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Harmonic Suppression Induced by Three-Electron Dynamics of Li in Strong Laser Fields
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We build a model to elucidate the high harmonic generation in combined EUV and midinfrared laser
fields by embodying the spin-resolved three-electron dynamics. The EUV pulse ionizes an inner-shell
electron, and the midinfrared laser drives the photoelectron and steers the electron-ion rescattering.
Depending on the spin of the photoelectron, the residual ion including two bound electrons can be either in
a single spin configuration or in a coherent superposition of different spin configurations. In the latter case,
the two electrons in the ion swap their orbits, leading to a deep valley in the harmonic spectrum. The model
results agree with the time-dependent Schrodinger equation simulations including three active electrons.
The intriguing picture explored in this work is fundamentally distinguished from all reported scenarios
relied on spin-orbit coupling, but originates from the exchanges asymmetry of two-electron wave functions.
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High harmonic generation (HHG) has attracted a lot of
attention over the past few decades owing to its great
potential for applications [1-4], for example, to synthesize
attosecond pulses working as optical cameras to capture
ultrafast chemical reactions with unprecedented time reso-
lutions [5—7], to image electronic structures of atoms and
molecules [8—14]. While HHG has been extensively studied
in gases [15], very recently great efforts have also been paid
for HHG in liquids [16,17] and solid materials [18-20]. In
general, HHG in gases can be well explained by the well-
established three-step model involving ionization, electron
acceleration in the laser field, and recombination to the parent
ion with the emission of a high-energy photon [21,22]. The
three-step model has been extended to the four-step model in
the HHG in solids [23,24].

One key assumption of the HHG process is the tunneling
ionization of the outermost valence-shell electron in the first
step. Considering the fact that tunneling ionization depends
exponentially on the bound energy [25] and tightly bounded
nature of the inner-shell electrons, usually, this assumption
holds well and provides a clear picture of the measurable
quantities. However, it may fail in two cases. First, when a
few outer shells have very close ionization energies, an
electron can tunnel out from multiple valence shells. For
example, in molecules, depending on the molecular align-
ment with respect to the laser polarization direction, multi-
orbital contributions involving more than one electron have
been experimentally demonstrated [26-29]. Second, the
electron-electron correlation becomes dominant such that
nonstationary hole transitions of the ionic states can not be
neglected. For instance, using a time-dependent multicon-
figuration self-consistent field method, Sato et al. [30]
theoretically demonstrated that the electron correlation
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effects must be properly taken into account in order to
provide an accurate description of the atomic HHG process.
Experimentally, for atoms, Shiner et al. [31] observed giant
resonance in the HHG spectrum of Xe, revealing the
importance of electron-electron interactions between the
detached electron and deeply bound electrons. For mole-
cules, Smirnova et al. [32] observed the attosecond hole
transitions between the ionic states upon ionization of CO,
and established high harmonic interferometry as an effective
approach to resolving multielectron dynamics with sub-
Angstrom spatial resolution. The hole transition becomes
very important especially when an EUV pulse participates
in the ionization since the EUV pulse prefers knocking out
an inner-shell electron and thus significantly increasing the
number of possible channels in the HHG process [33,34].

For multielectron systems, the whole wave function
including spin satisfies the exchange asymmetry. Different
spin configurations associate with different spatial wave
functions, which respond to external laser fields differently.
An intuitive consequence one may expect is that the
rescattering process and thus the harmonic generation
depend on electron spin orientations. Very recently,
Mayer et al. [35] reported time-resolved effects of spin-
orbit coupling in HHG from argon by exciting dynamics of
long-lived Rydberg trajectories. Their approach, where
recombination occurs on the timescale of a few laser
cycles, enabled them to explore spin-orbit coupling effects
effectively [36].

In this Letter, taking Li in combined EUV and midin-
frared (MIR) laser fields as an example, we develop a
numerical model to calculate the HHG by including spin-
resolved three-electron dynamics. We show, for the first
time, how the spin dynamics of the ionic states affect HHG.
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FIG. 1. Sketch of ionization and rescattering when the photo-
electron is spin-up. The EUV MIR field is expressed by the gray
curve. The Li and Li™ are sketched by Bohr models. The time-
evolved Li* wave functions are shown below the time axis. An
inner-shell electron is freed by absorbing an EUV photon, and
then is driven by the MIR field. Meanwhile, the wave functions
below the time line show that the two electrons in two shells of
Li™ swap their orbits periodically. For different excursion times,
the photoelectron may (the middle) or may not (the right, due to
the Pauli principle) be recombined into the initial state.

For the convenience of discussion, we assume that two
electrons are spin-up and one electron 1s in-down. The
target lithium is then labeled as Ll(e] , ez, ). As depicted
in Fig. 1, upon the arrival of the EUV pulse the inner-
shell electron has a much larger cross section compared to
the valence electron to absorb the EUV photon and gets
freed [33,34,37]. Then the photoelectron is dragged back to
the vicinity of the Li™ by the MIR laser field. Depending on
the spin of the photoelectron, the remaining two bound
electrons located on different shells will have parallel or
antiparallel spin orientations. In the latter case, the residual
Li* is not in a single spin configuration, but a superposition
of the singlet and triplet configurations. Such a super-
position forms a quantum beat, leading to a periodic orbital
swap of the two bound electrons in two shells. Depending

on the excursion time of the photoelectron in the con-

tinuum, the initial inner-shell electron e%, may hop to the

shell n = 2 or return to the shell n = 1 at rescattering. If ei
is in the shell n = 2 at the instant of rescattering, the state of
Li" is orthogonal to the one just after the single ionization
of Li, resulting in the annihilation of the dipole and the
suppression of HHG emission. As a result, the local
suppression in the HHG spectrum can be used to extract
ultrafast spin-resolved multielectron dynamics. It is worth-
while to note here that in a pioneering work [38], Niikura
et al. explored the HHG in a superposition of two electronic
states using a single electron model. They found the
attosecond bound-state wave packet dynamics are mapped
onto the modulation of the HHG intensity. Here, we surpass
this scope and study HHG from the many-electron atom Li.
This involves a coherent superposition of spin singlet and

triplet states, driven by the multielectron spin symmetry,
which is absent for a single-electron system.

Our model incorporates spin-resolved three-electron
dynamics into the conventional Lewenstein model [39]
based on strong field approximation. Several assumptions
are made to simulate the process described in Fig. 1. First,
the photoionization is only triggered by the EUV pulse.
Second, the MIR pulse only drives the photoelectron in
continuum states. Third, the Coulomb potential as well as
the EUV field does not act on the photoelectron. Thus, the
dipole moment induced by the laser fields is expressed as

) = / dr' (glre” if [Ho+Hyr (")]d?"

X HEUv(t/)eiEq(t_t,> ‘g) +c.c. (1)
Here, |g) represents the ground state of Li, H, is the
field-free atomic Hamiltonian, and Hyyg =r - Epyr and
Hgyy = r - Egyy describe the MIR-Li and EUV-Li cou-
pling, respectively, where Eyqr and Egyy are the electric
fields. r denotes the spatial coordinate of the photoelectron
and E, is the ground-state energy. In the derivation of
Eq. (1), we have also neglected continuum-continuum
transitions.

In the case that the photoelectron is spin-up, the
remaining Li" is in a coherent superposition of the triplet
state |n) = |152s°Sy o) and singlet state |&) = |1s2s'S).
For the ionization event at time ¢, the ionic wave function
of Li* at a later time is expressed as

1 I 1 . J
Wi (1.0) = e BDl) — e E),(2)

where E, and E; are the energies of triplet and singlet
states, respectively. Together with the photoelectron, the

produced wave function of the system (Lit,e!) can be
written as

1 . J J
W(1,1) —T/dp|p+AMIR(z’)> ® |;7>e—t[5(t,f P)HE(1=1)

dp|p +AM1R(Z‘ )> ® |§> —i[S(t.t' p)+E:|(t— t)

(3)

\/_

where S(7,7,p) = [ dt"[p + Ayur(7”)]?/2, with p being
the asymptotic drift momentum, is the classical action and
Ayr (1) = = ["Eyr(?)df’ is the vector potential of the
MIR field. After lengthy but straightforward derivation
from Egs. (1) and (3), and using the saddle-point approxi-
mation to p yield (details can be found in Sec. 1 of
Supplemental Material [40])
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where d;(p) is the transition dipole associated with the
ionic state | ) and p,, = —[1/(r = 7')] [} Apr(7")d?" is the
saddle-point canonical momentum. Using a unitary trans-
formation, we can rewrite Eq. (2) in a new basis set |[A) =

(1/v2)(In) = [€)) and |B) = (1//2)(In) +1¢)) as
wii (t,1) =cos [%] |A) +isin [%] |B), (5)

where AE = E, — E;. The coefficients cos[AE(t — ') /2]
and sin[AE(¢ — ') /2] represent ] and e% hopping between
the n = 1 and n = 2 shells periodically and ensure that at
the ionization time ¢ the system is in the state |A). Using
Eq. (5), we can change the summation index j in Eq. (4) to
Jj=A, B. We arrive at our final expression of the dipole

20 =i [ e [AE(IZ_ t/)} L e r’)/z] :

x Egyy (#)da[ps: + Apr (7)1} [Py + Anir ()]
x e~ St ps)+1,(1=1)] +c.c., (6)

where I, = E, — E,, is the ionization potential of state |A).
Equation (6) is essentially identical to the Lewenstein
model except for the additional factor cos[AE(t—1")/2]
which represents the orbital swap process. The HHG
spectra are computed as the squared modulus of the

Fourier-transformed electric dipole acceleration. The dipole

acceleration a,(z) of photoelectron e,T is obtained as the

second derivative of the dipole moment in Eq. (6). As a

comparison, when the photoelectron is spin-down, marked

as e% , the remaining two electrons (elT, eg ) in Lit have

parallel spin orientations. Li* is in a triplet state and no

orbital swap occurs. The dipole acceleration as () of ei is
thus obtained by the conventional Lewenstein model,
which works as a reference.

To demonstrate the availability of our model, we also
simulate the time-dependent Schrodinger equation (TDSE)
including three active electrons of Li. The three-electron
wave function is written as

Ola(1)a(2)B(3)Pogs(ry. 12.73)]. (7)

Here, ¢g; is the spin-spatial coordinate, r; is the spatial
coordinate, a(i) and f3(i) represent spin-up and spin-down
states, and @ is the spatial wave function. ® performs
the cyclic sum O[f(1,2,3)] = [f(1,2,3) + f(2,3,1) +
£(3,1,2)]/+/3 for arbitrary f. ®,5(ry. T2, 13) is the spatial

Y(q1.492.95) =

wave function associated with the spin a(1)a(2)p(3), i.e.,

(eT, eg , ei ), and it is antisymmetric under the exchange of
r; and r,. Fully describing each electron in three dimen-
sions is out of the capability of most advanced computers,
and a plausible way is to confine the movement of each
electron in one dimension, although such a treatment still
brings heavy calculations. In the reduced-dimensionality
model, the exchange asymmetry is perfectly preserved, and
thus this model can be used to qualitatively describe the
main dynamics discussed in this topic. The governed TDSE
in the velocity gauge is (atomic states are used throughout
unless stated otherwise)

.0
1= @ p(x1, X0, X331) = [Ho + W(1)| @ X1, %0, X352),  (8)

ot

where H,, is the field-free Hamiltonian

0 3
121: 20x; ;\/X + 51
Y
+D 2 9)

and W(r) = E3 ,[—iA(1)(d/0x;)] is the laser interaction
term. The soft-core parameters are set as s; = 0.5 and s, =
2.0 and closely give the ionization potential of these two
states of |7) and |€) in real Li*, which play the key role in
the underlying physical process considered in the present
study. The energy levels of our model are provided in
Supplemental Material [40]. According to Ehrenfest theo-
rem [41], the dipole acceleration is

v,

a;(1) = o

(Paaap (1) = == = E(1)|®yqp(t)),  (10)

where V|, represents the Coulomb interaction in Eq. (9) and
E(r) is the electric field. In the TDSE simulations, the
spatial steps are dx; = 6x, = ox3 = 0.4 a.u., and the time
step is ot = 0.05 a.u. Each dimension covers the space
[-320 a.u.,320 a.u.]. A mask function cos'/® is used in
borders to suppress the unphysical reflections from boun-
daries [42]. The initial state is numerically obtained via the
imaginary time propagation, and the wave function propa-
gation in real time is calculated using Crank-Nicholson
method. The spin-resolved HHG spectrum is obtained
via @;(w) = (1/v27) [ a;(t)e""dt.

To elucidate the orbital swap process in TDSE simu-
lation, we first record the time evolution of Li* after elT is
ionized at a series of instants by TDSE simulation, as
shown in Fig. 2. These snapshots explicitly show the two
bound electrons periodically swap their positions with the
period of about 7', =78 a.u.
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FIG. 2. Snapshots of electron density distributions of the Li* in
the x,-x; plane at different instants.

The coefficient which represents the orbital swap in
Eq. (6) can also be extracted from TDSE simulation. We
can define the autocorrelation function

C(7) = (i () yris (1)), (11)

where yq;+ (') is the wave function of Li™ after the sudden
removal of an inner-shell up-spin electron and 7 = r — ¢’ is
the excursion time. Figure 3 compares the consistency of
the autocorrelation function and the coefficient from our
incorporated Lewenstein model. As the orbital swap picture
is naturally described in TDSE simulation, the agreement
between |C(7)|*> and |cos(AEz/2)|?* indicates that it is
feasible to describe the orbital swap process with Eq. (6).
At this stage, we would like to emphasize again here that if

the photoelectron is spin-down (e% ), the remaining two
bound electrons in Li* are both spin-up. Such a spin triplet
state does not lead to orbital swap in Li*.

We now show how the orbital swap process manifest
itself in the HHG. The vector potential of the combined
EUV and MIR laser fields is written as

1
A(1) = Apr cos(wypr ) cos? <—>

TMIR

t—Ar\?2
+ AEUV Ccos [COEU\/(I - At)] exXp —41n2 y
TEUV

(12)

where wyr and wgyy are the angular frequencies of the
MIR and EUV pulses, respectively, and At denotes the time
delay. In our calculations, the MIR field has a wavelength
of 3000 nm, the intensity of 2 x 10'* W/cm?, and the pulse
lasts for two optical cycles, i.e., Tyr = 47/ wyvr- The EUV
pulse has the central frequency of 3.2 a.u., the pulse
duration 7gyy = 15.7 a.u. (380 attoseconds) and the

— O (AET/Q)
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FIG. 3. The modulus square of autocorrelation function |C(z)|?

(red dashed curve) extracted from TDSE simulation. The factor
cos?(AEz/2) (black solid curve) incorporated in our Lewenstein
model is also shown for comparison.

intensity of 10'® W/cm?. We note that using such a high
intensity is only for increasing the signal-to-noise ratio, a
much weaker EUV intensity will bring similar physical
results. We also confirm that this EUV pulse mainly ionizes
the inner-shell electron and makes the ionization path leaving
the Li™" cation in the configuration of 1s2s the dominant one
(see Secs. 2 and 3 of Supplemental Material [40]). Moreover,
by choosing a proper time delay between the EUV and MIR
pulses, we can conclude that only in this path, the photo-
electron can be driven back by the MIR pulse and thereby has
contributions to HHG. Other channels, for instance, the
electron ionized from n = 2 orbital, is too energetic to
recombine, and no high harmonics are emitted. In the
following calculations, we set At = 20 a.u.

The calculated HHG spectra in the combined EUV and
MIR laser fields are shown in Fig. 4(a). The red solid curve
is for the spin-up photoelectron obtained by our incorpo-
rated Lewenstein model. The big hump around 80-100 eV
is contributed by the EUV pulse itself, and the part with an
energy lower than 70 eV is contributed by rescattering
steered by the MIR pulse. A distinct valley at around 62 eV
in the spectrum is observed. In contrast, the HHG spectrum
for down-spin photoelectron (light red strip) is continuous
over this region due to the absence of orbital swap.
Figure 4(a) also shows the HHG obtained from the
TDSE simulation for the case that the photoelectron is
spin-up (black solid) or spin-down (light black strip). The
TDSE simulation results have been shifted vertically to
separate from the incorporated Lewenstein model results
for clear visualization. The model results and the TDSE
simulation results show almost the same structures.

The valley at around 62 eV in the HHG spectrum is
indeed contributed by the term cos[AE(r — ¢') /2] in Eq. (6),
which can be confirmed by diagnosing the time-frequency
analysis of the dipole acceleration by Gabor transforma-
tion. Figures 4(b) and 4(c) show the time-frequency
spectrograms simulated by our incorporated Lewenstein
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FIG. 4. (a)High harmonic spectra of Li in a combined EUV and
MIR laser field. (b) and (c) Time-frequency maps of HHG,
calculated by the incorporated Lewenstein model and TDSE,
respectively.

model and TDSE, respectively. As one can see, the time
delay is properly adjusted such that only one trajectory is
responsible for HHG in the region of 50-80 eV. This allows
us to define a single time-energy mapping to relate the
minimum to the HHG emission time. In our calculations,
the attosecond EUV pulse appears at ¢/ = 20 a.u., which
can be regarded as the single ionization instant since the
EUV pulse is very short. Figures 4(b) and 4(c) show
distinct minimum at around ¢ = 215 a.u., which indicates
the corresponding photoelectron excursion time of 195 a.u.
According to the autocorrelation function, if the excursion
time t — ¢'is (N + 1/2)T,, (N is an integer), the harmonic is
significantly suppressed. By setting N = 2, such analysis
indeed suggests the harmonic suppression at ¢t = 215 a.u.

The experimental realization of the present scenario may
need the spin of the ionized electron to be determined in
advance. This can be achieved, for example, by Mott
detectors [43], although now it still suffers from low
detection efficiencies. However, we would like to note
that such a valley can also be observed in experiments
without measuring the spin of the ionized -electron.
Exposing Li atoms in the EUV MIR fields, the spin-up
and spin-down electrons in the shell » = 1 almost have the
same ionization cross section, and the observed HHG
should be S(w) =|>"%, a;(»)|*>. Whatever the spin of
Li atoms, the single-ionization pathway induced orbital
swap in LiT™ always exists, thus for trajectories having the
excursion time (N +1/2)T, can always lead to local
harmonic suppression. By changing the time delay between
EUV and MIR pulses, the local valley can be controlled.

To summarize, we develop an incorporated Lewenstein
model to study the HHG of Li, which is comparable with
the TDSE simulation results. The multielectron dynamics
can be included by adding the cos[AE(t — ') /2] function,
which neatly describes the orbital swap of the electron in
Li". We would like to put the emphasis on the orbital swap

of two electrons, clarifying that it is distinct from the spin-
orbit coupling mentioned in previous studies [35,36].
Instead, this phenomenon solely depends on the exchange
asymmetry between the two electrons. The orbital swap
leads to a local valley in HHG, which can be inversely used
to retrieve ultrafast electron dynamics in atoms. We expect
such scenarios to occur not only in Li, but also in many
atoms or molecules with open-shell structures.
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