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Abstract

®

CrossMark

We demonstrate how strong-field multiphoton transitions between dynamically shifted atomic
levels can be traced in the energy spectra of emitted photoelectrons. Applying an ultrafast and
intense laser pulse, two-photon Rabi oscillations are induced between two bound states of an
atom. A third photon from the same pulse directly ionizes the atom, thus the emitted
photoelectrons coherently probe the underlying dynamics. As the instantaneous energy of
photoelectrons follows the pulse intensity envelope, modulated by the ac Stark shifts, electrons
emitted with the same energy but at different times—at the rising and falling edge of the
pulse—will interfere leading to pronounced dynamic interference pattern in the spectra. We
investigate this phenomenon both numerically and analytically by developing a minimal
three-state model that incorporates two-photon coupling and dynamically shifted atomic
levels. On the example of atomic lithium (2s —— 4s — continuum) we show how the
individual ac Stark shifts and the two-photon Rabi frequency are reflected through the
asymmetry, shifting and splitting of the interference structure of the computed photopeaks.

Keywords: two-photon transition, strong-field ionization, dynamic interference, Stark shift

(Some figures may appear in colour only in the online journal)

1. Introduction

Coherent control of light—matter interactions induced by ultra-
fast and intense laser pulses has attracted much interest over
the past decades. Several quantum control strategies have been
proposed to steer the evolution of atomic and molecular pro-
cesses along desired pathways including selective population
transfer, ionization or photodissociation [1-5]. The stimulated
Raman adiabatic passage (STIRAP) and related techniques
were found very robust for efficient population transfer when
the transitions are induced by a single photon.

It is well known, however, that in the strong-field regime
where multiphoton transitions occur, the atomic and molecular
levels are subject to ac Stark shifts which significantly mod-
ify the underlying physics [6, 7]. Numerous experimental and
theoretical works have shown that despite the movement of the
atomic levels, efficient population transfer is possible between
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two electronic states upon absorption of multiple photons
from the same pulse [8—21]. In the majority of these works,
two-photon transitions are considered in alkali metals and a
proper modulation of the phase or shape of the laser pulse is
applied to compensate the relative dynamic Stark shift (DSS)
of interest. Although, transform limited (TL) pulses set to exact
two-photon resonance are not optimal for efficient population
transfer [8], by a proper blue or red detuning (depending on
the sign of the relative DSS) one can achieve notable excitation
even with TL pulses [11, 20].

Multiphoton excitation and subsequent ionization of atomic
systems in the optical regime have been widely studied already
from the eighty’s [22-29]. The oscillatory patterns observed
in the photoelectron spectra were attributed to Stark shifted
bound state multiphoton transient resonances that give rise
to interference of electron amplitudes generated on the rising
and falling edge of the pulse. The first unambiguous obser-
vation of the interference of photoelectrons emitted at differ-
ent times within the same pulse was made by Jones [28] who

© 2021 IOP Publishing Ltd  Printed in the UK
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used unfocused beams to avoid the spatial intensity variation
effects of the laser which would otherwise make the process
unobservable.

A very transparent illustration of the emergence of interfer-
ence patterns found in sequential two-photon ionization spec-
tra was given in reference [30] and later confirmed by direct
wave packet propagations [31]. The resonantly coupled bound
states subjected to a time-dependent coupling by the laser repel
each other, and their time-dependent energies follow the pulse
envelope. During the interaction with the laser, electrons emit-
ted at the rising edge of the pulse have the same energy as those
emitted at the falling edge. As a consequence, photoelectrons
ejected with the same energy but with a time delay give rise to
pronounced interference pattern in the spectrum. This dynamic
interference of photoelectrons is a general phenomenon in
strong-field processes as long as short laser pulses of high car-
rier frequency are considered and particles are emitted during
the action of the pulse [30].

Originally, dynamic interference was demonstrated in the
direct ionization of atomic systems exposed to high-intensity
lasers in the XUV regime [32—-40]. Especially, atomic hydro-
gen and helium were investigated in detail and it was shown
that due to the strong ac Stark effect in the continuum, single
peaks are replaced by multi-peak pattern in the spectrum [34].
Later, the ionization of hydrogen was revisited more accu-
rately, and the essential conditions for dynamic interference
have been specified [38]. After all, it became clear that ground
state atoms exhibit dynamic interference, the onset of which
can be considered as a signature of atomic stabilization [39].
Over the past years, further theoretical works have demon-
strated the importance of dynamic interference from different
perspectives [41-47], though an experimental realization is yet
to be presented.

Dynamic interference in the multiphoton optical regime
(w < Ip) is different from that found in direct ionization by
intense high frequency lasers (w > I;,). In the former case, sev-
eral high-lying excited states may be populated during the ion-
ization process, furthermore these states might induce notable
ac Stark shifts. As the ionization is rather efficient in that
region [48], Rabi oscillations between bound states can be
depleted and the interference pattern might wash out [38]. The
application of longer pulses can help overcome these difficul-
ties. Owing to the narrow bandwidth of such pulses, ionization
is possible through selectively populated intermediate resonant
states. Furthermore, the larger pulse duration allows one to use
lower intensities, with which the peak values of the ac Stark
shifts can be limited such that the interference pattern remain
observable in the spectrum.

In the present work, we investigate such phenomena by con-
sidering the 2 + 1 photon resonance-enhanced multiphoton
ionization of an atom in the strong-field regime, where DSSs
start to play a role. Two-photon Rabi oscillations induced
between two bound states of the atom are probed by a third
photon leading to the emission of an electron. By develop-
ing a minimal three-state model that includes ac Stark shifts
and multiphoton coupling, we numerically calculate the spec-
trum which exhibits multi-peak dynamic interference pattern.
After deriving an analytical expression for the spectrum which

continuum

W Li energy
2s ——L levels

Figure 1. Energy level scheme of atomic lithium. Shown is the

2 4 1 photon resonance-enhanced ionization of Li from the 2s initial
state (|I)) to the ep final continuum state (|e)) mediated by the 4s
resonant state (|R)).

nicely reproduces the numerical results, we reveal the impact
of the individual Stark shifts, the two-photon Rabi frequency
and the laser detuning on the asymmetry, splitting and shifting
of the obtained spectra. For our analysis, we consider atomic
lithium which has been intensively studied recently [49-57].
Our scheme in this work involves the 2s —— 45 — continuum
pathway for Li, but similar situations occur e.g. in other alkali
metals.

2. Theory

We start by introducing the theoretical framework for the
strong-field 2 + 1 photon resonance-enhanced ionization pro-
cess studied in this work. We consider atomic lithium as a con-
crete example initially in the 2s ground state (|)). Applying a
coherent intense laser pulse, the system is excited by two pho-
tons to the 4s resonant state (|R)) and then ionized by a single
photon (see figure 1). The field-free atom is represented by the
H, Hamiltonian and its corresponding | ) eigenstates and w j
eigenenergies (h = 1), where the j index runs over the bound
and continuum states. The interaction of the atom with the
laser pulse is treated in the dipole approximation, that is ‘A/(t) =
— i &(t) where {1 is the transition dipole vector and E(1) is the
linearly polarized electric field. Throughout this work, Gaus-
sian laser pulses of the form E(f) = E(g(f) cos(wt + (1)) are
applied, where & is the electric field amplitude, w is the cen-
tral angular frequency, and g(¢) = e~/ is the envelope func-
tion with 7 being the pulse duration that is closely related to the
full width at half maximum (FWHM) FWHM = 27+/In 2. For
simplicity, the v(#) phase of the field is kept constant (y = 0)
unless otherwise stated.

In the total time-dependent wave function of the sys-
tem both the essential and nonessential states are explicitly
included, and it reads [58]

o) = cOl)e ™ + ca(n)|R)e

. » ey
+ ﬁ cm(t)|m)e “”"’t—&—/cg(t)|5>e el dw., .
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In equation (1), the initial and resonant states (2s and 4s in case
of Li) are denoted as |I) and |R), respectively, while the final
continuum states which are populated after the ionization pro-
cess, are labeled by |¢). The nonessential |m) states are dipole
coupled to |I) and |R) but as they are far from resonance, their
population is negligible during the atom—field interaction. The
impact of these states on the studied two-photon transition is
crucial as they give rise to the DSSs of the 2s and 4s levels to
be discussed below. We note here that both the m- and e-state
manifold consists of p states (/ = 1) in the present case due to
the selection rules for the angular momentum.

After inserting equation (1) into the time-dependent
Schrodinger-equation i¥ = [Hy + V(1)]¥ we arrive at the full
set of coupled differential equations for the c¢;(f) complex
amplitudes

icj(t) = Zj ci(t) e RV (1), 2)

where wy; = wy —w; (j,k =1,R,m,¢) and the light—matter
interaction term is written as V(1) = —E@p with pj =
(jlz|k) being the transition dipole moment (TDM) matrix
element between the corresponding eigenstates of the atom.
Equation (2) can be substantially simplified by invoking that
the 14z, tym and p,,. TDMs are inherently zero, furthermore
continuum—continuum transitions are ignored as we focus on
the first photopeak in this study. After applying these con-
siderations and also exploiting that direct ionization of the
ground state is negligible for the considered photon energies,
equation (2) is written as

ié (1) = ij D) € V(D) (3a)

iex) = $ cn Vi) + [ 0 Vit

(3b)
ien(t) = ci(t) eV, (1) + cp(t) eV, g (1) (30
ico(1) = cr(1) e RV R (). (3d)

The last term in equation (3b) can be calculated explicitly by
invoking the rotating wave approximation (RWA) and the local
approximation [59]

/ co(1) R Vi (Ddw. = _%F(t)CR(t) “

where I'(¢) = Tog?(¢) with Ty = 27| - €0/2|? being the total
rate for the ionization of the |R) resonant state. The right-hand
side of equation (3d) can be also simplified using the RWA,

cr(t) e RV (1) = cr(t) (1) €™, 5

where Q;(f) = —3p.rE0g(H) = QF - g(t) and § = w.g — w are
the one-photon Rabi frequency and detuning, respectively.

To uncover the overall impact of the nonessential m-state
manifold, we turn to equation (3c). As the offresonant inter-
mediate states rapidly oscillate, the time evolution of the
cm(f) amplitudes can be obtained by adiabatic elimination
[11]. After integrating equation (3c) by parts and omitting

small terms, we arrive at an explicit expression for the c,,(f)
amplitudes

—i(wpnFw)t

- e*i(wlnrw)t
Cnlt) = %c,meog(r) { }

Wl — W Wt + w

(6)

EnR ()€ 08(0)

N

|:e_i(me+w)t e_i(me_w)t:|

Wmr — W Wmr + W

which is valid as long as the detuning of the |m) states is
large compared to the pulse bandwidth, the two-photon detun-
ing and the Stark shifts of interest. Inserting equation (6) into
equations (3a) and (3b), and applying the two-photon RWA,
that is dropping rapidly oscillating terms again, the following
three-state equation is obtained

ié(1) = Si(Der(D) + QD) e lep(d), (7a)

icr(t) = () e (1) + {SRm - éra)] cr(®), (7b)
ic-(1) = crt)Qu (1) ™, (7c)

where A = wg — w; — 2w is the two-photon detuning, €2, (7) is
the two-photon Rabi frequency (assumed real)

) 2.2
() = —1? ot S8 g 2 ®)

4 Wil — W

and Sy (7) is the DSS of the kth level (k = I, R) originating from
the nonessential m-state manifold

wl> - €387 wn

Winke — W

S =508, (9

We note here that both Q,(#) and Si(¢) follow the g>(¢) inten-
sity profile of the pulse in accordance with previous studies
[11, 15]. In equations (7a)—(7c), it is possible to eliminate the
oscillating factors e™2" and ¢’ by redefining the amplitudes
as cr(t) = cr(H)e’™ and c.(t) — c.(H)e 9", After applying
these changes and incorporating the U,(f) = £ - g2(t)/4w>
ponderomotive shift of the continuum, we arrive at our final
equation

o) Si(t) Qb _ 0
il @] = | Q0 A+ S0~ %F(t) 0
ce(®) 0 (1) A+ 6+ Uy
(1)
x | cr(d) (10)
c(1)

Equation (10) describes the underlying physics investigated
in this work. The strongly coupled |I) and |R) states undergo
two-photon Rabi floppings governed by 2,(f), meanwhile the
energy levels follow the intensity profile of the pulse through
the S;(¢) and Sg(#) Stark shifts. This two-photon Rabi dynamics
is probed by a third photon from the same pulse leading to the
emission of an electron. The leakage of the population of the
|R) resonant state is described by the — i T'(r) imaginary term,
while the single-photon coupling to the continuum is dictated
by Q,(#). Inclusion of the time-dependent U, () ponderomotive
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shift of the continuum levels is essential as it approximately
gives rise to the Stark shifts in the continuum [38]. Uy(?) is
expected to cause additional shift of the spectral peaks by rais-
ing the I, ionization potential [23, 60, 61], and also to affect
the interference of electrons emitted at different times.

In the next section, equation (10) will be used for the
numerical investigation of the (2 + 1) photon ionization of
atomic lithium. After applying analytical considerations to
equation (10) a direct link between the computed spectra and
the (2,(¢), Sk(1), A and Up(¢) quantities will be demonstrated.

3. Results

In what follows, we investigate the strong-field multiphoton
ionization of ground state Li atoms induced by an intense
short laser pulse in the optical regime. The time evolution of
the laser-driven system is obtained by solving equation (10)
which describes the 2 + 1 photon resonance-enhanced ioniza-
tion process under consideration. To calculate the necessary
frequency dependent quantities in equation (10), such as the
S;(f) and Sg(r) energy shifts, the €2;(r) and 2,(¢) Rabi fre-
quencies and the I'(¢) total rate for the ionization, the energy
levels and TDMs of Li have been evaluated. The bound state
energies and wave functions have been obtained by the direct
diagonalization of the single-active-electron Hamiltonian of
Li [49] discretized on a finite-element discrete-variable rep-
resentation grid [62] while those of the continuum states
with the Numerov method, and an excellent agreement has
been found with previous results in terms of energy lev-
els and TDMs [63, 64]. The bare energy difference between
the 2s and 4s states is found wg; = 0.15944 a.u. ~ 4.339
eV while the peak values for the dynamical quantities of
interest are obtained as S? =0.0193 eV, S% = 0.0077 eV, Ug

=0.0071eV, QY = —0.0151eV, Q) = —0.0078 eV and I'y =
0.0005eV for A = 0 (i.e.w = wg;/2) and a typical laser inten-
sity of Iy = 2.331 x 10" W ecm™2 (€ = 0.002577 a.u.). We
note that the above values of the Stark shifts are in line with
highly accurate ab initio data both for the 2s [65] and 4s
states [60].

The numerical results of the time propagations obtained via
equation (10) are shown in figure 2. Here the applied Gaus-
sian laser pulse (FWHM = 1000 fs) is set to bare two-photon
resonance for the 2s—4s transition (A =0 — w = wg;/2 =
2.169 eV) and the laser intensity is varied such that sev-
eral Rabi oscillations are induced meanwhile the total ion-
ization remains far from saturation. As seen in the final
populations (p, = |ci(t — o0)|?) in figure 2(a), the system
undergoes damped Rabi oscillations and completes more and
more Rabi cycles as the laser intensity is increased, further-
more the ionization probability does not exceed 25% for the
highest considered intensity. The corresponding photoelec-
tron spectra calculated as o(w.) = |c-(t — oo)|* is presented
in figure 2(b) by a color map. Several interesting observa-
tions can be made in the intensity dependence of the spectrum.
Upon increasing laser intensity, the position of the photopeak
is shifted to higher energies relative to its nominal position in
the weak-field limit (w., = w; + 3w = 1.117 eV—nhorizontal
dashed line in figure 2(b)). Furthermore, the photopeak gets

1.0 A

g 0.8 A

=

<

= 0.6 1 2s

%‘ 4s

A 0.4 —— Continuum,

=

2 0.2

=

0.0

—~~
2 =
Q
- 1.14 12 =
w =)
3 10 -
??)1'13 8 2
g 6 &
[} 4 3}
g 1.12 ‘0
S 1 2
B3] 0 =
R =
& o111

1010 111
Laser Intensity Iy (W/cm?)

10°

Figure 2. Resonance-enhanced 2 + 1 photon ionization of atomic
Li induced by a Gaussian laser pulse (FWHM = 1000 fs) set to bare
two-photon resonance for the 2s —— 4s transition (A = 0). (a)
Final populations of the resonantly coupled 2s and 4s states as well
as the total ionization probability are shown as a function of the
laser intensity. Vertical dashed lines indicate the intensities at which
the system completes integer number of Rabi cycles.

(b) Photoelectron spectra computed for different laser intensities.
Splitting of the main photopeak for increasing intensities is caused
by the strong coupling with the laser, while the appearance of
multi-peak structure is the result of dynamic interference. Owing to
the atomic level Stark shifts, the spectrum is shifted from its
nominal position in the weak-field limit (horizontal dashed line) and
becomes asymmetric (see text for details). The presented results are
obtained solving equation (10).

splitted and exhibits richer and richer multi-peak pattern as
the laser-atom coupling is increased. Taking cuts at selected
intensities in figure 2(b), it is seen that the main peaks are
asymmetric with respect to their center and the number of sub-
peaks within each photopeak directly reflects the number of
completed Rabi cycles. All these observations are attributed to
dynamic interference of photoelectrons emitted with the same
energy but at different times in the presence of dynamically
shifted atomic levels.

In order to gain insight into the origin of the asymmetry,
shifting and splitting of the interference pattern of the photo-
peaks, we would like to calculate analytically the time evolu-
tion of c.(¢) and then the spectrum as o(w.) = |c.(t — o).
To do so, below we consider the picture of decoupled reso-
nances which allows one to calculate the c.(¢) amplitudes [30].
We recall that the near-resonance transition between the |I) and
|R) states in equation (10) is dictated by the 2 x 2 Hamiltonian

10

S1(0)
i , (11)
A + Sg(t) — EF(I)

I:Ith(t) = (Qz(t)
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where A can be tuned such that the §S(¢) = Sg(¢) — S;(¢) rel-
ative DSS is roughly compensated during the action of the
pulse (with chirped pulses dS(f) can be compensated at each
moment [12]).

Owing to the —éF(t) lossy term, equation (11) gives rise
to two decoupled resonances (|+) and |—)), which are super-
positions of the field-free atomic states (|/) and |R)). Assum-
ing that ionization is not dominant, i.e. {,(¢) > %F(t), and
after introducing the sum of the individual Stark shifts, 3(¢) =
Si(f) + Sk(1), the time-dependent energies and wave functions
of the emerging resonances obtained by diagonalizing fizph(t)
are written as

2 .
F~ 20 AL \/ 0 + <6S(t)2 + A) g

(12a)
1 A
|w:—————7@n+(98)m} (120)
1+ A_() 2
Q2(1))
1 A
e i+ (i) m] a2
1+ (55)
2
As(t) = w + \/Qg(z)Jr (W) . (12d)

We see that, because of the (X(7) + A) term in equation (12a)
the energy splitting of the resonances is not symmet-
ric with respect to zero, and because of (4S(f) + A) in
equations (12b)—(12d) the resulting wave functions are not
equally weighted superpositions of the bare atomic states.
Clearly, when the Stark shifts are not relevant and the field
is set to exact resonance (A = 0), the arising resonance states
are equally weighted superpositions of |I) and |R) with a sym-
metric energy splitting. Here, we focus on the more general
case, when the dynamical shifts of atomic levels are relevant
and non-zero detuning is applied to maintain resonance (or
near-resonance) condition.

To proceed further, we first write the time-dependent ampli-
tudes for the resonance states using the initial condition
c+(t — —00) = 1/4/2 and the expression for the energies
(equation (12a))

ci(f) = e RO HIO (13)

Ro() = [*__Re{EL()}dl and It =
fioo Im{E,(7)}df are integrals of the real and imagi-
nary parts of the energies, respectively. Next we express |R)
from equations (12b) and (12¢) and substitute equation (13)

to arrive at the amplitude for the intermediate state

where

1 (1)
““‘ﬁ(h—A)

A DN i w0
— /1
+<mm>
(14)

Using equation (14), it is possible to calculate c.(f) (see

e.g. reference [59]) and then the spectrum as o(w.) =

|c-(t — 00)|>. By incorporating U,(f) via its integral u(f) =
1(D (1)

fioo U, (f)dr' we finally obtain for the spectrum
A\
J() +
7o) = ’/ <A+(t) A (t)) ¢ * (Qm)
A\
1
+(mm>

where A 4+ § = w.; — 3w is nothing but the total detuning
relative to the w., = wy + 3w center of the spectrum.

o(w.) gives us the energy distribution of photoelectrons
emitted after strong-field two-photon transition in the presence
of dynamically shifted atomic levels. The formula is also valid
when the field is not exactly in resonance. We note here that
in case of vanishing Stark shifts and exact resonance (A = 0),
equation (15) is greatly simplified and the resulting spectrum
is fully equivalent with that presented in reference [30] for
resonant 1 + 1 photon ionization processes. It is possible to
further simplify equation (15) by invoking the stationary phase
approximation [35] that is collecting terms that give the domi-
nant contributions to o(w.). However, we would like to stop at
this point and utilize equation (15) as it stands to find rela-
tion between the main features of the spectra and the most
important quantities that characterize the underlying strong-
field transition, namely the Stark shifts and the two-photon
Rabi frequency.

To demonstrate the validity of o(w.), the photoelectron
spectra calculated via equation (15) are presented in figure 3
by red lines. Here the same intensities are applied as shown by
the vertical lines in figure 2 and for comparison the numerical
results from equation (10) are also included either with Up(%)
or without U,(7). Clearly, the most important properties of the
spectra obtained with U, (f)—such as the asymmetry, shifting,
splitting and the multi-peak pattern—are nicely reproduced by
the formula computed in the picture of decoupled resonances.
Importantly, the spectra computed with the Up(¢) ponderomo-
tive shift of the continuum levels exhibit additional shifting
and a modified interference pattern.

Let us further inspect the general formula in equation (15).
As was shown above, o(w.) originates from the decoupled
resonances |+) and |—), which are described by the first and
second terms in the braces, respectively. The energies of these

A+(t)> iR (DI
1+ iRy
( Qy(1)

w @ AFN=RyO+u®] _

% ei[(A+6)z—iR,(t)+u(t)J} dt|2 (15)
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—=— eq.(10) without U(t)
—o— eq.(10) with Uy(t)
—— decoupled res. appr. (eq.(15))

50

2.3 ><1011W/cm2

40 oo £ . 000t T e ecos

30 1.9 x10" W/em?

20

Intensity (arb. units)

1.4 x10" W/em®

9.3 10" W/em®

4.7 x10"° W/em®

1.13 1.14 1.15

Electron energy w. (eV)

Figure 3. Photoelectron spectra of Li after the strong-field 2s—4s
transition, computed numerically via equation (10) either with U, (7)
(black lines with circles) or without Up(#) (blue lines) and given by
the formula in equation (15) (red lines). The applied laser
parameters are the same as in figure 2: FWHM = 1000 fs,

w = 2.169 eV (A = 0), and the intensities are chosen such that the
system completes integer number of Rabi cycles (see also the
vertical lines in figure 2). Note that the most important features of
the spectra obtained with Up(#) -asymmetry, shifting, splitting and
the multi-peak structure that is caused by dynamic interference—are
nicely reproduced by the analytical results obtained in the picture of
decoupled resonances. Importantly, the U,(¢) ponderomotive shift of
the continuum causes additional shift of the spectrum and modifies
the interference pattern. For transparency, the individual spectra are
vertically shifted apart from each other. The vertical dashed line
indicates the nominal position of the spectrum.

resonances vary according to equation (12a) and are directly
associated with the two sides of the spectrum (E_(¢) with the
lower-, and E () with the higher energy side). Owing to the
(68(r) + A) dependence of A, (), the exponentials have dif-
ferent prefactors. Consequently, the two sides of the photo-
peak are expected to differ in height leading to asymmetry
in the spectrum. Furthermore, the total phases in the expo-
nential factors, () = (A + §)t — Ro(¢) + u(z) are not sym-
metric due to the (3X(¢) + A) term in R (7), which suggests
additional asymmetry and a shifting of the center of the spec-
trum. Looking at the time-dependent energy expressions of
the resonances in equation (12a), we see that both |—) and
|+) experience the same loss of —Z’T(t), furthermore the

1
2

AL —
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Figure 4. Strong-field ionization of Li induced by a two-photon
resonant (A = 0) laser pulse of [y = 2.331 x 10" W cm~2 peak
intensity and FWHM = 1000 fs duration. (a) The time-dependent
populations of the 2s (orange line), 4s (purple line) and all the
continuum states (cyan line) reveal that the system completes five
Rabi cycles, meanwhile the total ionization caused by a third photon
is below 25%. (b) The strong coupling of the 2s and 4s states caused
by the laser gives rise to two decoupled resonances, the energies of
which are given by equation (12a) and shown here by the red and
blue lines relative to the nominal position of the photopeak

We, = wy + 3w shifted by the U, (7) ponderomotive energy. The
horizontal gray arrows symbolize electron amplitudes of particular
energies that are emitted at the rising and falling edge of the pulse
and cause the interference pattern in the spectrum shown on the
right side by the green line.

1000

real parts of E_(¢) and E (¢) follow the g*(¢) pulse intensity
envelope below and above %Z(t) when A = 0. This is illus-
trated in figure 4(b) for the Iy = 2.331 x 10" W cm 2 peak
intensity case. Here, the time-dependent energies of the emerg-
ing resonances are shown by the blue and red lines relative to
the w, = wy + 3w nominal center of the photopeak shifted by
the Up(¢) ponderomotive energy in the continuum. In this pic-
ture, the main features of the spectrum—shown by the green
line in figure 4(b)—are easily understood. As the pulse arrives,
the two resonances repel each other and the emitted electrons
will gain energy in a wide interval giving rise to the splitting
of the photopeak. After the pulse has reached its maximum
and expires, the ejected electrons will have the same energies
as those emitted at the rising edge of the pulse. Owing to the
temporal difference of the electron amplitudes generated at
the two sides of the pulse, pronounced interference pattern is
observed in the spectrum. The number of sub-peaks within the
main peak (in this case five) equals the number of Rabi cycles
accomplished by the system (see figure 4(a)).
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The degree of asymmetry, splitting and shifting of the cen-
ter of the photopeaks are directly related to the peak val-
ues of the resonance energies, E_(t = 0) and E(t = 0) and
to Up(t = 0). As seen in figure 4(b), (i) the extent of split-
ting is linked to the difference of the peak resonance ener-
gies Re{E;(t = 0)} — Re{E_(t = 0)}; (ii) the shifting of the
photopeak center relative to w., is connected to the sum of
the peak Stark shifts, 13(# = 0) minus the peak ponderomo-
tive shift of the continuum levels, Ug ; (iii) while the asym-
metry is explained by the fact that the peak values of the
resonance energies shifted by Ug (and also the curvature of
Re{E; (N} — Up(t) and Re{E_(1)} — U,(¢) at t = 0) differ in
magnitude, hence the energy distribution of emitted electrons
on the two sides of the main photopeak differs in general.

In the concrete example of Li, the sum of the 2s and 4s Stark
shifts is positive, thus the photopeak is shifted to larger ener-
gies relative to w,, — Ug. Furthermore, as the energy of |—) is
lower in magnitude than that of |+), electrons ejected at the
lower energy side of the photopeak are distributed in a nar-
row energy window in contrast to those emitted on the higher
energy side. As a consequence, the lower energy side of the
spectrum is higher than the higher energy side (see figure 4).

4. Conclusions

We have investigated the 2 4+ 1 photon resonance-enhanced
strong-field ionization of an atom by developing a mini-
mal three-state model that incorporates ac Stark shifts and
multiphoton coupling. Based on the numerically obtained
(equation (10)) photoelectron spectra that are qualitatively
supported by the results of an analytical model presented
here (equation (15)), we could show that dynamic interfer-
ence of photoelectrons substantially modifies the spectrum
when the resonantly coupled atomic levels are subject to
dynamical shifts. On the example of Li, we have demon-
strated that the strong resonant coupling of the 2s and 4s states
induced by the laser gives rise to two decoupled resonances,
the time-dependent energies of which repel each other and
become responsible for the main features of the photopeaks
(see figure 4). The asymmetry and shifting of the spectra are
caused by the ac Stark shifts of the involved atomic levels,
while the multi-peak structure results from dynamic interfer-
ence of electron amplitudes generated at the rising and falling
sides of the laser pulse.

To interpret the origin of the spectral characteristics, the
picture of decoupled resonances was found very useful. The
analytically obtained energies of the emerging resonances
(equation (12a)) allows one to find relation between the main
features of the spectra and the individual Stark shifts as well
as the two-photon Rabi frequency. We have also shown that
the time-dependent ponderomotive shift of the continuum lev-
els not only shifts the position of the spectrum but modi-
fies the dynamic interference pattern as the electrons entering
the continuum at different times experience different energy
shifts. The spectral characteristics discussed in this paper are
general features in strong-field ionization processes where
dynamical energy level shifts become prominent and should
be observable in future experiments.
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