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Stabilization dynamics in an intense circularly polarized laser field
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We study quantum and classical dynamics of the electron in ionization stabilization of the two-dimensional
hydrogen atom irradiated by an intense circularly polarized laser. When the quantum time evolution of the
wave packet is stable but the corresponding classical time evolution is diffusive, stabilization can be under-
stood to arise from the effect of quantum localization that suppresses classically chaotic diffusion. When both
the quantum and classical time evolutions exhibit a stable behavior, stabilization can be regarded as originating
from stable classical orbits generated by nonlinear resonance. We also investigate the effect of the bare
Coulomb singularity on ionization stabilization.
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The strong interaction of atoms with intense laser fielddUnder the dipole approximation the time evolution of the
produces many interesting nonlinear atomic phenomena sudystem is described by the Sctinger equation
as multiphoton ionization, above-threshold ionization, and
high-harmonic generatiofi,2]. Another nonlinear phenom- ; .
enon under intensive research for the last ten years or so is . _ 2 .
the stabilization of ionizatiof3—5], a phenomenon referring IE' )= Ep FV(N)+F(t)(xcoswt+y sinwt) ||4),
to a decrease or saturation of the ionization rate with respect (1)
to an increase in the laser intensity. A conceptual understand-
ing of the stabilization of ionization can be obtained if the where atomic units are used aﬁ(‘t) represents the time-
problem is viewed in the Kramers-Henneber@€H) frame  varying amplitude of the laser field being treated classically.
[6]. The potentialV(r) is given by —1/r = —1/\/x?>+y? for the
While much of the attention has been given to the case ofoulombic model and is taken to be 1/\Jr?+a? (a
a linearly polarized laser field, it was realized that a circu-=0.8 a.u.) for the soft-core model. The atom is assumed to
larly polarized laser field may provide a more favorable conhe prepared initially in an eigenstatg,,,, of the two-
dition for stabilization to occur than a linearly polarized laserdimensional hydrogen atofi7]. We assume that the laser is
field [4,7-13. Pont and Gavrild4] in 1990 have already turned on according to the relation F(t)
shown that stabilization of ionization can occur when the=F sirf(at/2Tgiier) for 0<t<Tqitch- FOr t=Tgyitch, the
laser field is circularly polarized. There exist theoreticdl  constant amplitudé is maintained. The parameter values
and experimentdl8] work in which the dependence of ion- need to be chosen in accordance with the condition for sta-
ization and stabilization upon the polarization of the lasemilization that twice the pondermotive energ§/%/2w2, be
was investigated. Recently, Protopamasl. [11] and Patel greater than the photon energy» and that the photon en-
et al.[12] have found that a circularly polarized laser leadsergy be greater than the energy needed to ionize the atom
to a higher degree of stabilization than a linearly polarizedrom the initial statg2]. Thus, we set the frequency of the
laser. In addition, Chisnet al.[13] observed that, when sta- laser w=2.2 a.u. (the ionization energy of the two-
bilization occurs in a circularly polarized laser field, the elec-dimensional hydrogen atom is 2 ab4.4 eV [17]) and
tron wave packet evolves without spreading in the form of avary the field strength over the range<€,<30.0 a.u.,
“Trojan wave packet.” which corresponds, in term of the laser intendityo 0<I
In this paper, we investigate stabilization of ionization in a<2.853x< 10'® W/cn?. The laser switch im@ gich is cho-
two-dimensional model hydrogen atom in the presence of &en to be four laser cycleSgyiicn=4X 27/ w=4T.
circularly polarized laser. We wish to study the question, “to  In Fig. 1 we show the computed ionization probability
what extent quantum and classical dynamics agree in deafter eight laser cycles €8-27/w=8T), for both the Cou-
scribing the phenomenon of ionization stabilization?” Sev-lombic atom and the soft-core model atom. The ionization
eral earlier workg9,10,14—16 have indicated that classical probability is determined by subtracting from one the prob-
analysis provides an adequate description of stabilization ofbility that the wave packet remains inside the absorbing
ionization. Another issue we wish to consider is the role ofboundary[18]. For the Coulombic hydrogen atom, the ion-
Coulomb singularity in stabilization. Some earlier works ization probability is seen to increase as the field strength is
[14,15 have indicated that stabilization occurs more easilyincreased td-o~12 a.u. but decrease as the field strength is
with the soft-core potential than with the Coulomb potential.increased beyonHy~12 a.u. For the soft-core model atom,
The system we consider is a two-dimensional model hythe ionization probability reaches a maximum &t
drogen atom irradiated by a circularly polarized laser field~18 a.u. and then decreases as the field strength is further
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1.0 with its center drifted away from the core. The circular orbit
has a radius greater, by a factor of 1.7 for the case of the

08 initial ground state and of 1.4 for the case of the initial ex-

osl i cited state, than the maximum displacemeng="F,/w?

- " .,.X. =3.5 a.u. in the KH frame. The wave packet does not
'°"04 L / J \.\ spread for a long time, which is consistent with the earlier

/ /-/ \-\ findings [12,13,15,20 that stabilization occurs when local-
02t [/ # .\'}ﬂ: g ized and nondispersive wave packets are formed. In Fig. 2
J S > //1\"/:‘/\kk. we show the quantum time evolution of the wave packet for

0.00 aa -r';"’ A—‘TO/‘ - = 25 the soft-core model atom prepared initially in its ground state

for the casd~,=17 a.u. It can be seen that a nondispersive
wave packet localized around a circular orbit appears also for

FIG. 1. lonization probability at=8T vs the laser amplitude the soft-core model atom. I_t is interes.ting to See.that, in th.e
Fo. Squares and circles are for the case of the initial ground-stat_@ase of the soft-core potential, the radius of the circular orbit

Yoo and for the case of the initial excited stakg,,, respectively, IS 3.5 a.u., the same as the maximum displaceragrit the

for the Coulombic atom, and triangles are for the case of the initiaKH frame.
ground state for the soft-core model atom. The classical dynamical behavior of the electron is stud-

ied by observing the classical motion of an ensemble of ini-

increased. The ionization probability is generally smaller fortial points distributed in accordance with the initial quantum
the soft-core model atom than for the Coulombic atom. wave packet. Figures(8—3(d) report our computational re-

The quantum dynamical behavior of the electron in thesults for the Coulombic atom. The ensemble of initial points
stabilization regime can be studied by looking at the timeof Fig. 3@ centered at the atomic core with energy
evolution of the wave packet. We have previously reported=—2.0 a.u. and angular momentuln,=0, which repre-
results of our computation for the quantum time evolution ofsents the initial ground-state wave packet, spreads out to give
the electron wave packet for the case of the Coulombic atorkig. 3(b) at the end of the laser pulse. There is no indication
[19]. It was found that, both for the initial ground-statg,,  of any localized behavior here and thus the classical dynami-
and for the initial excited-staté,,, the initial wave packet cal behavior differs significantly from the corresponding
spreads out smoothly during the turn on of the laser andjuantum dynamical behavior. On the other hand, the en-
develops into a structure localized around a circular orbisemble of initial points of Fig. &) localized around a circle

t=7T t=8T
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FIG. 2. Quantum time evolution of the wave packet. The peak amplitude of the laser field is takek e bé a.u.(a), (b), and(c)
show the time evolution of the wave packet prepared initially in the ground state of the soft-core model atom; the wave acket at
=0, (b) t=7T, and(c) t=8T. (d), (e) and(f) are, respectively, the corresponding contour plot&lat=0, (e) t=7T, and(f) t=8T.
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FIG. 3. Classical time evolution of the ensemble of points. The FIG. 4. Poincareurfaces of section. The laser amplitude is as-
peak amplitude of the laser field is taken tofg=17 a.u.(@ and  sumed to be constanE=F,=17 a.u.(a) and (b) are Poincare
(b) show the time evolution of the ensemble distributed initially to surfaces of section at quasienelgy 23.46 a.u. for the Coulombic
mimic the ground-statey, o, of the Coulombic atom; ensemble of atom. (c) and (d) are Poincaresurfaces of section at quasienergy
points at(a) t=0, (b) t=8T. (c) and(d) show the time evolution of K=25.36 a.u. for the Coulombic atonte) and (f) are Poincare
the ensemble distributed initially to mimic the excited statg, of surfaces of section at quasieneng§y-29.86 a.u. for the soft-core
the Coulombic atom; ensemble of points(@tt=0, (d) t=8T. (e) model atom.
and(f) show the time evolution of the ensemble distributed initially

to mimic the ground state of the soft-core model atom; ensemble ohrhit passes the two stable elliptic points and has the radius
points at(e) t=0, (f) t=8T. of about 6.0 a.u. as shown in Fig(as In the laboratory
frame, the electron rotates fast with the laser frequeacy

) - ) around a circle of radiugg, as it is driven by a circularly
which corresponds to the initial excited-stakg,,, evolves polarized laser, while rotating counterclockwise slowly

gcz dr)er:alna:gﬁzhz?nd tﬁir:léggeao?trﬁgl;ritic‘)arlngiis{esdhgg?elrlhlzelrgléaround the core to balance the Coulomb attraction, as shown
o(d). App Y, ; S in Fig. 5b). Nonlinear resonance occurs between the two
is a good quantum-classical agreement. The classical beha?’dtating motions. At the quasienergy=25.36 a.u. the el-

ior of the electron in the soft-core model atom is seen in,. .. . )
Figs. 3e) and 3f), where the initial distribution of points IA'rF()(;')C points become unstable as seen from Fige) 4nd
representing the ground state of the soft-core model atom It. is now clear why the ensemble of initial points repre-

W(I)ti?]tlszoe; E}g'gnz'lgf ?Qg‘lz;gr arlljclig'glztistillsztrlt/)ut?g%f tree_se senting the ground-staig, o, Spreads out while the ensemble
P P = ' of initial points representing the excited-statg,, remains

spectively, are shown. We see from Figf)3that the en- localized. The ensemble of initial points representifig,

semble of the initial points remain localized aroundacircularevolves in time and. at=T... covers the rande of
orbit of radius~3.5 a.u. There is thus a good agreement ' swtich» 9

between the quantum and classical dynamical behavior i uasienerg ~25.36+ 2.0 a.u. at which the classical mo-
q y ions are mostly unstable. On the other hand, the ensemble of

of radius 5.0 a.u. withEy=—2/25 a.u. and.,=2.0 a.u.,

this case.
The reason for different classical dynamical behaviors de-
pending on the initial state and the atomic potential can be 8
studied by looking at the Poincasarfaces of section for the al (@)
electron motion occurring at the constant maximum field 3
strength, i.e., with the Hamiltonian given bid=3p? S o
+V(r)+Fo(x coswt+ysinwt). In Figs. 4a)—4(d) we show > -4t
Poincaresurfaces of section for the Coulombic atom for two 8 . . . : ‘ ‘ .
different values of quasienerdy~E,— oL ,+ F3/20? [10]. 4 2 o0 2 4 6 8 10
For our computation we use the semiparabolic coordinates 12 X (a.u.)
andv[x=(u?—v?)/2, y=uv] to remove the 1/singularity
[21]. Figures 4a) and 4c) show the Poincareurfaces of = 8
section in the ¢,p,) space, and Figs.(d) and 4d) in the @ Of
(v,p,) space. At the quasienerdy=23.46 a.u. stable ellip- - 5
tic periodic points of nonlinear resonance islands lieat ( -l
=u?/2~9.8, y=0.0) and atx=—v%/2~—2.5, y=0.0). A -12

single trajectory for an initial condition chosen at one stable
elliptic point is shown in Fig. 5. In the rotating frame, the
electron moves clockwise along a circular orbit with the fre-  FIG. 5. A trajectory starting from a stable elliptic point viewed
guency slightly smaller than the laser frequency. The circulain (a) the rotating frame an¢b) the laboratory frame.
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initial points representingy;,, evolves to cover, att ground-stateo9, the quantum wave-packet dynamics ex-
=Tswitch, the range of quasienerdgy~23.46£3.0 a.u. at hibits a stable behavior and the wave packet remains local-
which the classical motions are sufficiently stable. When thézed around a circular orbit, while the corresponding classi-
initial state is the ground-statg; oo, the quantum and clas- cal motion is diffusive. This difference in the quantum and
sical dynamical behaviors do not agree. The disagreement {glassical dynamical behavior can be understood in terms of
a consequence of quantum localization, the suppression @he phenomenon of quantum localization. For the Coulombic
classically chaotic diffusion. _ atom and when the initial state is the excited-siatg,, not
Shown for comparison in Figs(@ and 4f) are the Poin- oy the quantum wave packet but also the ensemble of clas-
care surfaces of section for the soft-core model atom aljca| noints exhibit a tendency to remain localized. In this
quasienergyK =29.86 a.u. Clearly, there exists a classical ;aqe “stapilization of ionization may be considered to origi-

Sc‘:tﬁ.ble sttrulctlige.. Atﬁ'm”.ar St?bli.snu?t::]re w?ts observzd lbxate from stable classical orbits generated by nonlinear reso-
ismet al.[13] in their investigation of the soft-core mode nance of the atom with the intense laser.

atom. Since the ensemble of initial points representing the If the potential is taken to be the soft-core potential in-

ground state of the éo_ﬁégoé% model tf;\]toml cov_ersi t(;]e regl_onlogtead of the Coulomb potential, we observe a stable classical
quasienergy aroung =29.66 a.u., the classical dynamical dynamics even when the initial state is the ground state. As a

behavior 9f .thg electron startmg.fror.n the groynd state Is‘result, the ionization probability is smaller for the soft-core
stable. This is in contrast to the diffusive behavior exhibited odel atom than for the Coulombic atom. The ground state

by the ensemble of_initial poinf[s r_epresenti_ng the 9rounGst the soft-core model atom is more strongly resistive to
state of the Coulombic atom. This difference in classical dyy,gq oxcitation than that of the Coulombic atom, i.e., stabi-

namica! be.havior Is .refl_ectgd in the i_qnization Iorc)k)"’lt)ilitylization occurs more easily with the soft-core potential than
shown in Fig. 1; the ionization probability from the ground with the Coulomb potential. This is in agreement with the

state is generally higher for the Coulombic atom than for theearlier observationfl4,15 made for the case of a linearly
soft-core model atom. . .
. . olarized laser field.

In summary, we have investigated quantum Wave-packé%
dynamics and classical ensemble motion of the electron in This research was supported by the Korea Atomic Energy
the two-dimensional model hydrogen atom irradiated by aResearch Institute, by the Korea Research Foundation under
circularly polarized laser, for the case when the laser inten€ontract No. 2001-015-DP0088, and by the Ministry of Sci-
sity is sufficiently high that stabilization of ionization occurs. ence and Technology of Korea through the Creative Re-
For the Coulombic potential and when the initial state is thesearch Initiative Program.
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