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The solution of the many-electron many-phottMEMP) problem for strong fields is facilitated if the
corresponding theory entails a computational methodology that combines economy with accuracy and gener-
ality, as regards electronic structure and the incorporation of the continuous spectrum. By applying the non-
perturbative MEMP theoryMEMPT) to the prototypical Li 'S state, where both radial and angular correla-
tions in the initial state and interchannel couplings in the final scattering states cannot be ignored, we computed
frequency-dependent widtiw) of multiphoton detachment, as well as energy shifte), for intensities 1
X 10°-1x 10** W/en?, using one- as well as two-color fields. Even though te&p ?P° threshold is kept
energetically closed, its coupling to the open chanrs#R4& 2S cannot be ignored. For the two-color MEMP
problem, the present application of the MEMPT provides results for a four-electron system, whereby the
self-consistent field, electron correlation, and interchannel coupling are taken into account. The re&wlts for
3w) laser fields exhibit the recently predictEth. Mercouris and C.A. Nicolaides, Phys. Rev6A, 013411
(2001] linear dependence of the rate on gosvheree is the phase difference of the two weak fields. Based
on this and on lowest-order perturbation the@r®PT), we obtain a quantity characteristic of the system atom
plus fields, which we name thariterference generalized cross sectidfor the one-color system, comparison
is made with our previous conclusiofs.A. Nicolaides and Th. Mercouris, Chem. Phys. L&&9, 45 (1989);

J. Opt. Soc. Am. B7, 494 (1990] and with results from recent calculations of the two- and three-photon
detachment rates by Glassal.[J. Phys. B31, L667 (1998], who implementedR-matrix Floquet theory, and

by Telnov and ChyPhys. Rev. A66, 043417(2002], who implemented time-dependent density-functional
theory in the Floquet formulation via exterior complex scaling. Similarities as well as discrepancies are
observed. Our results fdi(w) and A(w) involve a dense set of values as a functiorwoind provide a clear
picture of the physics below, at, and above the 3 photon threshold.
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[. INTRODUCTION fields simultaneously. The ensuing complexity concerns both
the type of necessary formalism and the method of compu-
The interaction of a high intensity laser field with an tation.
atomic state leads to multiphoton ionization and shifts of the Having the above in mind, in this paper we discuss the
energy levels. From the theoretical point of view, one mushonperturbative computation of the frequency-dependent rate
expect that, just as in the case of one-photon absorption, thg single electron multiphoton detachment of the™ IS
details of electronic structures and interchannel couplings iRiater” and the shift of its energp, when this state is ex-

thbe |n|t|akl)|and flnarl1 statehs must Iefa_ve _the!r flngerprlntls og_th osed to a strong one-color figll(w), A(w)] and to a weak
observables, such as the rate of ionization or angular distri;, o ~(or field with commensurate frequenciesand 3o,

butions of photoelectrons. Furthermore, real and virtual in ot : )
termediate states play a role. And last but not the least, thTel.ﬂ((f)’?)w)’ Aw3w)], Lor three charlacterlstlc values of inten
. . Sity: 1x10°, 1x10%° and 1x 10* W/cn?. We report the
physics must be described and computed by a pract|cz§1 tal electron detachment rates using frequencies in the range
theory that essentially accounts for the perturbation series (%f using frequencies i 9
.011-0.021 a.u. For the two-color case we obtain numeri-

the total Hamiltonian to all orders. The totality of the above . L '
requirements definesraany-electron many-photdMEMP) cally a quantity, characteristic of the system atom plus fields,

problem, a problem that appeared as soon as the possibiIiWh'Ch we n?me the ithterference generallzgd cross section
of measuring the effects of the interaction of atoms and mol- The Li” °S state represents a prototypical system where
ecules with strong laser fields emerged. Its solution necessthe multiconfigurational self-consistent field affects the zero-
tates the capacity of understanding and computing the sigerder orbitals and where radial as well as angular correlation
nificant features of the interelectronic correlations and of thecannot be ignored. Also, because of the low ionization limit,
atom-field interaction nonperturbatively. Furthermore, it isof the proximity of the 5°2s 2S and 1s?2p 2P° channels of
possible to expose the atom or the molecule to more than ortbe final neutral state and of the large dipole matrix element
between them, it is possible on the one hand to have nonper-
turbative field-induced detachment at relatively low intensi-
*Email address: thmerc@eie.gr ties, of the order of 18 W/cn?, and on the other to have
"Email address: can@eie.gr significant influence from interchannel coupling. At the same
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time, because Li has only four electrons, aab initio treat-  ture and electron correlation features and for the understand-
ment can be computationally economical, even if the correing of their interplay with the transition process of interest.
sponding solutions of the relevant equations have to be A number of conclusions were reported in Refb-3,4]
achieved with physically significant accuracy. concerning the one-, two-, and three-photon detachment rates
In the fO”OWing section, we discuss brlefly the pUb"ShEdof Li_, and of ANIs in genera|_ For examp|e, it was recog-
work on the MEMP problem for Li, which started with the pjzed that, in LT, nonperturbative effects appear at intensi-
first polyelectronic treatment of Ref§l] and [2]. Earlier  tjes of the order of 18 W/cm?. The measurefi7] and semi-
theoretical investigations from the polyelectronic point of ¢|assically explained7] oscillatory structure of one-photon
view had involved only the relatively simple Hsystem or  getachment rate in parallel ac and dc fields was confirmed for
fcheluse of model potentials for atomic negative i6ABIIS)  the first time quantum mechanicallg]. Also, it was pointed
in °S states. The substance of the results of that work omyt that “near the two-photon threshold, the calculations
multiphoton detachment rat¢®1PDRS, and its comparison ghow structure due to ac-field inducé8-'D interchannel
with results obtained from first principles, was discussed irboupling and shape resonanceig. 1 of Ref.[1]). The
Refs.[1-3]. More recently, the systematics and analysis ofsjgnificance of this type of interchannel coupling was em-
the effect of electron correlation on MPDRs via the Change*bhasized again in our work on the multiphoton detachment
of the ANI outer orbital in the asymptotic region, a region of 4~ [4,8]. It is natural that its effects will show up in other
that is essentially adjusted semiempirically when accuratd\N|s and for properties that are even more sensitive to the
model potentials are used, was presented in R&f. mixing coefficients, such as angular distributions of photo-
In Sec. Il we review the MEMP theoMEMPT) of the  gjectrons.
linear and nonlinear response of an atomic state to one or The structure of the MEMPT also allows the direct calcu-
more (commensuragemonochromatic field$5]. In Sec. IV |ation of the linear and nonlinear frequency-dependent en-
we present our results for one color and for two colors angyygy shifts of the specific level under investigation. As re-
their comparison with the published ones for the one-colorgardS the Li 'S state, this was demonstrated in REZ],
case. In Sec. V. we comment on the exterior complex scalinghere the dynamic polarizabilities and hyperpolarizabilities

technique and its conceptual connection to the basiSyere computed. A more systematic analysis and other refer-
dependent state-specific theory for the solution of field-fregynces are given in the recent application to[BE

or field-dressed complex eigenvalue Salinger equations. If the time dependence of the laser pulse is to be taken
Section VI provides the synopsis of the discussion of th&nig account, the MEMP problem must be solved in terms of
present paper. the time-dependent Schiimger equation(TDSE). The

Li~ 'S state has again been used as the exemplar in the first
application of the state-specific expansion approach to the
solution of the TDSE with a time-dependent laser-atom in-
teraction Hamiltonia10]. As was stated in the abstract of
Ref.[10], “...the results on above threshold ionizatioaT|)
Regarding the nonperturbative calculation of the nonlin-for photon energy 1.36 eV demonstrate the effects of
ear response to a linearly polarized strong laser field, thénitial-state electron correlation and of final-state field-
Li~ 'S state was first treated as a four-electron system irinduced coupling of open channefthe Li 1s?2s *S and
Refs.[1] and[2]. It is worth pointing out that the system was 1s°2p ?P°), as a function of field intensity.”
treated in the presence of a dc field as well. The MEMPT that In more recent years, the growing interest in the MEMP
was applied tackles the problem as one of searching for theroblem has led a few groups to the choice of the &
state-specific complex eigenvalue of a field-induced complestate for further investigations of the one-photon induced
resonance state, where, unlike the Floquet complex coordglectron detachment, by different methgd4—13.
nate rotation method, which was first introduced by Chu and Specifically, Glasset al. [11] applied the ‘R-matrix Flo-
Reinhardt[6] with application to hydrogen, the coordinates quet theory” to calculate one-, two-, and three-photon de-
of the atom-field Hamiltonian are real. In the MEMPT, the tachment rates at intensites of the order of
non-Hermitian origin of the complex eigenvalue problem is10°—10" W/cn?. An interesting finding is that “even at a
due to the complex scaling of the coordinate of certain orbitfairly modest intensity of 18 W/cn? a four-photon process
als, a procedure that is necessary for the regularization of theecomes important due to the three-photon excitation of
field-induced resonance wave function. Emphasis is on thalP° resonance at thes3threshold accompanied by single-
appropriate choice and optimization of the function spaceghoton emissionp. L673 of Ref.[11]). In general, the re-
representing the localized and the asymptotic parts of theults of Ref.[11] differ from the recent ones of Telnov and
resonance(field-dressell state. The latter is expanded in Chu[13], which also differed from the our earlier ongs2].
terms of both real and complex basis sets in order to accourthe existence of these discrepancies was one of our reasons
for the electronic structure of the remaining bound state afor pursuing the present one-color investigation.
well as for the outgoing flux of electrons. Because it is based Kamta and Starade 2] adopted a two-active-electron ap-
on advanced polyelectronic methods for optimal calculatiorproach and solved the TDSE for a linearly polarized pulse by
of wave functions of ground or excited state ifelectron a technique that is full dimensional and accounts for core
systems, the MEMPT provides a practical framework for thepolarization. Their method allowed the calculation of rates as
systematic and economical incorporation of electronic strucwell of angular distributions of double electron ejection. As

Il. PREVIOUS WORK ON THE THEORY AND
COMPUTATION OF THE NONPERTURBATIVE
RESPONSE OF THE Li~ 'S STATE TO ONE-COLOR
STRONG ac FIELDS
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they stress in their abstract, “our results for angular distributhe total HamiltoniarH . is formally projected onto the full
tions indicate that following multiphoton double ionization spectrum of the field-free atom, the discrete and scattering
by an intense laser field, electrons are predominantly ejectestationary states are mixed according to the symmetry of the
along the laser polarization axis; however, a significant numatom-field interaction. The diagonalization of this matrix
ber are ejected perpendicularly to this axis.” The quantitiesnust create perturbed states with energies shifted from those
studied in Ref.[12] are outside the scope of the presentof the field-free spectrum. At the same time, the presence of
work. However, it is perhaps of interest to bring to attentionthe continuous spectrum implies the possibility of outgoing
that the emission of electrons perpendicular to the laser fielgux of electrons, i.e., of field-inducey one or more pho-
polarization axis has also been seen experimentally and oltong ionization. Both the energy shift and the ionization rate
tained from the solution of the TDSE in the case of singleare functions of the frequency and intensity of the field. Fol-
electron ionizatior{ 14,15 lowing the complex eigenvalue state-specific theory of field-
Finally, Telnov and Chy13] applied the Floquet formu- free atomic and molecular resonance stdtk®,19—21, it
lation of the time-dependent density-functional theorybecomes clear that, once the appropriate resonance outgoing
(TDDFT) by implementing theexterior complex scaling wave boundary conditions are imposed on a bound-scattering
technique(see Sec. V and Ref16]). One- and two-photon  state mixture, the relevant Scllinger equation becomes a
detachment rates, angular distributions, and energy shiftsomplex eigenvalue matrix equation, where the imaginary
were calculated, the emphasis being on the two-photon prgpart represents the rate of decay into the continuous spec-
cess, for which five values of the laser frequency were useg¢um, i.e., the rate of ionization.
that cannot excite the threshold of Ls%2p *P°. The com- The fundamental proposal of the MEMPT is that the field-
putations were done for three values of intensitys I0°,  induced, resonance state many-electron problem must be
1x10' and 1x 10" W/cn?. For the rates and the shifts, solved in three basic steps. In the first one, we must choose
Telnov and Chu did not compare with the earlier results ofappropriateN-electronL? function spaces consisting of real
Refs.[1,2,1]. This is done here. We note that the DFT usesas well as of complex one-electron basis sets. The superpo-
semiempirical potentials and has limitations as regards gefsition of these wave functions, denoted ¥yr; p*), is con-
eral applicability to arbitrary electronic structures. In addi-nected directly to the unperturbed wave function of the state
tion, it should be expected that its incorporation into a for-of interestW,(r). r symbolizes the real coordinates of elec-
malism for multiphoton absorption will carry the general trons in bound states. The complex coordingte=re~'? is
advantages as well as the disadvantages of the DFT as rgre coordinate in the orbitals representing the outgoing elec-
gards accuracy. We point out that for the Hestate, whose  tron. For example, the MEMPT wave function for single-
electronic structure is simpler than that of the L4S state,  electron ionization is
comparison of the results of the Floquet TDDFT for two
colors[17] with those of the MEMPT 18] reveals discrep-

ancies. \If(r;p*):;r; ain(0)|¥i(ry);n)
I1l. PRESENT APPROACH: BRIEF REVIEW OF THE +E b n(0)|x'(rN71 p*)'n> (2a)
MANY-ELECTRON MANY-PHOTON THEORY (MEMPT) o b l

The key features and computational steps of the MEMP Tty
are as follows.

(1) The framework is time independent and employs the Xj(rn-1,0")=T(rn-1) @l (p*). (2b)
“atom plus fieldHamiltonian, which, in the dipole approxi-
ma}tiqn for linearly polarized polychromatic light along the  The optimization of the bound stat&s (ry) and Wi(ry-1)
axis Is, In a.u., (in which all the orbitals are reglis done according to the
state-specific theory of electronic structygd]. X; denotes

neol unbound states in the continuous spectrum represented by

Hac:Hatom“L%: wmalmawm complexL? wave functions|n) denotes the photon states.
Expansion(2a) is the same as the one used in the monochro-
1 neol , , matic case, since the frequencies of the polychromatic field
_ 5% sz(e""malm+e_"”m“wm)' (1) are considered commensurable. In general, the contribution

of each term of Eq(2a to the energy shift and width de-

) ) ) Pends on the various,, andF,.
It is assumed that the atom interacts with ncol number of |, the second step, the field-dressed non-Hermitian
fields with oy, frequencieSalm (a,,) are the photon cre-  Hamjltonian matrix is constructed usirg,. of Eq. (1), ac-
ation (annihilation operators andr,,, are the corresponding cording to the physics of the problem. The form of this ma-
field strengths (1 a.e:5.14x10° V/cm). The use of Eq(l)  trix and the method of solution of the ensuing complex ei-
results in the determination of cycle-averaged laser-inducedenvalue equation are discussed in R§®s5,8,9,18. The
properties. complex eigenvalue of the MEMPT matrix contains the

(2) The problem of computing the nonlinear response tdield-induced energy shif(w) and width I'(w) from the
all orders is formulated as follows. We first note that whenfield-free real energy.
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The third step involves the repeated diagonalization of the 10107 Li' 1= 1x10° Wem?
MEMPT matrix as a function of the rotation angeof the ] 2 channels - 1s*2sel, 15%2pel
type of expansion of the complex basis set, and of the num- .1 R Glass etal ref. [11]

ber of photon blocks, until stability in the complex eigen-
value is obtained. This complex eigenvalue is written as

- 6.0x10°
zo=Eo+A—(i/2)T, (3) K
|_§4.Ox1o"— K
where zy=7p(w1,.--,0ncoliF1s---Fneod)y A=A(wq,...,
wncm;Fl,...,.Fncm), andI'=T'"(wq,....0ncol F1s---Frco) - A pons* ]
and T are, in general, small compared to the unperturbed “™" ] f
energykE,, andz, is connected t&, smoothly as a function ] Telnov and Chu ref. [13]
of wy, andF,. 0.0

T T T T T T T T
0011 0.012 0.013 0.014 0.015 0.016 0.017 0.018 0.019 0.020 0.021

The final solution contains the mixing coefficients,( 6) )
w@u.

andb; ,(6) of Eq. (2a). Projection onto scattering states pro-
vides additional information concerning the continuous spec- F|G. 1. Theoretical resultéin a.u) for the rates of electron
trum, such as the understanding of ATl in the presence of @etachment from the Li 1s?2s? 'S state by a linearly polarized

dc field[22], or of angular distributions. laser field of intensityl =1x 10° W/cn?. For this intensity, the 3
—2 photon threshold starts around=0.0112 a.u. Full stars:
IV. RESULTS R-matrix Floquet theory, by Glasst al.[11]. Full squares: Floquet

time-dependent density-functional theory via exterior complex scal-

According to the discussion above, the bound state waving, by Telnov and Chii13]. Open circles: Many-electron many-
functions that were used for this application are: Thé Li photon theory, this work. With electron correlation in the initial
1s%2s? S (initial state, and the Li 5%2s ?Sand 1s?2p ?P°  state and both the Lis?2s 2S and 1s?2p 2P° Hartree-Fock wave
(thresholds for the final stateThe first one was correlated functions for the description of the two cores of the continuum. Full
accurately in theL shell [2]. The K shell was left frozen, circles: Many-electron many-photon theory, this work. Without
represented by the numerical Hartree-F6EIF) orbitals of ~ electron correlation in the initial statenly the 1s°2s” 'S Hartree-
the multiconfigurational HA23] calculation for the zero- Fock wave function is used
order wave function containing thes2—2p? angular corre-

lation: W¥CHF=0.9328y(15225?) + 0.3605/(1522p?). The 1s*2pes 'P°, 1s?2pep 'S, 'P, 'D,
remaining L-shell correlation was obtained by minimizing ) 1m0 1mo 1eo
the total energy via the variation of nonlinear parameters in 1s"2ped “P®, °D° “F".

the analytic virtual orbitals representing single and doubl
electron excitation$21]. The final wave function consisted
of 43 terms giving an energlfo= —7.455364 a.u., in very
good agreement with the result of the pioneering configura-
tion interaction calculations of Weiss[24], E= A. One color
—7.4553 a.u. Given the calculations of Ref§1,10,11,13, we chose
The neutral core wave functions, Lisi2s®S and three values for the intensity: X10°, 1X10!° and 1
1s2p 2P°, were computed at the HF level, with energies x 10! W/cn?, and the range 0.011-0.021 a.u. for the fre-
E(*S)=-7.432726 a.u., anE(*P°)=—7.36507 a.u. As quencyw. These sets of values cover the region of detach-
before[1,2], the inclusion of both states is necessary, even iflment by two and three photons without reaching the
reaching the Li °2p ?P° state requires a number of pho- 1s22p 2P° threshold. Of course, they include higher order
tons larger than the one required for the Is?2s ?S thresh-  multiphoton contributions. Since the one-photon detachment
old. This is because they are close to each other with a larg@r low energy has been solved by a variety of methods, see
oscillator strength, and, in addition, the magnitude of theRefs.[1,10,11,13 and references therein, we did not treat
dipole operator matrix elements between the ™ Li this case here.
(1s?2pes,ed) 1P° scattering states and the correlated wave The results are plotted in Figs. 1-7. In Figs. 1-6, we
function of the Li" 'S ground state is significan{Obvi-  present the MEMPT results for the detachment rates and for
ously, there are many more types of coupling matrix elethe energy shifts that were obtained using only the HF wave
ments in the full matri¥. Below, we will show(Fig. 7) the  function for the Li" 'S state and the ones that were obtained
difference that exists in calculations Bfw) with and with- by including electron correlation in this state. In Fig. 7 we

e'I'he parameters and 0 (0< < /2) are varied until stabil-
ity in the result for the complex energy is observed.

out the presence of the Lisf2p ?P° channel. show the MEMPT results without and with the presence of
The final state wave functions consisted of a relativelythe Li 1s?2p ?P° channel.
large number of angular momenta and configurations: As can be seen, the density of the calculated points in all
figures is high, thereby allowing a clear definition of the
1s?2se¢ 'L, €=0,1,..,10, curves. This is a result of the structure and methodology of
_ the MEMPT, which allow economical computation without
radial of e€=r"exp —are™'?), sacrificing accuracy.
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Li 1 = 1x10° wem?

Li 1= 1x10" wem?

8.0x10* J
] x10° |

7.0x10°
ax10® 4

6.0x10* -

-~ 5.0x10° 2x10°

3 ]

4.0x10° 3

Mw)(a

3.0x10°

|A(w)| (a.u.)

1x10° |
9x10° -
8x10°
7x10°

2.0x10°

..........
..............
..............

1.0x10°
1 o
'
o‘o‘jﬁ L | SRR LR UVARALAARAS
0.011 0.012 0.013 0.014 0.015 0.016 0.017 0.018 0.019 0.020 0.021
w(a.u)

. Ly
oo MEMPT with ¥, at the HF level

0.018 0.019 0.020 0.021

5x10° v T T T UL
0011 0012 0.013 0.014 0.015 0.016 0.017
. . . w(a.u.)
FIG. 2. For symbolism and comments, see caption of Fig. 1.
Now, |=1x10"°W/cn? and the 3-2 photon threshold starts

aroundw=0.0115 a.u.

FIG. 4. Energy shifts for the Li 1s22s? 1S state, perturbed by
a linearly polarized laser field of intensity=1x 10° W/cn?. For
symbolism and comments, see caption of Fig. 1.

Figures 1-3 show the widthgates in atomic units, as
they were computed by Glass al. [11], by Telnov and Chu | =1x 10" W/cn? (Fig. 3. As before, the few Floquet
[13], and by us. Foil =10° W/cn? (Fig. 1), the results of TDDFT results are closer to the level of accuracy of the
Ref.[11] for the two-photon rates are taken from their Fig. 3. MEMPT without electron correlation.
It can be seen that just above the-2 photon threshold, the Figure 3 ( =1x 10" W/cn?) shows not only a quantita-
difference between the three computations is enhanced. Thge but also a qualitative difference between the MEMPT
shape of the MEMPT curve indicates a faster reduction ognd the TDDFT results, the latter essentially missing the
the rate than either of the other two calculations. The resultphysics of the 3-2 photon threshold. Obviously, at this
of the Floquet TDDFT treatmenf13] are close to the yajye of intensity, the demands on theory of the MEMP prob-
MEMPT calculation when no initial state electron correlationjem are such that a number of factors determining the phys-
is accounted for. We note that the MEMPT calculation at thiscs have to be accounted for properly.
level is rather simple. The most significant contribution of  An equally dramatic difference, as the one of Fig. 3, be-
electron correlation is for frequencies close to the 3 pho-  tween the MEMPT results and those of the Floquet TDDFT
ton threshold. [13], is observed when comparison is made for the energy

Figure 2 (=1x10"W/cn?) compares the MEMPT  shifts A(w). These are shown in Figs. 4—6. The discrepancy
widths (without and with electron correlation in the js poth qualitative and quantitative. It is worth pointing out
1s°2s* 'S statg with those of Telnov and Ch{iL3]. Note  that, as expected from first principles theory, the difference
that now the 3-2 photon threshold is shifted slightly to petween the MEMPT correlated and uncorrelated results for
higher frequencies. This shift becomes more pronounced ahe energy shifts is small for these intensities, and that both

6.0x10" -
5.0x10*
4.0x10* -

3.0x10* -

MNw) (a.u.)

Ie,
2.0x10%

1.0x10™

0.0 N

Li 1= 1x10" wem?

T
0.011 0.012 0.01

FIG. 3. For symbolism and comments, see caption of Fig. 1.

3 0.014 0.0

T T
15 0.01
w(a.u.)

T T
6 0.017 0.018 0.019 0.020 0.021

5x10° 1

4x10™

3x10*

2x10*

[A(w)| (a.u.)

10*
ox10° {
8x10®

710°

6x10°

Li 1= 1x10" wem?

MEMPT with W, at the HF level

sx10°

T VARSI T
0.011 0.012 0.013 0.014 0.015 0.016

™
0.017 0.018 0.019 0.020 0.021
w(au.)

FIG. 5. Energy shifts for the Li 1s?2s? 1S state, perturbed by

Now, |=1x10" W/cn? and the 3-2 photon threshold starts a linearly polarized laser field of intensity=1x 10'° W/cn?. For
symbolism and comments, see caption of Fig. 1.

aroundw=0.0135 a.u.
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Li 1= 1x10" wem?

5x10° 4

ax10° .
L] [
w10° L)
—_ 2x10° 4
3
s
3
<
10° 8 MEMPT with ¥ at the HF level
ox10* c
8x10™

7x10" 4

ex10* ¢

810" 7 T

w(a.u.)

FIG. 6. Energy shifts for the Li 1s22s? 1S state, perturbed by
a linearly polarized laser field of intensity=1x 10'* W/cn?. For

symbolism and comments, see caption of Fig. 1.

sets show the same smooth behavior and the same peal
threshold. The meaning of the few Floquet TDDFT values i

unclear to us.

Figure 7 shows the MEMPT results

LR T
0.011 0.012 0.013 0.014 0.015 0.016 0.017 0.018 0.019 0.020 0.021

fol=1
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3.385x10° U
Teo,, F=F, cos(wt) + Fcos(Buwt+¢)
1 e, fw,=w=0016au., | =1.00x10° Wem?|
3.380x10° 1 “o [w, = 3w =0.048 au. , |, = 2.47x10° Wem?]
° o
o
3.375x10° 3
o
E °
s : .
L 3.370x10° o ° .
l o
o
3.365x10° So,
%0,
-
3.360x10° T T T T T A L B T T 1
10 08 06 04 02 00 02 04 06 08 10
cos(P)

FIG. 8. Two-color detachment rate for the L1s?2s? S state
as a function of cog, where¢ is the phase difference of the two
fields. The linearity is discussed in the tésee Eq.(4)].

kT is has already been demonstrated in REs$.and [18],

SWlth application to the He atom. The necessity of carrying
out such computations reliably has to do not only with the
production of new and experimentally verifiable results, but

x 10" W/cn?, without and with the presence of the @S0 with the problem of analyzing and controlling the ion-
1s22p 2P° channel. This figure demonstrates that, in case&zation rate as a function of the variation of the phase differ-
of low-lying and field-coupled final core states, the inclusion€nce¢ of the two fields. Through theoretical analysis, which
of “closed” channels with specific characteristics is neces-focused on the interference of independent ionization paths
sary if accurate results are to be obtained in a nonperturbdo the continuous spectrum, we have already concluded that
tive MEMP calculation. Such an inclusion characterizes thefor weak fields, the raté¢'(w,F;3w,F,,¢) must vary lin-

calculations of Refd[1,2,10,13, but not of Ref[13].

B. Two colors, @ and 3w: The interference generalized
Cross section

The structure of the MEMPT is such that it allows in a
practical way the incorporation into the Hamiltonian of poly- 2
chromatic fields with commensurate frequencies, sedBq.

. Li'1 = 1x10" wem?
5.5x10"
5.0x10* % 2channgls - 1%2sel, 1s'2pe

45x10*

3
%,
P,

4.0x10*
. 35x10"
3
8 3.0x10° 3,
=~ o
3 25x10* 3
[

2.0x10* 4

1.5x10*

1.0x10* 4

5.0x10°

w (a.u.)

T T T T T T LI 1
0.011 0012 0.013 0.014 0.015 0.016 0.017 0.018 0.019 0.020 0.021

early with cosp [5]. This result, which may be taken as the
equivalent of the results of lowest-order perturbation theory
(LOPT) for one color, is verified again here from the appli-
cation to the Li state. Specifically, the results fob
=0.016 a.u., | ;=1.00x 10° W/cn?, and 3»=0.048 a.u.,
=2.47x 10® Wicn?, are shown in Fig. 8. The dependence
is linear, with a slopeS(w,F;;3w,F,), of —1.023x10 8.
Given that the paths for one- and three-photon detachment
for weak fields are independent and that the LOPT is valid,
we calculate the quantityo(w,3w), which we name the
“interference generalized cross section,” as follojwslid

for the particular choice ofw,3w) detachment

lo(w,30w)=S(w,F1;3w,F,)/F3XF,~—25x10 a.u.
(4)

V. COMPLEX SCALING IN THE MEMPT,
AND EXTERIOR COMPLEX SCALING

The implementation of the TDDFT in the Floquet formu-
lation was done by Telnov and Chii3] by using a technique
for regularizing matrix elements involving complex reso-

FIG. 7. The effect of the presence in the MEMPT calculation ofnance eigenfunctions calledekterior complex scalirig
the Li~ 1s22s? 1S—Li 15225 2S two- and three-photon detach- (ECS. This technique was introduced into atomic physics in

ment rateI'(»), in a.u., of the Li 5%2p 2P° channel. The intensity 1978 by Nicolaides and Bedid 64, and involves the proce-

of the linearly polarized laser field is=1x 10 W/cn?.

dure (Eq. 3 of Ref.[16a])
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VI. SYNOPSIS

R
f 2dr=J ¢2dr+f JAds, (5) _ _ _ _ _ o
all space 0 c With the increasing capacity of carrying out quantitative
. , ) . measurements of observables resulting from the interaction
whereR is a point on the real axis at the edge of the inner

; X i ) of strong laser field with atoms and molecules, it is clear that
region andR<Res<«. Equation(5) constitutes a practical

N : the nonperturbative treatment of the MEMP problem is a
regular!zano_n procedure for resonance wave functions thatgasic requirement for theory. Although some useful informa-
was written in response to criticism by Bransdes] on the tion has been obtained from models or via semiempirical
validity of a variational method for the complex energies Of&gjustments it is preferable, just as in the case of the pure

[26], and later applied to the computation of complex ener_many-electron problem, to develop theory and computational

gies of de-field-induced resonance states of the H d@h understanding via methods that are based on first principles
Applications of Eq(5), and of the notion implied by it, have &S regards electronic structure and the cor?tmu.ous _spectrum.
been carried out by a number of researchers in atomic and 1he MEMP theory discussed and applied in this paper
molecular physics, the first one being the proposal by Simof§onstitutes such an approach. It is nonperturbative and is
[28] (who also provided the namexterior complex scaling ~applicable to situations with strong as well as weak, mono-
to treat molecular resonances in the Born-Oppenheimer aghromatic or polychromatic, fields. It employs an accurate
proximation. A numerical determination using the ECS techform of the atom plus field Hamiltonian in the dipole ap-
nique, of complex eigenvalues of resonances supported byrroximation[Eq. (1)], and it is an expansion-based approach
number of potentials, including the highly singular analytic[Eq. (2)], using as state-specific wave functions as possible
Lennard-Jones potential and the numerically computed ong21]. The use of such an expansion makes it possible to
for the Ht.%+ 12(; state, was demonstrated [ib6hb]. monitor convergence and to understand quantitatively the in-
Equation (2) of the MEMPT and Eq.(5) of the ECS terplay between the field-free spectrum, the electronic struc-
method, have their origin in the idea that, regardless ofure of the states involved, and the dynamics. Such wave
whether the potential is of short or of long range, the cruciafunctions can be obtained by the same methods for arbitrary
step in the understanding and calculation of the complexlectronic structures. It is worth noting that the extension to
resonance eigenfunction is the-0 localized wave packet the relativistic domain is conceptually direct. The Hamil-
¥, with a real energ\g, (e.g., Refs[20] and[29]). When tonian of Eq.(1) can be modified accordingly while the cal-
the residual interaction dresses the state, the effect of theulation of state-specific wave function®@r variations
continuous spectrum is to tur, into the complex eigen- thereof can be achieved at the Breit-Paj#il] or the Dirac-
value of the resonance state satisfying the Sdinger equa- Coulomb([30] level.
tion with the well-known complex outgoing wave boundary  The present application was concerned with the nonlinear
condition. To quote from Ref.16b], “a significant part of  response of the Li 'S state to laser of one and of two com-
the computation of a resonance of a given Hamiltonian camnensurate colors. Our results are depicted in Figs. 1-8,
be done on the real axis with a suitable analytical or numeriwhere comparison with a few one-color results obtained by
cal method, and the regularizing complex scaling, yieldingother method$11,13 is also made.
the decay information, can be done in the asymptotic re- The two-color MEMPT calculations are carried out for an
gion.” When a basis set is used, as in the present applicatioN-electron (N>2) system. The choice of a negative ion,
of the MEMPT, the continuation into the asymptotic regionwhere intermediate bound states are absent, allows for the
is done simply by the addition to the function space of realpossibility of computing efficaciously the effects of final
functions representingl, (Hermitian system of an opti-  state interference in a quantitative way. As in R¢f.and
mized set of complex square-integrable functions. The syd-18] for the multiphoton ionization rate of He, for weak
tem is thereby rendered non-Hermitian, expressing the physgields there is a linear dependence on gad the multipho-
ics of the outgoing electron flux as a function of frequencyton detachment rate, whegeis the phase difference between

and intensity of the radiation. two fields with frequenciefw,(2n+1)w].
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