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Quantum control of double ionization of calcium
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We have performed nonperturbative time-dependent calculations of single and double ionization of atomic
calcium by short and intense laser pulses using a two-active-electron model. It is shown that the significant
enhancement of the €& yield observed in a recent experimeii. Papastathopulous, M. Strehle, and
G. Gerber(unpublished] using feedback control techniques originates from the time asymmetry of the pulse
shape. Numerical simulations have been performed for various asymmetrical pulses. The initial part of the
pulse prepares a coherent superposition of excited states which is transferred into the double-electron con-
tinuum at later times. An asymmetric shape, with a slowly decreasing tail, therefore favors the production of
C&*. Single-active-electron calculations have also been performed to demonstrate the significant role played
by electron correlations and by doubly excited states.
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[. INTRODUCTION yield was achieved for a specific electric field, from which
we try, in this article, to extract the main features responsible

Multiple ionization dynamics studies have shown that, defor the optimization.
pending on the intensity regime, direct two-electron and se- Section Il presents the numerical method used here in
quential ionization processes may oc¢@r3] under strong order to follow the single and double ionization dynamics of
laser irradiation. In particu|ar, the measuremém'ﬁ], ten Ca, while our main results are presented in Sec. lll. A brief
years ago, of a shoulder in the double ionization yield of theconclusion, Sec. IV, summarizes our results.

He atom as a function of intensity was interpreted as an
indication that direct two-electron processes can dominate Il. NUMERICAL METHOD
double ionization at moderate intensitigs-8|.

Atoms with lower ionization potentials, like alkaline-
earth-metal elements, usually show a more complex ioniza- In intense fields with linear polarization, the electronic
tion dynamics since single and double ionization can be immotion is mainly confined along the direction of the electric
competition at relatively low intensities. Early experimentalfield, and we therefore restrict our calculation to one-
studies on the Calcium atom for examp®10] have shown dimension only. The model atom which results from this
that intermediate resonances may influence significantly theestriction cannot be expected to represent faithfully the real
ionization dynamics, and that, even if sequential ionizationratomic Ca, but we show, by comparison with experimental
usually dominates the production of doubly charged ionsresults, that this approximation is accurate enough to bring
electron correlations play an important role, even for singlesome physical insight into the dynamics of ionization with
ionization. intense and linearly polarized laser pulses. We also restrict

More recently[1], feedback control experiments have the number of active electrons in our model to the two elec-
been performed to determine the conditions required to erntrons of the outer shelh=4. The system under consider-
hance double ionization. These experiments follow the origi-ation thus consists in two electrons and a fixed nucleus of
nal ideas ofoptimal control theory{11-13, later extended chargeZ=+ 2, interacting through a screened Coulomb po-
by Judson and RabifA4] into an hypothetical experimental tential [see, e.g., Ref[19] for an overview. The Hamil-
setup able to solve and control the Salinger equation ex- tonian of this one-dimensional atom can be written in the
actly and in real time. Shortly afterwards, this approach hasollowing form (if not indicated differently, atomic units are
proven to be very effective in real experimental conditionsused throughout the paper
[15-17 using a feedback which automatically adapts the
laser characteristics in the quest for an optimal electric field. Ho(X1,X2) =T1+ To+V(X1) +V(X2) + V1ol [X2—X4|),

In intense fields, the experimental control of the competi- @
tion between single and double ionization of Calcififr o .
was performed ugsing a programmable pulse shaper Whicwherexi (i=1,2) denote the positions of the two electrons,
maintains the pulse energy while modifying its spectraland
phase components, and therefore its chirp and shape, until
the best solution for the “fithess” function is found. A de- T = )
tailed description of this experimental scheme can be found ' 2 9x?
in Refs.[15,18. The maximization of the double ionization

are their kinetic energy operators. The interaction energy be-
tween thdth electron and the nucleus is taken as a smoothed
*Electronic address: Maxim.Sukharev@ppm.u-psud.fr Coulomb potential

A. Two-electron model
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2
V(Xj)=— —, 3
as well as the electron-electron interaction
V| ) ! (4)
Xo—X4|) = ———.
wre VB2 (Xa—X%1)?

The two smoothing parameterg and 8 are chosen ¢
=3.89490 a.u.8=3.963 05 a.y.such that the energies of
the ground electronic states of Ca and"Gzqual their ion-
ization potentials Yi,=6.1126 eV,V2, =11.8725 eV).

ion™

B. Basis set representation

In order to obtain the stationary statés(x;,x,) of the
field-free Hamiltonian(1), we solve the two-particle time-
independent Schadinger equation

Hotn(X1,X2) = Enthn(X1,X2)

using a basis set representation.
We first obtain the one-electron wave functiopg(x)
which are solutions of the equation

©)

1 d? 2
T2l \/ﬁ @r(X) = ex@i(X). (6)

PHYSICAL REVIEW A6, 053407 (2002

/

10]

W

//

-100 -80 -60 40

=20 0 2

x [aw]

40 60 80 100

FIG. 1. Mapped coordinate(x) defined in Eq(7) as a function
of the electron coordinatein a.u. The smoothing parameter of the
screened Coulomb potential é6=3.894 90 a.u.

tron spins to be antiparallel, and thus restrict our calculations
to singlet electronic states only. Therefore, we consider only
the symmetric combinations

1
E(|kllz>+|kzll)) if k#1 @®

D n(X1,%2) =
|k1k,)  otherwise,

To solve this last equation, we use the so-called mappeghere we have used the following compact Dirac notations

Fourier grid method[20—-22. Let us introduce the new
mapped coordinatp(x):

1 rx
p00 == | =Voax, @

wherex, is the left grid boundary £ 100 a.u. in the present
calculation. The integral(7) has an analytical form for a
smoothed Coulomb potentidabee the Appendix A for de-
tails). The coordinate transformatiofv) is useful with a
long-range potentiallike the Coulomb interactionbecause

it “compresses” the grid at large distances. Figure 1 illus-
trates this effect: with a constant grid stép in the mapped
space, many points are located ngarO, while the density
of points decreases at large distances. Indeed, within th
approach, the variable grid stefx happens to be simply

for the one-electron wave functions solutions of Eg):

ei(x)=[ki). 9
From the N=93 one-electron eigenstates obtained previ-
ously, N(N+1)/2=4371 basis function® ,,(x;,Xx,) are ob-
tained.

We then construct the matrix representation of the Hamil-
tonian (1) in the basis set8), as discussed in the Appendix
B. After diagonalizing this matrix we obtain the solutions of
the Schradinger equatiorn(5) as

wn<x1,x2>=§ ADD | (x1,%,). (10)

is

proportional to the local de Broglie wavelength. For conver-The slowest step in the calculation of these eigenstates is the

gence, we use arx range of 200 a.u. {100 a.usx

construction of the matrix representilhty, since it requires

=100 a.u.), with 300 points. When diagonalizing the assothe evaluation of two-dimensional integrals. However, taking

ciated Fourier grid Hamiltoniaf20], we obtainN=93 one-
electron wave functiong, at an energy,<1 a.u.

into account another symmetry property of the system can
enhance significantly the efficiency of the calculation. In-

These one-electron wave functions are then used to comleed, the HamiltonianH, is invariant when changing

struct a basis set of two-electron noninteracting state$x;,x») for (—X;,—X,). As a consequence, one can separate
®,(X1,%X2). These spatial wave functions must be eitherthe Hilbert space into two uncoupled subspaces of distinct
symmetric (if singlet) or antisymmetric(if triplet) with re-  symmetry: the symmetric agerade gand the antisymmetric

spect to the exchange of the two indistinguishable electroner ungerade wsubspaces. Finally, we obtain a discretized set
(X1+X5). In the absence of orbital motigdD mode), there  of eigenstates ofl, which, in a first approximation, can be

is no spin-orbit coupling, so all spin quantum numbers argnterpreted as bound, singe-electron continuum and double-
conserved. Throughout this work we shall assume the elelectron continuum states, as listed in Table |. Note that the
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TABLE I. Number of gerade N, and ungerade N bound(a), In this approach, the eigenstatedtyf are box-normalized
single-electron continuum(b), and double-electron continuum (i.e., (| )= S,m), and the probabilities of single and
states(c) calculated when diagonalizirtd, . E, is the ground-state  double ionization at the end of the pulde=(t;) are therefore

energy. obtained as
N N States of energ¥
9 u n
) w(ca)= 2 leq(t)l?, (15
@ 9 8 E;<E,<E;+Vj, np<n=n;
(b) 203 193 E1+ Vi <E <E;+ Vi, +Va, q
© 1574 1552 E,+VL +V2 <E,<la.u. an
- wce)= > et (16
numberN, of geradestates is higher than the numby of np<n<ny

ungeradestates because the produgitsk,) in Eq. (8) are

i : where the indexy refers to the last bound statiee., the last
necessarily symmetric.

state of energ§, < E1+Vi10n), n, to the last single-electron
continuum statéi.e., the last state of enerdy, <E,+ Vi,
1

The dynamics of the system in an external linearly polar +Vi’”)’ andn, to the last two-electron continuum state in-
ized laser field is described by the time-dependent "SchrocIUded in the expansiofL2), with the energyg,,=1 a.u.

dinger equation The probability of survival of the neutral atom is thus given
by

J
iaq/(xl,let):[Ho—,u, E(t)]q,(xl,xz,t)y (11) W(Ca): 2
1

C. Laser interaction

|Cn(tf)|2- (17)

=Nn=ng

where u= —(X1+X,) is the two-electron dipole moment,
andE(t) the time-dependent electric field. Note that a useful convergence test can be performed by

Let us expand the wave packdt(x;,x,,t) over the Verifying that
eigenfunctiongf, (X4 ,X»): W(Ca)=1—W(Ca')— W(C&*), 18)

\If(xl,xzyt)zz Cn(t)e_iE“t¢n(X1,Xz). (12 an indication that the norm of the wave packet is well con-
n served.

. . L L We have assumed here that autoionizing states lyin
Introducing this expansion into E¢L1), and taking into ac- g yind

o= ithin the single-electron continuum ultimately decay to
count the fact that the electric field only couples states O{VCa++e‘). The typical values of the autoionization rates of

different symmetry ¢ with u), yields the following system alkaline-earth-metal elemenfsl0°— 101 st [24]] justify
of first-order ordinary differential equations for the coeffi- this approximation.

cientscy(t): The fact that we can easily separate the" Geom the

e Ca" parts in the ionization probability is a clear advantage
—n=iE(t)E Cg:l)(t)ei(ELg)—Eﬁﬁ))th%i), of the basis set representation that we have adopted com-
dt m pared to a grid approach. When the wave packet propagation
e is performed on a %rid, disefr:jtangling single- from dlo;blfe—
Ch” . (W _ @y (4 ionization requires the use of drastic approximations, like for
dt ='E(t)§ el (t)eEn ~En DD, 13 instance a spatial discriminatigsee, e.g., Ref47,25]], or

requires to project the wave packet at the end of the pulse
where the matrix elemen®{9 of the dipole moment are (t=t;) on approximate(usually uncorrelated continuum

given by the two-dimensional integrals eigenstategsee, e.g., Ref.26]].
DI = (|l ). (14) IIl. NUMERICAL RESULTS
The superscriptég) and (u) have been added here to distin- A. Experimentally optimized electric field

guish the two different symmetries. It should be emphasized The time-dependent electric field associated with the laser
that the calculation of these matrix elements can be reduceglise can be written as

to simple sums of one-dimensional integrés| x| ¢,), ow-
ing to Egs.(8) and(10) (see the Appendix C for detajls E(t)=Iof(t)cod wt+ o(t)], (19

The Egs.(13) are solved by the Runge-Kutta-Verner
method[23], assuming that the atom is initially in its ground wherel, denotes the peak intensitfyt) the pulse envelope,
state:c,(t=0)= §;,. Since this method enables the trunca-and w the angular frequency. The associated wavelength is
tion error to be estimated, the desired solution is obtained =800 nm, corresponding to the photon energyo
with automatic control of the step siz. =1.55 eV. The time-dependent phasé) is introduced to
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FIG. 2. Optimized electric field as a function of tinten fs, FIG. 3. Single- and double-ionization probabiliti&¥(Ca")

from Ref. [1] (with permission. The maximization of the Cad [pa.ne.l (b)] and W(C&™) [panel (f'i)] as a function of time. The
signal yields the pulse shafiét) plotted as a solid line in panéh) ~ OPtimized pulse envelop(t) of Fig. 2 has been used to calculate
and the phase(t) shown in panela). An unmodulated Gaussian the ion yields with(solid lineg and _Wlthout(dottedzllne$ the opti-
shape carrying the same amount of energy is also shown as a dadRal Phasee(t). The peak intensity ido=3x 10" W/cn?. The
dotted line in panelb). We have squeezed the experimental pu|severt|cal dashed line indicates the date of peak intertgity64 fs.
shape given in Ref1] such that its total duration does not exceed

150 fs(see text for detfii}s The vertical dashed lines indicate the sensitive to the introduction of the optimal phase. At later
time interval during whichp(t)= cst. times ¢=t, for Ca" andt=80 fs for C&"), a relatively

small enhancement of single-, as well as double-ionization,
describe the frequency chirp of the pulse. The experifidnt is observed with the chirped pulse. In our calculation, the
used pulse durations of about 300 fs. To keep the executioproduction of C& is increased by about 7% with the chirp
time of the numerical simulations within reasonable limits,while the C&" yield is only increased by about 3%. Intro-
we performed calculations for shorter pulses, with durationglucing the chirp, therefore mainly favors single ionization,
of the order of 150 fs. We have verified, for a restricted set ofan effect which seenma priori in opposition with the desired
laser intensities, that increasing the pulse duration up to 30f§oal of favoring double ionization. However, the experimen-
fs does not change our main conclusions. tal optimization was performed on the absolute Cgield,

The pulse envelopd(t) obtained in the experimental and not on the Ca/Ca'’ ratio. The small negative chirp at
study[1] when maximizing the Ca vyield is plotted in the t=80 fs slightly helps double ionization, but its effect is far
lower panel(b) of Fig. 2 as a solid line. This envelope can be from being large enough, at least in our model, to explain the
compared with the unmodulated Gaussian pulse carrying thexperimental result, which is characterized by an increase of
same amount of energy, shown as a dash-dotted line in thtae C&" yield of about 30%.
same figure. The main differences between the two pulse We will now look at the influence of the long tail of the
shapes ar¢i) their maxima, higher for the Gaussian pulse, optimal pulse at=t, by comparing, in Fig. 4, the single-
and (ii) the long tail of the optimized pulse on the falling (solid line) and double-(dash-dotted lingionization prob-
edge, after the peak at=t,. The asymmetry of this pulse abilities calculated with the two pulse shapes shown previ-
envelope with respect thy,, as we will show below, plays a ously: the Gaussian shape in pat@land the optimal shape
significant role in the enhancement of the’Cajield. in panel(b). These calculations were performed without any

The phasep(t) associated with the optimized pulse shapechirp, i.e., ¢(t)=0. The production of the doubly charged
is plotted in the upper pandb) of Fig. 2. This phase is ion dominates at intensitieb=3.7x 102 W/cn? with the
roughly constant(no chirp over the interval 40 fsst  Gaussian shape, while the optimal pulse already favof$ Ca
< 80 fs, where the intensity is the largest. At later times ( for | =2.8x 10*? W/cn?. The enhancement of double ioniza-
=80 fs), a negative chirp is observed. tion with the asymmetric shape appears to be much more

In order to determine the influence of the chirp on thesignificant than the increase due to the chirp. For example, at
ionization dynamics, we first compare numerical simulationghe intensity |,=2.8x 10'> W/cn?, the single-ionization
taking into account the optimized phagét) with calcula-  probability decreases by about 17% when changing the
tions using an unchirped electric field, i.e(t)=0. These Gaussian shape for the optimal shape, while the double-
calculations were performed with the optimized pulse shapéonization probability increases by about 35%. This last re-
f(t) shown in Fig. 2. Figure 3 shows a typical example of thesult is in good agreement with the experimental control of
effect of the chirp on the singlgpanel (b)] and double- double ionization:+30% for C&* [1].

[panel (a)] ionization probabilities, for the intensity, The ratio C&*/Ca’ is presented in Fig. 5 as a function of
=3x 10" W/cn?. Until the datet,~64 fs of peak intensity, the peak intensity for the two pulse shapes of Fig. 2. The
the single- and double-ionization probabilities are clearly in-solid line represents the branching ratio obtained with the
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FIG. 4. Log-log representation of the single- and double-
ionization probabilitiesw(Ca'") (solid line) and W(Ca&*) (dash- FIG. 6. Contour plots of the square of the coefficients of the
dotted ling as functions of the peak intensity in W/cn? for the wave packet¥ (x;,X,,t) in the expansior(12), |c,(t)|?, as func-
Gaussian(@) and the optimizedb) shapes of Fig. 2. These results tions of timet in fs and energy E,—E;)/w, in units of photon
were obtained assuming(t)=0. The two vertical dashed lines energy. The time-dependent coefficients calculated with the Gauss-
indicate the intensities at whic/(Cea*)=W(Ca") for the two  jan pulse are shown in pan), while panekb) is for the optimized
pulse shapes. shape, withl o=4x 10'2 W/cn?. Note that the different total dura-

tions of the Gaussian and optimized pulses of Fig. 2 are also seen in
Gaussian pulse, while the dash-dotted line was obtained witte different time intervals of panels) and (b). The solid line at
the optimal shape. One can notice here that, at any pedk=64 fs indicates the date of peak intensity in both panels while
|ntens|ty’ the opt|mlzed Shape favors the produc“on of théhe rlght solid line in panda) shows the end of the Gaussian pulse.
doubly charged ion. . .

Obviously, a realistic comparison with the experiment re-f0r€ the saturation regimethe averaged calculated Cand
quires averaging the ionization probabilities over the focalC& ' yields vary asl™ with N=4.04 for Ca, and N
volume. We calculated these averaged yields assuming that3-10 for C&". Experimentally, the following power values
the continuous distribution of intensities inside the focal vol-have been obtained for single and double ionizatibh:
ume can be described by a standard Lorentzian profile along 4-2+0.7 andN=3.4+0.1. These results are again in good
the direction of propagation of the laser beam and a Gaussig¥greement and indicate that the proposed two-active-electron
profile in the perpendicular directidi27]. This average pro- Model gives a realistic description of the single- and double-
cedure allowed us to compare the calculated and measurd@ization dynamics of Ca in short and intense linearly po-
Sing|e_ and double-ionization yie|ds: at low intensit(m_ larized fields. The power law for éé indicates that some
intermediate resonances are involved in the double-
ionization process since direct double ionization of Ca would
require 12 photons in order to reach the two-electron con-
tinuum.

The ratios of the averaged double- to single-ionization
probabilities for the Gaussian and the optimized shapes are
shown in the inset of Fig. 5. The enhancement of double
ionization with the optimized pulse is confirmed, as seen in
the experiment.

In order to understand the physics behind these optimiza-
tions it is informative to scrutinize the dynamics for each
pulse shape by plotting the time-dependent populations of
the eigenstate®,(t)=|c,(t)|?> as functions of timet and
energyE, . These populations are shown in Fig. 6. The upper
panel (a) pictures the excitation and ionization dynamics
with the Gaussian shape, while the dynamics with the opti-
mized pulse is shown in the lower pandl). This figure

FIG. 5. Calculated double- to single-ionization branching ratiosS1OWS these coefficients in the energy rangg {44
W(C&*)/W(Ca") as a function of the peak intensity in Wien? ~ <En<E1+7%iw), corresponding to the absorption of 4 to 7
for the two pulse shapes of Fig. 2: the Gaussian pulse with a soli@hotons from the ground state. The eigenstates associated

line and the optimized shape with a dash-dotted line. The sam@ith these coefficients are therefore lying in between the two
ratios, but for probabilities averaged over the focal volume, argonization thresholds, sinceVi,=4fw and Vi,+V32,

shown in the inset. =12hw. The peak intensity is herlg=4x 102 W/cn?.

w

W (Ca2h) /W (Cah)

12 1 013

2
10 [W/em®]

10
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It is clear from Fig. 6 that the ionization dynamics of the . ®

Ca atom is very similar when excited by the Gaussian or the S
optimized pulse at early times<t,=64 fs), but very dif- al L
ferent afterwards. Many more excited states are populate® os B
after the peak intensity when using the?Caoptimization. ™ ol -
With this shape, the initial part of the pulse{80— 90 fs) oal P
prepares a coherent superposition of excited states. This st , L -06

10,

perposition is then efficiently transferred into the double- 0 0 T

electron continuum. Even though the Gaussian shape is cha.
acterized by a higher peak intensity, it does not carry as FIG. 7. Asymmetric laser pulse shapgs) defined in Sec. Il B

much energy as the optimized shape in the intetyalt 55 fnctions of time n fs for two different values of the asymmetry
<t;, and therefore, does not induce efficient double I0NiZaparametery=e,/e,: y=1 in panel(@ andy=2 in panel(b). The

tion. The transient excited states seen in pabekould be  \ariation of fo=Max f(t)] with the asymmetry parametey is
either doubly excited states of Ca lying above the first ion-shown in panelc) (see text for details

ization threshold or excited states of TaNe will try, in the

following Sec. lll B, to determine their nature by performing calculated within the SAE(dash-dotted linésand two-
single-active-electron(SAE) calculations. Indeed, SAE active-electronsTAE, solid line9 approaches, as a function
simulations should be able to reproduce the enhancement gf the parameter. The upper curve$a) correspond to the
double ionization if this enhancement proceeds sequentialliztensity | ,= 3.75x 102 W/cn?, while the lower curvesb)
with a transient production of Ca On the contrary, if the were obtained at the intensity, = 2.87x 10*> W/cn?. The
electron correlations must be introduced in order to reprosingle-active-electron calculations obviously do not include
duce the optimization of double ionization, this enhancemengny electron correlations, and are similar to those described
is likely to involve one or a few doubly excited states. in Ref. [25], with soft-Coulomb parameters adjusted to re-
produce the ionization potentials of Ca and'Caote that
the left vertical scale refers to the TAE calculation, while the
) ) SAE probabilities should be read on the right side axis.

The obvious difference between the two laser-pulse (onpe can first note from the comparison of the SAght-
shapes of Fig. 2 is the time asymmetry of the optimizethang side(rhs)] and TAE[left-hand side(Ihs)] scales of this
pulse. To verify that this asymmetry is responsible for thefigyre the huge enhancement, by four orders of magnitude, of
optimization, we performed numerical simulations usingyople jonization when taking into account the electron cor-
simple model asymmetric pulse shapes whose widthse-  re|ations. The Coulomb repulsive force allows for energy
fore t=t, differ from their widthsr, aftert,. These simple  transfer between the two electrons, and this acts in favor of
pulse shapes are made of two different®siwings: f(t)  jonization in situations where the two electrons are in an
=fo sif¥(mt/2ry) for O<t<t,, and f(t)=fo sif{m(t+7,  excited state. Even though it is not shown in this figure, the
—m)[27,] for ty<t<t;. The date of peak intensity is here same trend is obtained for single ionization, and this cor-

t,=7;, and the end of the pulse correspondsite 7, + 7,.  roborates some early experiments by DiMauwitoal. [10],
The amplitude paramete, is adapted such that the total

energy carried by the pulse remains constant whear 7, 0.22

20

20 40 2 3 4
t [fs] £ [fs] Y=¢,/¢,

B. Modeling the asymmetry

vary. The asymmetry can then be characterized by the ratio 1.4x10°

y= €,/ €; of the energye, carried by the pulse aftey, to its 0.20 1 210°

energy content beforg,: a value y<1 corresponds ta-, - '

<1, and therefore to a time asymmetry opposite to that ob- o 1oxi0® =

served in the C& optimization, a symmetric shape is ob- +— o016 s &

tained fory=1, andy>1 gives an asymmetry analogousto ' el i

that of the optimization. &, G 6.0x10°
In the following simulations, we fixr,=20 fs whenvy QD ; &

<1, and 7,=20 fs wheny>1. Figure 7 shows two ex- < 00"

amples of these shapes with the asymmetry parameters 0.10 2.0x10°

=1 in panel(a) and y=2 in panel(b). The resulting ampli- AND L

tude f, is shown as a function of in panel(c), and the 0085 == al _ _ Yo

maximum intensity is reached for the symmetric case
=1.

~ Anaive guess for the variation of the ionization probabil- £ g pouble-ionization probability/(C&*) calculated using

ity with the asymmetry parameterwould be: the higher the  ihe two-active electron modeolid line) as well as using the
peak intensity, the larger the ionization. In other words wesjngle-active electron approximatiddash-dotted lineas a func-
could expect a global maximum of double ionization for thetion of the asymmetry parameter The Ihs and rhs vertical scales
symmetric pulse f=1). However, Fig. 8 demonstrates that are associated with the TAE and SAE probabilities, respectively.
the ionization of Ca is very sensitive to the asymmetry. ThisThe peak intensity is fixed df,=3.75< 10> W/cn? for the two
figure represents the double-ionization probabiiyCa ") curves labeleda), and atl ;= 2.87x 102 W/cn? for the curvegb).
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10 @) and Vﬁm roughly correspond to the absorption of 4 and 12
038 ¥ 1 photons, respectively. This figure clearly shows that the
06 2 eigenstates located around the six-photon transition are dou-
o5 04 1] bly excited (y,=1). Turning back to the optimization, we
02 I [ saw in Fig. 6 that these eigenstates are highly populated for
00 —-—-*'l"h...fx t>t,. This is a clear indication that the enhancement mecha-
10 - - - - - ; nism obtained experimentally proceeds through doubly ex-
08 (b) cited states.
0‘6 ! It should also be mentioned that the optimal value of the
o ] ,/ asymmetry parametey is found positive, as in the experi-
= 04 | ment, indicating that the left wing of the pulse shape (
02 ph <t,) has to be shorter than the right wingt,). The ori-
00 ) : ) ) ) ) gin of this phenomenon can be tentatively outlined as fol-
0 2 4 6 8 10 12 lows. As seen in Fig. 6, the states lying just above the first
(E,-E))/o ionization threshold are excited relatively quickly, before the

peak of the pulse. However, from this first step, the absorp-
FIG. 9. Degreey, of double excitation of each bound and con- tion of eight more photons is required to reach the second
tinuum eigenstate, as a function of energyH,—E,)/w, in units  jonization threshold. In order to transfer this transient popu-
of photon energy. Panéd) corresponds to states géradesymme-  |ation into the double-ionization continuum, it is therefore
try, while panel(b) is for ungeradestates. Doubly excited states are preferable to “stretch” the pulse shape such that the intensity
embedded in the continuum lying above the first ionization threshyges not drop too quickly aftér=t,, even if this is done at
old (~4 photons, and are ordered in core-excited Rydberg seriesihe cost of lowering a bit the peak intensity of the pulse. The
converging to higher threshol28]. net result of the optimization is therefore to give a pulse

) o shape which carries more energy aftert,, and this corre-
who found that electron correlations play a significant r°|esponds toy>1.

for the production of singly ionized Calcium.

Additionally, the SAE simulations follow the naive expec-
tation described previously, and give a large global maxi- IV. CONCLUSION
mum of double ionization fory=1. This maximum is ) ) .
shifted aroundy=2 in the TAE calculation. This difference ~ We have performed time-dependent simulations of the
demonstrates that the electron correlation is the key to th&ingle and double ionization of atomic Calcium using a two-
optimization of double ionization in the adaptive control ex- active-electron model. These simulations have been imple-
periment 1]. The enhancement of the €ayield is therefore ~Mented within a basis set representation, allowing for an un-
likely to proceed through some intermediate doubly excitec@Mbiguous calculation of the single- and double-ionization
states. The increase of the formation probability ofCa Probabilities. The electron Wave'packet dynamics have re-
when going from a Symmetric to an asymmetric Shape deyealed l:he-ma-ln feat-ure I’espOI’lSIb|e fOfI the enhancemen.t of
pends upon the intensity of the field. For example,dOUb|e ionization which was observed in a recent adaptive
this increase is of about 5% for the lowest intensitycontml experimenfl]: the time asymmetry of the laser-pulse

(2.87x 10*2 W/cn?) shown Fig. 8, while it is of about 13% envelope. During the ionization process, electron correla-
for the highest intensity (3.26102 W/cn?). Of course, at tions play a decisive role, and doubly excited states serve as
much higher intensities the saturation regime is reached, arlfitérmediate resonances. e

this phenomenon disappears. With the modeR ginlse The simulations show that the initial part of the pulse
shapes used here, the enhancement of double ionization R§€Pares a coherent superposition of excited states above the
not as impressive as with the optimized pulse, but neverthdirst ionization threshold. This superposition is ionized after-
less this effect is still significant enough to be compared witivards to produce Ca. This second step is performed effi-

the results described in the previous Sec. Il A using the ex¢iently if the laser intensity does not drop too quickly after
perimental pulse shape. the peak of the pulse, and an asymmetric shape, with a

In order to stress the role of doubly excited states in thesloWly decreasing tail on the falling edge, therefore favors

optimization process, let us introduce the degpee of  double ionization.
double excitation of each bound and continuum eigenstate

Y, [see Eq(10)]
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APPENDIX A: MAPPED COORDINATE

The integral(7) can be written in terms of the hypergeo-
metric function,F; as

_1\F EE NS
p(X)—; o X2 242 2 Xo
S(113 X5 AL
X\ 35T 2 (A1)

From the Eq.(Al), it is easy to obtaimp(x) for the pure
Coulomb potential ¢=0)

22
p(x)=7f<M+sgrrxN|7l>.

It should be noted that at small distanceg(x) is propor-
tional to x when a#0, while in the case of the Coulomb
problemp(x) varies asyx.

(A2)

APPENDIX B: MATRIX ELEMENTS
OF THE HAMILTONIAN

Using the Dirac notations defined in E§), we write two
basis set function§8) as

1
—(|kql5)+ k>l if k#1

(I)m: \/§(| 1 2> | 2 l>) (Bla)
|k ky) otherwise,

and

i i) i %]
—(]i i if i

O = \/E 12 2]1 J (B1b)

liji,) otherwise.

The full HamiltonianH, of Eq. (1) is a sum of single-

electron Hamiltonians, and of the electron-electron interac-

PHYSICAL REVIEW A6, 053407 (2002

tion Vi,. Using the orthonormalization relations of the
single-electron wave functions,, we then obtain the matrix
elements oH, in the basig8) as

<q)n|HO|q)m>:<q)n|V12|q)m>+Enmi (BZ)
where
(8k+8|)(5ik5jl+5i|5jk) if |7£j or k#l
M| 26,8, otherwise.
(B3)

It should be mentioned that due to the spatial symmetry of
the Hamiltonian(1) the eigenfunctiong10) with a given
symmetry(geradeor ungerade see text for detaijsare ex-
panded over the basis set functio® showing the same
symmetry

lﬁgg'u)(Xl,Xz):% AP D (x1,x,), (B4)

where the superscriptgy) and (u) denote thegerade and
ungeradesymmetries, respectively. Hence, the matrix ele-
ments(B2) of the Hamiltonian(1) can be calculated sepa-
rately for the two different symmetries.

APPENDIX C: DIPOLE MATRIX ELEMENTS

Using the notations defined in E¢(P), the calculation of
the dipole matrix element®,,,,=(® || D) gives

—(Xik51-|+xi|5jk+xjk5“+Xj|5ik) if |7&J and k?sl,
_\/E(Xi|5ik+xik5i|) |f |:J and k?ﬁl,
_\/E(Xikéjk+xjk5ik) |f |7EJ and k:|,

_2Xik5ik if |:j and kzl,
(CY

where the notatior;, denotes the one-dimensional integral

xik=(i|x|k). (C2
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