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Asymmetry of above-threshold ionization of metal clusters in two-color laser fields:
A time-dependent density-functional study
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Above threshold ionizatiotATI) spectra of small metal clustefs.g., Na and Ng™*) are calculated numeri-
cally using a spherical jellium model and time-dependent density functional theory for two(é0®4 and
532 nm) ultrashort(25 fs) laser pulses as a function of phase difference between the two fields. ATl spectra and
ionized electron fluxes are obtained in the two opposite directions of the linearly polarized laser fields. The
asymmetry, defined as the difference in electron yield, is shown to depend strongly on the carrier-envelope
phase of the second-harmoriw) field. The ATI spectra allow one to identify the range of kinetic energies of
the ionized electrons where the asymmetry mainly occurs. Comparisons are made between calculations with
and without self-interaction correction and also with previous exact numerical solutions of the one-electron
systems H and bt [A. D. Bandrauk and S. Chelkowski, Phys. Rev. LeBt, 3562 (2000] where such
asymmetry effects had first been observed. We find that ATI spectra in the clusters generally have much longer
energy plateaus than in previously studied one-electron systems, with cutoffs up to 30—40 times the pondero-
motive energyJ,. In high-harmonic generation spectra, on the other hand, no extended plateaus are observed.
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I. INTRODUCTION (TDSE) for the one-electron Kt molecule[8,9], for which
) ) exact non-Born-Oppenheimer simulations can be performed
Laser control of electronic and nuclear motion has bejn one dimension with current supercomputers. Exact three
come a growing area of researidj due to the availability of  gimensjonal3D) simulations of the two-electron fbystem
laser pulses With variable and controllable ar_nplitudes andyith static nuclei(Born-Oppenheimarhave recently been
phases even in the ultrashoft<10f9 and intense(l  carried ouf10]. Extension of such simulations to multielec-
=10" W/cnv) regime, thanks to steady progress in lasefiron systems is of great interest, but can only be achieved by
technology[2]. Controlling electrons in atoms has had con-replacing the multidimensional TDSE with effective single-
siderable success by manipulating the phase difference bgtectron theories such as density functional thedyT)

tween two laser fields. In particular, taet 2w scenario, i.e., [11] and its extension to the time-dependent regime, TDDFT
the simple superposition of a field of frequeneyand its  [12].

second harmonic, with total field In this work, we use TDDFT methods to investigate the
B electron dynamics of small Na clusters in intense fields. The
E(t) = Eq(t)[cogwt) + f cog2wt + ¢)], @) electron dynamics of Na clusters has been widely studied

within the jellium model[13-15, using the local density
approximation(TDLDA) with and without self-interaction
correction (SIC). The conclusion was that TDLDA and
TDLDA-SIC give similar result§16] for observables such as

whereE(t) is the field envelopeg the relative phase, anfd
the relative amplitude, permits control of the angular distri-
bution of photoelectrons in atomic ionization procesgs

or directional control of photocurrents in quantum wé#$. ionization rates and high-harmonic generatigtHG) spec-

lQuanturr: wells candbe V|Iewted as S||mple anr?l?gé of m.oLec%'ra. Further tests of the SIC employing more realistic mo-
lar - systems, - and  electron-nuciear - photodiSsoCialionyy . 1o models beyond jellium confirmed this conclusion
ionization yield asymmetries have been observed already 'ﬁ7] In these studies, SIC was implemented using an accu-
the molecule HD, with possible applications to isotope sepa; o single local pdtential scheme based on the fime-

ration [5]. Possible applications of coherent control with in- dependent versiofiL8] of the optimized effective potential

tense ultrashort pulses have recently been suggested fromethod of Krieger, Li, and lafratéKL1 ) [19]. This KLI-SIC
numerical simulations for the generation of attosecond pulse, $

§pproach has been shown to give adequate descriptions of
and even for the measurement of laser pulse phidsés d ; Lo : I
. . . . namical properties in the regime of strong excitations
On the theoretical side, the first observations of suc y prop 9 9

A [16,17.
electron-nuclear asymmetric yields were made from numeri=

. . g ; In the present paper, we will study the open-shell clusters
cal solution of the time-dependent Schrédinger equatlorNa4 and Fl)\laﬁ usi%gpthe local spin-)(/jensityp approximation

(LSD) with and without KLI-SIC. We will in particular focus
on calculating ATI spectra and ionized electron fluxes in the
*DeceasedNovember 2002 two opposite directions along the linearly polarized laser
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fields. Our primary motivation is to demonstrate that TDDFT J 2

methods can reproduce the essential physics of intense laser 'E%‘o(r,t) = (‘ >t Ua'[nTanl](rat)>(Pja-(rat)a 3
field coherent control in many-electron systems, obtained in

our previous simulations for one-electron systems such as Mhere the total density is

and H,* [6-9]. It will emerge that metallic clusters show

N
very similar features as previously observed in atoms, i.e., _ _ S 2
ATI spectra with extensive plateaus, and pronounced left- n(r,t)—gl ng(r,t)-g j%fia|‘PJo(r-t)| : (4)
right asymmetries as a function of phase in two-color lasers ’
fields. To treat open-shell clusters, we introduce occupation num-

The standard quasistatic tunneling mogR0,21, which  bersf;;, normalized asN,=2; f;,. In ground state calcula-
very successfully describes strong-field laser-atom interadions, we employ the usual procedure of assigning equal,
tions, turns out to be adequate for HHG spectra in clusterdractional occupation numbers to degenerate orbitals. For ex-
but substantially underestimates the cutoff of the ATI pla-ample, the Ng° cluster has three valence electrons, two
teaus. This indicates fundamental differences between th&pin-up and one spin-down. The(land Is| orbitals each
nonlinear electron dynamics in metal clusters and in one- ocontain one electron, and th@gl, 1p,,T and Ip_,1 orbitals
two-electron atoms and molecules. are each occupied by 1/3 of an electi@®]. The resulting

In our calculations, we will treat the valence electronstotal ground-state density and spin densities,, are there-
exactly in a 3D TDDFT approach, whereas core electrons artore spherical for Ng~ and all other open- or closed-shell
represented in a spherical jellium model. In reality, the shapelusters(provided the jellium background is sphericance
of Na, and Na* is strongly prolate rather than spherical the cluster is excited by the laser field, the occupations of the
[22], even though at room temperatutégT=0.025 eV 1p orbitals will no longer remain identical because their dif-
small alkali metal clusters are “fluxional,” i.e., they have noferent orientations with respect to the laser polarization cause
fixed geometry due to a large number of near isoenergetithe orbitals to ionize at different rates.
conformations[23]. However, since the purpose of the The TDKS effective spin-dependent potentigl is the
present paper is to demonstrate a fundamental strong-fieum of external, Hartree, and exchange-correlatiahtime-
effect of the delocalized valence electrons, we will for sim-dependent potentials,
plicity ignore all details of the ionic structure. As we will ,
argue below, the effects that we study he#&l and HHG) 0[N0 1001 = Dag(r 1) +J d3r’n(r b ruge [non 10
are likely to persist even in the nonspherical case. Further- 7 " e [
more, at high laser intensities the spectral differences be- (5)
tween spherical and deformed cluster models become more
and more washed out due to power broaderfizy. where

This paper is organized as follows. In Sec. Il we give a _
brief summary of the TDDFT formalism applied to open- Veud 1, 1) = vjei(r) + E(DZ, 6)
shell clusters in the jellium model, explaining the LSD andandE(t) is defined in Eq(1) for two colors.

KLI-SIC approaches. Section Il provides some details of The simplest approximation is to use static xc potentials

our numerical method and of the observables of interest. Igych as the LSD, with the densiyr,t) obtained from the
Section IV we present and discuss our numerical results, angme-dependent orbitalg;,(r ,1), i.e.,

we conclude in Sec. V. We use Hartree atomic units unless
otherwise indicated. LsD def.(n;,n))
Uyer LN N (r 1) = T

. (7)

o InpEng Y

Il. TDDFT FOR SPHERICAL METAL CLUSTERS For the xc energy density of a spin-polarized homogeneous
electron gasexhc, we use the following standard expression
Our investigations are based on the jellium model[26]:
[13-15, which treats the valence electrons explicitly and the h N h h
inner core as a uniforn‘;, spherical, positive charge back- &N, &) = €(n,0) + [ (n,1) - (n,0)]f(§),  (8)
ground with radiuR=r 3 wherer,=4 a.u. is the Wigner- _ (. _
Seitz radius of bulk sodium, ar#gis the number of ions. The wheren=ny +ny, £=(n;-n,)/n, and

associated electrostatic potential seen by the valence elec- L+o*B+(1-93-2
trons is given by fo= 2213 7) : ©)
Explicit expressions foel(n,0) and€l(n,1) can be found
(r = =2, r>R, 2) in Ref. [27]. We use here the correlation energy density in
Viell) =1 712053 _ 37/2R, r<R. ( the parametrization of Vosket al. [28].

In order to perform a self-interaction correctié®IC) us-
ing asinglelocal potential, one can arrive variationa[l¥8]
The time-dependent Kohn-ShafiiDKS) equations for the at a spin-dependent optimized effective potential akin to the
single-particle valence spin orbitaig,(r ,t) are given by static KLI method[19]:
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i . « d
vy (1) :g %{uﬁéﬁ(r,o j(Zop,) = 'mUEj [qojga—zqo,-gLZb, (14)

and py= tan 6.
+f d3r'|<pjg(r',t)|2[ufé;',(r’,t)—ufc'jcg(r’,t)]}, Tﬁ?e ﬁﬂ%erical simulations were performed for a two-
color laser field with intensityl,;=6X 102 W/cn? at \,
(100 -1064 nm (w=1.16 eV and I,=1.5x 102 W/cn? at A,
=532 nm(2w=2.32 e\). The angled=15° was chosen as in
uSiC (r,t) = okSPIny,n 11, 1) = el I(r ) = 0ESPln,,,, 0](r,t).  our previous worK7,33 as an experimentally feasible col-
(12) Iectlo.n a.ngle_of |9n|zed electrons with respect to the laser
polarization direction. Both pulsé€s and 2v) were assumed
to have the same Gaussian envelope with full width at half
maximum length(duration 25 fs.
The chosen laser intensities and wavelengths determine

We note that ther's in Egs.(10) and(11) contain the appro-
priate subtraction of orbital self-interaction. Furthermore, Eq.

(10) is an integral equation for the effective local xc potential . . . : \
which is easily solved at each time stg¥—19. To summa- certain essential physical parameters which allow for quasi-
y : static interpretations of strong field laser-atom processes

rize this formal discussion, we have at our disposal two dif- . . _ 5
ferent, spin-dependent local effective potentials which Con_[Z,?O,Z]J. Onei is the po.nderomo_tlve energy,=el/Amo
tain exchange and correlation>°, Eq. (7), andoX" | Eq. which for «=1.16 eV is Uy(w)=0.56 eV and U,(2w)

XCo ! XCo?

(10), which can be used in the TDKS equati(8). Previous =0.035 eV. This allows for defining the Keldysh parameter

model TDDFT calculations of atomic clusters in intense |aselsepara_1ting tunneling and multiphoton ionization regimes for
fields used only the Hartree potential(r,t) [29] or vkl @0 lonization potential

Xo

with no correlation and SIE30] for 1D arrays of atoms. 1.5 (Nay),

'Yz\’lplzup:{zj_ (Na4+) (15)

The tunneling ionization regime is defined < 1, so that

To calculate above-threshold ionizatiohT|) spectra, we the present parameters situate our calculations near and
adapt to our 3D calculations the method described by Bohl above the limit of this regime. In the multiphoton regime,
al. [31]. The kinetic energy spectrum of the ionized electronsconsidering ionization as direct transitions, we can identify
is computed from the local frequency spectrum of the singléhe minimal photon number; for ionization, which is given
electron wave functiong;,(r,,t) at a pointr,, near the grid by
boundary and sufficiently far from the cluster in order to
make Coulomb effects negligible. Absorbing boundary con- ng= lp/w={ N
ditions betweerr,, and the grid boundaries guarantee that 5 (Nay’).
only outgoing waves are collected over timand then Fou-  gina)ly we calculate the maximum spatial amplitude of the
rier transformed to give th(—;- totgl kinetic energy distribution|sser induced electron oscillations:
in forward and backward direction as

IIl. NUMERICAL METHOD

3 (Nay, (16)

N, o=
n(E) = 2 E |¢jo‘(rb1E)|2' (12)
o=1,] j=1 The larger value, 7 a.u., determines the minimum grid size.
We choosez,,,,=62.5 a.u. to insure sufficient space for the
In our calculations we assume cylindrical symmetry due tdaser induced oscillations after ionization. Thas is at
the presence of linearly polarized radiation, and we thereforg@7 5 a.u., followed by an absorbing boundary of width
use a two-dimensional grid=(z, p) as in our previous exact 15 a.u. to minimize reflections. Along the direction, we
H," calculationg32]. We record electron wave functiog$,  have rp,,=35 a.u. and an absorbing boundary of width
at two opposite points on theaxis atr,=(+z,,0), wherez, 10 a.u. Convergence of the spectAT| as well as HHG
is about 0.78y,. Zmax beiNg the grid sizésee below. Our  was verified by varying the grid size between>505 a.u.
simulations also allow for measuring the ionization signal inand 62.5< 35 a.u.
a cone(forward and backwapdwithin an angled in order to
detect total asymmetries which can even be used in principle
to measure absolute phases of ultrashort intense pulses IV. RESULTS AND DISCUSSION
[7,33. We thus define the total probability flux passing the
surface atz,,

17

27 10.875 a.u. (2w).

eE _ 7.0au. (w),
Mw

We first tabulate in Tables | and Il the total energies and
KS orbital eigenvalues for our Nand Na* jellium cluster
¢ o0 models, obtained by solving the time-independent KS equa-
Py(t) = zwf de i(z,p,0)pdp, (13)  tions corresponding to the TDKS equatiaid3. We find that
o Jo correlation generally lowers the total eneifgy;, and the vari-
ous orbital energies. The SIC within the KLI scheme has a
where the local flux is given as large stabilizing effect on the inner valence orbital Iin
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TABLE I. Total ground-state energl;,; and orbital energy ei-
genvalues of thed, 1pf, and k| orbitals for Na (in eV), ob-

tained for a spherical jellium model with different DFT approaches
Etot 1s] 1pt 1s|

LSD (x only) -46.53 -3.76 -2.16 -2.78

KLI-SIC (x only) -47.35 -4.39 -2.79 -5.34

LSD -49.80 -4.34 -2.64 -3.83

KLI-SIC -48.98 -4.69 -2.98 -5.92

both clusters. On the other hand, SIC stabilizes tslednd
1p7 orbitals only in Na, whereas in Ng' the effect is re-

versed. Thus the presence of the extra electron in Na

(1s?1p?) as compared to Na (1s*1p?) results in a somewhat
increased ionization potentil=2.98 eV for Na and a de-
creased ionization potentia}=5.41 eV for Na* when the
KLI-SIC method is used.

It is to be noted that these ionization potentigidich we
take to be the negative of the HOM1, i.e., the highest
occupied molecular orbital, in keeping with KLI-SIC results
[34]) are somewhat lower than previoab initio molecular
values calculated at equilibrium geometries. THydNa,)
=4.4 eV andl(Na,")=8.2 eV were reported using pseudo-
potential LSD calculationg35]. These numbers are to be
compared to the atomic ionization potential,(Na)
=5.14 eV. We emphasize that our lowis are due to the

use of a spherical jellium model for the core, which can be
viewed as simulating the average geometry of the cluster

expected at room temperature, whereasaténitio molecu-
lar geometries correspond to zero-temperature equilibriu
structures. One expects that at higher temperatures, geo
etries dilate and randomize, thus lowerihgs.

We illustrate in Fig. {a) the two pulses which are super-
posed with changing relative phaséso give net resulting
fields E(t) [see Eq.(1)], for the casesp=0 [Fig. Ab)], ¢
=7/4 [Fig. 1(c)], and ¢p=7/2 [Fig. 1(d)]. In the limit of a
few cycles ofw (~5 fs pulse width, Fig. 1(b) becomes simi-
lar to a single-frequency “cos” pulse, whereas Figd)lap-
proaches a single-frequency “sin” pulse. These ultrasho

single-frequency pulses have recently been shown to givi
rise to very large ionization asymmetries from which we can

infer the absolute phase of these pulg&3. We note that in

the w+2w coherent superpositions illustrated in Fig. 1, the

phasep=0 superpositioiiFig. 1(b)] exhibits the largest elec-
tric field asymmetry since the relative maximum field ampli-
tudes arek;/E,=v1,/1,=2 [9]. The ¢=m/2 superposition

[Fig. 1(d)] has local maxima and minima of equal absolute

amplitude strength, but one notes that locally the fields ar

TABLE Il. Same as in Table I, for NA.

Eot 1st 1p7 1s|
LSD (x only) -51.70 -7.38 -5.51 -6.75
KLI-SIC (x only) -51.16 -7.00 -5.14 -9.39
LSD -54.97 -8.06 -6.08 -7.73
KLI-SIC -52.79 -7.37 -5.41 -9.93
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FIG. 1. (a) Electric fieldsE,(t) andE,(t) associated with a two-
color 25-fs laser pulse:\;=1064 nm, \,=532 nm, 1,=6
X 102 W/cn?, 1,=1,/4, and relative phas¢=0. (b)—(d) Resulting
net field E(t) [see Eq.(1)] for ¢=0, ¢=m/4, and ¢p=m/2,
respectively.

asymmetric due to the presence of a “kink” between the posi-
tive and negative amplitudes. As shown for the 1D single-
electron system H, this results in large asymmetries of the
ionized electrons and dissociated protons, which have the
unusual feature that bare protons and electrons preferentially
move in thesamedirection, which we have called “counter-
intuitive” [7,33. In the following, we examine whether simi-

rHar phenomena exist in sodium clusters and present our re-

r§|L_1Its based on the TDDFT approach outlined above.

Figure Za) illustrates the ATI spectra of Naobtained
with KLI-SIC for single-color excitation ah=1064 nm,|
=6x 102 W/cn?, and pulse duration 25 fs. Both left and
right ionization patterns are nearly identical, with slight dif-
ferences reflecting nonadiabatic excitations from ultrashort
pulses[7]. In particular, notice that the ATl spectrum is
nearly constant up tdc,,=150~30U,, whereU, is the
r;‘t)onderomotive energy defined in the previous section. Qua-
8istatic tunneling ionization models of single-electron atoms
predict Eq,,=10U, [20,34. In the case of extended mol-
ecules, we have shown previously that collisions with neigh-
boring ions can raise this up to Wg, thus extending high-
order harmonic generation plateaus beyond the atomic
maximume,,,=1,+3.1J,, [36]. This has been confirmed in
simulations of chains of atom®9]. Thus the single-color
ATl spectrum of Na clearly shows an unusually long plateau
(\a/vith a cutoff(sharp decreag@roundg,,=30U,. The same
phenomenon is observed for the Naluster, see Fig. (3),
the main difference being the slightly lower intensity as there
is one less f valence electron in this case. In summary,
one-color excitation of both Naand Na* results in ex-
tended ATI spectra with cutoffs at around(Bf) which far
exceeds the single-electron atom cutoff ofJ}0

We next return to the N@ATI spectra illustrated in Figs.
2(b)—-2(f)) with the two-color coherent superpositid(t),
see Eq(1) and Fig. 1. At¢=0 where the positive field am-
plitude is twice the negative amplitude or, equivalently,
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FIG. 4. Left and right probability fluxeBy(t) [Eq. (13)] for Na,
and Na*, calculated with KLI-SIC.

maximum intensities have the ratio 4:1, the left and right ATl ~ 15w= 30U, of electrons ionized in the right direction in
spectra exhibit different cutoffs. Thus the left-ionized elec-spite of the fact that the net field, see Figb)l is over-
trons have a cutoff .~ 12w=22U,, whereas the right- whelmingly positive This effect is further confirmed ap

ionized electron cutoff is &y~ 220=40U,, i.e., a ratio of

=1 relative phase difference in Fig(f2 The same “coun-

approximately 2:1. Furthermore, one must emphasize aferintuitive” effect occurs in Ng [Fig. 3(f)], albeit again
anomaly, akin to the counterintuitive processes found previwith slightly less intensity since there is one electron less in

ously in H,* [7,33, i.e., there is a preponderance after
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FIG. 3. Same as Fig. 2, for §a

the Ip HOMO orbital.

On examining thep=/2 or “sin” coherent superposition
of the two fieldsw and 2v, one observes that for both Na
and Na* [Figs. 2d) and 3d)] the ATI energy cutoff has
been extended with respect to the single field excitation to
Emax=40U,. For the case of both clusters, tife=m/2 or
“sin” field superposition produces less asymmetry in the ATI
spectra, reflecting the fact that the maximum-minimum field
amplitudes are more symmetric in time.

The ATI spectra displayed in Figs. 2 and 3 were calcu-
lated with a TDKS approach using the KLI-SIC xc potential.
We have found that very similar spectra are obtained using
the LSD xc potential. It thus appears that, qualitatively, self-
interaction corrections have only very little effect on the
kinetic-energy spectra of the ionized electrons. This is not
too surprising, since SIC is most effective for localized or-
bitals, whereas the features of ATl are determined by con-
tinuum states.

The difference between LSD and KLI-SIC becomes more
apparent when we look at an integrated time-dependent
quantity such as the total time-dependent flux according to
Eq. (13). The results are summarized for Nand Na* and
the two computational schemes in Fig(kLI-SIC) and Fig.

5 (LSD). Each panel shows the left and right flux associated
with one-color ionizatiorjFigs. 4a) and %a)] and two-color
coherent field superposition for various phasfsgs.

063415-5



NGUYEN, BANDRAUK, AND ULLRICH PHYSICAL REVIEW A 69, 063415(2004)

028 0
a) one-color| a4 left ~
s (R S e s e N N
N Hght=ssms 8 4 one-color one-color
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£ 0.15 FIG. 6. HHG spectra for Naand Na*, calculated with LSD,
é‘ for one- and two-colofphase¢=m/2) excitations. The arrows in-
01 dicate the positions of the Mie plasmon energies.
0.05 _ . o . . .
7 nonadiabatic excitatiofsee the discussion of Figs(a} and
0 . at! L L L . S et L L L “ H Y ” H H
T o e A 56 B T 0 1E b o 4D 0 2 T 6 5(a) abovg and the “counterintuitive asymmetry, which in
Time (fs) Time (fs) these cases seem to have about equal magnitude and thus
cancel each other.
FIG. 5. Same as Fig. 4, calculated with LSD. Next, we discuss harmonic generation. Figure 6 shows

HHG spectra for our spherical model of Nand Ng™, cal-

4(b)-4(f) and §b)-5(f)]. The general patterns of ionization culated with LSD(KLI-SIC gives very similar resuljs We
of Na, and Na* follow similar trends in both KLI-SIC and compare the cases of one-color and two-color excitation, the
LSD, where, as expected, the flux associated with*™Na latter with relative phaseb=m/2. The quasiclassical model
smaller, due to the larger binding energy of the valence eledor HHG predicts cutoffs aE=1,+3.1J,, which corre-
trons caused by the positive charge state of the system. sponds to harmonic orders 4 and 7 for,N&d Na™*, respec-

However, some interesting features can be observed in thésely. The HHG spectra in Fig. 6 show hardly any indication
details of the left-right asymmetries of the ionization fluxes.for plateaus beyond the third harmonic, but instead decrease
For one-color ionizatiorfFigs. 4a) and a)], the net flux more or less continuously.
asymmetries are very small for \a but are appreciable for We note that the collective Mie plasmon enerdi&3,14
Na,. This somewhat surprising observation reflects the nonafor Na, and Nag* are 2.54 and 3.02 eV, i.e., between the
diabatic excitation with ultrashort laser pulses, and appearsecond(20=2.32 eV} and third (3w=3.48 e\J harmonics.
more pronounced in KLI-SIC than in LSD. In both cases, theln Fig. 6, the HHG cutoffs thus appear to be set by the Mie
left signal is stronger, which can be explained by an asymplasmons, whose tails absorb most of the oscillator strength
metry induced during the switching-on of the laser pulse: thebeyond the third harmonic. The dominating nature of the Mie
first cycle starts off with an electric field in the positive di- plasmon in the linear and nonlinear dipole response of metal
rection. clusters is well known15] (plasmon energies can be ob-

For the two-color excitations, the left-right asymmetry is tained as the field-free oscillation frequencies of the initially
very pronounced in LSD. From Fig. 5 we see that maximumdisplaced valence electron cloudHowever, we point out
asymmetry occurs ap=0 and/4, and with reversed direc- that collective plasmon effects are an unlikely cause for the
tion at p=m. At p=m/2, the asymmetry is only small. No- large extent of the ATI plateaus observed in Figs. 2 and 3. As
tice that the asymmetry is again “counterintuitive”: for ex- a check, we performed calculations for Na clusters with non-
ample, at¢=0, the flux is predominantly to the right, interacting valence electrons and found ATI spectra with
whereas the net field is mainly positive, see Fith)1At ¢ very similar cutoffs.
=3m/4 and ¢=, the field is more negative and electrons  We conclude this discussion with some remarks concern-
now again follow counterintuitively, this time to the left, in ing validity and limitations of the spherical jellium model.
the direction of the negative field. We will discuss the physi-As we have explained before, at or above room temperature
cal reasons of this anomalous behavior below. one should consider an average of the various possible ionic

For Na*, the left-right asymmetry under two-color exci- configurations of the cluster. One might wonder whether the
tations shows the same behavior in KLI-S{Eig. 4) as in  resulting averaged ionic background is robust under the in-
LSD (Fig. 5), although somewhat less pronounced. Fog,Na fluence of strong laser fields. For the time scales of interest in
on the other hand, it appears to be almost absent in KLI-SIGhis paper, this is indeed the case. We study here electron
in some cases, such as=0. This can be explained by a dynamics following excitation by 25-fs laser pulses, and
competition between the “intuitive” asymmetry due to thepropagate up to 80 fs. This is very short compared to typical
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time scales for ionic dynamiga few picosecondgq15]. mainly ionized to the right, in the direction of maximum
On the other hand, spherical averaging of ionic configu{positive field, see Figs.(lt) and Xc), contrary to classical
rations becomes less well-justified at lower temperaturesesponse theory. In the clusters the asymmetry disappears
and eventually one needs to consider the explicit ionic posiaround ¢=3w/4, whereas in the one-electron systems the
tions of the minimum conformations. To predict the signa-asymmetry reverses around/ 4, thus reflecting the multi-
tures of the transition from the high- to the low-temperatureelectron character of the clusters.
regime in ATI spectra and fluxes thus requires the use of The present TDDFT approach shows that the energetics of
pseudopotential§37], which is beyond the scope of the the ionized electrons, as represented by the ATI spectra, Figs.
present approach. However, the pronounced asymmetry df and 3, are similar for LSD and KLI-SIC. The main differ-
the ATI spectra is likely to persist even in the nonsphericalence between the two methods is observed in the calculated
case, see the case of, ldnd H,*. Furthermore, the valence fluxes, Figs. 4 and 5, thus reflecting the difference in ioniza-
electrons are delocalized not only in jellium, but also in ation potentials by the two method3ables | and Ij. Our
real Na or Na,* molecule. Collective effects and power calculations therefore confirm the persistence of counterin-
broadening at high laser intensities will therefore still play antuitive, i.e., nonclassical, ionization asymmetries when clus-

important role, even in the low-temperature case. ters are exposed to coherent superpositions of short intense
laser pulses. The new finding is that this counterintuitive
V. CONCLUSION asymmetric ionization results in unusually high-energy ATI

spectra, with a ratio of the left and right maximum energies
_ We have presented ATI spectra for Nand Na™ clusters 1o 2:1. At the same time, HHG spectra, calculated by the
in a two-color excitation scheme using a spherical jelliumsame methods and laser conditions described above, show no
model for core electrons and TDDFT for the valence elecjgn energy plateaus but have cutoffs below the B, Lire-
trons. In both cases we observe strong phase dependencefiieg by single electron recollision modgR0].
the asymmetries of the ionization yields reflected in the cal- Thig points to several fundamental differences between
culated ATI spectra and probability fluxes passing throughytoms and metal clusters in their ionization dynamics under
the grid boundaries. The asymmetries are maximal for thenort intense laser pulses. Valence electrons in metal clusters
relative phase difference<0¢ < /2 between the two-color  are much more weakly bound, and are delocalized over the
(w and 2v) fields. In the one-color excitation, ATl energies entire jonic(or jellium) background, with a high density of
up to 30U, are obtained. In the two-color excitation scheme,states. The electron dynamics thus shows pronounced collec-
right and left electrons have cutoftmaximg in ATl ener-  tive or plasmon effects. As a consequence, multiphoton ion-
gies at 40 and 2W,, respectively, suggesting a transfer of jzation in clusters typically takes place at intensities 1 to 2
energy of~20U, between the two directions. In the case of grders of magnitude lower than in atoms. The associated
previous (_:alculatlons on one—electro_n systgi® 9] similar Keldysh parameters are thus in the rangel, which means
asymmetries were found but the maximum AT energy nevegnat ionization occurs in the multiphoton and not in the tun-
exceeded 3U,. This suggests that different ionization nejing regime. This may explain why the quasistatic tunnel-

mechanisms occur in the clusters. _ ing model is unable to account for the unusually large extent
The ionization asymmetries discovered in the one-f the ATI plateaus in metal clusters.

electron systems H andH [8,9] were found to be “coun-
terintuitive,” i.e., nonclassical, and were explained in terms
of quasistatic tunneling20] through the field induced quasi-
static barrier at the peaks of the field amplitude. The asym- Acknowledgment is made to the donors of the Petroleum
metries calculated in the present paper also exhibit similaResearch Fund, administered by the ACS, as well as to the
“counterintuitive” behavior. Thus, as seen in Fig&)22(c), University of Missouri Research Board, for partial support of
3(b), and 3c), the highest energy electroris-40U,) are  this research.
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