PHYSICAL REVIEW A 68, 033403 (2003

Roles of resonances and recollisions in strong-field atomic phenomena.
[I. High-order harmonic generation
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The theoretical developments presented in a preceding companion paper by &Vadddfhys. Rev. A67,
053405(2003], for simulating photoelectron spectra, are used to address several issues regarding the harmonic
generation process. Both above-threshold lonizat®ii) and high-order harmonic generation are observed
when atoms are submitted to a laser field with intensity ardun@0'* W cm™ 2. Here, we demonstrate that the
resonances, together with multiple recollisions processes, which have been shown to be at the origin of
enhancements of the magnitudes of ATI peaks in the high-energy range, can also play a determining role on the
magnitudes of harmonic lines within the plateau. These findings have been obtained via a set of quantum and
classical simulations for two classes of one-dimensional model potentials, i.e., either long Candmmb-
like) or short rangdwith an exponentially decreasing tailThey are confirmed by following the time evolution
of the emission rate of selected harmonics with the help @¥aveletlike Gabor time-frequency analysis.
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[. INTRODUCTION scopic and macroscopic levels, contributes to lower the over-
all emission yield from the sample. It is thus of interest to
A companion paper, hereafter referred to 4%]] is dedi-  investigate simultaneously the dynamics of Ajpaper ) and

cated to the theoretical study of conspicuous enhancemenkHG (present workin the same systems.
seen in the plateaus located in the high-energy range in It turns out that the physics of the two processes shares
above-threshold ionizatiotATIl) spectra. There, we have many common features. First, from the simple phenomeno-
evidenced the important role of resonances and of the mulegical point of view, both ATl and HHG exhibit remarkable
tiple recollision mechanism in the physics of this processplateaus in the high-energy domain of their respective spec-
The motivation of the present paper is to investigate if simi-tra[6]. As emphasized in |, it is recognized that the range of
lar enhancements could be observed in high-order harmonibese plateaus is linked to the instantaneous kinetic energy of
generationHHG) spectra. the laser-driven electrons, when they recollide with the
High-order harmonics of the fundamental frequency arenucleus. In this context, a convenient yardstick for measur-
generated when atoms are irradiated by a strong laser fielthg the electron energy is the ponderomotive eneigdy:
This highly nonlinear process has motivated a considerable- g?F3/(4mw?) that corresponds to the averaged kinetic en-
interest from both the points of view of fundamental physicsergy of a free electron embedded within a field with ampli-
and of possible applicatiofi2]. The main reason for this tudeF, and frequencyw. It is proportional to the laser in-
interest comes from the fact that harmonic spectra exhibit gensity:1, =1 \/(e,/ 1) )|Fo|%. It has been shown that, in ATI
remarkable plateau that can range from the uv to the Sogpectra the phot0e|ectrons with kinetic ener@§1>zu
x-ray domain(for two very recent accounts of the advanceshave experienced at least one recollision with their parent
in the field, see Ref¢3,4]). In short, harmonics are a prom- jonic core[7]; see also | and references therein. Similarly, in
ising source of intense and coherent high-frequency radiaHHG emission spectra, the width of the first plateau goes up
tion, with pulse durations in the femtosecond and even atto a maximum energyvna~I,+3.2U,, wherel, is the
tosecond rang€b]. ionization energy of the atom consider&]. Here, the quan-
Sizable conversion yields from a strong laser pulse tdity 3.2U, coincides with the maximum instantaneous kinetic
HHG emission from atoms, in the range 8-10 °, have  energy that can be acquired by an electron coming back to
been recently achieved at laser intensities around the origin after having been ejected, via tunneling, from the
~10"-10 Wem 2. At these intensities, it is known that atom.
ATI takes place also with significant probability. In fact,  We note that, inherent to the above picture, is the idea that
HHG and ATI are two competing processes, the main reasothe electron is primarily promoted in the continuum via tun-
is the depletion of the ground-state population as ionizatiomeling, i.e., with zero initial velocity. However, under special
proceeds. This leads to a decrease in time of the harmoniwonditions, a fraction of the electrons can be ejected from
emission yield during the laser pulse. Furthermore, the comexcited states locateabovethe barrier formed by the com-
petition also arises from the two alternative choices when théination of the atomic potential and of the laser field, i.e.,
electron recollides with the nucleus. Moreover, at the macwith nonzero initial velocities. Among these electrons, some
roscopic level, the transformation of the atom sample, proof them can recollide several times with the ionic core. As
gressively becoming a plasma, modifies the phase-matchirghown in I, this can have important consequences on the
properties of the emitting medium. lonization, at the micro-shape of the plateaus in ATl spectra. An objective of the
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present work is to study the possible influence of such pro- Il. THEORY
cesses on the harmonic emission yields. To this end, we have

P d t of simulati d vsi . .~ Before we introduce the technical details of the calcula-
periormed a set of simulations and analysis, paying S_p_ec'q,ons, we mention that the main difficulty encountered when

Sanalyzing the physical mechanisms at work in this class of

Regarding the resonances, we mention that the questiqf,cesses comes from the fact that at the laser frequency and
of their importance has been addressed since the early thegy, the intensity range considered, one is almost exactly at

retical studies on HHG. For instance, they play a dominanthe porder between the so-called “multiphoton” and “tun-
part in calculations based on two-level model systemseling” regimes. A consequence, outlined in a recent analysis
[9-12. In multilevel atoms, the role of resonances and thepf strong-field ionization, is that neither tunneling nor multi-
interplay between the contributions of bound states and ofhoton ionization dominates the dynam[@8]. An illustra-

the continuum has motivated several studig8,14. Inter-  tion of the interplay between the two regimes is that the
estingly, resonances at the Kepler frequencies and their muénvelope of the ATI peaks can be modeled via semiclassical
tiples dominate also the dynamics of the driven dipole inarguments(implying that the electrons are released in the
classical hydrogen atomg5-17. The problem has been continuum via tunneling while the multicomponent struc-
revisited more recently by solving the time dependent Schroture of each ATI peak is the signature of resonant multipho-
dinger equatiof TDSE) for more realistic atomic model po- ton transitions involving atomic excited stae29]. In fact,
tentials[18—20. And the question of the possible connectionin |, it has been shown that ATI spectra are made of two
with channel closings has been addressed for model poteflasses of photoelectrons: many of them are ejected via tun-
tials, either zero rang21-23, or long and short range4]. ~ neling, while the ones with energies where enhancements

In all these simulations it has been found that, under resonaﬁi‘ke place have exp_erienced a multiphoto_n resonant trar_msi-
ion towards an excited state, prior to being ionized. This

conditions, significant enhancements of the harmonic emid. . : g
sion yields are observed. This has been confirmed in th tfong'y suggests that, to q§scr|be the mechanisms at work in
experiments performed by Tone al. [25]. this class of processes, it is necessary to rely on both the
However, it turns out that the enhancements found in thg_uantal and classical approac_hes, in ordgr to encompass the
simulations are not limited to the harmonic order associate ifferent aspects of the dynamlps, see, for instance, [R6].
Here, the quantum calculations have been performed by

tg(;he mg(;tlphotpn reso_nancR—maItrlx fFIr?_quet_ca.llpuftl?cns solving the TDSE for one-dimensional potentials modeling
[20] provide an interesting example of this point; in Ar, for  yhe single-electron atomic response to a linearly polarized

three-photon resonance not only the third harmonic is enpqer pulse. We have considered two distinct cases:
hanced, but also the fifth and seventh. A similar behavior has (i) The “soft-Coulomb” potential[31]

been evidenced in simulations made for K atdii$], where

it is not only the harmonic associated with the multiphoton 1
resonance that is enhanced. V(x)=— N 1)

Here, we have tried to uncover the physical mechanism
that could be responsible for théspriori unexpected behav- i1 behaves asymptotically as a one-dimensional Cou-

ior. Guided by our study of AT in similar conditions, we |5 hotential. Here, we have chosen the same value of the

have investigated the role of multiphoton resonances and (Harameterr:zlAl as in I: the ground-state energy corre-
recollisions. As we shall show below, by combining quantumgpongds to the one of Ar atoms, i.€,=—0.58 a.u.

TDSE calculations, supported by a Floquet analysis and clas- (jj) The short-range Rchl-Teller potentia[32] is of the
sical trajectory simulations, one has evidenced the importarjeneral form

role of the trajectories that can revisit the origin several

times. Further insights in the time dependence of the dynam- a

ics has been obtained from a time-frequertaaveletlike Ve (X)) == —5——,
analysis of the atomic dipo[&6,27]. We mention that all our ch™(ax)

simulations are performed within a single active electron picyyhere the choice of parametess and a determines the

ture, Which_ is well adapted here, given the laser intenSityground-state energy and the number of bound states. Here,

range considered. _ for a=0.828 anda=0.978, there is only one bound state
The organization of the paper is as follows. In the follow- yith energyE,= —0.3938 a.u., i.e., the same as in I.

ing section, we shall briefly present the theoretical back- HHG spectra are deduced from the power spectrum of the

ground. The results of a set of quantum calculatiofBSE  acceleration of the time-dependent atomic dipole,

and Floquet performed for a long-range one-dimensional

model potential, are presented in Sec. lll. The analysis is AV (X)

supported by classical simulations. The results of a similar a(t)=<\If(t)‘ T ax q’(t)>' ©)
set of calculations performed for the case of a short-range

potential are analyzed in Sec. IV. The last section is devotedbtained by solving the TDSE:

to the comparison of the results we have obtained for the two

types of potentials and to a general discussion. In the follow- iﬁ\lf(x t)=| Ho+i Al d

ing, atomic units will be used unless otherwise mentioned. at ' 0 C X

2

P(x,t), (4)
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FIG. 1. Normalized high-order harmonic spectra for the long- FIG. 2. Normalized high-order harmonic spectra for the long-
range potential, Eq.), for «=0.0577 a.u. and a pulse duration of range potential, Eq1), for «=0.0577 a.u., a pulse duration of 34
34 cycles. Open circles, crosses, and full circles correspond to incycles, and at intensities around the 3 resonance. Open circles,
tensities of 1.13%¥ 10 Wem 2, 1,,_=1.145<10¥ Wcm 2, and  crosses, and full circles correspond to intensities of 1.10
1.152< 10" W cm™ 2, respectively. X 10 Wem™?, lh—3=1.12<10"“ Wcm 2, and 1.14

X 10" W cm™2, respectively.
whereA(t) is the vector potential of the field and

monic. Outside this range, the scaled magnitudes are not

92 changed significantly.
H0=—§F+V(x). ©) As shown in Fig. 2, a similar behavior is observed at

X intensities close tol,_3=1.12x10*Wcem™2, at which
We note that the term proportional to the field strengththere is a 13-photon resonance with the state3. Here
F(t)=—(1/c)(dA(t)/at) has been omitted in the expression also, se_veral harmonic lines are enhancgd betvreerand
of the dipole acceleration. Its inclusion would contribute toH21, with the notable exception df13 itself. We note,
modify only the component ab in the power spectra. In our however, that the vicinity of t_hze resonance on the state
simulations, the magnitude of this line is thus directly linked =6 atl,—s=1.145<10" W4cm c<)2mpl|cates the analysis
to the elastic(Rayleigh) scattering yield. Accordingly, in ©f the spectrum at 1.2210" Wem <. _ o
order to perform meaningful comparisons between harmonic In order to uncover the physical mechanisms that give rise
emission rates at different laser field strengths, we have nof© these enhancements, we have considered first the case of
malized the spectra to the height of the first linawat the multlphc4>ton resonance, which takes place Iate

The numerical resolution of the TDSE and the Floquet=21.145<10" Wem 2, involving a 14-photon transition. As
calculations rely on the techniques described in 1. We havéhentioned in the Introduction, it is expected that thealed
also used the same type of classical trajectory simulationgn@gnitudes of neighboring harmonics, i.el13 andH15,
Power spectra of the time-dependent dipole are deduce®Puld be enhanced. However, several other harmdfrios)
from standard Fourier analysis. In addition, we have investiH7 to H19) are also enhanced, precisely at this intensity. In
gated the time dependence of the emission rate of selectédit has been shown that the combination of the resonance

harmonics via a time-frequen¢@aboi analysig 26,27, see  and of the existence of classical trajectories revisiting the
below. origin periodically, is a necessary condition for observing the

enhancements in the plateau region of ATl spectra. Here, we

IIl. HARMONIC GENERATION FROM A LONG-RANGE shall investigate how the same processes influence the har-

POTENTIAL moniq spectra. . o
A first assessment of the importance of the periodic tra-

Shown in Fig. 1, are examples of HHG spectra, simulatedectories is evidenced in Fig. 3, where we have illustrated the
when a system described by the “soft-Coulomb” potential,influence of the pulse length on the spectra. There, we have
Eqg. (1), is submitted to a trapezoidal laser pulse with fre-compared the harmonic yields, for two different pulse dura-
guencyw=0.0577 a.u=1.57 eV, with a total duration of 34 tions for (i) the resonant intensifyFig. 3(@] and(ii) another
cycle including one-cycle turn-on and turn-off. The chosenneighboring(nonresonantintensity[Fig. 3(b)]. In the latter
intensities are representative of the range around the valumse, the two spectra, computed for 18- and 34-cycle pulse
(Ih—6=1.145<10* Wem 2) at which an enhancement is durations, coincide almost exactly, when scaled as explained
observed in the high-energy part of the ATI spectrum for theabove. The small differences are likely to be ascribed to the
same system, see Réfl]. There, through Floquet calcula- interplay with ionization that depletes more significantly the
tions, it has been shown that at this intensity, there is @round state population when the pulse is longer. This con-
14-photon resonance resulting fronfavoided crossing be-  trasts markedly with the case of the resonant interigjty:
tween the ground state and the=6 “dressed” states sup- there[Fig. 3@], the longer the pulse, the larger ttexaled
ported by the potential, Eq1). As seen in the figure, there magnitudes of the lines in the rangkr -H19.
are significant enhancements of {lsealed} emission yields, The explanation for this behavior lies in the existence of a
in the rangeH7-H19, whereHN represents théth har-  class of trajectories that can revisit the origin many times,
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monics with energiesoy~Eyi,(x=0)+1,|,_¢. Translated
in the laser frequency scale, one has<fw,<9w, a result
which accounts for the observed enhancements of the har-
monicsH7 andH9, see Fig. 1. These results have been
obtained for one particular trajectgabeled(A) in Fig. 6b)
in |] that revisits the origin a large number of times. In fact,
the analysis of the classical trajectories indicates that there is
a class of such trajectories that reencounter the origin with
slightly different instantaneous kinetic energies. This ex-
109 L plains why, under resonant conditions, the enhancements ob-
0 5 10 15 20 25 30 35 40 served in the simulations span a quite large number of har-
Harmonic order monics and are not limited to the resonant frequency and its
immediate neighbors.

Another way to assess the importance of the multiple
recollisions is to follow in time the variations of the normal-
ized emission rates of the harmonic lines. This can be done
with the help of a time-frequenciwaveletlike analysis of
the dipole acceleratioa(t), Eqg. (3).

To this end, we have used a “windowed” version of the
Fourier transform, which allows to scan the time domain by
translating the window, with suitable width, in order to fol-
low the time variations of the frequency content of the dipole
10° e acceleration signal. Here, we have chosen to use the Gabor

0 5 10 15 20 25 30 35 40 transform that optimizes the choice of the size of the window

Harmonic order in accordance with the uncertainty principle. More precisely,

FIG. 3. Comparison of théscaled) harmonic emission yields, the window is a Gaussian function:
at w=0.0577 a.u., for two different pulse durations: crosses corre-
spond to 18-cycle and open circles to 34-cycle duratiG@sRkeso-
nant intensityl ,_g=1.145< 10** W cm™2 with then=6 state, see
text; (b) nonresonant intensity 1.1%71.0* W cm 2.
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0.001
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1
g.()= 2\/——97“2/4“), (6)

T

and the Gabor transform of the dipole acceleratigt) is

twice per laser cycle, after the electrons have been ejected
from the statem=6. Each time an electron recollides, it can
either (i) be rescattered elastically, thus being available for
subsequent recollisions, twice per laser cy(ig;be ionized,
thus contributing to the high-energy part of the ATl spec- We mention that similar techniques have been used al-
trum; or, (iii) recombine with the core, thus emitting har- ready in the context of studies of the time dependence of the
monic radiation. harmonic emission. Earlier studies have been reported in

New electrons that follow these trajectories are ejectedRefs. [26,271 and recent references include Refs.
twice per laser cycle which entails that, given the relatively[13,19,35,36 Here, we have followed the time dependence
low probabilities for ionization or recombination, the popu- of the Gabor transform components associated to the har-
lation available for harmonic emission is growing in time. monic frequencies at different intensities. As the Gabor
This leads to the prediction that, for the corresponding hartransform decomposes exactly the Fourier transform of a sig-
monics, the emission rate shoutttreaseduring the pulse. nal, the variations in time of a given harmonic frequency

The case of one of these trajectories had been considerechmponent provide a direct measure of the variations of the
for the sake of illustration, in (see Ref[1], Fig. 7). There, corresponding time-dependent emission rate. A typical ex-
it had been observed that the instantaneous kinetic energy afmple is shown in the Fig. 4. There, the time dependences of
the electron when it returns to the origig,;,(x=0), is  the harmonic frequency componerti$-H25 are reported
comprised within the range 14<E,;,(x=0)<2U,. We  for 34-cycle trapezoidal pulses at the resonant intergity
note that in the conditions considered here, one bgs [Fig. 4@] and at a neighbor non-resonant intensity 1.137
~4.26w. Those electrons, which, in the course of the recol-x 10" W ecm™ 2, [Fig. 4b)]. The parameter, which gov-
lision recombine in the ground state=0, generate harmon- erns both the time and frequency resolution according to the
ics with energieSwHwEkm(x=0)+Iplnzo, i.e., that are uncertainty principle, has been chosenaas33.3/wf. The
comprised in the range 1%8<wy=<18.50». This can cer- time dependence is shown after five laser cycles, so that the
tainly account for the enhancement in the emission spectrurmontributions of the transients generated during the one-cycle
at wy=17w, see Fig. 1. turn-on have died oufthe corresponding Fourier trans-

However, there is also the possibility that the electrondormed power spectra, computed in the same conditions,
following the same trajectories recombine in the state6 have been presented in FiggaBand 3b)]. At resonance,
from which they originate. Then, they would generate hartwo harmonic components are dominant, with emission rates

+ o0

<gf‘a><w)=f le o at) gu(t’ ~Ddt’.  (7)

—o0
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15 20 FIG. 5. Time dependence of the Gabor transform components of
t (cycles) the dipole acceleration at selected harmonic frequencies and at the
Rayleigh H1=w=0.0577 a.u. driving frequency. Open circles,
FIG. 4. Time dependence of the Gabor transform components aépen squares, filled circles, diamonds, and open and filled triangles
the dipole acceleration for the long-range potential, &g, with correspond toH1, H7, H9, H15, H19, andH23, respectively.
®=0.0577 a.u. and a 34-cycle trapezoidal pulsee text (a) Same conditions as in Figs. @) Resonant intensity,_s=1.145
Resonant intensitl,,—g=1.145< 10" W cm™2; (b) nonresonantin- X 10'* W cm™2; (b) nonresonant intensity 1.13710'4 W cm™2.

tensity 1.13% 10" W cm 2, o )
nents, as shown in Figs(& and 3b), for the same condi-

that do not decline with time@i) H17, which can be associ- tions as in Figs. @) and 4b). For the sake of comparison,
ated to the periodic trajectories that emerge from the resowe have also shown the time evolution of the emission rate
nantn=6 state and recombine subsequently in the groundor the Rayleigh componentil at w. As the Rayleigh-
state; andii) H7, which can be associated to periodic tra- Scattering rate is directly proportional to the bound-state
jectories that emerge from the resonant 6 state and re- Population, it steadily decreases with time, as expected. By
combine subsequently in the same state, see the above df@ntrast, at the resonant intensity_e, Fig. Sa), one ob-
cussion. serves that the emission rates ld¥ andH17, as well as
Under such resonant conditions, one observes that thgPMe of their neighborgrow with time. As shown in Fig.

emission rates for these harmonics and also for the neighba _(k?)’ thebtreSd s most d'ﬁ?r?lm tat ? nonr;ahsonant. |tr]ten3|ty.
ing ones, continue to grow in time. This represents a clea ere, besides occasional fluctualions, heé variations are

signature of the existence of periodic trajectories that expe(_:haractenzed by a decrease, globally paraliel to the decline

rience many recollisions with the ionic core: The longer theOf the RayleighH1 component.

4 . - - ; However, the emission rates B9 andH11 behave dif-
pulse, the higher is the probability for recombining with har'ferently They seem to grow in time like in the resonant case
monic emission, see | for a similar discussion regarding AT ' :

W hat this hold I h Il ioni This can be explained because of the presence, even in the
spectra. We note that this holds so long as the overall 10niZ&;,esonant case, of quasiperiodic trajectories that are born

tion yields remain relatively small, so that the depletion of\eqr the maximum of the electric field, via tunneling. These

the ground-state population is not significant. _ trajectories return many times close to the origin with almost

~ The evolution is much different in nonresonant condi-zerg kinetic energy. Therefore the harmonics emitted by this

tions, as shown in Fig. 4b. Then, one observes that, in gertjass of trajectories would be arouhg~ 10w, in agreement

eral, the harmonic emission rates decrease in time. This trengith the observed behavior 9 andH11.

is expected, on the grounds of the general picture that sug- We stress that, between Figgajand 4b), on the one

gests that, as ionization proceeds, the depletion of the boungtand and B) and §b) on the other hand, the field intensities

state population hinders harmonic emission yields. differ only by 0.6%. The important differences observed be-
This is confirmed on closer inspection, when recordingtween the corresponding rates are a clear signature of a reso-

the time dependence of selected harmonic frequency compaance phenomenon.
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To summarize the results presented in this section, we 1
have confirmed that, in a long-range model potential, multi- - .
photon resonances on excited states give rise to significant
enhancements of several harmonic lines. The mechanism in-
voked for explaining how these short-lived states can play
such an important role in the dynamics of harmonic emis-
sion, singles out the essential role of the electron trajectories
that can recollide many times with the ionic core, twice per
laser cycle, see Refl]. In resonant conditions, the driven
electron can recombine either in the ground state or in the B L e
intermediatgresonant state from which it was ejected. This 10 0 5 10 15 20 25 30 35 40
feature accounts for the range of harmonics that are en- Harmonic order
hanced. , . ,

We mention also that we have not found similar enhance- FIG. 6. Normalized high-order harmonic spectra for the short-

. " - . . range Pechl-Teller potential, Eq(2), at intensities around g
ments at intensities associated with channel closings for the g3 1013 W em=2. where the 10-photon channel closing takes

long-range potential we used. Concerning this latter pointyace. The other field parameters are the same as in Fig. 1. Tri-

there is an ongoing diSC_USSiQn dedicatgd to the question %Ingles, open circles, crosses, and full circles correspond to intensi-
the role of channel closings in harmonic spectra. We shalies of 7.90¢108Wem2, 8.17x108Wem 2, 1,,=8.37

address this question in the following section. X 10" W cem 2, and 8.75¢ 108 W cm™2, respectively.

oon1 Y\ 7 \ 2 1

10° | -

Power spectrum (arb. units)
T
1

out finding any significant enhancement of the harmonic
yields. We note that recent simulations, based on TDSE cal-
culations for a class of short-range potentials with a finite
number of states, indicate also that there is no clear indica-
Several studies performed for a zero-radgiinction po-  tion of a threshold effedt24]. Here, we confirm these find-
tential, via aS-matrix formalism, have concluded to the ex- ings in the case of a system with no excited state.
istence of enhancements in HHG spectra at intensities close Surprisingly, one can find the signature of a resonant be-
to those corresponding to channel closings RE#4—-23,  havior for this system, at intensities arourg,;~9.46
see also Ref.24]. These studies are continuations of similar X 10" W cm™2, i.e., far from any channel closing, see Fig.
calculations performed for simulating ATI spectra, where en-7. In fact, in the same conditions, a high-energy enhancement
hancements were also found in the same conditidns37—  was found in the ATI spectrum, see Fig. 11 ifill. There, it
40]. As our above simulations, performed for a long-rangewas shown that at the same intensity a crossing occurs be-
potential, do not reproduce such a behavior, we have invegween the ground state and a laser-induced stht8)
tigated the physical reasons at the origin of these difference$41,42. More precisely, the LIS labele®) in Fig. 13 in |
To this end, we have solved the TDSE for the case of 41] can be populated via a 10-photon transition from the
short-range Pschl-Teller potential, Eq(2), which does not ground state. This confirms our previous findings that a LIS
support any excited state. Harmonic spectra have been simaan play the same role as an excited state in a resonant mul-
lated as explained above, for the same set of parameters astiphoton process.
I. As no resonant mechanism involving an excited state can Again, the electrons ejected from this state located above
be invoked in these conditions, we have first explored the
possible role of the channel closings. The corresponding in- 1 e
tensities have been determined with the help of the Floquet .
analysis described in I, Sec. llI[A]. In the relevant intensity
range, where ATl and HHG yields are significant, 10- and
11-photon channel closings take place at the following inten-
sities:  1,9~8.37x 10" Wcm 2 and  1,,~1.105
X 10" W em™ 2, respectively. We note that these intensities
are derived from the Floquet analysis and that they differ
slightly from the approximate valuebtw~|eo| + U, where
€9 is the ground-state energy. L
The results of our simulations for the scaled emission 107 . . . . . S5
yields at intensities aroundy, i.e., at the 10-photon channel 0 5 10 15 20 25 30 35 40
closing, are shown in Fig. 6. When the intensity is scanned Harmonic order
across the threshold, it can be checked that the changes in the rig. 7. Normalized high-order harmonic spectra for the short-
magnitudes of the HHG lines are much less pronounced thagnge potential, Eq2), for intensities close to the resonance with a

in the vicinity of a resonance in the soft-Coulomb case. We_|s, see text. Open circles, crosses, squares, full circles, and dia-
mention that an enhancement was found in the high-energyonds correspond to intensities of 87501 Wcm™2, 9.10

part of the ATl spectrum, close to this intensity, see REf.  x10®Wcm™2, 9.46x108Wcm 2, 9.83x102 Wem 2, and
We have also searched the intensity range ardypdwith-  1.02<10 W cm™?, respectively.

IV. HARMONIC GENERATION FROM A SHORT-RANGE
POTENTIAL: EMISSION DYNAMICS IN THE
ABSENCE OF EXCITED STATES

0.001

10°

Power spectrum (arb. units)
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107 . . ; of a Floquet and of a classical trajectory analysis. The time
= dependence of the emission rates has been also discussed via
g 107 F 1 a time-frequencyGabo) analysis of the dipole acceleration.
£ . In the case of a long-range potential, these analyses evi-
e 07 r 1 dence the essential role of multiphoton resonances involving
g . excited states. This agrees with the results of other simula-
& 10 1 tions [18—20 and experiment§25]. Moreover, our results
E: . show that the highly nonlinear dependence of the enhance-
g 10°t . . DI ;

ments on the laser intensity is linked to the existence of
10° oscillating electron trajectories that revisit the origin twice

12 12.5 13 13.5 14 per laser cycle. As they start from the resonantly populated
Harmonic order excited state, with a nonzero initial kinetic energy, they still
FIG. 8. Normalized high-order harmonic spectra for the short-have nonzero instantaneous kinetic energies when they come

range potential, Eq(2), for intensities around the resonance with back to the origin. Then, if they recombine, they can emit
the LIS (A). Enlargement of Fig. 7 around the 13th harmonic. Theharmonic radiation with frequency wy~E,;,(x=0)
posmons of the hyper-Raman frequencies are indicated by vertical- | p|n:0 or wy~Ein(x=0)+1 p|n, depending on whether
lines, see text. they recombine in the ground state or in the excited state
from which they originate. This accounts for the range of the

the barrier can recollide several times with the nucleus, W't&:armonics that are enhanced. Otherwise, the electrons that do

ztz:tzntzheero kg]r?:r(;tinﬁ;?i/ﬁci;ii:hse}i/n rteii:é)ri]atl)me THTSG g;gun ot recombine can either contribute to the high-energy part
Y9 el : of the ATI spectrum, or be elastically scattered and recollide

seen in Fig. 7, these harmonics are precisely those which are _. )
X . again. In the latter case, the same scenario repeats. Then,
enhanced at the resonant intensity.

Another way to assess the importance of the role of th iven_ the relatively IO.W pr obabilities for_ lonization or recom-
LIS is to look into the details of the power spectrum. Indeed 2ination, the population in the laser-driven wave packets in-
in addition to the harmonic lines, one observes also line§"€@ses continouously and the probability for harmonic emis-
associated to hyper-Raman transitions at frequenflgs SIOn grows with t_hq number of aIIowc_ed recollisions. This
— e+ €0 Nw, Wheree, and e, are the energies of the LIS leads to the predlctlon that. the magnltude of the; enhance-
and of the dressed ground state, respectijély,34. As  ment should increase nonlinearly with the duration of the
these energies are intensity dependent, the position of tHaser pulse. We believe that this prediction should be ame-
line changes as a function of the field intensity. This is illus-nable to experimental verifications.
trated in Fig. 8, where an enlargement of the power spectrum Regarding the case of short-range potentials, adapted to
aroundH13 is shown. The frequency of the line can be de-the description of the response of negative ions, our analysis
duced from the Floquet spectrum shown in Fig. 13 4]l ~ shows that LIS can play the same role as excited states in
One observes that the magnitudetbf3 is maximum when —atoms. Accordingly, notable enhancements are found in the
the hyper-Raman line merges with the harmonic line, i.e.simulations of HHG spectra, whenever there is a multiphoton
exactly at resonance. As such a short-range potential modégsonance between the ground state and one of these LIS. On
is approximateiy valid for describing negative ion Speciesithe other hand, we have not found a clear indication of a
the observation of such enhancements would be the signatupémilar resonant behavior at intensities close to the ones as-
of the presence of a LIS, the existence of which is still de-Sociated to “channel-closings.” This confirms recent simula-
bated[42]. tions made in short-range potentials supporting only a lim-
ited number of excited states, where there was no direct
indication of a threshold effe¢24]. This contrasts with pre-
vious findings, in calculations performed with the help of a

In this paper, we have addressed the question of the erithree-dimensionals-function potentia[21-23.
hancements found in simulations and in an experiment for In conclusion, our results confirm that multiphoton reso-
HHG emission spectra at intensities for which there is a mulhances could enhance harmonic emission rates at intensities
tiphoton resonance with an excited state. Several simula=10'*W cm?2 for a Ti:sapphire laser, i.e., at the border be-
tions, based on the resolution of the TDSE for differenttween the multiphoton and the tunnelling regime. However,
model potentials, indicate that in addition to the harmonics aanother essential ingredient is the existence of electron tra-
frequencies close to the resonant one, there is a notable ejectories which can experience multiple recollisions with the
hancement of a large number of other harmonics located iorigin. In our opinion, put together, the resonance and the
the plateau. We have investigated the physical origin of thisnultiple-recollision mechanisms account for the essential
peculiar behavior. features of resonant harmonic emission in atoms. On the

Our investigations have been based on the resolution afther hand, for short-range model potentials, we have also
the TDSE for one-dimensional model potentials, either longound that, in some cases, LIS could play the role of excited
range(soft-Coulomb or short ranggPaschl-Telle). The nu-  states in atoms. We believe that this set of results, together
merical results for harmonic emission yields, as deducedvith the recent ones on ATI spectfd], should motivate
from a TDSE treatment, have been interpreted with the helfurther investigations in both theory and experiments.

V. DISCUSSION AND CONCLUSIONS
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