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The multiphoton strong-field phenomenon of high-energy above-threshold ionizatibigh-order AT) of
an isolated atomic system exposed to an intense monochromatic linearly polarized laser field is considered
analytically and studied numerically within the framework of an alternative nonrelativistic strong-field ap-
proach developed earlier for theoretical treatment of high-order harmonic generation process. The related
proposed alternative strong-field ATI model is fully quantum mechanical and mainly based &wrltyesh
approximationcombined with making use of thessential statemethod(along with thepole approximation
Applying together these two methods allows for representation of the total ATl amplitude in a closed and
compact analyticalthe so-calledactorized form quite transparent for interpretation and available for direct
numerical calculations. To demonstrate the model applicability, a number of certain photoelectron spectra
produced by various atomic speci@sostly noble gas atoms and negative jonave been calculated numeri-
cally and shown to reproduce the well-known conventional semiclassical rule for the extent of high-energy
plateau and position of its cutoff energy. All the calculated photoelectron spectra as well as the specific details
of respective angular distributiorsiz., their sidelobes or so-callathgs) corresponding to a certain photo-
electron peak within a high-energy plateau regitormed primarily byrescatteredphotoelectronsdemon-
strate a very credible behavior within a broad and most interesting region of the problem parameters. More-
over, they all are also in an excellent or fairly good accordance with typical ones measured in standard ATI
experiments or calculated by other authors within diffefantalytically more sophisticated or computationally
very demandingapproaches and methods developed earlier.
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I. INTRODUCTION and, therefore, able to absorb a number of additidextra)
photons of the incident laser radiation field. Accordingly, a
The above-threshold ionizatiofTl) process in atomic, typical ATl photoelectron spectrum is generally observed as
molecular, and other systems exposed to an intense electra-sequence of few equidistant peaks separated from each
magnetic(em) laser field is probably the most fundamental other by a fundamental laser frequeneyand corresponding
and intriguing strong-field phenomenon of modern strong+to the number of extra photons absorbed. In the first experi-
field atomic, molecular, and opticéAMO) physics. Due to ments[4] (see also, e.g., Ref5] for review), the incident
various possible related promising applications, this phenomlaser fields of relatively low or moderate intensity were
enon attracted a lot of theoretical and experimental attentiomostly used and, therefore, the heights of these photoelec-
during the last two decad¢g,2]. Currently, the ATI process tron peaks were found quickly dropping off with increasing
is commonly recognized as an essentially multiphoton prophotoelectron energy; however, mdesiditiona) photoelec-
cess along the course of which the laser-irradiated systeitnon peaks of higher energies were observed to appear with
(atom, molecule, etg.absorbs a numbeX of incident pho-  further increasing of the incident laser intensity. Soon after
tons of fundamental frequeney well over the minimal one the first discovery and experimental observation, this phe-
No required to overcome the ionization potentigl (N nomenon was realized and conceived as highly nonlinear,
>No=[lp/w]+1>1, here[x] denotes an integer part of particularly, this phenomenon can not be described yet by
variablex and theatomic system of units used throughout any finite-order perturbation theory with respect to em inter-
this paper unless stated otherwis€he underlying physical action with the incident laser field of very high intensity
mechanism, initially identified as thdirect ATI proces$3], [1,5]. Furthermore, beginning from a critical value of laser
is related to the fact that, prior to final escaping, the opticaintensityI>1. (so thatU,=w, hereU, is the ponderomo-
atomic electron, being released to atomic continuum statesive energy or cycle-averaged kinetic energy of oscillating
is still under the influence of the atomic binding potential motion of a free electron driven by an incident laser field
only) the nonperturbative character of ATl process becomes
especially obvious and prominent. Particularly, in a laser ra-
* Author to whom correspondence should be addressed. Email adliation field of very high intensity a few lowest-energy pho-
dress: vusach@yahoo.com toelectron peaké.e., corresponding to several least net num-

1050-2947/2004/69)/01340616)/$22.50 69 013406-1 ©2004 The American Physical Society



USACHENKO, PAZDZERSKY, AND McIVER PHYSICAL REVIEW A69, 013406 (2004

bers of incident photons absorbed to overcome the ionizatioally very demanding and hardly available for transparent in-
threshold were found to have considerably smaller heightsterpretation. The second approaaee, e.g., Ref§18-26)
(or even be highly suppressecbmpared to peaks of higher is based on the conventional strong-field approximation
energies corresponding to a larger number of absorbed phdSFA) applied within standard single-active-electr®AE)
tons (the so-calledstrong-field suppressionf low-energy  Smatrix formalism. Excluding very rare exceptioiis.g.,
ATI peaks[5]). Refs.[21,24)), this approach generally implies also a sub-
In this context, the process ohigh-energy above- stantial exploiting of the steepest descdnd saddle-poink
threshold ionizatioHATI) is a strong-field phenomenon of method under related analytical calculations of the quantum-
much higher order of nonlinearity corresponding to a muchmechanical amplitude of the rescattering ATI process and/or
larger net number of incident photons absorbed, so thainterpretation of final numerical results. Therefore, the latter
eventually, the laser-irradiated system is able to produce commentioned ATI models are essentially formulated in terms of
siderably faster photoelectrons of energy>2U,>w, i.e., a quantum-mechanical path integral which, due to the ap-
far beyond the conventional energy region where the diregplied saddle-point method, can be approximately constructed
ATI process is predominant. A highly nonperturbative naturefrom the classical orbits of a released electron driven by the
of the HATI process becomes especially distinct and maniincident laser field. Only for this reason, these strong-field
fest, in particular, by existence of so-callbijh-energy pla-  ATI models can be conditionally referred further asasi-
teauin high-energy photoelectron specf7] and anoma- classicalones due to the associated semiclassical analysis of
lous angular distributionéviz., sidelobes or so-calledngs  the most contributing classical orbitépathways”) of the
[8]) of faster photoelectrons revealed in experiments. Sinceeleased electron in intermediate continuum stédescalled
then the HATI process became the subject of a great numbejuantum pathsthat makes the latter ATI models quite con-
of theoretical and experimental studi¢see, e.g., Refs. ceivable intuitively. In the meanwhile, the underlying semi-
[9-11] for reviews. Such an intensive and explosive interestclassical analysis goes back to the well-known classital
is mostly fundamental due to the fact that high-precisionso-calledtwo-step simple-mamTI model that was, histori-
experiments on single atoms are feasible, which allow for &ally, the simplest version of completely classical consider-
detailed comparison between experiment and theory, in coration of strong-field processdsee, e.g., Refl27] and rel-
trast with other related strong-field phenomenon of high-evant references cited thergiand improved later by means
order harmonic generatigflHG) whose analysis is impeded of taking the rescattering of the released electron into ac-
by the existence of collective and propagation effects. Owingount (the so-callecthree-step simple-mamodel[28]). In
to these investigations undertaken in the past ten years, jfarticular, according to the three-step simple-man model, the
was ascertained that typically produced high-energy photoerigin of the high-energy photoelectron plateau was identi-
electron spectra observed in ATl experiments demonstratiied and explained as directly related to the initial release of
the similar universal generic behavior, despite a number ofin active (optica) electron followed by a possiblécom-
particular differences in shape and detailed structure: namelypletely classical return back to the site of release and final
they can be distinctly split into three different regions of rescattering off the parent core. During the course of rescat-
photoelectron energyti) e,<2U,, where the heights of tering the returning electron undergoes a considerable addi-
photoelectron peaks variate and generally fall dowWin, tional acceleration by the incident field and, thereby, acquires
2U,s<¢g,<10U,, the so-called plateau region where thea significant additional energymuch higher than without
heights of photoelectron peaks are of about the same ordehis rescattering evenand, only afterwards, it escapes even-
(iii) after plateau cutoff energy regias,> e yiorr~=10U, tually as a high-energy photoelectron. This completely clas-
where the produced photoelectron peaks demonstrate quickical picture of the so-called rescattering ATl process was
decreasing heights and, finally, exhibit a negligibly small in-later improved by tunneling, dispersion, etc., taking into
tensity. more or less exact accoufe.g., Refs[29,30]). Therefore,
Presently, there are two different principal approaches tahese latter versiongrimarily classical ATl modelswill be
theoretical treatment of the ATI process and all the existingreferred further(also, just for brevity as semiclassicalor
developed, and currently applied theoretical models andimple-man-based models, unlike previously mentiomes-
methods can be accordingly divided into two main groupssiclassical (though, primarily quantum-mechanical SFA-
The first one is based on pure numerical procedures anibased ATl models. Thus, according to any SFA-based qua-
methods, such as the direct numerical integration of onesiclassical or simple-man-based semiclassical model cited
dimensional(1D) (e.g., Refs[1,12]) or 3D time-dependent above and their diverse modificatiofthe listing of related
Schralinger equatiofTDSE, e.g., Ref[13], see also Refs. references is inevitably incompletethe cutoff energy of
[10,1] for recent progregs time-dependent density- high-energy plateau in the photoelectron spectrum is associ-
functional theory approacke.g., Ref.[14]) or the Floquet ated with the largest possible value of kinetic energy ac-
calculations(e.g., Refs.[15,16]). Although theseab initio  quired by the released electron from driving laser field owing
numerical approacheg¢see also Ref[17]) are the most to the final rescatteringbackscatteringoff the parent core.
straightforward and have a valuable advantage that there akéowever, the applying of the saddle-point method along with
no restrictions to be imposed on the type of the incident laseessential exploiting of this completely classical underlying
pulse(so that the respective numerical solutions can, in prinpicture seems to be quite inconvenient in a number of par-
ciple, be obtained for all regimes of incident field intensity ticular cases(although, very important and promising for
and frequency nonetheless, their results are computation-various practical applicationsf incident laser fields of more
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complex(nonstandardfrequency and polarization composi- dominantly contributing to the SFA amplitude of the photo-
tion. For example, for two-colothichromati¢ laser field of  process under consideration. The latter means that the corre-
arbitrary spatial and polarization compositions, the classicasponding final results(the calculated ATl spectraare
trajectories of the released electron driven by an incidenbbtained without any intensive computation work needed
two-color field are generally too overcomplicatidll]. This  within other (often more analytically sophisticatedap-
makes the respective underlying transcendental equation gfoaches and methods developed earlier. This also means
classical motion a considerably less compliant to the relatethat, without any serious analytical restrictions or numerical
fully 3D numerical analysis for finding out all predominantly complications, the final analytical expressions derived for to-
contributing classical trajectories. Due to a very sophisti-tal ionization rates and associated photoelectron angular dis-
cated and too cumbersome numerical computation proceduteibutions can be equally well extended to more general cases
(e.g., Ref.[32]) such an analysis seems to be reliably pos-of two-color incident laser fields. In the meantime, two-color
sible only for the simplest two-color laser field configura- strong-field phenomena due to em interaction with bichro-
tions[32—-34. Nonetheless, for a particular case of the modelmatic laser field are currently believed to be highly promis-
zero-range potentigZRP) frequently used for approximate ing for a number of numerous fascinating applications, e.g.,
description of the atomic binding potential, the saddle-pointrelated to the so-calledoherent controthe detailed proper-
method and associated semiclassical analysis were shown ties of two-color multiphoton process that might provide a
be quite avoidable within a differeribeither semiclassical principal possibility of manipulatingengineering the asso-
nor quasiclassical, but exact SFA-based quantum- ciated spectrasee, e.g., Ref[40] for a review. At last,
mechanical approadi21,24 developed previouslysee also  although the high-energy ATI process has proven to produce
Ref. [35]), although at the expense of its restricted applica-highly structured spectra, nevertheless, the presented ATI
bility to ZRP-bound laser-irradiated systems only. model is able to adequately describe both a general shape
In our opinion, such a situation can hardly be consideredind even the details of a fine structure of high-energy pho-
as quite satisfactory. This gave some reasonable justificatioielectron spectra as well as their nonlinear behavior within
and a strong primary motivation for the present paper inthe most interesting region of the problem parameters pro-
which we attempt to revisit the high-energy ATI process invided the condition of nonrelativistic treatment of the prob-
the framework of quite a different, though also nonrelativis-lem is still satisfied. As follows from the results of our nu-
tic, fully guantum-mechanical strong-field approach pro-merical calculations presented in Sec. IV, all the high-energy
posed earlief36] and applied first to the HHG process in photoelectron spectra calculated and presented here are to a
isolated laser-exposed atomic systems for effective numerfairly good accuracy consistent with respective results of dif-
cal calculation of associated HHG spectra. Just as the mof#rent strong-field approaches developed earlier by other au-
of previously developed strong-field analytical mod@sy.,  thors or measured in relevant experiments. Particularly, all
quasiclassical ones mentioned abowbde currently devel- the results presented here also well reproduce the conven-
oped ATl model is also based mainly on the strong-fieldtional semiclassical rule &¢,;,17~10U," for the high-
approximation(well applicable for large values of the Reiss energy plateau cutoff and adequately describe the associated
parametef37] »=U,/w>1). Therefore, the model also de- specific anomalous angular photoelectron distributis,
scribes the strong-field ionization process in terms of nonperthe sidelobes or ringsformed primarily by high-energyor
turbative SAE atomic response consisting of a superpositiorescatteredphotoelectrons.
of two highly nonlinear processes of emission of lower-
energy electrongédue to the direct ATI proces®f energies

up to about ®,—2.8J, and higher-energy electroridue to Il. GENERAL SFA FORMALISM AND BACKGROUND

the rescattering ATl procepsf energies up to 10,. How- THEORY OF ATI MODEL

ever, unlike semiclassical or quasiclassical SFA-based ATI _ )
models mentioned above, the underlyiiternative strong- Just as the most of previously developed strong-field

field approach incorporates also quite a different, the soKeldysh-Faisal-Reis&KFR)-based models, our present con-
called essential statesnethod[38] and the associatedole ~ Sideration of the high-energy ATI process is restricted to non-
approximation(see also Ref[39], for details as well as the relativistic frameworks traditionally supposing the photo-
relevant references cited thergiithus, the currently applied €lectron kinetic energy=v%2 and the ponderomotive
strong-field approach is developed entirely beyond any semenergyy,, (the energy of oscillating motion of a free electron
classical(though, attractive and very beautifutoncept of driven by incident laser fie)dare both negligibly small as
the most contributing classical trajectorigsr quantum compared to the electron rest energy’€cg, U,<c§, co
pathg of a released electron in intermediate continuum~ 137 is the light velocity in vacuumThe latter means that,
states. Nonetheless, the derived analytical expressions awdth a fairly good accuracy, the em interaction of an active
also quite conceivable and transparent for interpretationfoptica) electron with a strong driving laser field can be
moreover, they seem to have been derived in a more straightonsidered within thelipole (or, long-wavelengthapproxi-
forward way that does not imply any further numerical mation(neglecting any photon momenta=0) wherein the
analysis of the underlying transcendental equation correicident field strengttE(t) and associated vector potential
sponding to completely classical return of the released eledA(t) are independent on coordinate radius vecidout both
tron back to the site of its release and subsequent finding o@re functions of time only. Hence, the respective Hamil-
and thorough selection of only those trajectories that are prgonian of em interaction of the electron with incident laser
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field may be written, for example, inA(p) (the so-called erator of an active electron kinetic enerty(r) is the opera-

“ velocity’ gauge) form: tor of electron interaction with a residual parent core, so that
the SAE approximation is supposed to be applicable: namely,

1) only one of the electronghe so-called optical electron mov-
ing in the averaged éffectivé binding potential V(r)
screened by the time-independent charge distribution of all

hereﬁ: —iV is the Operator of electron canonical momen_remaining ‘inactive’ e|eCtI‘0nS] is allowed to respond to the

tum. incident laser field. After making a conventional supposition

Owing to a very high intensity the incident laser field canabout adiabatic turning on and off any electron-photon em

be described within completely classical frameworksinteraction at extremely long interaction time—+) the

wherein the explicit form of its vector potenti(t) is given ~ nonstationary Schringer equation(6) can be rewritten in

by the following conventional expression: the following equivalent integral form:

A 1.1
W(r,t)= C—OA(t)'p+2—CzA (1),
0

A(t)=(co/w)eEcoq wt), (2 ‘I’E,EZ(r,t)=¢/fp(r,t)+f dt’f GON(r tir’ b))
wheree and E are the unit polarization vector and electric !
field strength, respectively. Then, the motion of a free elec- i VI
tron driven by field (2) is described by the well-known V() gp(r ) dr 0
Volkovs wave functiorthat is just anexact solutionof the  ¢4rresponding to different initial- and final-time conditions
time-dependent Schdinger equation with the Hamiltonian fo, the ATI process and the latter equation seems to be more
He=p?/2+W(r,t). The explicit nonrelativistic expression convenient for further consideration. The operator
for this solution corresponding to continuous spectrum stateg(=)(r t;r’,t’) of time evolution introduced here is just the
of a definite value of electron canonical momentpmeads  total propagator, i.e., eitherthe total advanced
as(e.g., Ref[41]) [GO(r,t;r',t')=0 att>t'] or retarded[G(")(r,t;r' t’)

1 5 =0 att<t’] Green functioncorresponding to the exact so-
p+_A(tr)> dtr}_ lution of the total nonstationary Schitimger equation(6)

Co with two strong interaction§V(r,t) andV(r) of comparable

) strength taken into exact account.

For the particular case of linearly polarized monochromatic According to a generaSmatrix .formahsm of SFA ap-
incident field(2) the expression for nonrelativistic Volkov's proachf(sge, e.g., Ref§37,42), the tlm_e-|r|1d(|apendent ampli- .
wave function(3) can be also represented in the form of tude of the ATI process can be, particularly, represented via

expansion in harmonics of laser field frequeney37,41: the standard matrix element of the em interaciidh

it
‘ﬁp(rvt)=(27)3’2ex;{i(p.r)— EI,

- U [ p? FAT(p)=—i lim fmdtf dr(w{ )(rt
=l 3o st i Uyt ol SrEmLm JL oy
4 R
@ X W0 g(r, 1), ®
i.e., in terms of electron plane wave functiop® and the _ _ - o
generalized Bessel function of the first kind amth order, i.e., via S matrix of em transition from the “initial” bound

discrete stataby(r,t)=dq(r)-exp(—iegt) (here|eo|=1, is
” the ionization potential of the unperturbed laser-exposed
Bs(X?Y):m:E_x Js—2m(X)Im(Y), () system(with no em field presento the field-perturbed “fi-
nal” out-state\Ifgag(r,t) corresponding to the wave function
and of two real arguments, whedg(x) is an ordinarysth- ~ of continuous spectrum states of the ionized laser-exposed
order Bessel function of the first kind and real argument System dressed by the incident laser field and containing the
moreover, the two dimensionless paramete§p) complete effects of the incident field and the binding poten-
=(E-p)/w? and 7]=Up/w=E2/(4w3) (the latter is also tial. Thus, the total ATl amplitud¢8) is written in terms of
known asthe Reiss parametd37,42) have been addition- expansion in the interactioW(r,t) and corresponds to tak-
ally introduced here. ing this interaction into account only in a final state dressed
Let us start by introducing a total wave functidn(r,t) by the incident strong laser fielgee also Refd.37,47 for
as an exact solution of the total nonstationary Sdimger  an extent listing of various possible representationS wfa-
equation: trices and respective SFA amplitudieafter substituting Eq.
; (7) in Eq. (8), the latter expression for the total ATI ampli-
W (D =A ()= (T U0 + Wi ) w(ry (5 U9 takes the form
FAP (P =FC () +FET(p). 9
for the considered laser-irradiated systdrassedoy the in-

cident strong laser em fiel(®). Here T=—1V? is the op-  Here the first term in the right-hand side,
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(DAT) (> R irradiated system is considered as being under action of only
FiZt '(p)= —IJ dt(gp(r,t)[W(r,t)|Dq(r,1)), one of two strong interactions of comparable strer{g#h,
o (10) either W(r,t) or V(r)] separately, but never under both si-
multaneously. Such a presumption is quite conventional for
is just a general expression for the amplitude of the direcvarious so-called KFR-based approacf#® and, being ap-
ATI process derived within the standaikeldysh approxima- plied to the treatment of any strong-field multiphoton process
tion [43], whereas the second term (such as, e.g., atomic photoionizatiprt corresponds, in
fact, to neglecting the influence of the incident laser field on
RATI N * A an initial atomic discrete statéor which the interaction with
Fi(—*f (p)=—i f_wdtf dryp (r.)Vv(r) binding atomic potential is predominargs well as neglect-
ing the influence of the field of the residual parent core on
the motion of the released electron in atomic continuum
states(for which the em interaction with a strong driving
laser field is predominant and, therefore, taken into account
XDo(r',t") (1)  only). This approximation is valid mostly in the photoelec-
. tron energy region far away from the ionization threshold
porresponds to the SFA amplltude of the so-called rescatte Bp= p?/2= | ,> ) where the influence of interaction with a
ing ATI process(or emission of a high-energy photoelec- narent residual atomic core is negligibly small. In the context
tron). o n _ of high-energy ATI process under consideration, the validity
By means of substitution of the explicit expression for ot SFA seems to be also sufficiently well justifieespecially
Volkov's function (4) in Eq. (10) and elementary analytical ¢ the high-energy plateau region corresponding to a much
integration over the time varl_ab(gust resulting th_e singular higher energy of the ATI photoelectran=2U > ) owing
Dirac 6 function which provides the conservation of total ;"5 very large net numbe¥>N,>1 of incident photons
energy in the procegsamplitude(10) of the direct ATI pro-  apqarhed. For the total amplitud®) of the high-energy ATI

cess can be represented in the following conventional formbrocess under consideration, the applying of the SFA ap-

t ~
xf dt’f dr'GI(r,t;r’ " )W(r',t")

o proach is just reduced, in fact, to the following approximate
FO(p)~2m 3 f8Rn(p.m)o(ep+1p+Up=No) replacement:
(12 GO(r,tir 1) =~G{)(r,tir' ')

that is the well-known expression derived within standard ) , .
KFR theorieg43]. Here eaciNth item of infinite sum in Eq. =—io(t—t )j (1, )i (r',1")da,
(12) corresponds to the respective partiaf Nth ordey am-

plitude of the direct ATI process: (15

7 where 6(t) is the Heaviside stepwise function and
{(p); 5) (13)  G{(r,t;r’,t’) is just the retarded Volkov’s Green function
or nonrelativistic Volkov’s propagator. Meanwhile, by direct
defining the probability for the laser-exposed system to absubstitution of Eq(15) in Eg. (11) we arrive at the general
sorbN incident photons and produce a photoelectron of theSFA expression for the rescattering ATI amplitude:
energye ) =pi/2=Nw—1,—U, due to the direct ATI pro-

001, 7)== Po(p)(Up—Nw)B_y

cess only. Whereas Fi(il?ﬂ)(p)zﬁ dtf dq(zj;p(r,t)|V(r)|wq(r,t)>
D)= (pl(r)) = (2m) %2 drextt—i(p-1)Jo(1) : A
(14) Xf, dt’ (g(r, t")|W(r,t")|[Do(r,t")).
is the Fourier transform of stationary wave functibg(r) of (16)
the initial discrete state of the laser-irradiatedomio sys-
tem. Just as amplitud€L0) of the direct ATI process in which,

Up to this point, no approximation was made nor any ofafter initial absorption of incident field photons and release
the two strong interactionBW(r,t) or V(r)] neglected or from the initial (ground s.tate<1>o(r,.t), the. released electron
somehow discriminated, but only the underlying equation€Scapes eventually to final atomic continuum statg(s’,t)
were just rewritten in a different form that seems to be moreWvith the canonical momenturp corresponding to lower-
convenient for further consideration, so that all the previ-€nergy photoelectron, the expressias) for the rescattering
ously presented expressions are still exact. From this poinf\T! amplitude also allows for quite transparent physical in-
we will follow further general concepts of the SFA approachterpretation: namely, the ATl amplitud&6) suggests a dif-
(this is the first main key approximatiomade within the ferent mechanism of photoionization process in which, after
proposed strong_ﬁe|d approach and related ATI mbd_e} initial apsorptlon of incident field photor[slue to EM inter-
cording to which, at any moment of time evolution, the laser-action W(r,t)], an optical electron releases from the initial
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(ground stated,(r,t) to intermediate continuum states de- revisiting event was initially taken into account. Meantime,
scribed by respective Volkov's wave functiogg(r,t). Af- the multiple revisiting of the released electron under discus-
terwards, being still in the neighborhood of the parent coresion was later identified as the underlying physical mecha-
and driven further by the incident laser field only, the re-nism responsible for a huge effect of resonancelike enhance-
leased electron returns to the site of release and rescatters 6#ent of the level(or averaged heightof the high-energy

the parent core due to the interacti¥ir) with a scattering photoelectron plateau observed in recent ATl experiments
[44] and remarkably reproduced theoretically first in Ref.

able acceleration,
atomic continuum states of canonical momentgrto final
continuum stateg,(r,t) of canonical momenturp. Owing
to the latter rescattering process, the released electron is al

to absorb an additional number of incident field photons an | d el di h itiol I
escapes eventually with a considerably higher energy thafﬁ eased electron corresponding to the muftiple revisiting

without this rescattering event responsible for the origin of( ut, no mult|pI(_a rescatteringlso tgken into account. In this
the high-energy plateau in the photoelectron spectrum. ~ €9ard, et us just note that, being developed beyond any

Regarding this semiclassical interpretation, it is Worthsemiclassical concepts of the most contributing classical tra-

special noting here that, as in the above mentioned stron ehcto[:jest()qug.ntgm paths thehcurrt()antly propqsed dATflf modgl
field quasiclassical ATI models, the use of strong-field ap- ouldab Initio incorporate the above-mentioned effects due

proximation in form(15) corresponds to taking into account tp taking all the actgally contrl'butlng 'traj'ectorlésnd, par-
only one(the firsy rescattering everfinished by final escap- ticularly, (_:orrespondmg to multiple revisitingf the released_
ing of the rescattered electron and producing a high-energ lectron into proper account, though, also before the first
plateau (see also Sec. IV The latter statement becomes escgtterlng event _onlgsee also Secs. I.” and IV belovv_ for
more transparent and quite conceivable as soon as the tofift@il9. However, it is hardly worthwhile to fall here into

nonstationary Scficbnger equatiori6) for the exact solution urther detailed discussion of all these particular issues and
of total retarded Green functic®H(r,t:r’,t") is rewritten related effects(including_ the so-called_channel-closing ef-
in the following equivalent integral form: fects[46] and quantum interferendd?] in HHG and high-

energy ATI as well as various two-color aspects of the prob-
G (rt;r 1) =G\ (r t;r' t) lem mentic_med in the Introductioras this deserves special
consideration elsewhere, probably, as a subject of our future
publication.

duced by previously developed quasiclassical strong-field
I models, though improved later by a constructive inter-
erence of a larger number of longer classical orbits of the

t
+f dt"f dI’"GS,ﬂ(I’,t;I’",t")

. . lll. THE SPECIFIC DETAILS OF THE STRONG-FIELD
XV(rMGH(rm e t). 17 ATI MODEL AND FINAL ANALYTICAL RELATIONS

Then, after direct substitution of the above equation in Eq. Expressions(10) and (16) are also the main basis and
(11), one can immediately see that the approximatibh) is  starting point of other strong-fieldSFA-based analytical
equivalent, in fact, to retaining only the first terffoorre-  quantum-mechanical approachémcluding quasiclassical
sponding to the zeroth order of expansion with respect to thenes developed earlier. Therefore, let us outline now the
binding/scattering potentia¥/(r)] in the right-hand side of Main distinctive features differentiating the proposed strong-
equation(17) and neglecting the secor(éhtegra) part re-  field approach from any other mentioned above. By means of
sponsible for the multiple rescatteririglue to interaction Substitution of the explicit expression for Volkov's wave

\7(r)]. Despite the multiple rescattering being also generall;f.uncuon (4) to 'Eq. (16). and, performing elgmentary Integra-
possible in principle during the course of the high-energ ion over the time variablé’, one can derive

ATI process, it is always neglected both in the previously .

cited strong-field ATI models and the currently developed f dt’(z//q(r’,t’)|\7V(r’,t’)|<I>0(r’,t’)>

one. Strictly speaking, the latter multiple rescattering should —o

be distinguished from multiple returfrevisiting of the re- w0

leased electron back to the parent core that is possible prior _ .

to the first rescattering event actually happens. Indeed, along - |<I>0(q)m;m Brm(£(a); )

the first revisiting, the released electron may not rescatter off .

the parent core at all, but escape again and, being driven exfi(eqt Uptlp,—mo)t] 0. (18
repeatedly by incident laser field back to the site of release, [eqtUptlp—Mmo]—ie ’ e

can be rescattered by the parent core and only thereafter

escape eventually. Thus, the first rescattering event is ndthe analytical integration over the variabtg=|q| in Eq.
generally equivalent just to the first return of the released18) can be performed by means of the so-calpede ap-
electron back to the parent core as was implicitly presumegroximation(and this isthe next, second essential key point
within earlier versions of semiclassical and quasiclassicabf the currently applied strong-field approadccording to
strong-field ATl models, in which only onéviz., the firs}  which
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(= f(q)deq The direct substitution of Eq18) in Eq. (16) and subse-
“mJ e+l +U —moTie quent approximate analytical integration over intermediate
=070 FaT pT Hp electron energy: , [according to Egs(19) and(20)] make it
m f(q)deq possible to perform the final elementary analytical integra-
= J Fiaf(qm) ~ximf(qp). tion over time variablet. For an infinitely large timet—
0 &qtlptUp—mw +o0, the latter time integration just results the Dirac singular

(19 6 function expressing the conservation of total energy in the
guantum-mechanical process under consideration. Finally,
the expression for time-independent rescattering ATl ampli-

Here th boP before the int | denotes th o, . .
ere the symboP> before the integral denotes the maar | tude(16) takes the following approximate form:

in other words, principalvalue of the corresponding integra

and the variableg,= yV2(mw—1,—U,) denoting the dis- %

crete yalues_ of photpelectror! canonical momentum corre_-Fi(E/?T')(p)gzﬂ > f%Nng(p,n)5(8p+|p+ Up,—N- ),
sponding to intermediate continuous states has been also in- N=—o

troduced. The latter pole approximation used is quite a (21)

common place within the so-called essential states methodh Nth it f i ds to th i
[38,39) applied first under theoretical treatment of strong—W ere eachivih item of summation corresponas to tne re
field ionization processes including the direct ATI processSpea'Ve partialof Nth ordey rescattering AT amplitude
(i.e., without taking any photoelectron rescattering into ac- j
dO, f

N (P— s ) TR (s 1)

couny. Since then, being also later applied in the theoretical f{M(p,7)= >,
study of other allied strong-field atomic phenome(sae, m=No
e.g., Refs[1,39] and relevant references cited thejeithis

method also proved to be a powerful and effective tool of =—imw E qm(Up—mw)f dOq V(P—0m)
strong-field AMO physics. Although the essential states m=No "

method was developed as primarily phenomenological ap- 7
proach, nonetheless, it was verified to be adequately well meN(g(p—qm))CDO(qm)Bm(g(qm);i)
working and very fruitful under nonperturbative consider-

ation of the direct ATl process within frameworks of com- (22
pletely quantum-mechanical concepts oitbee also, e.g.,

Refs.[1,11]). The application of this method is equivalent, in contributing toNth photoelectron peak of energf) =Nw

fact, to the supposition that only the intermedisgeonance  —I,—U,, whereas\/(p—q)=(p|\7(r)|q> is just the Fourier
continuum states of photoelectron energy transform of atomic binding potentia¥(r) of the laser-
irradiated atomic system arD, is the solid angle element
sgm)zmw— lo—Up (20)  directed along the intermediate photoelectron canonical mo-
mentumg.

As one can see from E@22), the applied pole approxi-
mation also allows for representation of rescattering ATl am-
plitude (16) in the so-called factorized form that makes it

second, a singular roportional to the imadinary unibf quite transparent for interpretation. Particularly, vyithin the
g pafprop ginary un framework of the currently developed strong-field ATI

expression19) is supposed to be quite sufficient for retain- model, the rescattering ATl amplitud@2) is represented as

ing in respective final expressions for amplitudes of the pho- ; .9 . )
toprocess under consideration. It should be noted here thaf, production of the time-independent amplitude:

due to the pole approximation, the infinite saver m) in n

Eq. (18) is thereby replaced by th@lso infinits summation £ (G ~ —iw(up—nw)Bm( 2(0); E)<1>0(qm)
only over regionm=N,, whereNy=[(l,+U,)/w]+1>1 29
is the minimum possible number of absorbed photons re-

qu_ired for ionization in a very strong incident laser field of direct multiquantum ionizatiofviz., accompanied by ab-
(viz., when U,=w). Thus, the incident strong laser field sortion of m incident field photonsof the initial atomic
raises the ionization threshold by a value corresponding t@round statab,(r) to intermediate continuum states with the

the ponderomotive energy,, so that the leastminimum ., ovical momentura..= «2e™ and the time-independent
number No=Ny(7)~ 7 of absorbed photons required fordamplitude M €q p

ionization is strongly dependent on the incident laser fiel
intensity | . The latter means, in fact, the summation in Eq.  £(m-N)5— g 2)~ —iq V(p— tm)Im_n((P— Um))

(18) is reduced to the summation only ovéormally, also (24)
infinite) number of direct open ATl channels, i.e., over

atomic continuum states to which the process of direct AT isof the subsequent process of laser-assisted scattgescat-
also possible and, thus, only these channels are supposedtesing of the released electron off the parent core and tran-
contribute predominantly to the amplitude of the high-energysition of the laser-exposed system from intermediate con-

ATI process under consideration. tinuum states(with the canonical momenturg,,) to final

(the so-called continuum essential stagise the main(pre-
dominanj contribution to relevant compound em dipole ma-
trix elements of structure similar to E¢L6). Thus, only the
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continuum stategwith the canonical momentup) accom- Mmine the produced photoelectron spectrum observed along
panied by absorption or emission of an additional number othe fixed direction of photoelectron emissiéag., with re-
incident photons. Thus, just as in strong-field quasiclassica#pect to the direction of incident field polarizatienas well
ATI models, there is also close and transparent interrelatiods the respective partial photoelectron angular distributions
between the direct and rescattering ATI processes, so that tHBAD) corresponding to a fixed numbé¥ of photons ab-
possibility of the latter one is necessarily conditioned by arsorbed. The total PADP{"(p, 7) produced by all emitted
existence of the former one. It is also worth specially notingphotoelectrons can be found directly from E26) by means
here(see also Ref.39] for detail9 that the origin and nature of summation over all contributing photoelectron pe&ts
of the currently discussed factorization of the rescatteringo-called open ATI channels each corresponding to a fixed
ATI amplitude (24) are quite different from the similaibut  final photoelectron energyf)N) in continuum states
more sophisticatedprocedure of the so-called factorization
technique proposed first in R¢#8] and applied under the- A *
oretical treatment of atomic multipl@articularly, the so- PAT (6, = > wili(pn.m)
called nonsequential photoionization. The latter procedure N=No
was further extended to consideration of HHG and high- o
energy ATI processes within the framework of a different =2m 72>, palfS(pn,7)
guantum-mechanicalthough, also quasiclassigaktrong- N=No
field approachthe so-callechitomic antennanechanism, see (N) 2
also Refs[49,50). +frar(Pns 77)| . (27)

It is also well seen that the presence of singular Difac
function in the right-hand side of E¢21) makes the energy
&, of the emitted photoelectron take only discrete valeigs

Analogously, the total ionization ratg;,,(7) (or, in other

words, the rate of total photoelectron and/or ion yigldse

() getermined by EQ20) and ted f h oth to photoionization of Fhe initigl atomi(grqund_state can be
ep ° determined by E¢(20) and separated from each other found by means of integration of partial differential rates

by the in_ciqent laser fundamental_ frequenay Conse- (26) over all angles of photoelectron emission and summa-
quently, within the proposed strong-field ATI model the pro-yion oyer all numbers\ of incident photons absorbed:
duced photoelectron spectrum is also represented by a se-

guence of peaks of discrete energieg‘) and respective

heights(peak intensitiesdetermined by corresponding par- T, . (5)= >, fdop w™ (py,7)= > RN (pn, 7).
tial (of Nth orde) ATI amplitudes: N=Ng N N=Ng .

f(ANT)l(pa ﬂ):{f(DNA)Tl(p, n)+ f(RNA)ﬂ(py 7)}
% 5(8p+ I p+ Up_ Nw) (25) V. CALCULATlONSI,Dll\éLCJ:I\L/lJEE:gﬁL RESULTS, AND

n Wh'Ch_the partial c_hrect(l\,ﬁ\Tl ampl|tudéfDN,3T,(p,77) and Thus, in the framework of the presently proposed strong-
rescattering ATl amplitudér,r(p, 77) are given by expres-  fie|q ATI model, the high-energy photoelectron spectrum and
sions(13) and (22), respeﬁtlvely. The respective partial dif- regpective PAD are represented by analytical expressions in
ferential ionization ratew/\y,(py) to absorbN incident pho-  closed and compact forms available for direct numerical cal-
tons and emit the photoelectron of the final momeniyin  culations. According to Eqg13) and (22), these numerical
=V2[Nw—I,—U,] to a fixed spatial direction along the calculations of ATl spectra are reduced first to accurate nu-
solid angle elemerdO,, are conventionally found by means merical calculation of generalized Bessel functBg(x;y)

of a standard procedure of squaring module of total ATI am-of integer ordelcorresponding to contributions of only open
plitude (25) divided by a long normalization time and then direct ATl channelsas well as subsequent taking a sufficient
integrated over the entire phase-space volume of emittedumber of the most contributing ATl channels into proper

photoelectron final states: account. The latter procedure is directly related to the way of
effective numerical calculation of formally infinite sum in
dRW (P 7) Eq. (22) over m corresponding to energyt™ = q2/2=(mew
M) (g, 7) = —ATLEON 77 g. ponding g~ Gw/e=(N
WATILPN 77 do, —lp,—U,) of an active (optica) electron in laser-field-
N induced resonance intermedid&ssentigl continuum states
P predominantly contributing to the amplitude of a certain pho-
:WHBNA)\TI(F)N )+ ffaNA)n(pN ) 77)|2- toelectron peak. This numerical procedure was already thor-
aw

oughly justified earlier and verified under theoretical treat-
(26) ment of the HHG process in the framework of the currently

applied strong-field approadkee also Ref.36] for details.
The ionization rate®R\Y,(p,7) introduced in Eq(26) de-  This procedure is reduced, in fact, to restriction of infinite
termine the respectiventegral photoelectron spectrumnd  number of terms in E¢(22) by a finite numbem,,,, corre-
they are found from Eq.26) by integration of partial differ- sponding to effective numbemy=m,,,,—N, of open ATI
ential ratesngT)l(pN,n) over all angles of photoelectron channels actually contributing to the total amplitude of the
emission. Meanwhile, the partial differential rat@6) deter-  Nth photoelectron peak. Particularly, as was already ascer-
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tained for partial amplitudes of the related HHG process, theg; 10 g
numberm, of predominantly contributing open ATI channels & 7 E

is always finite and proportional to a specified value of the 2 ;
Reiss parameter only. To a fairly good accuracy, the num-
ber my can be generally approximated by the valug, 40 E
that the further increase in the number of ATI channels taken'g 10'9;
into account Ny,,,=[Ny+47]) does not result in any essen- — 10-10 [
tial changes in either the general shape of the produced high8

e [
8 107

energy ATI spectrum or the detailed structure of its conven- § 101 | \.

tional high-energy plateau. In this regard it is very interestingé i \/' N
to note here that restricting the numbmag by the value 2 a 1072 . \.\ 3
(as suggested, in fact, by mentioned quasiclassical strongge 10.13: et M h
field model$ results in the arising of a seconddiyut, quite << 01 2 3 4 5 6 7 8 9 1011 12 13 14
a spuriou$ high-energy plateau in the after cutoff energy €p, photoelectron energy (in units of Uj,)

region (ep>&cytorr~10Up) within which all photoelectron ) ) N _
peaks are ascertained to exhibit a noticeably lower intensity FG. 1. Differential photoelectron spectvel?,(py ., ) for ion-
(over about 6 to 7 orders of lesser magnituade compared to  12ation of a hydrggen a_tczam by the laser radiation field 7ab

a conventional high-energy plateau region. Upon further in-=2 €V I=2x10* Wem 2 corresponding to ponderomotive en-

creasing the number of ATl channéksg.,my=[37], [47], ergﬁ; Ui’f7'2 ev’t thf Refizsls /%a_raomgeézr:%%’ an(tj the Value|°f
etc) taken into account under numerical calculations, th eldysh parametey=wyzl /e =1v.966. 1he spectra were calcu-

secondary plateau becomes highly suppressed, so that it Iasted according to Eq(26) for various angles of photoelectron

| t letel ishing fon.=4 ing t ~ emission VYith respect to the direction _of incident field pqlariz_ation:
aimost completely vanishing amo=[47] owing to a con-  _ 4o (solid squares §=30° (open circley §=50° (solid dia-
s!derab_le destructive mterference._Thus, as was under COMonds, and6=90° (open trianglel The electron energy is plotted
sideration of the HHG proces86] within Fh_e framework of in multiples of U, ; the symbols are joined by lines to guide the
the same strong-field approach, the sufficient number of consye This figure is to be compared with Fig. 3 presented in [2€f.
tributing open ATI channels taken into account should beyng Fig. 2 in Ref[17].
alsoat least twice mor¢hanm(c'3s9=[2]. The latter value
is, in fact, the maximum possible number of open ATl chan-proximation for qualitative description of strong-field multi-
nels taken into consideration by any semiclassisahple- photon phenomena in neutral atomic and molecular species
man-basedor quasiclassical strong-field ATl models due to[18,19,21-24,32,47,48,51,53)5450 that, to a reasonably
the corresponding maximal valag,,,=2(E/w) of intermedi- good accuracy, expressionf9 can be also used under
ate canonical momentum suggested by the associated saddiredel calculations of the photoelectron spectrum produced
point method according to whidhe classical returrback to by laser-exposed species others than negative ions. As appro-
the site of release is already impossible for photoelectronpriate representative examples of such calculations within
released with canonical momentum larger tha&/2f) [51]  the currently proposed ATl model, the photoelectron spectra
(see also the related discussion in H&6]). produced by the ZRP-bound “hydrogen” atom are presented
At last, according to the currently developed strong-fieldin Fig. 1 for different anglesy of electron emission with
ATl model, all the information about the specified laser-respect to the direction of incident field polarizati@rThese
irradiated system under consideration is obtained only viapectra were all calculated according to E2p) under con-
the ionization potentiall ,, the Fourier transform®dy(q) ditions of previous calculations within a differefthough,
=(q|®y(r)) of stationary wave function of initial discrete also based on the ZRP model for atomic binding potential
state ®y(r) and the Fourier transformV(p—q) guantum-mechanical strong-field approd@4| as well as
=(p|V(r)|q) of atomic binding potential/(r). Within the  considered earlier in Ref17] within the framework of pure
approximate ZRRor & potentia) model for atomic binding numerical(the so-called-spling TDSE approach. By direct

potential V(r) and corresponding ground discrefestate  comparison one can see that all the currently calculated ATI
®o(r) with respective ionization potentid,= «2/2, the ex- SPectra demonstrate an excellent accordance with respective

act analytical expressions spectra(see Fig. 3 presented in R¢R4] and relevant Fig. 2
in Ref.[17], for comparisoinboth in general shape.g., the

Jx 1 extent of the high-energy plateau and the value of its cu_toff

Dy(q)= — ——, (p|\7(r)|q>= (29) energy and even reproduce the detailed structure. Particu-

T (g%+ k?) (27K)? larly, the presented photoelectron spectrum corresponding to

the angled=0 fairly well recovers the conventional semi-
can be derived for these above-mentioned matrix elementsassical ‘s 0~10U," rule for the extent of the high-
which, following Refs.[19,21], will be also used in our energy plateau and position of its cutoff energy. In this re-
further model numerical calculations. The ZRP modelgard, it is quite appropriate to note here that, according to the
is well known as quite a conventional approximation currently developed modelbut, unlike the semiclassical
for binding potential in atomic negative iong52]  simple-man-based interpretatjprthe high-energy plateau
and the hydrogen negative ion "H in particular. cutoff appears to be strongly related to the particular
However, the ZRP model seems to be still a reasonable amsymptotic property of generalized Bessel functiéi for
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large values of the ordem, namely, at fixed values of the @& ' : : : : : : ' :
argumentsx andy, it is a very quickly decreasing function € 10%f @) E
[Bn(Xx;y)—0] of the ordern beginning fromn=ny~|x| ; F E
+2|y| only. According to this alternative interpretation, the § 10° 1
extent of the high-energy plateau is determined by values oig 3
the argumentg(p) = (Ep)/w? and n=U,/w of the general- g 10 E
ized Bessel functior(5) which, thus, restrict the effective = 3
(maxima) numbern, of incident photons absorbed in the & 101 3
high-energy ATI process. For the same reason, the extent 0@ 3
the high-energy plateau is also strongly dependent on th(ﬁ 10-12 3
angle # due to the angle-dependent argumeip) o (\
=(Ep)/w?~cos# of ordinary Bessel function),,_\((p E 10-14

0 50 100 150 200 250 300 350 400 450 500
£p, photoelectron energy (in units of eV)

A

—(Qm)) contained in expressio(®2) derived for the rescat-
tering ATI amplitude. Thus, Fig. 1 also clearly demonstrates o
the effect of considerable shrinking of the high-energy pla- €p, photoelectron energy (in units of Uj,)
teau(due to diminishing the value of its cutoff energy along JEay Lo oo el
with increasing the anglé) that is in an excellent agreement 10 ® 2 4 6 8 10
with a general behavior of ATI spectra revealed in relevant

experimentge.qg., in Ref[7]) and results of earlier alterna- &

tive theoretical calculationge.g., Refs[21-24,5(). g 0°
Figure Za) exhibits the results of calculation according to '; ______ 10°

the currently proposed strong-field ATI model for ionization o

of an other ZRP-bound model atomic systétime so-called % . 200

“helium” atom) under the conditions of high-energy ATl ex- =5 e 40

periment[7] made with a neutral helium atom irradiated by
the field of Ti:sapphire lasere(=1.6 €V) corresponding to

g
M »
- <
.
DK
vii vy
:
22 H
1 3 H
| I TR -TR ¥ LT LY

Up,~44.6 eV, n=27.9 andy=0.525[see Fig. 20) in which 106 B :
the relevant experimental results are also presented for corr 0 100 200 300 400 500
parisor]. A very extended plateau is the most prominent fea- €p, photoelectron energy (in units of eV)

ture of ATl spectra presented for various values of aotd _ _ N _
photoelectron emission with respect to the direction of inci- FIG. 2. Differential photoelectron spectvell?,(py,7) for ion-
dent field polarization, and for each angle the plateau has gation of a helium atom by the radiation field of Ti:sapphire laser
very defined cutoff. Particularly, for emission of the photo- (A©=1.6 eV, 1=8x10"Wecm™2, coresponding to U,
electron along the direction of incident field€0), the cal- =446 eV,7~28, andy=0.525), represented for various angtes
culated position of cutoff energy is a bit farther tharUJpO of photoelectron emission with respect to the dlrec_tlon of incident
whereas the referred experimental results show the platedl§'d Polarization.(@ The spectra calculated according to the cur-
cutoff at a noticeably smaller electron energy than the con[em'{’ prppo_sed strong-field ATI modet=0 . (thin line) and & .
ventional semiclassical value ag This deviation can be =40° (thick line). (b) The spectra corresponding to relevant experi-

. . ; - . mental data of Ref[7] (see also Fig. 1 presented thepeii=0°
surely ascribed to a particular fact that in our calculations wi 7] ( g~ P y

o4 5 . %solid line), #=10° (dashed ling 6=20° (dotted ling, 6=40°
had to use the value=8X10""Wcm" “ reported in Ref|7] (dash-dotted line The symbols are omitted, but joined by lines, so

of laser intensity which was apparently just a peak valugngt only the envelopes of photoelectron peaks in each spectrum are
(e.g., in the very center of laser fogusvhereas the actual presented. These photoelectron spectra are also very reminiscent of
(i.e., pulse- and focus-averagddtensity attained in experi- those calculated in Ref21] for a helium atom under comparable
ments[ 7] might be somewhat lower. For larger valuesfof values of parameters of the incident laser figde Fig. 1 therein

the high-energy plateau cutoff appears earlier thabl ;10

(but, still noticeably farther than corresponding experimentakistent with relevant results of SFA-based quantum-
resultg that is, however, in a general accordance with calcumechanical calculation®21-24.

lations of completely classicé?9] and quantum-mechanical Besides the dependence of a general form of high-energy
strong-field ATI modelge.g.,[21]). At the same time, in Fig. photoelectron spectrum and its detailed structure on major
2(a) there is a fairly good agreement with experimental re-parameters of the incident radiation field and specified laser-
sults in respect of absolute peak heiglitsization rates  exposed system, it seems to be also very interesting to inves-
both in the low-energy regiotwhere the direct ATI process tigate separate contributions of the direct and rescattering
is predominantand in the high-energy plateau regiavhere ATl processes relative to each other and analyze their com-
the rescattering AT process is predominee well as rela- parative roles in the formation of the produced photoelectron
tive difference(of about five or six orders of magnitude, in spectrum. Figures(8) and 3b) demonstrate the photoelec-
averaggin heights of photoelectron peaks between these entron spectra calculated according to E(s3), (22), and(26)

ergy regions. At last, even within the lower-energy region,for above-threshold photodetachmé&ATD) of negative hy-

the contribution of the direct ATl process always becomesdrogen ion H by linearly polarized C&laser radiation un-
smaller for larger values of, which is also generally con- der initial conditions considered in Ref50] within the
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- L AL T are also given separately in the same figures and well seen to
; 10 —e—e— ZRP model, direct AT only @) 3 be predominant mostly within the low-energy part of the
E 104 —o—o— ZRP model, AT with rescattering photoelectron spgctrqm only. So, for. emission gf photqelec—
] bg.ooooooob o, 1 trops al'ong the dlrectlpn of qugnt fleIcQ(z 0) this contri-
= 10-10 .*‘. i\ D,OP %, 3 bution is almost pre_(:ls_ely comcm_lent with the total photo-
= . ﬁi ] %Ob ] electron spectrum within the relatively Iow-.energy region O
g 1012 ‘.‘ Y b% ] <¢gp,=<2U,~ (30— Np)w where the rescattering process con-
£ »0 % ] tributes negligibly. However, beyond this regi@re., within
o 10-14 By l’oo & o] the high-energy plateau regiotdg<e,<10U,) the photo-
E 4 \/BJ v b_ electron spectrum consists almost entirely of the contribution
< 10-16 b . A ) . : 3 from rescattered electrons. For the particular case of incident
1 30 40 50 60 70 8 90 laser field of linear polarization and spherically symmetric
electron energy (in number N of photons absorbed) atomic binding potential under consideration, it is also very
. . . . interesting to note here that only even total net numbkog
S 10k —a—e— ZRP model, direct ATI only (b) 1 photons are absorbed by the photoelectrons emitted at the
8 1 —o—o— ZRP model, ATl with rescattering 3 angle #=0. The latter means that only photoelectron peaks
g 10%¢ /°\\ 3 corresponding to even numbér=(p§/2w+1,+U,)/ o of
§ 10_10: \o *— 1 absorbed photon&nd, thus, separated from each other by
© 3 \o E double fundamental frequencgan be observed along the
E 10-12| 3 direction that is perpendicular to the incident laser field po-
= F O=90° 3 larization[Fig. 3(b), see also Fig. 1 and the line correspond-
-E 10"“: — 3 ing to #=90° thereif. The latter feature noted #t=90° is
a 10-16F \ ] quite a natural and direct consequence of dip@lelong-
5 3 \ ] wavelength approximation due to neglecting any photon

-18 1 1
10 10 15 20 25 30 35

electron energy (in number N of photons absorbed)

momenta,k=0. Particularly, within the framework of the
currently applied strong-field approach, there is a very
simple explanation for this noted feature, namely, it follows

FIG. 3. Differential photoelectron spectrai¥,(py,7) for a directly from the equatio(py) = (Epy)/w?=0 [i.e., in Eq.
negative hydrogen ion Hphotodetachment by CQaser radiation ~ (22) We have, in factJn,_n(Z(Pn—0m))=JIm-n({(am))] as
(ho=0.117 eV, 1=5x10°Wcm 2, so thatU,~0.52 eV, 5 well as from the parity properties of Bessel functions
=4.46, andy=0.85) calculated for various values of angleof ~ CONtained in ATl amplitudes(13) and (22). Recall that
photoelectron emission with respect to the direction of incident fieldJs(—X) =(—1)°J¢(x) ~ and,  accordingly, Bg(—Xx:y)
polarization: (a) 6=0°; (b) #=90°. Solid circles correspond to =(—1)°Bg(X;y), so that the integrand function in E(2)
photoelectrons produced due to direct ATD process only, whereais always an even function of intermediate canonical mo-
open circles correspond to photoelectrons produced due to the dinentumq under the replacement— —g. Consequently, the
rect and rescattering ATD processes taken into account. The energytegral expressio22) for the amplitude of the rescattering
of photoelectron peaks is plotted in units of total humbéiof ATI process of electron emission at the angte 90° is non-
absorbed photons; the symbols are joined by lines to guide the eygeroonly if Nis an even number. Analogously, from E{3)
These figures are to be compared with Fig. 5 presented if8&f. it directly follows that the amplitude of the direct ATI pro-

- _ _ cess of electron emission at the angle 90° is nonzer@nly

framework of a mod_|f|ed SFA-based qu_a3|cla53|cal approacfpr even Nonly for which B_y(Z(pn); 7/2)=B_n(0;5/2)
(the so-called atomic antenna mechanism, see, e.g., the reL—J_N/Z( 7/2)#0; otherwise, for odd, it immediately fol-
evant results presented in Fig. 5 thejeamd corresponding  |ows thatB_(0;7/2)=0 (see also, e.g., Ref37)).
to U,~0.52 eV, »=4.46, andy=0.85. All spectra pre- The relative contributions of direct and rescattering ATI
sented in Figures(&)—3(b) were calculated for two values of processes are also clearly seen to be even more distinct and
the angled (0 andm/2) of photoelectron emission with re- dijstinguishable in respective integral photoelectron spectra
SpeCt to the direCtion Of il’lCident f|e|d p0|al’i2ati0n and theSQ:ak:u'ated for ATD Of negative hydrogen ioanrradiated
spectra are in an excellent agreement with respective resulgg, CO,-laser and represented in Fig. 4 by integral photode-
of Ref.[50], in both a general form and even detailed struc-tachment rate®R{Y(py) (i.e., integrated over all angles of
ture. In particular, for emission of a photoelectron along thésstoelectron emissioror different values of incident laser
direction of incident field polarizationf(=0), the position jntensity. As compared to differential photoelectron spectra
of calculated cutoff energy 8cutoff:8é °“"’”’*10Up presented in Figs.(8) and 3b), no randomly oscillating val-
=(Ncutof— No) w~45w exactly corresponds to the total ues are seen in Fig. 4 of photodetachment rates in calculated
maximal numbeN,,,~56 of photons absorbed and minimal integral photoelectron spectra which are considerably more
possible numberNy=[(l,+Uy)/w]+1~11 of absorbed smooth and, within high-energy region, slowly varying with
photons required for ionization. In addition, the results cor-increasing of photoelectron eneryr the total numbeN of
responding to the contribution of the standard Keldysh amincident photons absorbgedVithin the low-energy region all
plitude (13), taking into account only the direct ATl process, the calculated photoelectron spectra are in almost precise
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10° T e minor contribution of the rescattering ATD process to the
- --0-- I=1.0*10" W/ent (direct ATD only [15, 53]) . . .
3 oot w=0e- 1= 5.010" Wen (direct ATD only [15, 53])] low-energy part of the spectrum taken m;o conS|derat|o_n un-
8 =+ 1= 1,010 Wen? (direct ATD only [15, 53] der current calculations, but neglected in above-mentioned
o 107 e, ﬁfifiﬁlﬁﬁﬁﬁZZZZZ:IZZ:Zii 3 previous strong-field ATD models. Finally, as expected, the
g 107k i ] 810" W (ATO with rescatiering) presently calculated photoelectron spectra also well demon-
c 10° v~ ] strate a rise of extensiqithe length of the rescattering pla-
2 , teau(in an excellent accordance with the conventional phe-
S 10 % nomenological 10, rule) as well as its average levébr
'g 107"t \ average height of high-energy photoelectron peaks within the
= 102} ™ rescattering plateau regipwith increasing the incident laser
S Ly X intensity: namely, according to the mentioned semiclassical
54 1077 “ 3 rule one should expect that the number of absorbed photons
E 10"“8 1'8Y 58 38 48 58 6'81 76 88 08 108 118 corresponding to the high-energy plateau cutoff are to be

Neutorf= 17 for laser intensity = 1x 10 Wcm™ 2, whereas
Neutors=56 for 1=5x10'° Wem™ 2 and N 0¢¢= 106 forl
=1x10"wem 2,

The numerical results for anomalous PAD calculated ac-
cording to the proposed strong-field ATl model and corre-
triangles, | =5x 101° W cm 2 (squarel and|=1x 10 W cm2 spor_lding to a se_parate high-e_nergy photoelectror_1 p_eak
(diamonds. Open symbols correspond to earlier results of otherWithin the rescattering plateau region are represente_d in Figs.
authors for photoelectrons produced due to the direct ATD proces3(@—5(d) for the ATD process of negative hydrogen ion H
only (see Table Il presented in Réfl5] and Table | presented in under the conditions used in our previous calculations of
Ref.[53]), whereas solid symbols correspond to photoelectrons prof€spective photoelectron spectra presented in Fig. 3 above.
duced due to the ATD process with rescattering taken into accourll the presently calculated PAD are well seen to be in a
under calculations according to the current strong-field ATl modelfairly good accordance with the relevant results of earlier
The energy of photoelectron peaks is plotted in units of the totaklternative calculations for respective PAD within a different
numberN of absorbed photons; the symbols are joined by lines tostrong-field(viz., the atomic antennapproacH50] (see the
guide the eye. relevant Fig. 3 presented thergiue to linear polarization

of incident laser field and implicit assumption about central
agreement with respective ones calculated by other authofspherical symmetry of the atomic binding potential under
under the same conditions, but within different strong-fieldconsideration, those angular distributions are expected to
photodetachment mode[45,53 ignoring any rescattering have an azimuthal symmetry with respect to the field polar-
ATD process. Some deviations are obviously caused by someation axis, therefore only the dependence on the polar

N, Total Number of Absorbed Photons

FIG. 4. Integral photoelectron spectRy¥,(py,7) for above-
threshold photodetachmeffTD) of the negative hydrogen ionH
by a radiation of the C@laser fiw=0.117 eV) calculated for vari-
ous values of incident laser intensity=1x 10 W cm™2 (down

31040 T T T . .
7 ¥ : 6] - ®
i —N=32 —N=35
5 20" ———N=33 ———N=36 ]
= B2/ e N=3a 1F N\ gl e N=37
g
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E 1x10™10 ]
Q
=
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-10 T T T
. 310 P &
S
s
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FIG. 5. Partial photoelectron angular distributic\rmgr),(pN ,m) corresponding to various photoelectron peaks in the spectrum of negative
hydrogen ion H photodetachment by G@aser radiation §w=0.117 eV, =5x 10" Wcm 2, so thatU,~0.52 eV, n=4.46, andy
=0.85), all calculated according to formu28) and represented as functions of the arfytef electron emission with respect to the direction
of incident field polarization. The energy of the photoelectron peak is presented in units of the total Niwfbabsorbed photonga)

N =32 (solid line), N= 33 (dashed ling N= 34 (dash-dotted ling (b) N=35 (solid line), N=36 (dashed ling N=37 (dash-dotted ling (c)
N =238 (solid line), N=39 (dashed ling N=40 (dash-dotted ling (d) N=45 (solid line), N=50 (dashed ling N=55 (dash-dotted line
These figures are to be compared with Fig. 5 presented in[ R&f.
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angled between the directions of photoelectron emission and 2p*(p—1)(p+3) (p+1)3
incident field polarization is depicted in Figsiab-5(d). As 5 =0.9036, )\*l:ﬁ_ (31
is well known, the angular distributions of direct photoelec- (p+1) p(p+3)

trons(i.e., primarily corresponding to low-energy photoelec- ) . .
tron peaks within the region €z,<2U,) are generally There is only one, a single, real positive rqut5.32 that

strongly aligned along the incident field polarization direc-can be immediately found out from these two equations, so
tion and become narrower toward the limig [8]. How- thatA~0.701 and, hences~1.866. Finally, the respective
ever, essential and drastic changes are present in angular dikPressions for the matrix elementg,(q) andV(p—q) in
tributions of rescattered photoelectrons with energies highdin@l analytical expression€l3) and (22) corresponding to
than 2U,,, namely, within the rescattering plateau region ofthe short-range Yukawa model binding potential take the
energy the respective PAD become noticeably broadefOrm
though are gradually narrowing on further increasing the
electron energy towards the valuell0corresponding to the Do(q)=———, ( |\7(r)| i S
plateau cutoff. Thus, Figs.(8-5(d) also confirm and well otd (2 + k2)2’ P a 72 (p—q)2+ N2
illustrate this general rule, moreover, it is also well seen that (32)
a noticeably larger part of photoelectrons of energy higher
than 2J,, is emitted along spatial directions different from The resulting photoelectron spectra for ionization of such a
the incident field polarization, so that the corresponding PADheutral He atom by the field of yttrium aluminum garnet
are getting concentrated mainly in a few separate narroWyAG) laser are presented in Figgaband Gb). These spec-
regions(the so-called side-lobes or ringshich are centered tra were calculated according to E@6) under conditions
at values of the angl@ different from zero. Whereas, for considered in Ref[22] for two different models of atomic
photoelectrons of energy nearer to the plateau cutoff regiobinding potential—either the Yukawa model potential
g,~10U, [the line corresponding ti=55 in Fig. §d)] the  (though, with the corrected values of parametersind «
ringlike structure in PAD gradually disappears, and, simultafound above or the ZRP modeJwith corresponding expres-
neously, the total width of respective PAD becomes noticesions (29) for the respective matrix elementBy(q) and
ably narrower, being centered at the direction of incidentV(p—q) and parametex=1.345 corresponding to the bind-
field polarization(see also Ref.18]). ing energye o= — k?/2~ —24.6 eV used for the neutral ZRP
At last, it seems to be also interesting to apply the proHe atonj. As expected, there is a noticeable difference seen
posed ATl model to laser-exposed atomic species bound toia calculated photoelectron spectra produced by the model
different, more realistic binding potentislr), instead of the  Yukawa He atom relative to the ZRP He atom and, particu-
previously used ZRP model, and compare the respective rearly, a difference in the average level of heiglitgensities
sulting photoelectron spectra. As was suggested in[R8f,  between low-energy and high-energy photoelectron peaks:
let us also consider, for example, a laser-irradiated “He”namely, the relative difference in the average level of heights
atom bound with short-range Yukawa model potentigt)  of low-energy and high-energy photoelectron peaks has been
=—Zr exp(—r) (or, the so-called “screened” Coulomb found to be about 5-6 orders of magnitude in the calculated
potentia). However, unlike Ref[22] [whereZ=1 and«  Spectrum corresponding to the Yukawa He atomith A
= \/szl were implied, i.e., the exactStstate wave func- ~0.701), i.e., it is slightly increased as compared to about
tion of a hydrogen atom was used, in fact, as initial ground*—5 orders of magnitude for the respective difference found
discrete state of the He atom for calculation of relevant main the photoelectron spectrum calculated for the model ZRP
trix element®y(p)], it seems to be more natural to supposeHe atom. This particular feature is also well seen in the
Z=2 for a neutral He atom under our numerical calculationslower-energy part of the same spectra presented separately in
The latter supposition can also provide the exact value ofig. 6(b); thus, the results of our present calculations gener-
initial ground-state energy,= — I ,,= —0.9036, whereas the ally confirm the effect of dependence of the relative differ-
reasonable value of corresponding to this correct binding €nce in heights of low-energy and high-energy photoelectron
energy of the initial ground state can be found, for examplepeaks (found in Ref. [22] for a model laser-irradiated

by means of the following trial variational wave function: ~Yukawa He atomon a specified value of the screening pa-
rameterA. However, according to our present calculations

ey — (but, contrary to alternative recent results of HeR]), this
Do(r)= K7eXp(— «T) . (30) dependence proved to be inessential, so that the related
Jm change of the relative difference is not too lafgi., nearly
about one order of magnitude in averggesrsus a very huge
relative differencgof about 12—14 orders of magnitude-
Here k is some variational parameter introduced to minimizevealed in the photoelectron spectra calculated in R for
the ground-state energyy(\) of such a neutral He atom a Yukawa He atom with similarly small screening parameters
bound with Yukawa potential and, simultaneously, to provide\. In this regard, it is worth reminding that, under numerical
the correct value oky(\)=—0.9036. One can derive that, calculations of photoelectron spectra corresponding to differ-
in order to comply with these two conditions, parameters ent values of\ used in Ref[22] for a Yukawa He atom, the
and k (related to each other by the relatipr= 2\ ~1>1) value of binding energyg,= —0.5) would be rather appro-
should satisfy the following equatiorisee, e.g., Ref55]): priate for the hydrogen atom only. Moreover, the valye

22,52 1 1

013406-13



USACHENKO, PAZDZERSKY, AND McIVER PHYSICAL REVIEW A69, 013406 (2004

@ 10-15 T T T T e T T T e e T e ey direct ATl process that was enormously overestimated in

= —eo—e— Yukawa model, AT| with rescattering . . . .

£ 1016 oo Yukawa model direct ATI only ] Ref.[22] due to a different representatidwiz., via the ma-
1017 ~v—v- ZRP model, ATl with rescattering 1 trix elementVo(p) =(p|V(r)|Po(r)) of interaction with an
10-18 —v—v— ZRP model, direct ATI only ] atomic binding potential utilized to derive the respective

Keldysh amplitude which is always predominant within the

10-19 E low-energy region only. Recall, however, that the latter men-
10-20 . tioned representation used in RE22] is physically equiva-

] lent to the currently used orjé.e., via matrix element of em

A ﬁv}{-”‘\’“"%‘ ] interactionW(r,t), which is some kind of standard for the

10-21
10-22
10-23

10_24II il R PEEwe | 1 | S PR |
0 1 2 3 4 5 6 7 8 9 10 11 12

€p, photoelectron energy (in units of Up)

w5, direct ATI amplitude in all KFR theorieg42]] only provided

] the exact wave functionsf the considered laser-irradiated
atomic systemare usedunder final numerical calculations.
Meanwhile, within the Yukawa model for atomic binding
potential, one has to use only approximate wave functions
and this latter approximation may inevitably cause a great
difference in final results of calculations. This latter conclu-
sion becomes also especially evident from the later results of
Ref.[23] calculated by the same authors within a neuer

3 proved version of their quasiclassical ATl model where the
. conventional representatidmne., via matrix element of em

pas it PN interactionW(r,t) with an incident laser fieljwas used and,

‘\ 5 additionally, the Coulomb effects were also taken into some
. account. Although the Coulomb effects were identified there
] as responsible for a considerable increase of the ionization
] rates that should change the behavior of the rates in the

ATI Differential Rate (arb.

— 1 r 1 r r 1 T T 11 r 1T
—e—e— Yukawa model, ATl with rescattering ]

10-16

—0—o— Yukawa model, direct ATl only

—-¥—v¥— ZRP model, AT| with rescattering
1018 F

=v—v— ZRP model, direct ATl only
10-20
10-22 |

1024 |

ATI Differential Rate (arb. units)

e (b) ;
10-26 . i lower-energy region, nevertheless, there was no any enor-
0 1 2 3 4 5 mously increased huge relative difference yet found in Ref.
Ep, photoelectron energy (in units of Up) [23] for average level of heights of lowest photoelectron

FIG. 6. (a) Differential photoelectron spectrat™¥ (py,7) for peaks with respect to high-energy ones previously calculated
ionization of the neutral He atom by the radiation field of the YAG @nd reported about in R¢R2] for small screening parameter
laser Gw=1.17 eV, I=1x10"Wcm 2 corresponding toU,  \. This conclusion is also generally consistent with the spec-
~10.43 eV, 7~8.9, andy~1.086) and calculated for photoelec- trum presented in Figs.(& and 6b) for the Yukawa He
tron emission along the polarization of incident laser fiell ( atom and calculated for the correct value of its binding en-
=0°). The presented spectra were calculated for two differentergy and more realistic value~0.701 of the screening pa-
models of the atomic binding potential: either the model Yukawarameter, so that the respective spectrum demonstrates a be-
(screened Coulombpotential with variational value of screening havior very similar to the results corresponding to the model
parametem ~0.701 (circles or the ZRP modeldown triangles  ZRP He atom for which the matrix elemer{®9) are exact
(b) The low-energy part of the spectra presentetijralso showing  due to the fact that the ZRP model allows to have deal only
clearly the respective separate contribution of the direct ATl procesgith exact solutions for wave functions used under calcula-
only (the open symbojsvs the total spectra with the rescattering tjons. Thus, the ZRP model, essentially exploited in our cur-
ATI process taken into accoulthe solid symbols The electron ot cajculations only for correct comparison with relevant
energy is plotted in multiples o), ; the symbols are joined by g it5 of different approaches, again proved to be still quite
lines to guide the eye. These figures are to be compared with FI% reasonable approximation for modsimplified) numerical
1(a) presented in Ref{.22]. calculations of strong-field phenomena in atomic systems.

L _ Particularly, this approximation is still available for adequate
was supposed to be quite independent on the screening Pgijitative(and, to a reasonable accuracy, even quantitative
rameter\ that also seems to be physically incorrect. Thedescription of photoelectron spectra produced due to the

latter means, particularly, that the mentioned strikingly fast,; h_anerav ATI brocess in various atomic species includin
(both absolute and relatiyeise of the total probability rates nggative i%)rlws. P P g

in the low-energy region of photoelectron spectra calculated
in Ref.[22] for similar values of parameter of the Yukawa

He atom cannot be explained and sufficiently well justified
by just a different form of atomic binding potential onlgs Thus, the highly nonlinear multiphoton strong-field pro-
suggested, in fact, in Ref22]). Therefore, the associated cess of high-energy above-threshold ionization in an isolated
main conclusion of Refl.22] predicting a principal possibil- atomic system irradiated by an intense laser radiation was
ity of effective control of the height of the rescattering pla- considered theoretically and studied numerically within the
teau by just changing the screening parametseems to be framework of an alternative nonrelativistic fully quantum-
at least quite questionable. The latter noted particular contranechanical strong-field approach that we developed earlier
diction is mainly caused by the relative contribution of thefor theoretical treatment of high-order harmonic generation.

V. CONCLUSION
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The underlying approach is based on the standlllysh  most of other authojghe “velocity’ gauge of em interaction
approximationcombined with the essential states method(1) with incident laser field is substantially used in the cur-
(and the associategole approximatioly which, applied to- rently proposed strong-field ATl model, otherwise the model
gether, allow for representation of the total ATl amplitude inwould be much more cumbersome in the more commonly
a closed and compadthe so-calledfactorized analytical — used ‘length’ gauge.
form. The related proposed strong-field ATl model also de- To verify and demonstrate a remarkably good applicabil-
scribes a highly nonperturbativehough, also single-active- ity (and availability of the proposed model, a number of
electron response to incident laser field in terms of a superPhotoelectron spectra produced by various specified atomic
position of two nonlinear processeshe direct ATI process SPeciesimostly noble gas atoms and negative joasd as-
of emission of relatively low-energy photoelectrdmsth en- spmated phot_oelectron angular distributiofike so—calleq
ergies extending up to abouti2) andthe rescattering ATl sidelobes or ringshave been cglculated a_nd shpwn to fairly
processof high-energy electrons emissidnf energies ex-  Well ref’produce the conventional semiclassicat ctof
tending up to 10,). The applied strong-field approach is ~10U," rule for the extent of the high-energy plateau and
fully quantum mechanical and developed beyond any semithe position of its Cu_toff energy. The results of our numerical
classical concepts of the most contributing classical trajectoc@lculations unambiguously proved that the currently pro-
ries (or quantum pathsof the released electron being in Posed strong-field ATI model is equally well applicable and
intermediate continuum states. Therefore, the developed AT@vailable for effective numerical calculation of atomic pho-
model does not require any numerical analysis of the retoelectron spectra, especially, having a very long high-energy
leased electron classical motion along complex trajectorieBlateau. The model also describes adequately better, the
for finding out and consequent thorough selection of onlylarger the value of the Reiss parametgis) both the general
those which contribute predominantly to the amplitude of theShape and detailed structure of high-energy photoelectron
photoprocess under consideration. This, particularly, meangPectra as well as their n_onllnear behavior within a broad and
that all the mentioned contributing classical trajectories ardhe most interesting region of the problem parameters. All
ab initio taken into proper consideratigirrespective of the the. representative photoelectron_ spectra currently galculated
initial value of the released electron velocity) provided @S illustrative examples are also in an excellent or fawly good
the number of contributing open ATl channels taken into@ccordance with those observed in relevant experiments
account under numerical calculations is sufficiently large tc@nd/or calculated within quite differethough, often either
suppress the secondafyhough, quite a spuriolishigh- t_oo analytically cumbersome or very demandmg_ computa-
energy ATI plateau. In addition, the proposed ATI model istionally) approaches and methods developed earlier by o.ther
not restricted to one-dimensional consideration only corre@uthors. Finally, due to the fact that the related numerical
sponding to motion of the released electron ejected to intefc@lculations are considerably more facilitated compared to
mediate continuum states either along the polarization of inPreviously developed different strong-field models, the ad-
cident laser field or opposite one. Indeed, this model alway¥antages of the currently proposed strong-field ATI model
and automatically takes also those trajectories of releasedMake it especially promising and helpful for theoretical treat-
electrons that are ejected under an arbitrary angle in respeftent of the high-energy ATI process, e.g., in much more
of the incident field polarization into equal account; this lat-complex laser-irradiated speciesolecules, etg.or in the
ter procedure is just reduced to performing of internal nu-Particular case of two-coldlblchromatl_o |n_C|dent Iaser_ f_|eld
merical integration in Eq24) over all intermediate angles of ©f nonstandard frequency and polarization composition and
released electron ejection. arb_ltrary spe}tlallconﬂgurgnon, wh|ch.are very important for
Application of thepole approximationproved to be ex- Various fascinating practical applications.
tremely useful and working surprisingly well, it also makes
the final results quite transparent for interpretatiparticu-
larly, the direct ATl process and rescattering ATI process are
found to be strongly interrelat¢dnd allows for deriving the The authors are indebted and very grateful to Dr. Wilhelm
final expressions for ATI probability rates in a closed analyti-Becker and Professor Valentin N. Ostrovsky for their valu-
cal form available for direct numerical calculations. On theable remarks and helpful and stimulating discussions during
other hand, this considerably simplifies the problem as it alsthe preparation of this paper. One of (4l.U.) also grate-
allows one to take into proper consideration both arbitranfully acknowledges the support from DAADDeutscher
incident laser fieldgof various frequencies and polarization Akademischer Austauschdiehpsind would like to express
compositions and spatial configuratiorad arbitrary bind-  his gratitude for the hospitality and additional support kindly
ing potentials(iinsomuch, as their Fourier transforms can beextended to him by Dr. Wolfgang Sandner and Dr. Wilhelm
obtained in a closed analytical fojmAlthough the saddle- Becker as well as thank Dr. R. Kopold from B-Division of
point approximation can do the lattére., to treat arbitrary the Max-Born-Institute of Nonlinear Optics and Short-Pulse
binding potentialstoo, but not for the exact solution of the SpectroscopyBerlin) for permanent everyday help during
strong-field approximation, which is, thus, always restrictedhis working visit. The research described in this publication
to a model zero-range potential only that seems to be quitevas also made possible in part by financial supgévard
inconvenient for extension to other laser-irradiated systemslo. ZP2-2279 by the U.S. Civilian Research and Develop-
(e.g., molecule, ett.more complex than atomic one. It ment FoundatiofCRDF for the Independent States of the
should be also mentioned that, as in R&f] (but unlike the  Former Soviet Union.
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