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PHYSICAL REVIEW A, VOLUME 65, 053418

Multielectron system in an ultrashort, intense laser field:
A nonperturbative, time-dependent two-active-electron approach

G. Lagmago Kamta and Anthony F. Starace
Department of Physics and Astronomy, The University of Nebraska, 116 Brace Laboratory, Lincoln, Nebraska 68588-0111
(Received 12 December 2001; published 16 May 2002

We present a two-active-electrdAE) approach for solving the time-dependent Sclimger equation
(TDSE) for the interaction of a multi-electron system with an ultrashort, intense, and linearly polarized laser
pulse[Lagmago Kamta and Starace, Phys. Rev. L&8.5687 (2001 ]. A technique for obtaining angular
distributions for double ionization by such pulses is also described. The approach for solving the TDSE in the
TAE approximation is full dimensional and accounts for correlations between the two electrons, as well as the
polarization of the core. It is based on a configuration-interaction expansion of the time-dependent wave
function in terms of one-electron atomic orbitals. Applying the method to the lithium negative iof, (e
display the time-dependent dynamics of the photodetachment process. For low intensities, our results for the
detachment yield follow expectations from lowest-order perturbation theory and agree satisfactorily with
‘R-matrix calculations. Our results for angular distributions indicate that following multiphoton double ioniza-
tion by an intense laser field, electrons are predominantly ejected along the laser polarization axis; however, a
significant number are ejected perpendicularly to this axis. An angular momentum-based analysis of these
angular distributions indicates that, in the dipole approximation and for an ihBfastate interacting with a
linearly polarized laser field, double ejection of both electrons along the direction perpendicular to the laser
polarization axis can only occur following absorption of an even number of photons, whereas multiphoton
absorption of an odd number of photons does not lead to double ejection at these angles.

DOI: 10.1103/PhysRevA.65.053418 PACS nuntder32.80.Rm, 32.80.Gc, 32.80.Wr, 31.70.Hq

I. INTRODUCTION into the single-electron response of multielectron systems to

high-intensity laser excitatiofsee, e.g., Ref.10] and refer-

In studying theoretically the interaction of an atomic sys-ences therein However, many experimenfd1-13 show
tem with an ultrashort, intense laser pulse, the intense chagvidence of nonsequential double ionization, thereby indicat-
acter of the field requires a nonperturbative approach, and tH8g the need for theory to go beyond the SAE approximation,
finite duration of the pulse calls for a direct numerical inte-I-€., to develop approaches that account for electron correla-
gration of the time-dependent Schinger equatiof TDSE).  tions. This quest for multielectron effects naturally suggests a

Although a direct numerical integration of the TDSE is nu- tWo-active-electronTAE) approximation as a first step, in

merically intensive, for one-electron systems this is now avhich two electrons are allowed to respond to the laser ex-
citation and to interact with each other. In this paper we

routine task on standard workstations and even PCs. Howf . N .
escribe such an approach, which is applicable to any mul-

ever, for two-electron systems, which are the simplest mulg. : .
electron system having two electrons outside one or more

tielectron systems, this remains a challenge, due to the hig 2 X ;
. : ; . . . . closed shells. The atomic system is treated approximately as
dimensionality of the problertfive dimensions for a linearly

larized | field which makes th ical int i a two-active electron system comprising the atomic core
polarized laser Tielh which makes the numerical integration (which includes the nucleus and all inner-shell electy@msl

both highly time consuming and a drain on cOMPULer re+yq 4o outer electrons. Correlations between the two elec-
sources. This difficulty has led to the development of manyns are treated in our approach using the multipole expan-
approximations aiming at reducing the number of dimen-jon of the Coulomb repulsion between the two electrons,
sions of the problem, either by treating model atoms in onlyanq interactions of the core with the two-active electrons are
one or two dimensions, or by treating only a single activejncluded via a pseudopotential, which accounts for the inter-
electron(see, e.g., Refd1] and[2] for reviews. Only re-  actions of each electron with the core and for the effects of
cently, owing to increases in computer speeds and memoryore polarization. Needless to say, our approach is applicable
capacities, have thab initio approaches to direct numerical as long as the laser intensity it not high enough to influence
solution of the TDSE for two-electron systems been develthe core electrons.
oped[3—8]. However, all these approaches deal only with  Angular distributions for double ionization of atomic sys-
helium or H™. tems by single photon impact have attracted much interest
For multielectron systems having more than two elecfrom both theorists and experimentaligsee, e.g., the re-
trons, previous attempts to solve the TDSE for their interacviews in Ref.[14]). In this case double ionization occurs
tion with an ultrashort, intense laser pulse have been essepnly via correlation between the two electrons. Mabtini-
tially restricted to the single-active-electronSAE) tio theoretical approaches evaluate the triply differential
approximation. In the SAE approadB], all electrons are cross sectiofTDCS) for single-photon double ionization us-
assumed to be frozen and only one is allowed to interact witling the transition matrix coupling the initial and final states
the laser field. The SAE has provided considerable insighf15].
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Obtaining angular distributions for an ultrashort, intenseintense laser pulse. In the low-intensity regime, we show that
laser pulse is challenging not only because the timeour results agree with results of lowest-order-perturbation
dependent Schdinger equation has to be solved in its full theory (LOPT), as well as with theR-matrix Floquet calcu-
dimensionality, but also because the finiteness of the pulstions[32,33. For a laser frequency just above the detach-
introduces an uncertainty into the sharing of the excess erment threshold, we illustrate and discuss the channel closure
ergy. In fact, for multiphoton double ionization by intense that occurs in the detachment yield as the field peak intensity
fields, very little is known concerning the angular distribu- increases, due to ac Stark and ponderomotive shifts. We also
tions of ejected electrons, despite the availability of COLT-obtain detailed angular distributions for single phottow
RIMS [13] and electron coincidendd 6] measurements. On field intensity and for multiphotor(nonperturbative field in-
the theoretical side, although angle-averaged radial probabitensity) double ionization by ultrashort laser pulses. Our an-
ity density plots(averaged over all angles excefyt) indi-  gular distribution results show new featufeslative to those
cate that the two electrons may be ejected with a small relafor a weak, monochromatic laser figldtemming from the
tive angle #,, by an ultrashort intense laser pulgk7], a  intense character of the laser field, electron-electron correla-
technique for extracting detailed angular distributions is stilltions, as well as symmetry effects originating from Pauli
lacking. In this paper, we propose such a technique, whiclgxclusion principle and parity requirements.
allows one to obtain detailed angular distributions for double This paper is organized as follows: In Sec. Il, we discuss
ionization following the solution of the TDSE. Brief reports the basic assumptions of the TAE approximation and present
on our theoretical approach and on our initial results forthe numerical approach used to solve the TDSE. The time-
double ionization electron angular distributions have beerflependent dynamics of the detachment process are illustrated
presented elsewhefé8,19. in Sec. lll. Results for the intensity dependence of the de-

As an application of our method described above, we contachment yield are given in Sec. IV, where we also discuss
sider the interaction of Li with an ultrashort, intense laser channel closure effects. Angular distributions for two-
field. Owing to the fact that Lils?2s?('S) has an outer electron ionization of Li are discussed in Sec. V. Section VI
closeds subshell, it may be regarded as the second simplegiresents a summary of our results and our conclusions. Un-
negative ion, differing from H mainly by having a more less otherwise stated, atomic uniésu) are used throughout
extended core, consisting of a nucleus and tweelectrons.  this work.

In this work, we are interested in the single and double
photoionization of the Li negative ion in its stable ground Il. SOLUTION OF THE TDSE FOR A TWO-ACTIVE
state, 5%2s%(S). Our choice of Li is motivated by specific ELECTRON SYSTEM

features related to our numerical approach, as well as by the _ _
We treat Li as a two-active electron system, where each

availability of experimental and theoretical data for single- . ) " .
photon detachment with which comparison is possible. In_eIectron is assumed to move in the following pseudopotential

deed, as discussed later, our calculations are done in a sphe‘i’ﬁscr'b'ng the LT core[34]

cal radial box. In principle, the higher the laser intensity, the 1

larger the box should be. Unfortunately, a larger box implies V(r)=——[Z+(Z,—Zo)e 21 +are 2"

a longer computation time as well as larger computer r

memory requirements. Since the two outer electrons in Li

have a low binding energy, the nonperturbative regime sets _ﬁ(l_ef(r/rc)g’)Z_ (1)
in at not too high laser intensities. Thus a significant double r4

ionization probability can be obtained at fairly low intensi-

ties (10* W/cm?). This fact, in addition to the absence of a HereZ¢ andZ, denote the Li core chargeZ;=1) and the
Rydberg spectrum in Li, allows us to perform calculations nuclear charge4,=3), anda,=0.1894 is the polarizability

with reasonable box sizes. of the Li* core[35]. The single-electron Hamiltonian for the
Photodetachment of Lihas attracted much interest, both interaction of each electron with the core is
theoretically and experimentally. Experiments have been per- 2
formed[20—24 for the detachment from the ground state by __ &
. ; ) - h(r)= +V(r). 2
absorption of one or more photons, either by a direct ejection 2

or via a temporary negative ion resonance. On the theoretical . o ) )

side, since the early work of Moores and Norcrfgs], ac- It follows that the Qquatlon describing the.radlal _motlon of

curate calculations of the single-photon detachment crosgach electron, having angular momentémin the field of

section of Li~ for various energy domains have been per-the core is given by

formed using various approaches: #ienatrix method 26], )

the R-matrix method [27], the eigenchannelR-matrix _}d_+ €(€+1) V(1) |R(r)=£R(r) )

method[ 28,29, and a numerical basis set combined with the 2 gr2 212 '

complex rotation methofB0]. For the multiphoton case, cal-

culations have been performed using the “state spediit] = The core potential parametess, a,, andas in Eq. (1) are

and theR-matrix Floquet 32] approaches. fitted such that solving Eq(3) yields the experimentally
In this work, we perform a time-dependent study of bothmeasured energy levels of the Li atdi®6]. Note that the

detachment and double ionization of Lby an ultrashort, resulting core potential has been used in time-independent

053418-2
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eigenchanneR-matrix calculation§28,29 to predict photo- ~ neously exchanges the parametems,(;) and (,,€;) in
detachment cross sections that agree with results of expei@rder to account for the indistinguishability of the two elec-
mental measurements in the perturbative laser intensity rérons. Thus,A projects onto either singlet or triplet states, so

gime. as to assure the symmetry or the antisymmetry of the spatial
The atomic Hamiltonian of Li accounting for electron wave function, in accordance with the Pauli exclusion prin-
correlations is ciple. The bipolar spherical harmonics, which couple the in-

dividual angular momenta of the two electrons in th&

1 ; .
H=h(r)+h(ry)+ = @) coupling scheme, are given §$7]
12

where r,,=|r;—r,| denotes the interelectron coordinate, y'g’l“flfz(Fl,Fz)z E Ckrﬂmﬁzmzwz,mz(?lw@z,mz(FZ)'
while the labels 1 and 2 refer respectively to electrons 1 and MMz (10
2. We employ the multipole expansion of the electrostatic
interaction potential,
whereC¢ !, ¢, denotes a Clebsch-Gordan coefficient. The
1 co4x ord 2 . A - radial wave function®R,, , are obtainedfor both £<0 and
r_lzzquo 20+1 pa+1 p;q Yap(r<)Yop(r=), (5 £>0) by solving Eq.(3) in a radial box of size =r,, with
= boundary condition®, ((ro) =0, wheren labels the number
of nodes ofR, ,(r) within ro. Note that both bound and
continuum one-electron orbitals are included in the basis ex-
pansion, so that the resulting basis set is compksteept for
truncation. In order to solve Eq(3), it is transformed into a
9 set of two coupled first-order differential equations, which
iE\IfL,V(rl,rz,t)z[H +DL (D] y(ry,rp,t), (6)  are solved by combining a Runge-Kutta mettid] of order
4 with the Adams-Moulton predictor-corrector methi@&9].
where the operatob, \(t) describes the interaction of the Thg Runge-Kutta method is used for the solution at s_maller
system with the laser field. In the dipole approximation,adial distances, where the short-range charactéf(oj is
D, v(t) is given by eitherD, (t)=E(t)-(r,+r5) or Dy(t) prominent; at Iarge_r dlstanc_es the predictor-corrector method
=A(t)-(py+p,) in the length(L) and velocity (V) forms, is used. The resulting solutiofi&, ((r) are stored at various

respectively. For simplicity of notation, we will simply write SOnsecutive radial points on the grid of radiys It follows
W to denote the wave function in both gauges, and onlyffoM Ed. (9) that the time-dependent wave function is sub-
specify the index I or V) when it is relevant to do so. The jected to bgundary conditions et that are similar to that
electric fieldE(t) and the vector potentid(t) are given by ~ Of Rn.e(r), 1.6, W(ry,ro=ro,1) =W(r;=ro.,r,,t)=0. In or-
der to minimize reflections of the probability flux that may
J ~ occur at the boundaries of the box during time propagation,
E()=——2 A,  A)=ZAcf(1) sinwt, (7)  its size, the laser intensities, and the pulse durations are ad-
justed such that throughout the time propagation process, the
wave function remains negligible at the edges of the radial
box.
Considering(i) pureL-S coupling for the two-active elec-
ns,(ii) a linearly polarized laser field, ariili ) the fact that
the ground state of Li is 1S, we can seM =0 in the ex-
cod(t/r), —mrl2<t<m1l2 pansion(9). In addition, due to limitations on data storage
f(t)= , (8)  capacities, the expansi@8) has to be truncated by introduc-

0, otherwise. ing cutoff values forL, €4, €,, ny, andn,. In practice,L
=0,1,2 ... Lynax For each selected, a limited number
(about 4 to 7 of partial waves[i.e., (£1,f5) pairg is in-
cluded in the expansion. Finally, for each partial waNe,
radial functions are selected for electron 1 ahgdfor elec-

whereY, ,(r) denotes a spherical harmonic.
The TDSE equation describing the interaction of the
atomic system with a linearly polarized laser field is

wherew is the laser frequency, is the unit vector along the
linear polarization axis of the field, anf{t) is the pulse
envelope, which is assumed throughout this work to have thﬁo
squared cosine form

We integrate the TDSKES) in a box using the following
Cl expansion of the time-dependent wave functib(t),

€€ .
‘P(rlurZrt):% (2{ > lﬂninzLM(t) tron 2, i.e.,n;=1,2,...N; andn,=1,2,... N,. The re-
WPt nne sults are considered as converged when they become stable
Rnl,el(fl) an,fz(rz) with increasinglL ,,ax, the number of partial waves, am;

y'g'l“f'(z(Fl,Fz), (99  andN,. Note that the number of radial functions selected for
electron 1 may be different from that for electrof4d]. As

16,LM pointed out in Ref[41], this asymmetry ifN; andN, allows

N2 one to keep the basis size within reasonable limits. Indeed, in

cients. A is the normalized antisymmetrization operatgr:  describing a process in which one electron is detached while

=(1+¢P;,)/\2, wheres=+1 (respectively—1) for sin-  the other is left in the ground state or a much lower energy

glet (respectively triplet states. The operatd?,, simulta-  excited levelN; andN, need not both be large. A lardé;

M I

where the set of constanjz;sf] are the expansion coeffi-
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FIG. 1. Matrix structure of the TDSEL2) in the atomic basish
is the diagonal matrix of atomic eigenvalues, aidis the dipole
matrix in the atomic basisW is sparse and has a band of off- -0.1302 a.u. Li 2p 2P
diagonal blocks, in which each block corresponds to a dairL()
of angular momenta satisfying’' —L=+1.

-0.1981 a.u. Li @s! 28)
T 0.61 eV

is necessary in the basis to describe the outgoing electron,
while a smalleN, suffices to describe the inner electron. -0.2206 a.u.
The solution of the TDSE in the above basis is equivalent

to solving the set of coupled first-order differential equations FIG. 2. Energy level diagram showing the ground state of, Li
the ground state and first two excited states of Li, and the ground

0 state of Li" (which is taken as the zero of the energy sgaimer-
|E‘I’(t):[H+g(t)D]‘I’(t), (1) gies corresponding to the levels are given in the left column in
atomic units(a.u). About 0.61 eV are necessary to eject one elec-
whereH andD are real matrices associated respectively withfron from Li~, and about 6.00 eV are necessary to eject two elec-
the atomic Hamiltonian and the dipole operattr;jis sym-  trons.
metric, whileD is symmetric in the length form and antisym- _
metric in the velocity form¥® (t) is a vector representing the tations. We solve the TDSE12) by using an embedded
wave function; andj(t) is a scalar function that equal{t) ~ Runge-Kutta methof#43] of order 5. An important parameter
for the length form of the dipole interaction, ardA(t) for ~ to control in the atomic basis is the density of two-electron
the velocity formH is sparse and has a block diagonal struc-atomic stateg7]. Two parameters allow us to control this
ture owing to the angular momentum Se'ection rumS denSIty hel’e: the bOX Size and the I’lumber Of 0ne-e|eCtr0n
=L'—L=0, while D is also sparse but has a band structureadial functions included in the expansion. _ _
in blocks owing to the electric dipole selection ruldd The results presented in this work are obtained with
=L’'—L==+1. Each bloc ofH corresponds to a giveh, Lmax=8 and a spherical box of radiup=250 a.u. The
whereas each bloc @ corresponds to a pail(,L). Equa- number of configurations for each total angular momenttum
tion (11) can be solved directly, using Runge-Kutta methods varies between 2700 and 3600, leading to a system of at least
However, we diagonalizéi and project Eq(11) onto the 20000 ordinary differential equations to be solved. A typical

more convenient atomic eigenstate representation or atomfime propagation runs for about 24(r longer with increas-
basis[4,42], where it becomes ing laser intensity and pulse duratioon a 660 MHz DEC

workstation with 1 Gb of random access memory. We have

Li 2§82 1S)

0 varied the size of the box from 180 a.u to 300 a.u. as well as
i— @) =[h+g(HW]B(1), (12 the number of angular momenta to check the stability of our
results. The binding energy obtained for "Liis E,
where d(t) = P"W(t),P is the orthogonal matrix of eigen- =—0.02251 a.u(0.6125 eV, which is in good agreement

vectors ofH, andP! is its transposéi.e., P'P=1, wherelis  Wwith the measured value; 0.02269 a.u(0.6174 eV [44].

the unit matriy. The matrix structure of Eq12) is shown in A diagram showing some energy levels of Lobtained from
Fig. 1. Hereh=P'HP represents the diagonal matrix of ei- our calculations is given in Fig. 2. Throughout this work, the
genvalues oH, and W=P'DP the dipole matrix elements initial state for the time-propagation is the ground state of the
coupling various two-electron eigenstat&¥. has the same System.

band structure aB. The resulting wave functio®(t) in the

altomic basis represents a linear .superppsiti.on qf two-electron IIl. PHOTODETACHMENT DYNAMICS OF Li
eigenstates resulting from the diagonalization, i.e.,

The population in any eigenstat¥, of H can be moni-
tored during the interaction of the system with the laser field
by evaluating the projectio® ,(t) = |(¥ | W (t))|?, where
W (t) is the solution of the TDSE at timein the length
where ®, | is a two-electron eigenstate of ener§y and gauge. In fact, in the length gauge, the projection of the
C, . is its probability amplitude. Note thal'(t) can be eas- time-dependent wave function onto a field-free state can be
ily deduced from®(t) by the matrix vector produc®(t) interpreted as a probability amplitudd5], whereas in the
=Pd(t). The last transformation allows one to move backvelocity gauge, one should alternatively use,(t)
and forth between the eigenstate and the coordinate represea{(W |exd —iA(t) - (r,+r,) JW(t))|%, which is numeri-

<I><t>=nEL Cot®, (13
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FIG. 3. Time evolution of the ground-state population of lin FIG. 4. Time evolution of the Coulomb repulsion between the

the presence of an ultrashort laser pulse of frequengy two electrons in Li interacting with an ultrashort laser pulse of

=0.024 a.u.(1898.5 nm containing four cycles at FWHM. The frequency w=0.024 a.u.(1898.5 nm containing four cycles at

time on the horizontal axis in given in units of the laser period, FWHM. The time on the horizontal axis is given in units of the

27lw. (8) Time dependence of the laser electric fi#@ét) for a  laser period, 2/ w. (a) Time dependence of the laser electric field

peak intensity| =1x10"W/cn?. (b) Time dependence of the E(t) for a peak intensity =1x 10" W/cr?. (b) Time dependence

ground-state population for laser peak intensitids=1  of the averaged Coulomb repulsion between the two electrons for a

X 10" Wicn? (upper plo}, 1=5x10" W/cn? (middle plop, | field intensity | =10 W/cn? in both the velocity gaugésolid

=1x10" W/cn? (lower plop. line) and the length gaug@lashed ling (c) Comparison of the time
dependence of the averaged Coulomb repulsion between the two

cally cumbersome to evaluate in our case. The time evolutiorlectrons for three peak field intensitids= 10'° W/cn? (upper

of P,(t) for the ground state provides a qualitative insightplot), | =5x 10" Wi/cn? (middle plo, I =1x 10"* W/cn? (lower

into the detachment dynamics. Figurg@)Bdisplays the time plot).

evolution of the ground-state population of Lfor various

peak intensities (16, 5x10'° and 18* wicn?) for a la- In contrast toP,(t), the expression

ser pulse of frequency=0.024 a.u(1898.5 nm, contain-

ing 4 cycles within the full width at half maximum 1

(FWHM), which corresponds to a total of 8 laser cycles in (1/r12)(t):<\lf(r1,r2,t)‘ ‘\If(rl,rz,t)>, (14

the pulse. The electric field corresponding to this laser pulse M2

is shown in the top pandlFig. 3@)] to guide the eye. It

appears that the ground-state population oscillates with thevhich represents the mean value of the Coulomb repulsion at

laser field and is significantly depleted as the laser peak inime t, is gauge independent and provides insight into the

tensity increases. During each half cycle when the laser fieldelative averaged dynamics of the two-active electrons in the

magnitude reaches a maximum, a burst of population leavgsresence of the laser field. For the laser peak intensity of

the ground state. Note that for a peak intensity of only 510 W/cn?, Fig. 4 shows the time evolution of the electric

X 10'° W/cn?, almost 15% of the ground-state population is field [Fig. 4a)], together with that of the Coulomb repulsion

depleted, indicating that even at such a fairly low intensity(1/r,)(t) between the two electrori§igs. 4b) and 4c)].

the behavior of Li is already nonperturbative. Indeed, ow- Results for1/r1,)(t) obtained with the length and the veloc-

ing to the fact that Li is a loosely bound system, nonper- ity forms of the dipole operator agree well throughout the

turbative behavior sets in at relatively low laser intensities. time of interaction with the laser fielgee Fig. 4b)]. This is

053418-5
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- ] . ] single-electron ejection dqminates over double ejection, as
@ (b) indicated also by other eviden¢see below The averaged
120 ] 120 Coulomb repulsion between the two electrons is plotted in
r r Fig. 4(c) for various laser peak intensities; the laser fre-
2 80 2 80 guency and FWHM remaining the same. It is clear that the
4 | "~ Coulomb repulsion between the two electrons decreases as
the laser peak intensity increases.
0 B 0 B Figure 5 displays the angle-integrated radial probability
0 40 80 120 160 0 40 80 120 160 distributions for both the initial wave functiofi.e., the
ry ry ground statg[Fig. 5(@)] and for the wave function at the end

of laser excitation for laser peak intensities ofA®v/cn?
- [Fig. 5(b)], 5% 10° W/cn? [Fig. 5c)], and 16 wi/cn?

(d) 1 [Fig. 5(d)]. Note the symmetry of the plots with respect to
the exchange of the radial coordinatgsandr,, due to the
indistinguishability of the two electrons. Note also in Fig.
5(a) the large radial extent of the Liground statgup to
distances of about 20 a.u. from the nucleéscomparison of
the figures indicates that after the laser excitation, a larger
probability distribution is found along thie, andr, axes as
the laser intensity increases. That the range of the outer elec-
tron probability distribution increases with the peak intensity
is in accordance with the decrease in the Coulomb repulsion
mentioned above. The fact that the distribution is essentially
located along the axes indicates the dominance of the single

0 e oo

0 40 80 120 160 0 40 80 120 160
ry ry

FIG. 5. Angle-integrated radial probability distributior{g) for
the ground statébefore the laser pulse is switched)p(b), (c), and O
(d) for the wave function at the end of laser excitation for peakIorllzatlon Process.
intensities 18° Wicn? (a), 5x10° W/cn? (b) and 13* Wicn?

g:l)g rjspectlvely. The laser frequency and FWHM are the same as in IV. THE DETACHMENT YIELD OF Li —

The detachment yield of Li can be defined as
a significant confirmation of the accuracy of our results. Fig-
ure 4 indicates that the Coulomb repulsion between the two
electrons oscillates with the laser field and decreases every
half cycle. This decrease is due primarily to the photodetach-
ment of one electron. Indeed, as one electron is photodexhere W(r,r,) and ¥(r,,r,,T) respectively denote the
tached, with the other remaining bound, a probability fluxinitial ground-state wave function and the solution of the
associated with the detached electron is driven to larger diSFDSE at timeT (marking the end of laser excitatiprirable
tances, leading to a larger averaged interelectronic distance presents the detachment yield for various peak intensities
and the Coulomb repulsion between the two electrons corand frequencies for a laser field having 14 cycles FWHM,
sequently decreases. As the laser field oscillates, the Cowmvhich corresponds to a total of about 28 laser cycles in the
lomb repulsion experiences a local minimum and maximunpulse. As in Refs[4,7] for H™, the R-matrix Floquet(RMF)
during each half cycle. In fact, each half cycle, the electricdetachment yield is obtained by integrating the correspond-
field accelerates the outer electron to a larger distance up toiag intensity-dependent rat¢$2,33 with the pulse shape
maximum, which corresponds to a locat time) minimum  used in our calculations. The agreement between our results
in {1/r 15)(t); then the electric field changes sign and accel-and the RMF yield is better for low intensities, and disagrees
erates the outer electron towards the inner eledifeeding  increasingly with increasing intensity. Nevertheless, consid-
to a local maximum in(1/r15)(t)]. The overall decrease in ering the presence of a pulse in our calculation, the time-
the averaged Coulomb repulsion is also an indication thaindependent nature of RMF calculations, together with the

Dy=1—(Wo(ry,ro)|¥(ry,rz, )% (15

TABLE |. Detachment yield for various laser peak intensitigsand frequenciesd), for a pulse duration
of 14 optical cycles at FWHM in each case. TRematrix FloquetRMF) yield is obtained by integrating the
intensity-dependent RMF rate over the pulse envelope.

I (W/em?) w (a.u) N (nm) RMF rate[32] RMF yield Present
10° 0.0130 3504.9 8.66(8) 0.00038 0.00039
10° 0.0180 2531.3 5.67%8) 0.00027 0.00020
10% 0.0132 3451.8 8.19¢6) 0.053 0.037
10% 0.0180 2531.3 5.58(6) 0.027 0.015

053418-6



MULTIELECTRON SYSTEM IN AN ULTRASHORT. .. PHYSICAL REVIEW A 65 053418

10° . . . 10° . . T
10" F .
g 1077 7 = 107 .
2 s
) >
b b
= =
5] -3 L i -]
g 10 =
= =
Q <
= 8
2 Slope=1.97 °
ST 8 R 2t 1
<«——Slope=0.99
10° | .
10'6 1 1 L 108 1 ] ]
10 10° 1010 10" 1012 108 10° 100 10' 1012
Intensity (W/cm?2) Intensity (W/em?)
FIG. 6. Detachment yield for Li as a function of the peak FIG. 7. Detachment yield for Li as a function of the peak

intensity of a laser pulse of frequenay=0.018 a.u(2531.3 nm intensity of a laser pulse of frequenay=0.024 a.u(1898.5 nm
having four cycles at FWHM: the solid line corresponds to thehaving four cycles at FWHM: the solid line corresponds to the
velocity form and the filled circles to the length form results. velocity form and the filled circles to the length form results.

fact that the above integration over the pulse shape is just gshotodetach, leading to the slople=2, which is also found
approximation, the agreement between the two approachesiis our results. With increasing intensity, the deviation of the
rather satisfactory. yield from a linear dependence illustrates the breakdown of
The photodetachment yield with respect to the laser peakOPT due to ac Stark and ponderomotive shifts, as well as
intensity is plotted on a log-log scale in Figs. 6 and 7 for thehigher-order effects. For both frequencies, saturation occurs
frequencies w=0.018 a.u. (i.e., 2531.3 nm and o rapidly for intensities of about #W/cn?, as the detachment
=0.024 a.u(i.e., 1898.5 nmy respectively(see energy level yield becomes very close to 1. However, for the frequency
diagram in Fig. 2 The total duration of the pulse considered w=0.024 a.u., which lies just above the detachment thresh-
for both cases is 8 cycle@ cycles within FWHM, which  old, an appreciable inflection appears in the yield before
leads to a FWHM pulse duration of about 34 fsec or saturation occurs. This inflection is due to a combination of
=0.018 a.u., and about 25 fsec for=0.024 a.u. For both two intensity-related effects: The gradual closure of the one-
frequencies, the photodetachment yield obtained using thghoton detachment channel and the increase in the rate for
length form (circles and the velocity form(lines) of the  the two-photon channel. Indeed, with increasing intensity,
dipole operator are in very close agreement. At low intensithe dynamic Stark shift and the ponderomotive shift increase
ties, results in Figs. 6 and 7 indicate a linear dependence ahe energy gap between the ground state and the detachment
the detachment yield with respect to the peak intensity of thehreshold, leading to a closure with increasing laser intensity
laser pulse. The slope of this linear trend is about 1.99 foof the one-photon detachment channel, while increasing the
®=0.018 a.u., and 0.99 fow=0.024 a.u., in agreement rate for two-photon detachment.
with the LOPT. Indeed, according to LOPT, tiNephoton Note that under similar conditions, the occurrence of a
absorption rate is given bRy= oM, wherel denotes the similar inflection in the detachment yield of thas attracted
field intensity andoy the generalized cross section. There-interest recently. The authors of R¢6], in contrast with
fore, in a log-log plot, the rate depends linearly with intensitythose of Ref[4], did not find any inflection in their calcula-
with a slope equal tdl. The frequencyw=0.024 a.u(0.653 tions for H™. Using two different approaches, subsequent
eV) is slightly above the detachment threshold, so that onealculations[7] confirmed this inflection. Its absence in the
photon is sufficient to photodetach at low intensities, leadingesults of Ref[6] may be due to their inaccurate value for
to the slopeN~1 found in our results. On the other hand, thethe ground-state energy of Hwhich leads to an incorrect
frequency w=0.018 a.u.(0.490 eV is below the detach- position for the thresholf46,7].
ment threshold so that at least two photons are necessary to To study the inflection in Fig. 7 in more detail, we have
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o1l ] o1l ATD spectrum. Note the steady increase in the height of the
@ (d) first ATD peak as the peak intensity is increagetl Figs.
0.08 1 0.08 8(a), 8(b), and &c)], illustrating the increasing yield of elec-
= 006} L0w10'* Wiem = 0.06 | Lowto"! Wiem trons ejected following single-photon absorption. However,
> 0.04 | | = 0.04 as the intensity is increased further, i.e., from 5
X 10t%/cn? [Fig. 8(c)] to 10*'Wi/cn? [Fig. 8(d)] and then
0.02 V\ 1 0.02 L\A to 1.4x 10*w/cn? [Fig. 8(e)], which correspond to intensi-
0 - - - 0 - . . ties in the region where the inflection in the yield is found in
‘i)hme(l’gm e‘:l-gf (aol;‘f ‘i)hotoe‘]’gmg;gf (a0|i1)2 Fig. 7, one notes that the height of the first ATD peak re-
gy fat gy . mains at first unchanged and then begins to decrease. This
indicates a decrease of the single-photon contribution to the
0.1 M) 0.1} ) detachment rate with increasing laser intensity, and coincides
0.08 ] 0.08 | with a change in the slope of the intensity dependence of the
= 006 2.0x10" Wiem? = o006 | Lax10™ Wiem? detachment yield, appearing as the inflection in Fig. 7.
2 £ _l\/leanwhﬂe, the co_ntnbutlon. from the tvvp—photon process
0.04 . 0.04 increases substantially and is almost as important as that of
0.02 | 0.02 /\ the single-photon process. The situation is completely re-
K versed in Fig. &), which corresponds to the intensity 2
L Ty — 0 T om oos o2 X 10_11W/cm2 (which is located to the right of the inflection
Photoelectron energy (a.u.) Photoelectron energy (a.u.) in Fig 7). At this intensity, the contribution from the two-
photon process dominates over that of the single-photon pro-
04 ] 04 cess. The contribution from the single-photon detachment
' © ' ® process drops substantially due to channel closure, which,
0.08 1 0.08 because of the shortness of the pulse, is gradual rather than
2 0.06 5.0x10 Wiem® = 0.06 20x10" Wiem? abrupt. After the inflection in Fig. 7, the intensity depen-
2 £ dence of the yield experiences a sharp incréhséore satu-
0.04 1 0.04 ratior), stemming from the contribution of two-photon ab-
0.02 ] 0.02 sorption to the vyield, whose intensity dependence is
A 0 , proportional tol? (in the LOPT picturg
0 004 008 012 0 004 008 0.12 Another feature seen in Fig. 8 is the splitting of the lowest
Photoelectron energy (a.u.) Photoelectron energy (a.u.) ATD peak for intensities above b wicm? [cf. Fig. 8d)—

N 8(f)]. Structures in ATl peaks have been observed experi-
FIG. 8. Above-threshold detachme@TD) spectra of Li for mentally in Xe [47,48 as well as in a number of time-

various peak intensities corresponding to the inflection in the deae endent theoretical calculations for both sinale-electron
tachment rate shown in Fig. 7@ =10 Wjcn?; (b) 1=3 P ! ulatl Ing d

X 101 Wien: (¢) | =5x 10° W/en?; (d) | = 1.0< 10" W/en?; (¢) one-dimensional model potentiaﬂgg—SJ].and for a fuIIy_
| =1.4x 10" W/cn?; () 1 =2.0< 10" W/cr2. The laser frequency COITelated, two-electron model treated in three dimensions
and FWHM are the same as in Fig. 7. [6]. However, none of the structures found in the previous
studies corresponds in detail to what our results show in
performed an energy analysis of the photodetached electrdrigs. 8d)—8(f). Specifically, the experimental results ob-
for intensities corresponding to the region where the bengerved structures that are attributed to multiphoton resonance
occurs. Figure 8 gives the ATDabove-threshold detach- transitions[47,48 as well as to the ionic core fine-structure
mend spectra, i.e., the yield of electrons with respect to theirsplitting [48]. Moreover, these structures are observed in all
energy for various peak intensities, and for a FWHM andATI| peaks, although they are most prominent in the lowest
frequency that are the same as those used to obtain the renergy ones. The one-dimensional theoretical calculations at-
sults in Fig. 7. As expected, with increasing laser peak intentribute the structures observed in all peaks to either reso-
sity, more peaks, separated by the laser frequency, appear mance enhancement effe¢#9,50 or to resonances between
the ATD spectrum. For convenience in discussing these reFloquet states[51]. The results of the realistic time-
sults below, we present these plots on a linear scale rathelependent calculations for the Hion find, in contrast to
than on the usual logarithmic scale. Consequently, we caprevious works, that a splitting occurs only in the highest
focus only on the first few ATD peaks. Note that for eachenergy ATl peak for a given laser intensity, and is attributed
peak of the ATD spectrum, the area between the curve ant a multiphoton threshold effe¢6].
the horizontal axis gives approximately the yield of electrons In contrast to these prior works, the splitting we observe
ejected following absorption of the corresponding number ofoccurs only in the lowest-energy ATD peak and the relative
photons. The spectrum in Fig(a&8 for | =10"%/cn? dis- magnitude of the two subpeaks is intensity dependent. Rel-
plays a single prominent peak corresponding to the absorgvant parameters of our calculation are as follows: the pho-
tion of a single photon above the detachment thresholdion energy is 0.0240 a.u0.653 eV or 1898.5 nin the
When the intensity is increased te=3x 10"%/cn? [Fig.  FWHM of our laser pulse is 1047 a.u., which corresponds to
8(b)] and further tol =5x 10'%/cn? [Fig. 8(c)], a second an energy spreafusing the uncertainty relatiprof about
peak corresponding to two-photon absorption appears in th@.001 a.u.(0.027 eV}; the ponderomotive potentiall,
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equals 0.0012 a.u0.033 eV at peak intensity 18wW/cn?

and equals 0.0025a.u0.068 eV} at peak intensity 2 )
X 10"*W/cn?; finally, the kinetic energy of the detached

electron in the weak-field case is 0.0016 a@.044 eVj.

Clearly, then, both the energy spread of the laser pulse and

the magnitude of the ponderomotive potential at the peak

intensity of the pulse are comparable in magnitude to the

kinetic energy of the ionizetor, attempting to ionizeelec-

tron. The time-dependent ponderomotive potential associated r
with the ultrashort laser pulse permits single-photon detach-
ment during the turning on and turning off of the pulse, but So
prevents single-photon detachment as the laser pulse ap-
proaches its maximum amplitude. We have carried out the
following numerical experimer{not shown: we have inves- o . :

tigated the ATD spectrum as a function of time during the | FtIG. 9. Spatial grid in the radial coordinatesandr , of the two
course of the laser pulse. We find that as the pulse begins foeetrons.
increase from zero amplitude there is only a single ATD peak
corresponding to absorption of a single photon. This singlegespectively the coordinates and the differential solid angles
peak increases in magnitude and becomes narrower in enerfgyr the two electronsW(rq,r,,T) represents the antisymme-
as the laser pulse approaches its peak ampliftidesecond trized wave function at tim&, the end of the laser excitation.
ATD peak corresponding to the two-photon detachment als@\ngular integrations in Eq(16) are performed over all
appears Just past the peak amplitude, the first ATD peakangles(i.e., 0< 6;<m,0< ¢;<2), while radial integrations
divides into a strong narrow peak just above threshold and mvolve only configurations where the two electron radial
higher-energy, weak, second peak; both peaks occupy th&ordinates are both larger than a cutoff radiys The cut-
energy region of the initial single peak that we found to beof radiusr . depends on the system under consideration, and
produced at the beginning of the laser pulse. The weak, segqid be chosen such that the regrcontains most of the

gnd peak mcreases_tlndmz:)gr;mdethwhg_e tr|1e sltrongg,t;:rst pg obability distribution of the initial ground state. In our cal-
ecreases in magnitude, both 1o their final vaiue at the en ulations, we use&.=20 a.u., which is in accordance with

theerirlr?z(r?tr |Fr)1 lg;istggvma'tn tkluzzleg.ssl'i t;li_rr:uséé?bsrsnvvrﬂggcﬂeegse}he radial probability distribution for the ground state of Li
P PAtNg s shown in Fig. @). Note also that the populations in the

ulse reaches its peak amplitude, which gives an instantd:> ° ) ) o
b b P g regionsS; and S, are attributed to single ionization. Of

neous ponderomotive potential which is comparable in mag- 2 )
nitude to the kinetic energy of the electron above the singleSOUrse; the definitiofiL6) of the DIP is not exact because, for
photon ionization threshold. The reasons why the initial ATDEX@mple, residual bound states and doubly excited states may
peak narrows and shifts to lower energies during the rise ofvell €xtend into the regiof$;. These spurious contributions
the pulse and why the second peak higher energyonly ~ may be small, but they are nevertheless not negligible com-

appears during the second half of the laser pulse requireared to the double-ionization probability, which is usually

S

P

L

further investigation. small as well. We also consider E@.6) as our definition of
DIP, but with the difference that in our wave function
V. ANGULAR DISTRIBUTIONS FOR DOUBLE W(rq,rp,T) [which is used for obtaining the DIP using Eq.
IONIZATION (16)] we exclude any spurious contributions arising from
) ) o - populations left, at the end of time propagation, in atomic

A. Doubly differential double ionization probability states below the double-ionization threshalBIT). We

Explicitly or implicitly, the time propagation of the TDSE thereby exclude any contributions from bound and doubly
for a finite pulse duration is always performed over finite excited states, as well as singly excited states below the DIT.
distances. In this case, there is no exact definition for thd0 exclude these spurious contributions, we proceed as fol-
double-ionization probabilityDIP) owing to the difficulty of ~ lows: Let®(T) be the solution of the TDSEL2) at timeT.
disentangling single- and double-ionization contributionsWhen deriving ¥(T)=%¥(r,,r,,T) from &®(T) via the
from the time-propagated wave function. However, to obtainmatrix-vector product¥(T)=P®(T), as described in Sec.
the double-ionization probability? in intense pulsed-field I, we set all components oP(T) corresponding to atomic
calculations, one usually integrates the total probabilitystates below the DIT equal to zero. Therefore, the resulting
found in the regior§; in Fig. 9, which means evaluating the W(T) is a continuum wave function describing doubly ion-

integral[52] ized continua, as well as singly ionized continua with ener-
gies above the DIT. The radial integration in the dom&in
P:J 40 JdQ f dr J AW (r1.05,T)| is then used to approximately separate the doubly ionized
! 2Jeorg s BTN continua from the remaining singly ionized continua.
(16) Angular distributions for double ionization are obtained

by omitting the integration over angles in Ed.6). The re-
wherer;=(r;,6;,¢;) anddQ;=sing,df,d¢;(j=1,2) denote maining quantity,
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% \\/ FIG. 11. Probability amplitude of the wave function at the end
¢1 of the laser pulse with respect to the atomic energies of(ground

o ) ) state excluded The laser pulse has a peak intensity
FIG. 10. Angular parametrization, in spherical coordinates, of_ 1 \w/cne frequencyw=0.235 a.u(193.9 nm, and FWHM of
the final-state ejection directionk; andk,, of the two continuum 54 sec. The arrow indicates the double-ionization threshold.
electronsk, is parametrized by the angl@s and ¢,, andk, by 6,

and ¢, z denotes the laser polarization axis. weak field intensity considered, single-photon absorption is

the dominant process. Figure 11 gives a plot of the probabil-
f drlf dry| W (ry,ro, D2 (17) ity amplitude|CnL|2 [see Eq(13)] with respect to the atomic
r>re rp>re energy E, of the nth atomic basis statéground state ex-
cluded, contained in the final wave function. The presence
in Fig. 11 of a single peak right above the D{lbcated at
E=0 and indicated by the vertical arrpug consistent with
the absorption of a single photon. In addition, the population
depleted from the ground state is almost identical to the
opulation found around the single peak that appears in Fig.
above the DIT, thereby providing further evidence that
réingle—photon absorption is the dominant process.
Figure 12 displays, in polar coordinates, the DDDIP for a

d?P B
dQ,dQ,

may be interpreted asaoubly differential double-ionization
probability (DDDIP) for electron 1 to be ejected within the
solid angled(); and electron 2 withid(),. The DDDIP is a
function of the four spherical angles , ¢4, 6,, and ¢, (see
Fig. 10, and thus is, in fact, fourfold differential in these
angles. This parametrization in terms of spherical angles,
shown in Fig. 10, allows one to assess the role of the pola
ization axisz, sinced; and#, represent the angles of the two

elgct:joni wgrlslrge”s:pect tg this ?X'S' c(j)?‘@(flyfz,T) bI'S ob- oplanar emission of the two electrons. The polar plot in this
tained, the can be evaluated for any combination Ok, e represents the distribution of electron 2, when electron

the four angles mentioned above, providing thereby CoM3 “ig ejected along the unit vectés, at anglesf; =0 [Fig.
plete information regarding the directions of ejection of thelZ(a)] 6,= /4 [Fig. 12b)], 6,= =2 [Fig. 120)], and 6,

wo e_Iectron_s f(_)llowmg do_uble ionization. As the_ DDDIP is =3m/4[Fig. 12d)]. Figure 12 illustrates interesting features
not differential in energy, it accounts for all possible energy

transfers to the electrons from the laser pulse as well as for
all possible energy-sharing distributions among the two elec®
trons. Note that the above definition of the DDDIP—as well
as its possible numerical evaluation—has been made pos
sible due to the configuration interaction structure of the ba-
sis expansiort9), which allows for an implicit separation of
radial and angular integrations in Ed.6).

»)

kl (91=1l:/4)

B. DDDIP for the low-intensity (single-photon) case © @

k, Op=/2) K, (6,=37/4)

We first consider double ionization by a single photon,
which is the dominant process at low laser intensity. Double
ionization by a single photon has been widely studied, and
the general features of the corresponding angular distribu-
tions are well establishd®3]. The purpose of this section is
to show that our theory is able to reproduce most of these £z 12. pDDIP for single-photon double ionizatiécoplanay
general features. of Li~ by a weak, linearly polarized laser pulse of peak intensity

We consider a weak laser pulse of intensityWlcn? | =10° wycn?, frequencyw=0.235 a.u(193.9 nm, and FWHM
and frequencyw=0.235 a.u.(193.9 nm or 6.39 eV pho- of about 24 fseck, is a unit vector indicating the angty at which
tons, with 38 cycles within the FWHMcorresponding to  electron 1 is emitted with respect to the laser polarization zptise
about 24 fser The above frequency corresponds to abouflot gives the distribution of the other electraia) ,=0; (b) 6,
0.4 eV of excess energy above the DIT, and, because of the=/4; (c) §,=u/2; (d) 6,=3w/4.
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of the two ejected electrons: First, the probability for double T T . T T T T T
ejection in opposite directions or at large relative angles is

overwhelmingly larger than the probability for ejection in the 107"
same direction. Indeed, the two-electron ejection at zero rela-

tive angles is negligible; the two-electrons are predominantly 1072
ejected at large relative angles. Typically, if one electisay

electron 1 is ejected at a given angle in the direction the 108
distribution of electron 2 is significant only in the half plane

opposite to the direction df,. This feature stems from the 104 b

Coulomb repulsion between the two electrons, which pre-
vents them from being ejected at small relative angles. A
second interesting feature shown in Fig. 12 is the fact that
the polarization axiz along which the linearly polarized
field drives the two electrons does not play a major role in
determining the characteristics of their angular distributions.
Its direction influences primarily the relative magnitudes of
the lobes giving the angular distribution of electron 2. These
two features indicate that the low-intensity, single-photon 10°
double-ionization process is essentially dominated by
electron-electron correlations. This fact has been established ~ 10°
by TDCS calculations in the perturbative regifrigf].

The lobe structures of the angular distributions warrant 10710
further comment. The fact that the angular distributions of
electron 2 consist essentially of two lobes whose relative 1071 L . . . . ' .
sizes depend on the angle betwdenand thez axis is in 005 0t 015 02 025 03 035 04

dP/dE

agreement with perturbative calculatiof84] and with a E, (a.u.)
“Wannier” analysis [55]. An exception to this two-lobe 0
structure is found in Fig. 12), which is an illustration of the FIG. 13. ATD spectrum of Li after interaction with an ul-

fact that our angular distributions are not differential in en-gashort, intense laser pulse of peak intensity B W/cn®, fre-
ergy, and thus account for configurations involving bothquencyw=0.038 a.u(1199.0 nm, and a FWHM of 12 fsec.
equal and unequal sharing of the excess energy between the

two electrons. Indeed, according to selection rules for th
TDCS for the case of equal energy sharjbd], there should
be nodes at the angleg (, 6,) =(0,7) and (0, 6,)=(,0),

i.e., the lobe along the polarization axis in Fig(&d2should % 104 W/cn?, frequencyw=0.038 a.u.(1199.0 . pulse

not e.X'St'. The appearance of Fh|s lobe in our rgsults IS due t8uration consisting of three laser periods within FWH)M
contributions from configurations corresponding to an un-

: fsec). This photon frequency is above the single-ionization
elqual energy sharing of the excess energy between the mfﬂreshold of Li", and about six photons are necessary to
electrons. ’

Finally, consider the node in Fig. (@ for 6,= = /2, reach the DIT.(Our choice of this frequency is dictated by

which indicates that there is no ejection of both electrons i fhe limitations of our computer resources: For example, a
the direction perpendicular to the Jpolarization axis. This is ir?nuch lower frequency would require a larger number of pho-
agreement with a selection rule for the TDCS, which hastons to doubly ionize Li, and the corresponding simulation

. ; . would require more angular momenta in the basis, which
been proved in Ref54] to be valid whatever the sh_armg Of. also means longer computation times and larger computer
the excess energy between the two electrons. This selecti

rule is a conseguence of tH&® and 1P symmetries of the (?‘Hemory requirementsFigure 13 displays the distribution of

initial and final states, respectively, as well as the di oIethe total energy of the two electrons at the end of the laser
S , Tesp Y, @ ) P pulse. As expected, this ATD spectrum shows a series of
approximation and the linear polarization of the field.

We have thus shown that our results for the weak-fiel eaks, separated by the photon energy, which extends from

single-photon double ionization are consistent with erturba—he energy region just above the single-ionization threshold
gie-p P to energies above the double-ionization threshold.

tive cross-section calculations and selection rules. Differ- Although we are able to evaluate the DDDIP for any com-
ences from known perturbative results are understood as COP:ation of the four spherical angles mentioned above, we

sequences of the finite pulse length. These compariso . :
therefore indicate the reliability of our technique for obtain—r}?eed to fix two of these angles in order to present 3D plots of

ing angular distributions for double ionization b ultrashortour results for the DDDIP as a function of the other two
Iager pgulses y angles. Therefore, in presenting results below, we make two

choices of azimuthal angleg, and ¢,: (¢:=¢,=0) and
(¢1=0,¢,= ), both of which correspond to the case of
coplanar emission of the two electrons. The laser polariza-
Having shown that our technique for obtaining angulartion axis divides the emission plane in question into two half
distributions for double ionization yields results in agreemeniplanes. In the case#;= ¢,=0), a plot of the DDDIP with

Svith perturbative calculations, we now apply it to a high-
intensity regime by considering an ultrashort laser pulse hav-
ing the following characteristics: Intensity | =2

C. DDDIP for the high-intensity (multiphoton) case
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FIG. 15. Plots in polar coordinates of the angular distributions
for multiphoton double ionization of Li by an ultrashort, intense
laser pulse with the same parameters as in Fig. 14. The polar plot
represents the distribution of electron 2, when electron 1 is ejected
along the unit vectok, at various angle#®, relative to the polar-

1.0x10® ization axisz (a) 6,=0; (b) 6,==/4; (c) 0,=w/2; (d) 6,=37/4;
S 0-8xt 0° four prominent peaks corresponding to two-electron ejection
S 0.6x10° in the four possible configurations along thexis: (i) both
= . along positivez (i.e., peaks located in the vicinity of;
g 040 =60,=0 in Fig. 14; (ii) both along negative (i.e., peaks
8 oox10® R located in the vicinity off; = 6,= 7 in Fig. 14); (iii) electron
1 along positivez and electron 2 along negativdi.e., peaks
0 located in the vicinity ofg;=0,6,= 7 in Fig. 14; (iv) elec-

tron 2 along positivez and electron 1 along negatizgi.e.,
peaks located in the vicinity af; = 7, 6,=0 in Fig. 14. The
configurations(iii) and (iv) are identical in magnitude, as
they are symmetric under exchange of the two electrons.

FIG. 14. Angular distributions for multiphoton double ioniza- Therefore, for an intense laser, the polarization axis along
tion of Li~ by an ultrashort, intense laser pulse of peak intensity . . " . ’ .
2% 10 Wie?, w=0.038 a.u.(1199.0 nr, and FWHM of 12 which the field drives electrons becomes highly relevant.

fsec. The doubly differential double-ionization probabiliDDIP) Also, because of the intensity of the field, it is now possible

is plotted as a function of the angular positions of the ejected elec]iOr two electrons to be ejected at zero relative angle along

trons(cf. Fig. 10 in two coplanar casea) for (¢, =0,¢,=0): (b) the polari_zatipn gxis. H0\_/veve_r, the DDDIP for (_:ioqble-
- - electron ejection in opposite directions along thexis is
fOI’ (¢1 o,d)z 77)

larger in magnitude than that corresponding to ejection in the
respect to the polar angley (0<6,<w) and g, (0<6, same directiorizero relative anglealong this axis—an indi-
<) corresponds to the double ejection of the two electrongation that electron-electron correlations still influence the
in the same half plane. The casg;&0,¢,= 7) corresponds double-ejection process. These features are better illustrated
to the case of double ejection of the two electrons in oppositén Fig. 15, which is to be contrasted to Fig. 12 for the weak-
half planes(i.e., electron 1 ejected in one half plane andfield, single-photon case. It shows plots in polar coordinates

electron 2 in the other half plape of the DDDIP for electron 2, when electron 1 is ejected along
Three-dimensional plots of the DDDIP with respect to thethe unit vectoik,. Figure 1%a) shows that when electron 1 is

polar angles ¢,,6,) are displayed in Fig. 14) for azi- ejected along the axis (#;=0), electron 2 is ejected pre-

muthal angles ¢,=0,4,=0), and in Fig. 14) for azi- dominantly in the opposite direction, but there is also a

muthal angles ¢,=0,¢,= ). Figure 14 shows novel fea- smaller but significant probability that electron 2 is ejected in
tures not observed in the previously considered singlethe same direction as electron 1. In general and in stark con-
photon case: The two electrons may now be ejected in alirast to the weak-field cadef. Fig. 12, one sees in Fig. 15
directions, indicating an apparent breakdown of the weakthat no matter which directiok; one selects for ejection of
field selection rules. In particular, we find that not only mayelectron 1, there is always a large probability for ejection of
both electrons be ejected with zero relative angles, but alselectron 2 along the laser polarization axis, in both positive
both electrons may be ejected in the direction perpendiculaand negative directions. This is a clear illustration of the
to the polarization axis. In addition, the polarization axisimportance of the laser field and its polarization axis for high
plays a significant role, as electrons are now predominantlyntensities. However, the fact that the relative magnitudes of
ejected along this axis. Indeed, the DDDIP in Fig. 14 showshe DDDIP for ejection of electron 2 along the positive and
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the negative directions of the polarization axis depends or  28x10®

the direction of ejection of electron 1 is an indication that the . k; 0Odd L’s
influence of correlation§Coulomb repulsionon the double- 24a0% .
ionization process is also significant. Indeed, the plots in Fig.{\ 2 0x10% | S N z
15 show that the DDDIP for electron 2 is always larger on @ ' b
the side of thex-y plane(i.e., the plane perpendicular to the " {gyq08 [
z axis at the origin where electron 1 does not appear. :5:

There is an additional interesting feature in Figs. 14 andE 1.2x10°® |
15(c) that we have not yet discussed. This feature appears ir&a .
Fig. 14b) as a local maximum at the anglés= 6,= /2, 08107 T
which correspond to double ejection of both electrons in op- 0.4x10°% |
posite directiongperpendicularlyto the polarization axis. A
similar maximum is also present, but barely visible, in Fig. 0 -
14(a) at the same angles; it corresponds to double ejection o 0° 90° 180° 270° 360°
the two electrons in the same directionith zero relative 6, (deg)
angle perpendicularly to the polarization axis. Figure(d5s
gives a better illustration of both cases. It follows that in the - k, Even L’s
high-intensity (multiphotor) regime, the two electrons may 2.0x107 1 I
be ejected in directions perpendicular to the polarization _ - ;
axis, contrary to the low-intensitysingle photoh regime, °g 150107

|

where this is impossible. As shown in Fig.(&bthis double i,
ejection perpendicular to the axis is more intense in the <
configuration where the two electrons are ejected in oppositeS 1.0x107 |
directions than for the configuration where they are ejectedg
in the same direction. This is another signature of correlation=
effects.

In order to further investigate double ejection perpendicu-
lar to thez axis, we have performed an angular-momentum- 0 . . .
based analysis of the DDDIP. Specifically, starting from the o° 90° 180° 270° 360°
final wave function¥ (T) (from which the remaining popu- 0, (deg)
lation of the ground state as well as the populations of the
doubly excited states and the singly excited states below the FIG. 16. Odd and even parity contributions to the DDDIP for
double-ionization threshold have been removed, as discuss&ctron 2 when electron 1 is ejected perpendicularly to the laser
in Sec. V A, we have considered the following two cases. polarlzapon_ams(l.e., 01=7r/2)_. Angular distributions are o_btalned

(i) We have evaluated the DDDIP by using the portion of2Y considering only oddtop figurg or only even(bottom figurg
W (T) from which all even total angular-momentum compo- ?“9“'?" momentunh _contrlbutlons to th_e final wave function, _The
nents[L=0,2,4,6,8: cf. Eq(9)] have been exclude(e., set |_Ir_1r?etI in eachI flglr,l]l’e |£<,hthe correspondl?g plot _|n Eplarlzoordlnates.
equal to zery so that the resulting (T) [denoted hereafter © 18ser puise has the same parameters as in Fig. 4.

WO(T)] only contains odd- components I(=1,3,5,7) and As ¥(T)="T)+W¥&T), it follows that coplanar
therefore(for the case of linearly polarized lighhas an odd  double ejection of both electrons in directions perpendicular
parity, (—1)-. The corresponding DDDIP for electron 2 for to the laser polarization axis arise only from ewecompo-

the case in which electron 1 is ejected at the adgle w/2is  nents of the wave function. This fact is further supported by
plotted in the top panel of Fig. 16 in both Cartesian and polaFigs. 17, 18, and 19 that show the DDDIP obtained for se-
coordinates. These results show a nodé,at = 7/2, which  lected single- components of¥’(T). Here again, one sees
indicates that there is no ejection of both electrons perperthat when only odd. components of the wave function are
dicular to the polarization axis. considered, the resulting DDDIPs show no double ejection

(i) In the second case considered, we have evaluated thgerpendicularly to the polarization axis, whereas when only
DDDIP with W(T) from which all oddL componentqcf. evenL'’s are considered, the DDDIPs show a local maximum
Eq. (9)] have been excluded.e., set equal to zejpso that  for this double-ejection configuration. In the dipole approxi-
the resulting¥ (T) [denoted hereafteP ®(T)] contains only  mation, an odd- channel is only populated by the absorp-
evenlL components, and thusgain, for the case of linearly tion of an odd number of photons, whereas an everian-
polarized lighf has an even parity. The correspondingnel is only populated following absorption of an even
DDDIP for electron 2 when electron 1 is being ejected at thenumber of photongstarting from the ground state with
angle ;= /2 are plotted in the bottom panel of Fig. 16 in =0). Therefore, we may conclude that ejection of both elec-
both Cartesian and polar coordinates. These results show thabns perpendicularly to the laser polarization axis is only
there are maxima a#,= *+ 7/2, indicating that both elec- due to an absorption of an even number of photons, and that
trons are ejected perpendicularly to the laser polarizatiofior double ionization following absorption of an odd number
axis. of photons, the two electrons cannot both be ejected in di-

¢
.,

0.5x107 |
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G for el 2 for th in which el FIG. 18. Same as Fig 17 for angular momehta3 (top row),
FIG. 17. DDDIP for electron 2, for the case in which electron 1, _ , (middle row, and L=5 (bottom row. Double ejection of

is ejected in the direction perpendicular to the laser polarization aXiﬁoth electrons perpendicularly to the laser polarization axis occurs
(i.e., 6,=90°). For each row of plots, the DDDIP is obtained by only for even values of.

using a final wave function where only components corresponding

to a specific single total angular momentlinare kept:L=0 (top  tions interfere constructively so as to generate such a maxi-
row), L=1 (middle row), L=2 (bottom row. For each row, the left mum.

and right plots are respectively in Cartesian and polar coordinates.

Double ejection of both electrons perpendicularly to the laser po- VI. SUMMARY AND CONCLUSIONS

larization axis occurs only for even valueslaf In conclusion, we have developed a configuration interac-

rections perpendicular to the polarization axis. In fact, theflon approach for a direct numerical solution of the TDSE for

case of single-photon double ionization discussed in Sednultielectron systems interacting with an ultrashort, intense,
. X . X and linearly polarized laser field, in the two-active-electron
V B is an illustration of this rule. The present results extend

to the case of absorption of an arbitrary odd number of pho(TAE) approximation. The method is nonperturbative, three

. . . . dimensional, and accounts for electron-electron and electron-
tons the selection rul@erived in Ref[54] for single-photon

NS L core interactions, as well as for the polarization of the core
double ionizationthat excludes double ejection of both elec- by the active electrons. This approach is applicable to atomic

trons perpendicularly to .the laser polarization axis. Thissystems consisting of a coreomprising the nucleus and
shows that exchange, parity, and angular momentum symMener shell electronsand two-active electrons. By adjusting
try considerations affect the angular distributions of multl-the semiempirica| parameters in the core potentiaL this ap-

photon double ionization. proach is applicable to any atomic systems having two va-
Note that the DDDIP does not consist only of individual lence electrons outside closed shells.

contributions from the odd and even components of the wave A technique for obtaining angular distributions for double
function. In fact there are, of course, contributions also dudonization by an ultrashort laser pulse has also been dis-
to interferences between the odd and even comporests cussed. This technique allows one to obtain detailed infor-
can be seen by substituting the square normofT) mation about the directions of ejection of the two electrons
=Uo(T)+WPET) into Eq. (17)]. Therefore, the net maxi- for both weak and intense fields, while excluding spurious
mum in the DDDIP in the direction perpendicular to the contributions that may arise from the population left at the
polarization axis is only obtained when these three contribuend of time propagatiofi.e., after the passage of the laser
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nel. In addition, and despite the presence of a pulse in our
L=6 k, calculations, a comparison of our results wRhmatrix Flo-

guet detachment rates integrated over the pulse envelope em-

ployed in this work shows a satisfactory agreement. We have

! > also displayed the dynamics of the photodetachment process
via the time evolution of the ground state and of the Cou-
L/bkﬁ\) lomb repulsion between the two electrons, as well as the

angle-integrated radial probability distributions of the final-
state wave functions. The time evolution of the ground state
indicates that the nonperturbative behavior of Isets in at
relatively low intensitiegof the order of 160 W/cn?).

L=7 Finally, we have obtained angular distributions for double

ionization of Li~ by ultrashort laser pulses, for both the

weak-intensity(single photoh and the high-intensitymulti-

photor) cases. For the first case, we have reproduced essen-
(AN z tial features(such as the eminent importance of electron-

electron correlations, selection rules, gtdready established
for single-photon double ionization. For the second case, we
find that the two electrons are predominantly ejected along
the laser polarization axis in the same directiparo relative
angle and in opposite directions (180° relative anglin
L=8 addition, for the multiphoton cadén contrast to the single-
photon caskg electrons may be ejected perpendicularly to the
laser polarization axis, both in the same directian zero

— relative anglg and in opposite directions (180° relative

\MUN——/Z angle. We have shown that an ejection of both electrons
perpendicularly to the laser polarization axis arises from the
even angular-momentum components of the wave function,
as odd angular momenta do not contribute to double ioniza-
tion for this configuration. In other words, in the dipole ap-

proximation and within the framework &fS coupling, ejec-
tion of both electrons perpendicularly to the polarization axis

FIG. 19. Same as Fig 17 for angular momehta6 (top row),  (starting from an initial' S® state and for the case of linearly
L=7 (middle row, andL=8 (bottom row. Double ejection of Polarized lighi only occurs following absorption of an even
both electrons perpendicularly to the laser polarization axis occurumber of photons. Thus this study of angular distributions
only for even values oE.

shows evidence of the continuing influence of electron-
electron correlations and of wave-function symmetry proper-

pulse in atomic states below the double-ionization thresh-ties on the directions of ejection of the two electrons follow-

old.

ing multiphoton double ionization by an ultrashort, intense

We have used the above numerical approach to study tHaser pulse.
photodetachment of Li by ultrashort laser pulses. For weak ~ Note added in proofWe have recently become aware of
field intensities, our results for the detachment yield agred-OPT calculations for two-photon double ionization of He
with known features of lowest-order-perturbation theoryfor @~45 eV by Makris, Nikolopoulos, and Lambropoulos
(LOPT). Indeed, plots on a log-log scale of the detachment56]. Angular distributions for the case in which one electron
yield with respect to the laser peak intensity show linearis ejected along the laser polarization axis are analyzed. This
behaviors at low intensity, with slopes that agree with expecwork also shows that electrons can be emitted with zero rela-
tations from LOPT. For the laser frequenay=0.024 a.u., tive angle along the polarization axis.
which is just above the detachment threshold, we find that

the intensity-dependent detachment yield shows an inflection ACKNOWLEDGMENTS
that is consistent with the closure of the one-photon detach-
ment channe(due to ac Stark and ponderomotive shitiad We thank Chien-Nan Liu for fruitful discussions and D.

with the increasing importance of the two-photon channelH. Glass for providing us with higk-matrix results. This
An analysis of the photoelectron energy distribution confirmswork was supported by the U.S. Department of Energy, Of-
the interpretation of this inflection as due to the closure office of Basic Energy Sciences, Division of Chemical Sci-
the one-photon channel and the rise of the two-photon charences, under Grant No. DE-FG03-96ER14646.
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