initially in the 1s2s
(' §¢) singly excited state. The corresponding scaled electric
field E(¢) [Eq. (3)] for our flat-top laser field is shown by solid
thin blue curves in Fig. 2(a) for oy, = a)fs(lsz) and intensity
I =130 TW/cm? or in Fig. 3(a) for w; = o*(1s2s) and
intensity 7 = 10 TW /cm?. These pulse intensities in Figs. 2
and 3 are chosen such that they correspond to the same value
of the Keldysh parameter, y = ,/E}/2U, = 5.3, where U, =
1/(4w?) is the ponderomotive energy. Shown in solid thick
black curve in Fig. 2(a) or in Fig. 3(a), is the corresponding
time-dependent expectation value for the dipole velocity d, (t)
[Eq. (4)]. One sees that the dipole velocity d,(¢) [Eq. (4)]
oscillates with a period 27 /w;™ of 0.62 fs for the initial
ground state and of 0.94 fs for the 1s2s (! §¢) singly excited
state, but it is always in phase with the electric field. However,
the shape of d,(¢) differs dramatically whether He is initially
in its ground state or in that excited state. In the former case,
the shape of d, () mimics that of the electric field. In the latter
case, d,(t) while oscillating with the laser field, undergoes
a large single oscillation around the flat-top part of the laser
field for —9Ty <t < +97p.

As the laser field may deplete the initial state by popu-
lating excited states and continuum states, it is legitimate to
wonder whether this difference in the temporal shape of the
dipole velocity is due to ionization or excitation? In Fig. 1(a)
single ionization of the He ground state (E, >~ 24.6 eV) at
the resonant photon energy w;*(1s*) = 6.65618 eV requires
at least four photons to occur, while in Fig. 1(b) single ion-
ization of the 1s2s (' $¢) excited state at the resonant photon
energy w;>°(1s2s) = 4.388 eV (greater than £, = 4.18 eV) is
already possible by single-photon absorption. For the pulse
parameters specified above for which y = 5.3 for the two
schemes in Figs. 1(a) and 1(b), our TDSE results for the
temporal behavior of the initial-state populations are shown in
Fig. 4(a) for the ground state and in Fig. 4(b) for the 1525 (* $¢)
excited state. The probability for combined ionization and
excitation extracted from those populations at the end of the
laser pulse gives 0.06% for the scheme in Fig. 1(a) and 3.3%
for the scheme in Fig. 1(b). Moreover, the calculated amount
of ionization for the initial ground state is very weak (0.04%),
while it is larger (1.5%) but still small for the initial 152s (! §)
excited state. We note that significant ionization in the scheme
Fig. 1(b) would lead to an irreversible loss of population of
bound states, and consequently, would lead to a monotonic
decrease in the dipole velocity with time. However, one sees
in Fig. 3(a) that the decay of the dipole velocity with time
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FIG. 3. Same as in Fig. 2 but for the case where the He atom
is initially in the 1s2s ('$°) excited state, which is located at
Ej. > 39.49 eV below the 252p (' P?) doubly excited state and about
20.41 eV above the ground state. The corresponding resonant driving
frequency for the ninth harmonic is w}* = E,;,/9 = 4.388 eV. The
two driving frequencies for off-resonance cases used in (c) for com-
parison are w; = 4.30 eV and w; = 4.48 eV. The pulse intensity is
set to 10'> W/cm? in order to keep the same Keldysh parameter
y = 5.3 used in Fig. 2.
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state at the driving frequencies w; = i = 6.656 eV and w, =
6.55eV; and (b) the initial 1s2s (' S¢) excited state at the driv-
ing frequencies w; = w;® = 4.388 eV, w;, =4.380eV, and v, =
4.300 eV. The pulse parameters in (a) and (b) are the same in Fig. 2
and Fig. 3, respectively.

changes to its growth, which cannot be due to a dissipative
dynamics. We thus deduce that this time-dependent effect in
the dipole velocity can only be due to excitation of bound
states; there is a beating of populations between the initial and
final bound states.

Analyses of the time-dependent populations in Fig. 4 show
that, while oscillating with the laser field, there is a small
amount of single excitation and double excitation in the
scheme Fig. 1(a) with a maximum of ~0.4% and a large
amount of double excitation in the scheme Fig. 1(b) with a
maximum of ~70%. For the scheme in Fig. 1(a), as the ground
state is nearly not depleted [see Fig. 4(a)] this excitation
dynamics is well reflected in the dipole velocity shown in
Fig. 2(a), which simply mimics the laser field shape. For the
scheme in Fig. 1(b), the period of about 187y & 17 fs of the
large oscillation exhibited by the dipole velocity in Fig. 3(a)
or by the population in Fig. 4(b) is close to 17.7 fs, the lifetime
of the 2s2p (! P°) doubly excited state. We note that Hu and
Collins [41] used a 100-cycle (10.7 fs) sine-squared pulse with
a photon energy of 38.8 eV and an intensity of 60 TW /cm?

to resonantly excite the 252p (' P°) doubly excited state in the
scheme Fig. 1(b) with a probability over 80%. After the laser
pulse dies off, the decay dynamics of autoionization for the
252p (1 P°) doubly excited state was observed when letting
the two-electron system freely evolve in time for another 200
cycles (21.4 fs). Here, Fig. 4(b) shows that about 12 cycles
(11 fs) is needed to resonantly drive 70% of population of
the initial 1s2s (' $¢) state into the 252p (' P°) doubly excited
state, which corresponds to the decay in the dipole velocity
with time seen in Fig. 3(a). The change to its growth for times
t > 0 of the dipole velocity in Fig. 3(a) or of the population
in Fig. 4(b) reflects the process of double deexcitation of the
252p (' P°) doubly excited state into the initial 1s2s (' S¢)
state, together with ongoing laser-assisted autoionization of
the 2s2p (' P°) state.

The calculated HHG spectra [see Eq. (5)] for these two
initial states are displayed in Fig. 2(b) and in Fig. 3(b), re-
spectively. They are obtained by taking the Fourier transform
of the dipole velocity d,(¢) [see Eq. (4)] given in Figs. 2(a)
and 3(a). Effects of the 2s2p (! P°) autoionizing state on
the HHG spectrum in each case are striking. In Figs. 2(b)
and 3(b), one sees that the intensity of the resonant ninth
harmonic is higher than that for its direct neighbors, namely,
the seventh and eleventh harmonics. Moreover, in Fig. 2(b)
harmonics beyond the resonant ninth harmonic have roughly
the same intensity; they thus form a plateau structure with
a cutoff located at the 25th harmonic, just as in Ref. [34]
for the Be atom. Furthermore, in Fig. 3(b) one sees that the
intensities of harmonics beyond the resonant ninth harmonic
are perturbatively decreasing and no plateau structure occurs.

The harmonics produced in Fig. 2(b) and Fig. 3(b) are not
monochromatic. In order to account for such nonmonochro-
maticity of harmonics, it is thus useful to introduce the
physical quantity, Ay(w), defined as the harmonic power
integrated over the energies from (N — 1)w; to (N + 1wy,
at each harmonic order N [33,34]:

(N+Doy,
An(wr) =/ Plop; w)dw. (6)
(N=Dar,

The HHG spectrum for Ay(wz) (6) when He is initially in
the ground state or in the 1s2s (' §¢) excited state is shown
in Fig. 2(c) or in Fig. 3(c), respectively. Analyses of the two
energy-integrated harmonic spectra confirm the observations
based on the intensity of harmonics, namely, a multiphoton-
regime plateau structure does occur in the HHG spectra for
the initial ground state, and does not occur for the initial 1s2s
(' §¢) excited state.

B. Driving frequency sensitivity of the HHG spectra of He

The presence or absence of plateau depending upon the
initial quantum state is quite intriguing, but what is the origin
of this plateau structure. We note that only the 25s2p (! P°)
doubly excited state is involved when producing harmonics
from the initial 152s (' $°) excited state, while the 252p (' P°)
doubly excited state as well as singly excited states can be
involved when HHG are produced from the initial He ground
state. To see this, we study here the sensitivity of the whole
HHG spectra to the driving frequency for a given initial
quantum state.
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For the case of He being initially in its ground state, three
driving frequencies are considered in Fig. 2(c). These include
the resonant frequency w; = @*(1s?) >~ 6.65618 eV, and the
two off-resonance frequencies w; = 6.55 eV and 6.74 eV.
The time-dependent ground-state populations for the resonant
case and the nonresonant case (wy = 6.55 eV) are compared
in Fig. 4(a). One sees that the temporal behaviors of these
two populations only differ slightly in their shapes, which is
mainly due to correlated resonance effects. Figure 2(c) shows
that the energy-integrated HHG spectra for both on-resonance
and off-resonance cases exhibit a multiphoton regime plateau
structure, however, the drop in harmonic efficiency from
the cutoff position at the 25th harmonic is sharper in the
resonant case. For these three driving frequencies, 23 = 3wy,
are, respectively, ~20 eV, 19.65 eV, and 20.22 eV; which are
just about 1 eV below the He 1s2p (! P°) singly excited state
(located at 21.0 eV above the ground state). In other words,
the intermediate 1s2p (' P°) singly excited state becomes
significantly more populated by three-photon transition from
the ground state when the driving frequency w;, increases from
6.55-6.74 eV.

For the case of He being initially in the 1s2s ('S¢)
singly excited state, four driving frequencies are considered
in Fig. 3(c), namely, w; = 4.30eV and 4.48 eV for off-
resonance cases, w; = 4.380 eV for the slightly on-resonance
case, and wy, = [ = 4.388 eV for the on-resonance case.
One sees in Fig. 3(c) that the harmonic spectra for w; =
4.30 eV and 4.48 eV are nearly the same below the ninth
harmonic. However, they differ from each other for the ninth
harmonic and above, with the harmonic spectrum for w; =
4.48 eV being always higher than that for w; = 4.30 eV.
The little enhancement observed in Fig. 3(c) for the ninth
harmonic at these two nearly off-resonance frequencies are
due to the rather small values (0.088 eV and 0.092 eV) for
the detuning A = w; — ;® in each case. We note that the
ionization probability at w; = 4.30 eV is 45%, while itis 23%
at w;, = 4.48 eV. Also, the time dependence of the initial-state
population for these two nonresonant cases [see e.g., Fig. 4(b)
for w;, = 4.30 eV] evidences the fact that the process of HHG
occurs with significant ionization. This is in contrast to the
resonant case where the amount of ionization is less than 2%.

At the resonant frequency w; = *® = 4.388 eV and the
slightly on-resonance frequency w; = 4.380 eV, Fig. 3(c)
shows that the two harmonic spectra coincide up to the 11th
harmonic, with a dramatic enhancement for the resonant
ninth harmonic. However, beyond the 11th harmonic the two
harmonic spectra decrease monotonically with the energy-
integrated harmonic power being larger for w; = 4.38 eV
than for w; = o = 4.388 eV. The time dependence of the
initial-state populations for these resonant and slightly res-
onant cases shown in Fig. 4(b) exhibit only some small but
noticeable differences for ¢ > 0. These small differences are
responsible for the difference in the harmonic intensity seen
in Fig. 3(c) beyond the 11th harmonic. We note that for r > 0,
the process of deexcitation is accompanied with modifying
autoionization decay produced the laser field.

The present work and previous works [32-34] have found
that effects of doubly excited states on the HHG spectra
(regardless of the initial quantum state) are only visible for
a total pulse duration, 7', longer than the lifetime, t, of

autoionizing states. Here, the total duration of the laser field
is T =~ 28 fs, which is longer than the lifetime, v = 17.7 fs, of
the 252p (! P°) autoionizing state; meaning that autoionization
in the presence of the laser field is taking place. Besides
the rather comparable amount of direct ionization at these
two frequencies, autoionization is more significant for w; =
o™ =4.388 eV than for w; = 4.38 eV since the calculated
amount of ionization for the laser duration used is 1.5% at
wp, = o =4.388 eV and 0.8% at w;, = 4.38 €V. This small
leak via autoionization is at the expense of harmonic genera-
tion. In particular, the interaction of the ninth harmonic [that
is close on resonance with or is resonant with the transition
between the initial state and the 252p (! P°) doubly excited
state] with higher-order harmonics is weakened by ongoing
laser-assisted autoionization so that it cannot support a plateau
structure at the laser intensity used.

For the laser parameters used here, the fact that a plateau
structure is absent in the HHG spectrum when only doubly
excited states are involved and is present when both singly
excited states and doubly excited states are involved demon-
strates that the multiphoton-regime plateau structure formed
in the HHG spectrum for the ground state of helium (and
beryllium [34]) stems mainly from the intermediate singly
excited state populated by low-order transition. These atomic
resonances as origin of this multiphoton regime HHG plateau
clearly differ from that of the strong-field low-frequency
tunneling regime HHG plateau, which originates from rescat-
tering effects of the freed electron.

C. Driving frequency sensitivity of the resonant ninth harmonic

It is important that our above analysis is based on the field-
free energies for the He atom. However, in the presence of a
strong laser field, it is well known that the excitation energies
of the singly and doubly excited states may be shifted. Thus, in
order to resolve the actual position of the 2s2p (' P°) doubly
excited state in presence of the employed strong laser field,
below we present a study for the energy-integrated harmonic
power when varying the driving frequency w; near the field-
free resonant frequency w;®*. The goal here is to show how the
process of HHG can be viewed as a powerful spectroscopy
tool.

For the initial He ground state, we show in Fig. 5(a) the de-
pendence to the driving frequency w, of the energy-integrated
harmonic powers Ag(w;) and A7(wp), for, respectively, the
resonant ninth harmonic and the nonresonant seventh har-
monic. Here, we scan the driving frequency w;, over a small
energy range 6.55-6.74 eV across the field-free resonant fre-
quency a)zes(lsz) ~ 6.65618 eV. One sees that Ag(w;) ex-
hibits a broad resonance, with a peak located at w;, = w;**, and
a width that is twice that of the 2s2p (* P°) autoionizing state.
In the meantime, one observes that A;(w; ) undergoes an oscil-
lation: it increases for w; < 6.61 eV and reaches its maximum
at wy, = 6.61 eV; it then decreases for 6.61 eV < w; < o°
while crossing Ag(wy) at w; >~ 6.63 eV; next, it saturates for
o < wp, < 6.68 eV; and finally increases for w; > 6.68 eV
while crossing Ag(wy ) a second time at w;, >~ 6.695 eV. This
oscillatory shape for A7(w;) and broad resonance for Ag(wy )
indicate a strong coupling between the seventh and ninth
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FIG. 5. Initial ground state: (a) Variation with the driving fre-
quency wy, (near the resonant frequency w;® = 6.65618 eV) of the
integrated harmonic power A;(w.) and A¢(w;) for the nonreso-
nant seventh harmonic and the resonant ninth harmonic. (b) The
corresponding variation of the ratio Ayg(w;)/A7(w,) with the driv-
ing frequency w;. The vertical bar marks w; = w;*, at which the
ninth harmonic is resonant with the transition from the initial 1s?
(' §¢) ground state to the 2s2p (' P°) doubly excited state. The
other laser parameters are specified in the caption of Fig. 2. In
(b) the ratio Ag(wy)/A7(wy) exhibits a Fano resonance profile with a
width ['gs ~ 0.037 eV, while in (a) the integrated resonant-harmonic
power Ay(w,) exhibits a broader resonance.

harmonics mediated by the 2s2p (! P°) doubly excited state
resonance, as can be explained below.

As wy covers the range 6.55-6.74 eV, the third harmonic
is increasingly tuned on resonance with the 1s2p (! P°) singly
excited state (located at 21 eV above the He ground state),
since 3 = 3w is in the range 19.65-20.22 eV. Thus, all
harmonics with order N > 3 are coupled with the third har-
monic; they are significantly enhanced such that a plateau
structure is formed. Although all the harmonics with order
N > 3 are enhanced, the perturbative expectation that A7(wy,)
be larger than Ag(wy) is preserved, as shown by Fig. 5(a) for
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FIG. 6. Initial excited state: (a) Variation with the driving fre-
quency w;, (near the resonant frequency w;®™ = 4.388 eV) of the
integrated harmonic power A;(w;) and A¢(w; ) for the nonresonant
seventh harmonic and the resonant ninth harmonic. (b) The cor-
responding variation of the ratio Ag(w;)/A7(w,) with the driving
frequency w;. The vertical bar marks w; = @[*°, at which the ninth
harmonic is resonant with the transition from the initial 1s2s (! $°)
excited state to the 2s2p (' P°) doubly excited state. The other
laser parameters are specified in the caption of Fig. 3. In contrast
to Fig. 5(a), the corresponding integrated resonant-harmonic power
Ag(w) in (a) exhibits a Fano resonance profile with a width I'gg =~
0.034 eV.

wp < 6.61 eV or wy, > 6.70 eV (which are off the range over
which the 252p (! P°) doubly excited resonance influences).
However, near the resonant frequency (i.e., for 6.61 eV <
wr < 6.70 eV) the effect of the 252p (! P%) doubly excited res-
onance is to induce a strong interaction between the seventh
and the ninth harmonics. Here, one sees that the nonresonant
seventh harmonic feeds the resonant ninth harmonic since
A;(wy) presents a concave up pattern, while Ag(w, ) exhibits a
concave down pattern.

In order to isolate effects of the 2s2p (' P°) doubly excited
state on Ag(wy,), one must eliminate the global effects of the
1s2p 0 singly excited state. As in Refs. [33,34], a suitable
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way to achieve this goal is taking the ratio Ag(w)/A7(wy)
since both the seventh and ninth harmonics are strongly
coupled to the third harmonic, which is on resonance with the
three-photon transition between the ground state and the 1s2p
(' P°) singly excited state. Using the results for A;(w;) and
Ag(wy) in Fig. 5(a), the corresponding ratio Ag(wy)/A7(wr)
shown in Fig. 5(b) exhibits a Fano resonance profile, peaking
at w;p = 6.665 eV (i.e., blue shifted to the field-free position
w® = 6.65618 eV by 0.0088 eV), and having a width I'gs =
0.037 eV that matches exactly the width of the 2s2p @)
autoionizing state.

For the initial 1s2s (! $°) singly excited state, we show in
Fig. 6(a) the variation of the energy-integrated harmonic pow-
ers Ag(wy) and A7(wy) as a function of the driving frequency
wr. Here, we scan the driving frequency w; over a small
energy range 4.28-4.52 eV across the field-free resonant fre-
quency w;*(1s2s) = 4.388 eV. In contrast to Fig. 5(a), which
is for the initial ground state, A;7(w;) shown in Fig. 6(a)
does not oscillate and is quite always smaller than Ag(wy).
Moreover, one sees that Ag(w;) directly exhibits an asym-
metric Fano resonance profile with a maximum located at
wp = 4.38 eV that is very close to the field-free resonant fre-
quency w;* = 4.388 eV. Its width is I'gs >~ 0.034 eV, which
compares well with the width of 0.037 eV for the 2s2p
(' P°) autoionizing state. A virtue of starting from the initial
152s (! S¢) excited state is that effects of doubly excited states
(or electron correlation) can be directly visualized on the
energy-integrated harmonic power, Ag(w; ), for the resonant
ninth harmonic. This is in contrast to the case for atomic target
being initially in the ground state where effects of doubly
excited states (or electron correlation) is observed rather in the
ratio of the integrated harmonic powers between the resonant
gth harmonic and the (¢ — 2)nd harmonic. For the initial 1s2s
(! 5¢) singly excited state, Fig. 6(b) shows the dependence to
wy, of the corresponding ratio Ag(wy)/A7(wy). Although the
ratio Ag(wy)/A7(wr) exhibits a resonance profile located at
o =4.38 eV with the same width I'gs 2 0.034 eV as in
Fig. 6(a), the irregularities in structures on the sides of the
resonance profile indicates the nonrationale for taking such
ratio in this case.

Finally, we study whether transient phenomena as well
as unexpected resonant effects may affect the shape of the
whole HHG spectra or a particular harmonic when varying
the turn-on duration, 7, of our trapezoidal laser field. In all
cases, we kept the total pulse duration to 30 cycles and fix the
turn-off and turn-on durations to be equal. As T, decreases
from eight cycles to two cycles, it follows that the duration
of the flat-top part of the laser field increases and we thus
find that the intensity of harmonics in Fig. 3(b) increases,
but the shape of the whole HHG spectrum hardly changes.
For illustration, the shape of the resonance in Fig. 6(a) was
investigated as T, decreases; it was found to be insensitive to
T, near the frequency range of doubly excited state influence.
However, outside that frequency range the presence of some
modulation appears for 7,, = 2 cycles. All these results show

that transient phenomena are always absent upon variation
of T,,, while unexpected resonant effects may be present for
ultrashort T, of the driving laser pulse.

IV. SUMMARY AND CONCLUSIONS

In summary, by solving the full-dimensional two-electron
TDSE for laser field parameters in the multiphoton regime,
we have studied the sensitivity to the initial quantum state
of the harmonic generation spectrum of the helium atom.
For particular laser driving frequencies on resonance with
the 2s2p (! P°) doubly excited state, we have discussed how
the time-dependent dipole velocity, the whole HHG spectra,
and particular harmonics are sensitive to the initial quantum
state. For both the initial ground state and the initial 1s2s
(! 5°) singly excited state, effects of the 2s2p (' P°) doubly
excited state are found to significantly enhance the resonant
ninth harmonic. By tuning the laser driving frequency across
the field-free 2s2p (' P°) doubly excited state resonance, we
showed that the energy-integrated resonant ninth harmonic
power Ag(wy) for the initial excited state is the relevant
physical observable for revealing the position, the width and
the shape of the 252p (! P°) autoionizing state. In contrast, the
relevant spectroscopic observable for the initial ground state
is the ratio Ag(wr)/A7(wr) between the energy-integrated
harmonic powers for the resonant ninth harmonic and the
nonresonant seventh harmonic, which isolate effects of the
252p (! P°) autoionizing state by erasing the global effects of
intermediate singly excited states.

This initial-state sensitivity study allows us to shed light on
the origin of the predicted multiphoton-regime HHG plateau
structure (occurring for the initial ground state and not oc-
curring for the initial excited), which differ from that for
the rescattering tunneling regime plateau. Originating from
atomic resonances, it is found that multiphoton-regime HHG
plateau is more likely produced by low-order resonance transi-
tion involving singly excited states than by higher-order reso-
nance transition involving doubly excited states. The evidence
of the 2s2p (! P°) autoionizing state on the HHG spectrum oc-
curs only for a laser pulse longer than its lifetime, 725, = 17.7
fs. Thus, a plausible reason that may explain this difference
in the origin of the multiphoton-regime HHG plateau is that
HHG processes involving doubly excited states may be lossy
owing to laser-assisted autoionization, in contrast to HHG
processes involving singly excited states.
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