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Roles of resonances and recollisions in strong-field atomic phenomena: Above-threshold ionization
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We present the results of a set of quantal and classical calculations designed for simulating the photoelectron
spectra observed when atoms are submitted to an intense laser field. We have concentrated the discussion on
the range of parameters where conspicuous enhancements are observed in the high-energy part of the above-
threshold ionizatiofATI) spectra. Our results confirm that these enhancements result from a resonant transfer
of population into the Rydberg states. Subsequent multiple returns, with elastic or inelastic recollisions of the
electrons with the nucleus, when they are released in the continuum, also play an essential part. Our analysis
highlights also the similarities as well as the differences observed in simulations, depending on the choice of
the model potential, i.e., if it is either long rang€oulomb-like or short range(with an exponentially
decreasing tajl
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[. INTRODUCTION simulations was that the photoelectrons pertaining to the
peaks considered had experienced a resonant transition in-
When atoms are submitted to intense infrared laser pulseslving Rydberg state$8,9]. The highly nonlinear depen-
with peak intensities arountl~10*Wcm 2, the energy dence of the magnitude of the structures in terms of the laser
distributions of the fast photoelectrons can exhibit strongntensity, was interpreted as resulting from the fact that popu-
variations, up to onetor even two} ordels) of magnitude, lation transfers from the ground state to the Rydberg states—
when the peak intensity changes by only a few percentghrough multiphoton resonant transitions—could take place
[1-3]. A simulation of this behavior is shown below in Fig. only in narrow intensity windows.
1. These changes are observed in the high-energy part of the However, several objections have been raised against this
above-threshold ionizatiofATl) spectra, comprised between interpretation. One is that the resonant Rydberg states have
2U, and 1QJ, [4]. Recent experiments have also evidencedenergies located well above the effective barrier resulting
strong variations in the contrast of the ATI peaks in the samdrom the combination of the atomic potential and of the laser
energy rangg5]. It is now understood that these fast elec-field. The lifetimes of these states were expected to be ex-
trons have experienced at least one rescattering event frotremely short, as they could be ionized within a fraction of a
the ionic core, while they are driven by the oscillating field laser cycle. It is then difficult to explain how such short-lived
[6]. The physical basis of this interpretation is that the elecstates could play a determining role in the ionization dynam-
trons released directly in the continuum, via tunnel ioniza-ics and how they could induce a resonantlike behavior ob-
tion, cannot acquire more tharlJg in kinetic energy. It is  servable only in the high-energy tail of the ATI spectra. An-
only in the course of a rescattering process that they can gaisther question was to reconcile this interpretation with the
more energyup to 1QJ), in the presence of the laser field. recollision mechanism, which is known to account for this
In the context of this well-established semiclassical interprepart of the spectra.
tation, the existence of the above-mentioned variations of In the meantime, another set of simulations have led to a
magnitudes of a subset of ATI peaks could not be interpretedlifferent interpretation, based on the occurrence of a
The main objective of the present study was to investigatéchannel-closing” mechanism. Indeed, very similar en-
the physical processes responsible for the occurrence of thehancements are found also, with simplified models using a
features. zero-range(delta-function potential that supports only one
Soon, it was realized that these effects could be related tbound stat§10—12. These observations are based on ap-
the structure of the atomic system considered. This waproaches derived from th&matrix formalism, including
clearly evidenced in a series of papers devoted to the intelnly bound-free transitions, i.e., with no reference at all to
pretation of experiments conducted on Ar atoms submitted tany resonant effect involving excited states. Also, a fully
Ti:sapphire laser pulseso=0.0577 a.u=1.57 eV and time nonperturbative approach, based on the analytical determina-
durations 7=~120 fs) [7]. Indeed, by solving the time- tion of the Floquet quasienergies for the same type of poten-
dependent Schdinger equatiofTDSE) for a model argon tial, confirms these finding§l3]. And, very recently, the
atom, it has been possible to reproduce the high-energsesonant behavior of the ionization threshold has been as-
structures in the photoelectron spectra with remarkableribed to the occurrence of interfering quantum orbits asso-
agreement. The calculations were performed, within theciated with zero-energy statd44]. All these simulations
framework of a single active electron approach, with the helpoint to a channel-closing effect, related to the increase in
of a fit of an Hartree-Fock potential which could reproducethe integer number of photons required to ionize the atom
the energy spectrum of the dominant excited states with goodthen the field strength is growing. This is a direct conse-
precision. The physical interpretation deduced from thesguence of the fact that, within the field, the ionization energy
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grows almost proportionally td,. In the absence of excited 10" . . . . .
states, the zero-energy limit of the continuous spectrum, with

its associated discontinuity in the density of states, is the 3 103
only feature that can be responsible for a pseudoresonance §
with the ground state. This entails that the ionization rates do % i ]
exhibit abrupt changes at each threshold, a behavior which ? 10° .
could account for the observed spectra. It should be noted g L 4
that similar enhancements have been found also when simu- fg 07 L 1
lating, with the help of the same kind of approach, high 3

a9 - h.

harmonic generation spectra, REE5], see also Ref.16].
One limitation of this class of calculations, based on zero- 10° ! ' 1 ! !

range potentials with no excited states, is that they are better 0 2 4 Energ(;, ) 8 02

suited to model the response of negative ions, instead of ?

atoms. In the latter systems, in which the experimental ob- F|G. 1. Photoelectron spectra for the long-range potential Eq.

servations of the effect have been realized, the long-rang@) and for ®=0.0577 a.u. Open circles, diamonds, and crosses

character of the effective atomic potential favors the possicorrespond to intensities of 1.¥20* Wcm 2, 1.02<x10"

bility of observing resonant processes. It is thus of interest tdV cm™?, and 1.2 10" W cm™?, respectively. The pulse duration

investigate why two distinct types of models could reproducds 18T .

the presence of the observed enhancements, in spite of the

fact that they are priori very different from each other and ~ !l: LONG-RANGE POTENTIAL: PHOTOIONIZATION
that they lead to different interpretations of the physical DYNAMICS IN THE PRESENCE OF RYDBERG STATES
mechanism at work. A. Time-dependent Schrainger equation

In order to address this puzzling question, we have per- (TDSE) treatment

formed a set of quantal and classical simulations for two
classes of one-dimensional model potentials, either Iong]
range, with a Coulomb tail, or short range, with an exponen-

In order to model the response of an atomic electron, we
ave used the so-called “soft-Coulomb” potentjaD]:

tial decay[17]. As explained in the following, our results 1
validate the scenario based on a multiphoton resonance on V(X)=— — (1)
the Rydberg states in atomic systems. Also, they shed light VC+X

on the reasons why the simulations based on the zero-range

model potential can mimic the behavior observed in experiWVhich behaves asympotically as a one-dimensional Coulomb

ments. Indeed, one also finds marked enhancements at intéf2tential and supports an infinite number of bound states.
sities very close tdin fact slightly below those correspond- With C_: 1.41, the ground-;tate energy is the Same as for Ar
ing to channel closings. But, even more interestingly, Oura;[]oms. 602_0'5? ?‘u' Thlsdclasshof po_terf1t|als hasftl)een
numerical simulations reveal the presence of the so-calleg oW 1o be usefu tohrepro ucef.tlg main eaftures I(') asler-
laser-induced statef_IS) [18,19. Our calculations show atom interactions in the strong-field regime, for a linearly

D polarized laser.
that they can play a role similar to t_hat pIayed-by the Ryd- Examples of the ATI spectra, simulated when the above
berg states in a long-range potential. We believe that, al

" o System is submitted to a trapezoidal laser pulse with fre-
though they do not represent “the end of the story,” this Selyency,=0.0577 a.u=1.57 eV, with a total duration of 18

of results bring new informations on the physical mecha-yjes'including one-cycle turn-on and turn-off, are shown in
nisms responsible for this class of phenomena. Fig. 1. The spectra are deduced from the spectral analysis of

The organization of the paper is as follows: In the follow- the final wave function obtained by solving the TDEHE]:
ing section, we shall present a set of simulations performed

for investigating the dynamics of ionization in a single-active 9
electron atom system, modeled with the help of a long-range iE‘I’(X,tF
potential. Three subsections are devoted to the presentation

of the results of(i) a time-dependent Schdimger equation
(TDSE) treatmentii) a Floquet quasienergy treatment, and

A(t) @

HO—HT& W(x,t), (2

whereA(t) is the vector potential of the field and

(iii) classical trajectories simulations. In Sec. Ill are pre- 1 2
sented a set of quantetfDSE and Floquetsimulations, per- Ho=—= ‘9_ +V(X). 3
formed for short-range potentials, modeling the dynamics of 2 ox?

ionization in negatively charged ions. Section IV is devoted

to the discussion of the results we have obtained for the tw@he numerics relies on a standard Crank-Nicholson scheme

types of potentials and to a general discussion. for the time propagation and a variable step discretization for
Note that we shall discuss the occurrence of the saméhe space integratiof22,23. The size of the box is large

class of resonant effects in harmonic generation in a follonenough for containing the fast components of the wave func-

up of the present papét6]. tion. Typical values for the grid spacing &x=0.1 a.u. and
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FIG. 3. Projection of the wave function at times odd multiples
of T. /4 on the bare state=3 for three different intensities. Dia-
monds, open circles, and crosses correspond to intensities of 1.02
x 10 Wcem™2, 1.12x 10'* W cm™ 2 (when the enhancement is ob-
served in Fig. 1, and 1.2X 10" W cm™?, respectively.

when the intensity is varied, its position is shifted in propor-
tion. This is because the ionization enellgy| is changing
with the field intensity, i.e., withJ ,, according to the rela-
tion [24]:

p?

Exinn=No—|e|—U,, (4)

which represents a good approximation of the kinetic energy
of a photoelectron that has absorbMdphotons from the
ground state. In addition, there are other peaks that do not
move appreciably when the intensity is varied. Their pres-
ence is a signature of resonant processes involving excited
stateq7,8], a phenomenon much similar to that observed in
the low-energy part of the spectrum, for short laser pulses
[25]. One observes that the integrated height of the peak
grows considerably at the intensities when the nonresonant
subpeak coincides with one of the resonant ones, i.e., when
the resonance conditions are nredte the logarithmic scale
This observation accounts for the presence of the enhance-

FIG. 2. Enlargement of photoelectron spectra for the long-rangenent in the ATI spectrum.

potential, Eq.(1), in the same conditions as in Fig. (@) corre-
sponds to an intensity of 1.6810Wcm
X 10 Wcem™2, and(c) to 1.12< 10" W cm™2. The enhancement
in Fig. 1 is observed at the latter intensity.

—2

(b) to 1.10

In order to assess further the existence of a resonant pro-
cess, we have monitored the relative population of the third
(n=3) excited state, which comes into quasiresonance with
the ground state at these intensitigsrough a 13-photon
transition, see belowThe resulting variations in time of the

we used box size 03300 a.u. We have checked that our projection of the (time-dependentwave function on the
results are robust while varying these parameters.
In Fig. 1, the ATI spectra for three selected intensities area very significant transfer of population developing in time at

“bare” n=3 wave function is shown in Fig. 3. One observes

shown. One can check that, &&£1.12<10¥Wem 2, a  1=1.12x10*Wcm 2, i.e., when the maximum shows up
conspicuous enhancement shows up in the region compriséd Fig. 1 and when the nonresonant peak merges with one of
between 5.8, and 9.2J,. Conversely, it almost disappears the subpeaks, as verified in Fig. 2.
at the neighboring intensitiels=1.02< 10" Wcm 2 and | In spite of the fact that the bare state basis is not really
=1.22x10“ Wem 2, adequate for analyzing the time-dependent wave function of
The structures of three peaks in the central region close tthe atom “dressed” by the external fie[@ee beloy, it can
the maximum where the enhancement is observed, are shovpnovide useful indications on the population dynamics. With
in Fig. 2, at intensities close tb=1.12<10** Wem 2. As  this caveat in mind, the results of Fig. 3 confirm the exis-
observed in the experimenig], each peak is constituted of tence of an important transfer of population in the excited
several subcomponents. The dominant one corresponds state n=3 at the intensity when the enhancement is ob-
the energy-conserving multiphoton ftransition from theserved. This confirms the hypothesis, presented in Refs.
ground state. By comparing Figs(af-2(c), we note that, [7-9], of a multiphoton resonance being responsible for the
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enhancement. However, it does not explain how it is possiblevhich, for a fixed value of the energylike paramexeris an
that this resonance with the state=3, with bare energy eigenvalue equation for the “coupling constant’[31]. In
e3=—0.0888 a.u., located so high above the ionization barmatrix form, it reads
rier in the presence of the fieldwhen 1=1.12
x10Wem 2, the top of the barrier is atEpg, MS=asS. (10
=—0.4659 a.u.), can lead to S0 |mpgrtant changes in th?:{)r a given\ and with appropriate boundary conditions, the
spectra. In order to address this question, we have used firs . . . .

. . . . Set of Sturmian function§,(\,x) form a discrete basis. In
a Floquet analysis to determine the shifted energies of th v

states dressed in the presence of the field and to identify witﬁ1e case of the Coqlomb p°tef‘“a" it has proven itself to be
certainty the resonant states particularly useful in strong-field calculations0,32,33.

Here, however, for the soft-Coulomb potential, in contrast to
the exact Coulomb case, there are no analytical solutions,
B. Floquet quasienergies treatment neither for the Schidinger equation, nor for the associated
The projection of the time-dependent wave function ontoSturmian ongsee, however, Ref34]), and one has to solve
those of the atomic stationary states varies constantly in timéhem numerically on a grid. It turns out that the matvxis
and there is no completely satisfactory criterion for decidingtridiagonal, with
the significance of the numbers obtain¢@6]. Another

choice, intrinsically more adapted, is to use the basis consti- T2 i
tuted by the Fourier-Floquet components of the wave func- Mii=vetX Sx2 R (1)
tion of the system, in the presence of a constant amplitude
field [27]. The advantage of the Floquet approach, when 1
combined with the complex rotation of the coordinate, is that M ir1=— e+ x? 2) \ (12
it permits to find the complex quasienergies of the system 26X
dressed by the fielf28,29.
In a constant amplitude, periodic field, with vector poten- 1
tial Miiqj=— \/C+Xi2+1 2]’ (13

— —iwt
Al)=Aqe " +c.c., ®) with x;, ;=Xx;+ éx. By diagonalizing it, one can obtain the
. set of eigenvalues, and the corresponding eigenfunctions
the Floquet theorem states that the solutions of the TDSE argv(x). Once the latter are determined, one can diagonalize
of the general form

the Floquet matrix itself, Eq(7). Before doing so, as a

n=+o check, we have diagonalized the field-free Hamiltonksn
T(xt)=e & 2 enelg (x). (6) in the Sturmian basis, to derive the gnergie; of the pound
n=—o states. We note that the number of basis functions required to

achieve a given accuracy depends on the choice of the free
Here,£e C is the so-called “quasienergy” and the functions parametei. Typical numbers are that, with 200 basis func-
én(x) are the Fourier-Floguet components of the general sations, and\ e C, one easily reproduces the energies of the
lution. The latter are solutions of an infinite system offirst 15 states of the soft-Coulomb potential, Et), with a
coupled equationg27]: six-digit accuracy.
As an illustration of the power of the method, we have

Ay 0 Ay 0 analyzed in more detail the resonant processes responsible
[HotnwJn(x)+i-= - dns1 () +i - = dn-1(X) for the enhancement shown in Fig. 1 and for the structures of
the ATI peaks shown in Fig. 2. The restriction to a selection
=EPn(X). (7)  of odd-parity excited states of the Floquet spectrum is shown

in Fig. 4(a). It permits to evidence clearly the crossing, tak-

Much in the spirit of the work by Shakeshaftal.[30], to  ing place atl=1.12<10 Wcm 2, between the dressed
solve this system, we have constructed a basis of Sturmiagate evolving from the state=3 with the dressed ground-
functions adapted to the soft-Coulomb potential. Startingstate energygo~ e,+ 130. In Fig. 4(b), the restriction to the

frfc;m 'Fhe Sﬁhrdinger.equaltion fordthis potenlt_ia| with a given even-parity states of the Floquet spectrum evidences another
effective charge or, in other words, a coupling constant crossing, taking place exactly at=1.145<10M Wcm 2,

resulting from a 14-photon resonance between the dressed

_lﬂ_z_ a (@)= Anthe( @,X) ®) states evolving from the ground=0 and then=6 states.
2 ox2  \Jorx? Ynla.X)=Nnn(@.x), Also at this intensity, a significant enhancement shows up in

the ATI spectrum, see Fig. 1 of RéfL7]. We note that these
one defines the associated Sturmian equation ftwo_reso_ne}m enhancements occur without any channel clos-
ing in this intensity range.
The presence of these two resonances, taking place at
S,(A,X)=a,S,(\,X), (9)  intensities very close to each other, permits to better under-
stand the origin of the subcomponents observed in the ATI

L +A
2520

Je+x?
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FIG. 4. (a) Odd-parity states quasienergiedy) even-parity 10 ' ' ' ' ©
states quasienergies. The crossings between the ground state and the 0
dressed statesn=3 and n=6 occur at intensities 1.12 L J
X 10" Wem™2 and 1.145% 10 W cm™ 2, respectively.

peaks already shown in Fig 2. Enlargements of the structure

of one of the peaks are displayed in Fig. 5, where three

dominant peaks are identified and their positions at three i ]

different intensities are recorded. As explained previously,

the one labeled0), that is moving towards lower energies as \/\/\m N\N\/\m

the intensity grows, corresponds to th@onresonant 10’“’1 = 1'58 1'59 1'6 1'61 L6

N-photon absorption from the ground state, following Eq. ' ' Energy (a.n.) ’ )

(4). With the help of the Floquet analysis, one can assign the

peaks labeled3) and(6) to a 13-photon resonance with the  FIG. 5. Details of one photoelectron peak showing subcompo-

staten=3 and to a 14-photon resonance with the state nents.(a) corresponds to an intensity of 1.0810'* W cm™?, (b)

— 6, respectively. One can verify that their positions do notto 1.135<10* W cm™?, and(c) to 1.180< 10" W cm~2. The peak

vary significantly in the narrow range of intensity consideredlabeled 0 corresponds to the direct ionization process, while the

here. peaks labeled 3 and 6 are associated to Freeman resonances via the
To conclude this subsection, the Floguet analysis has pefressed states=3 andn=6.

mitted to identify, without ambiguity, the excited states par-

ticipating in the resonant process. They are responsible fofkT! Peaks is the signature of the occurrence of multiphoton
the high-energy structures found when simulating the spectrigsonances that have been dubbed “Freeman-resonances
from the TDSE. In that respect, it fully confirms the analysis[25). They are usually observed in the low-energy part of the
made by Mulleret al. [7—9]. We add that we did not find SPectrum. This indicates that they involve electrons that are

enhancements at intensities located in the vicinity of thos€iected directly, without subsequent return to the nucleus.
associated to channel closings. Here, the phenomenon takes place for fast photoelectrons

that have experienced at least one recollision with their par-

ent ionic core. The question at hand is to justify the fact that

the resonant behavior is not washed out in the subsequent
Although the existence of a resonant process leading teecollision process.

the observed structures is confirmed, it remains to explain A natural way to investigate this point is to resort to a

why they are located at energies centered aroung (ih the  classical trajectory approach. Indeed, simplified classical tra-

case considered herdhe presence of subcomponents in thejectory calculations have permitted to explain the dominant

0% | .
.

Photoelectron spectrum (a.u.)

C. Classical trajectories simulations
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20 lines associated to the drift motion of the free electrons. In
the case of tunnel ionization, implying a zero initial velocity,
the lines are tangent to the sinusoid at the time of ionization.

10 |- One can check that a fraction of the trajectories can lead to

3 one (several recollision(s). One also observes that, if the

% 0 ejection takes place when the field amplitude is the maxi-
£ mum (here it is when the phase of the laser is an odd mul-
g tiple of T /4), the electron undergoes an oscillatory motion,

-10 | coming back each time to the origin with zero velocity.

The situation is much different if the electron is initially

0 ) . ) ) . ) . in an excited state located above the effective potential bar-

0 90 180 270 360 450 540 630 720 rier. Then, when leaving the atomtaf it possesses an initial
kinetic energy that can be estimated as the difference be-
tween the bound-state energy and the top of the barrier at
the time considered:

ot (degrees)

Exin(to) = €n—Epar(to)- (15

In this situation, the electrons ejected directly, that never
come back to the origin, can acquire energies significantly
higher than in the preceding case. For example, if the laser
intensity is1=1.145< 10'* Wcm 2, the electrons with an
initial energyE(ty) = e~ —0.0337 a.u. can reach final ener-
gies up toEy,,=5.47J,. On the other hand, as the electron

position (a.u.)

20 , , , , , , possesses an initial velocity(ty) = = V2E,;.(tg) #0, the
0 90 180 270 360 450 540 630 720 trajectories are given by the modified equation:

ot (degrees)

FIG. 6. Graphical determination of return times for different X(t)= F—g[sin(wt)—sir(wto)]— 5(t—to)cos{ wtp)
release times at an intensity of 1.24%0'*Wcm 2. (a) corre- @ w

sponds to the direct tunneling process from the ground $Ede
(14)], while (b) to the process via tha=6 state[Eq. (16)]. The
trajectory labeled is almost periodic.

+ (t—to)v(to). (16)

The return times can be derived as shown in Fi).6There

. . is a large class of trajectories that can come back at least one
features of the ATI spectra, by computing the energies ac: 9 J

. ’ . i ime to the origin. Many of them can experience several
quired by the electrons freed into the continuum via tunnet g y P

ionization. As alreadv mentioned. one can distinauish tw ecollisions and some can revisit the origin an infinite num-
' y ’ 9 %ber of times, with a nonzero kinetic energy. For a recollision

mechanisms leading to two distinct families of photoelec- . : - .
. . occurring att,, the instantaneous kinetic energy is given b
trons. Those detected at energies beldyy, 2re those which gatly gy1s g y

are ejected directly and never come back to the origin. This 1[F,
scheme is by far the most probable, which explains why theEkm(tl)|X=0=—[—[cog(wtl)—cog( oly) ]+ V2Ein(to)
dominant ATI contributions to the photocurrent are in the 2[ o
low-energy range. However, a restricted class of trajectories, (17

ejected in a small' t!me window durl_ng a laser cycle, C"’mCIearIy, the electrons following these trajectories have a
reencounter the origin. Then, depending on the phase of th

laser, they can reach energies up tt30n the course of the greater chance to gain further kinetic energy in the course of

recollision. As already mentioned. thev are responsible fora recollision. One finds, in particular, that for the same con-
o y ’ y P ditions as above, the electrons ejected between 4441}
the existence of the plateau observed beyobid 2

! . ) : . A <180° i isi ineti
This mechanism is graphically illustrated in Fig(as 180° can acquire, after one recollision, a kinetic energy

. . ) which, when averaged over one laser cycle reads
where a graphical solution for the return times of the electron 9 Y

at the origin is sketched, see RE35]. Since the time depen- 11E
dence of the trajectory is given by (Eyin)= > Eo[z cog wt;) — cog wty)]F V2Ein(to)

2

2

F F (18)
O, . . 0
X(t)= — [sin(wt) —sin(wty) ] = —(t—tg)cog wty), ) ) ) )

® w Numerically, one finds that the maximum energy is reached
(14 by electrons ejected atrto=155.2°. One hasEyin max

~9.2U,, a value that coincides almost exactly with the end

whereF is the field amplitude, the return times»>at 0 are  of the structure in the ATl spectrum at this intensity, see
given by the intersection of the sinusoid with the straightFig. 1.
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FIG. 7. Kinetic energies as a function of return tintesof an
electron following the trajectory labeled in Fig. 6b). Open
circles, return kinetic energy at=0, see Eq(17); filled circles,
final kinetic energy after recollision, see EG49).

FIG. 8. Photoelectron spectra for the long-range potential Eq.
(1), for 1=1.145< 10 W cm 2 and for two different pulse dura-
tions. Open circles, 32 cycles; diamonds, 16 cycles.

. oo . returns to the origin and it should not hold if the electrons
To illustrate the case of a@lmos} periodic trajectory, we  can revisit the origin a large number of times. This is pre-

have followed _in time tht_a his_tory of the electrons relgased aEiser what has happened for those that have been emitted
wto~145° [trajectory A in Fig. €b)]. They can acquire an it energies comprised between B.5<Eyn<9.2U,. This
instantaneous kinetic energy Wg=<Eyin(t1)|x=0=2Up,  remarkable feature is verified by computing the areas com-
when they revisit the origin, twice per cycle, see Fig. 7. INprised under different parts of the spectra.

the course of a given recollision, depending on the phase of | o Pn(Exin) be the envelope function of the ATI spec-

the laser, they can undergo either an elastic collision, with N@.,m as a function oE,;, for a pulse withN-cycle duration
change of energy, or an inelastic collision, in the course o, |et define the intelg;r,aIs as

which they can gain further energy. A third possibility is that
it recombines in the potential well, a process which replen- 12U,
ishes the ground-state population and leads to harmonic In= JO dExinPn(Exin),
emission[16]. Regarding ionization, the most interesting
point is that, after an inelastic, energy-gaining recollision, the 550,
electrons following these trajectories can acquire final ener- Ksz dEyinPN(Ekin)s
gies comprised between &I3<E,;,<8U,, i.e., within the 0
energy range where the high-energy structures are observed. -
Other trajectories can reencounter the origin a large number ZJ TPUE _

. . . . . . I—N dEklnPN(Ekm)! (19)
of times. Our simulations indicate that they end with energies
comprised between 8.5, <E;,;<9.2U,. i i . i

A direct consequence of the existence of this class of resvvhere the |_ntegrat|on range in _the latter spans the region
cattering events is the probability that the electron experiWhere the high-energy structure is found. The corresponding
ences an energy-gaining recollision grows with the numbefatios for the pulse durations considered turn to be
of returns to the origin and, consequently, with the duration

p

of the laser pulse. This scenario is much different from the RJ=J—32~1.95,
case where only one or a few recollisions can take place, Jis

early during the pulse. This remark leads to the prediction

that the magnitudes of the high-energy structures could grow R =K_32~1 84
nonlinearly with the pulse duration. This interesting property K Ky

is confirmed by quantal simulations based on the resolution
of the TDSE. In Fig. 8 are shown two ATI spectra, computed
for two pulse durations, at an intensity=1.145

x 10" Wem 2, i.e., where a resonance with the state6

has been identified. The spectrum labeladis the one ob- This shows that for the whole spectrum, that is dominated by
tained for a trapezoidal pulse with a 16-cycle flat-top, whilethe contributions of the slow electrons, and for the energy
the one labeledb) is obtained for a 32-cycle flat-top. As range not including the high-energy structure, one finds a
expected, the spectrufh) is located abovéa) and, the total value only slightly smaller than 2. The difference can be
ionization probability growing approximately linearly in ascribed to the depletion of the ground state which becomes
time so long as one can neglect the depletion of the groundignificant at longer times. In contrast, the ratio is signifi-
state, the area comprised undby should be close to twice cantly larger than 2 in the energy range spanning the region
as large as that undéa). However, this general rule applies where the enhancement is observed. The nonlinear depen-
only for the electrons ejected either directly or after a fewdence on time of the magnitude of the latter is clearly dem-

L32
R =—2~3.26. (20)
L16
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onstrated, a result that confirms the essential role of the or- 6 T T T T T . T
bits in which the electrons can revisit the origin a large
number of times. We note that the importance of the role of
these periodicor quasiperioditorbits has been stressed, not
only in the ATI spectra but, also, in other laser-induced pro-
cesses, such as nonsequential double ionization in multielec-
tron atoms, see Ref14], and harmonic generatidi5,16|.

To summarize the results obtained in this section, we have
shown that in a long-range potential supporting a large num-
ber (in principle infinite) of excited states, multiphoton reso-
nances on some of these states are responsible for the en- ° s
hancements observed in the ATI spectra. It remains to 45 5 55 6 65 7 15 8 85
explain why several sets of numerical and analytical simula- Energy (U))
tions, based on the use of a zero rangdynction) potential,
supporting only one bound state, can also reproduce a similar
behavior[10,11,13,14 We shall address this question in the
following section.

Photoelectron spectrum ( 10° au. )

Ill. SHORT-RANGE POTENTIALS:
PHOTOIONIZATION DYNAMICS IN THE ABSENCE
OF RYDBERG STATES

A. Time-dependent Schralinger equation (TDSE) treatment

Short-range potentials, with an exponentially decreasing
tail, support only finite numbers of states. They can mimic
the behavior of negative-ion species. In order to investigate
the dynamics of strong-field photoionization in such systems,
we have chosen two different short-range potentials, namely,
al_D “soft-Yykawa” potential,that hasaYu'kgwa-Iik_g aSyM- gpectra for the soft-Yukawa potential Eq21) and for o
potic behavior and is smoothed at the origin and adRb =0.0577 a.u(a) Diamonds, open circles, and crosses correspond to

Teller potential, see for instance, RE36]. We mention that  ytensities of 1.08 104 Wcem 2, 1.10<10% Wem 2, and 1.12
itis for practical reasons, related to the numerical stability ofx 1014 \w cm~2, respectively. (b) Diamonds, open circles, and

the gl’ld Computations, that we ha.Ve not discussed the idea&'rosses correspond to intensities of 9@14W0m_2’ 9.95

Photoelectron spectrum ( 10* au. )

45 5 55 6 65 7 15 8 85
Energy (Up)

FIG. 9. Envelopes of the high-energy part of the photoelectron

ized case of a one-dimension&ffunction potential. X 10" Wem 2, and 1.06< 10" W cm™?, respectively.
1. Soft-Yukawa potential As shown in Fig. @), a high-energy enhancement,
We have first considered the case of a soft-Yukawa poterduivalent to those observed in the preceding section, is
tial, of the general form: found. This enhancement reaches its maximum at an inten-
sity slightly lower thanl,,, i.e., just before the 11-photon
emm channel-closing. This is very similar to what is found in cal-
Vy(X)=—a———, (21) culations made for dthree-dimensional 5-function poten-
C+X tial, Refs.[10,11,13. However, we do not find any structure

in the intensity ranges around the 10- and 12-photon channel
where the choice of a set of parametarb,c, anda deter-  closings. The fact that the parity of the numbéof photons
mines the depthd), the smoothness at the origih é&ndc), involved plays an essential role agrees with the results of the
and the ranged) of the potential. One can then select the mentioned references. There is, however, an important dif-
number and energies of the bound states supported by thisrence regarding the parity &f In our 1D simulations for
potential. For instance, wita=1.065,b=0.1,c=1.41, and this potential, it is odd, while for the3, § potential, it is
a=0.5, the system possesses two bound states with energiegen. It is likely that the origin of this difference lies in the
eo=—0.3938 a.u. anéE,; = —0.0283 a.u., and opposite pari- fact that the number of bound states, with alternating parities,
ties. With the same laser parameters as above, the phenosupported by our potential, plays a determining role. We
enon of channel-closing for 10, 11, and 12 photons occurs ahall come back to this point later.
intensities  1,5~8.42<10"® Wcm 2, 1;;~1.10x10" More interestingly, when exploring a wider intensity
Wem™2, and 1,,~1.36x10* Wem™ 2, respectively. We range, it turns out that another high-energy enhancement
mention that these intensities do not coincide with the valueshows up at~9.95x 10 W cm™2, i.e., far from any chan-
given by the approximate relation E@), as they are com- nel closing, see Fig.(®). This is in marked contrast with the
puted from a Floquet treatment which provides the exactase of thes-function potential, where no enhancements at
dressed ground-state energy, i.e., including the ac-Stark shifitensities other than those associated to channel closings
see below. have been reported yet.
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102 needed to ionize the ground state a®ds the number of
- . (@ photons absorbed in excess. Regarding the thirdlabeled
3 W0 r 1 C) it could be associated to a resonance on the excited state,
§ 105 L i similar to those observed above. Increasing the intensity, one
3 A observes that the pedk) moves towards lower kinetic en-
2‘ 10° ergies, as expected, while the other ones do not move appre-
g . ciably. And again, much similarly to what was found in the
g 10 ¢ preceding section, the magnitude of a given peak is signifi-
_§ 10° X cantly enhanced at intensities whe® merges with either
B (C) or (B). This takes place dt~9.95< 103 W cm 2, see
10° " = Fig. 10b), for peak(C) and atl ~1.10x10** Wcm 2, see
Energy () Fig. 10c), for peak B). These intensities coincide with
those at which enhancements were found, in agreement with
10° ' ' ' the results shown in Fig. 10.
2 04 L (b) Clearly, it isa priori tempting to ascribe peakB) to a
8 channel-closing phenomenon and pe&k$ to a resonance
é 10° L on the excited state. In order to discuss these possibilities, we
g have performed a Floquet analysis designed to search for the
2 10° - states that could be involved in these processes. However,
g . before doing, we present the results obtained for another po-
3 107 ¢ tential well, supporting only one bound state.
10° . . . 2. Paschl-Teller potential
21 22 23 24 The short-range Behl-Teller potential is of the general
Energy () form [36]:
10°
~ c
g il . Y 2 22
§ 105 | p—1(X) Chz(a'X), (22
8
5 10°
(=]
% 107 | i where the choice of parametess and o determines the
g ground-state energy and the number of bound states. Here,
a‘% 10% L g for a=0.828 anda=0.978, there is only one bound state
, with energye,=—0.3938 a.u., i.e., the same as for the soft-
10 21 2 23 24 Yukawa potenti_al disc_qssed previously. For field parameters
Energy (m) as before, the intensities corresponding to channel closings

involving 10, 11, and 12 photons should occur gf~8.37
FIG. 10. Structure of a set of ATl peaks for the soft-Yukawa x 10'3 W cm~2, l1,~1.105x 10 Wem™2, and |,,~1.36
potential £q.(21) and for »=0.0577 a.u(a), (b), and(c) corre- 5 1614 \\ cm~2, respectively. Again, these intensities were
spond to intensities of 9.2810"* W em ?, 9.95< 10 W em derived from a Floquet analysis and they differ slightly from
[Wheq the e2r1hancement is observed in Figb)P e_md _1.10 the values given by Eq4).
réiglec\t/i\\l/glr; [when the enhancement is observed in Figy For this potential, one observes the presence of enhance-
' ments in the high-energy part of the ATl spectra, at intensi-
ties close ta(in fact, just below |, andl,. This is similar
To uncover the origin of these enhancements, it is helpfuto the result found with the soft-Yukawa potential and also to
to look at the details of the ATI spectra in the energy range othe findings reported in Ref§10—-14. No similar effect is
interest. A selected set of these spectra are shown in Fig. 10bserved at intensities close Itg;, also in agreement with
Figure 1@a) is for an intensity not too close from resonance, these references. However, most interestingly, we have also
in order not to blurr the substructure of the peaks. Here onéound a very significant enhancement, see Fig. 11, .at
can check that each ATI peak is made of three subcompo~9.46x 10> Wcm 2, i.e., located far from any channel-
nents. This is quite surprising at first, in view of the fact thatclosing intensity. Since the considered model potential does
the potential supports only one excited state. Indeed, in adiot support any excited state, it is not easy to account for the
dition to that(labeled A associated to the nonresonant tran-presence of this enhancement from the present TDSE treat-
sition one observes two other subpeaks. One of tilem  ment. Again, in order to uncover the origin of the phenom-
beled B is located almost exactly at threshold energies enon, we have performed a Floguet analysis of the dressed
Exinn+s=Sw, where N is the exact number of photons spectrum of the system.
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P

FIG. 11. Envelopes of the high-energy part of the photoelectron FlG_' 12. Excerpt of the Floquet spectrum for the soft-Yukawa
spectra for the Paehl-Teller potential, Eq(22). Diamonds, open Potential, Eq.(21). Upper panel, real part, module, of the
circles and crosses correspond to intensities of 9.1luasIenergies. LIS_ are Ia}beleid (see Fig. 10 ar_1d_ D. We have
X 102 Wem 2, 9.46< 108 Wem 2, and 1.0% 104 W em 2, re- indicated the crossings with the ground state giving rise to a reso-
spectively. nance. Lower panel, width of the ground state, see(EZ8).

B. Floquet quasienergies treatment: Role of laser-induced states out that those with long enough lifetimes can play a deter-
rWining role in the ionization dynamics.

In fact, they can give rise to resonances, much like the
IJ{%ydberg states, considered in the preceding section. As
ébown in Fig. 12(upper panng| a crossing, associated with

10-photon resonance between the ground state and state
€), takes place alt~9.95x 10" W cm™2, which coincides
with the intensity at which an enhancement is observed in
the ATl spectrum, as explained above in Sec. IlIlA2. How-
ever, as previously discussed, there is also an enhancement at
I~1.10x 10* Wem 2, i.e., just before the channel-closing
U(t), (23)  intensityl 1, that is indicated on the figure. The occurrence of

an resonant transition is confirmed by following the intensity
wherel stands for the width of a state with quasienefgy —dependence of the width of the ground state that is reported
Using a basis of particle-in-a-box wave functions, togethein the Fig. 12(lower pannel. There, one observes that the
with the complex scaling and a standard split-operator propavidth exhibits a sharp maximum slightly beforg . In fact,
gation technique, one can recover the Floguet quasienergi€$!" Simulations point to the presence of an LIS that would be
from the diagonalization of the matrid(T,), whereT, is  located just above the threshold limit, with a real part
the cycle duration. We turn now to the presentation of theR€(E)~6.7X10"* a.u. We must mention, however, that for
Floquet spectra for the two short-range potentials we havéhose states located so close to the singularity associated to

The sturmian basis introduced above to solve the syste
of equationd7), verified by the Fourier-Floquet components
of the wave function, has revealed itself to be inadequate i
the case of the short-range potentials considered in this se
tion. We have used instead a technique proposed by Bardsl
et al. [37]. In short, it consists in propagating in time, over
one laser period, the matrbt(t) representing the propagator
which obeys the operator equation:

2T

e
U(t+T)=exp —i| E—-i=

considered. the threshold, it is very difficult to determine a reliable esti-
mate for their imaginary part. This is because a precise de-
1. Floquet quasienergies for the soft-Yukawa potential termination would require the use of huge integration boxes.

As we shall show next, this behavior is also observed in the

In Fig. 12, we present an excerpt Of. the Fl_o_quet SP.eC”““EE se of a narrow potential well that does not support any
computed for the same frequency and intensities as dlscussgacited state

above for the the “soft-Yukawa” potential. We have repre-
sented the quasienergies with real parts located bé&od ) ) . ,
close t9 the ionization threshold. Note that we have only 2 Floduet quasienergies for the Behl-Teller potential

shown the states with widthE<2.5x 10 ? a.u., i.e., with An excerpt of the relevant Floquet spectrum for the
lifetimes larger tharr~T, . Note that the only excited state Paschl-Teller potential in Eq(22), and the same set of pa-
disappears, drowned into the continuum dt~3 rameters as in Sec. Il A2, is shown in Fig. 13. The potential

X 10 Wem 2. Beyond this intensity, we have not been supports only one bound state. Here, two LIS, labeisd

able to follow its trajectory in the complex plane with our and B), do cross with the shifted ground state at intensities
numerical calculations. We note that a similar behavior hasn the range considered above, beyond~3

also been found in other simulatiof87]. More interestingly, X 10" Wcm™2. For instance, there is a crossing with the
beyondl ~5x 10" W cm™ 2, two new states labele®) and LIS labeled @), at |~9.46< 10" Wcm™ 2, correspond-

(D) show up. They can be identified as laser-induced stateisng exactly with the enhancement shown in Fig. 11. This
(LIS) that have been documented in the literat{t8,19. indicates that this enhancement can be ascribed to the same
Their complex energies depend on the intensity and it turnsnultiphoton resonant mechanism that has been identified for
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0.01

resonances involving the Rydberg states in model atomic po-
tentials. Meanwhile, another set of simulations ascribes them
to channel closings, in zero-range model potentials, with no
excited state. The objective of the present paper was to un-
derstand why these two sets of simulations could reproduce
such a conspicuous behavior in the high-energy part of the
ATI spectra.

Our own investigations have been based on the resolution
of the TDSE for one-dimensional model potentials, either

0

-0.01

-0.02

E[®] (a.u.)

-0.03

-0.04
long-range(soft-Coulomb or short-ranggsoft-Yukawa and
-0.05 Paschl-Telley. The numerical results for the ATI spectra, as
0 0z 04 06 08 1 12 14 deduced from a TDSE treatment, have been interpreted with

Intensity ( 10 W em?) the help of a Floquet and of a classical trajectory analysis.
The explanation suggested by these analyses points to the
essential role of multiphoton resonances involving excited
states. This agrees with the observation made previously by
Muller et al. [7—9]. The electrons involved in the enhance-
ments are those which, being ejected from these states, recol-
lide with the ionic core. As we have shown, the highly non-
linear dependence of the enhancements on the laser intensity
f linked to the existence of oscillating electron trajectories

h houah | ked than thi &hat revisit the origin twice per laser cycle. As they start with
to enhancements, though less marked than this one. a nonzero initial kinetic energy, they still have nonzero in-

Interestingly, there is also an enhancement at an intensitg - .

: n . tantaneous kinetic energies when they come back to the
~ 3 2 _ - . . . )

Ich”t'vs'lg’?T( 10' Wcmh ' .ccl)lrreispondlﬂg to the ;O phodtofn origin. Then, if they do not recombine while being scattered

channe] closing. Muc _similarly to what was observe Orby the potential, they can either gain further energy, thus

the soft-Yukawa potential, our simulations point to the pres-,nuip ting to the high-energy part of the ATI spectrum, or

ence of a zero-energy LIS that is located just above the ionge g|astically scattered and recollide again. In the latter case,

|z|a§|ond t_hrers]hold. HO\:cver\]/er, f]?rYthke same fe?Sf”S aﬁ ®%he same scenario is repeated, a situation which implies that
plained in the case of the soit-Yukawa potential, we haveye probability for an electron to reach the plateau region
been unable to locate accurately this state with a real part ¢f\vs with the number of allowed recollisions. This leads to

the energy of the order of 10 a.u. We note that, here, this e prediction that the magnitudes of the enhancements
zero-energy LIS is of even parity, as indicated by the 10-p 14 grow nonlinearly with the duration of the laser pulse,
photon crossing with the ground state. The fact that no SiMiggq Eqs(18). We believe that this prediction should be ame-
!ar resonances are observed at the 9th anq 11th channel clggspie to experimental verifications.
ings is likely to be related to the parity of the states pegarding the case of short-range potentials, adapted to
considered. . . _ _ the description of negative ions, our analysis shows that

These results might explain why other simulations, peryaserinduced stateé|S) can play the same role as excited
formed for a zero-rangé-function potential, via aimatrix  gates in atoms. Accordingly, strong enhancements are found
formalism, exhibit enhancements at intensities close to thosg, ihe simulations of the ATI spectra, whenever there is a
corresponding to channel closinfE0—14. We note that the 1 inhoton resonance between the ground state and one of
model 5-function potential used in these simulations is threehase 1S, On the other hand, we have also found a similar
dimensional, while our calculations have been performed fopepayior at intensities close to associated to channel clos-
1D model potentials. The fact that parity matters is a SigNajngs. This is in global agreement with previous findings, in
ture of the multiphoton nature of the process responsible fog5|cyiations performed with the help oftaree-dimensional
the enhancements. As we shall show in a forthcoming papel_,nction potentia[ 10—14. Moreover, our numerical simu-
it turns out that similar features are also found when simuiations seem to indicate the existence of LIS located just
lating high-order harmonic spectra from this class of potenypgye the jonization threshold. However, because of numeri-
tials [16]. cal uncertainties, we cannot ascertain with accuracy the lo-
cation of the quasienergy of these dressed states in the com-
plex plane.

In conclusion, our results confirm unambiguously the es-

In this paper, we have addressed the question of the physsential role of multiphoton resonances being at the origin of
cal origin of remarkable enhancements observed in the highthe enhancements found in the ATI at intensities around
energy part of the ATI spectra. The main question at hands10"* W cm™2 for a Ti:sapphire laser, i.e., at the border be-
was to explain why twa priori distinct classes of physical tween the multiphoton and the tunneling regime. However,
mechanisms could be invoked to account successfully for there have found that the mechanism at work is quite different
presence of these enhancements in the spectra. One classfraim that accounting for the structures of the ATI peaks in
simulations links them to the occurrence of multiphotonthe low-energy part of the spectthe so-called Freeman

FIG. 13. Excerpt of the Floguet spectrum for thesEo Teller
potential, Eq.(22). Real part, modulaw, of the quasienergies. LIS
are labeledA and B. We have indicated the crossings with the
ground state giving rise to a resonance.

the long-range and soft-Yukawa potentials. Here, the differ

IV. DISCUSSION AND CONCLUSIONS
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resonances Here, another essential ingredient is the exis-above presented analysis to the process of harmonic genera-
tence of electron trajectories which can experience multipldgion that takes place in the same intensity reg[h@).
recollisions with the origin. In our opinion, put together, the

resonance and the multiple-recollision mechanisms account ACKNOWLEDGMENTS

for the essential features of the phenomenon, as it has been e | aporatoire de Chimie Physique-Matiet Rayonne-
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