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Two-photon ionization of H," by short laser pulses

A. Palaciost”* S. Barmak? H. Bacha?" and F. Martit*
lDepartamento de Quimica C-9, Universidad Autonoma de Madrid, 28049 Madrid, Spain
%Centre des Lasers Intenses et Applications (UMR 5107 du CNRS-CEA-Université de Bordeaux 1), 351 Cours de la Libération,
F-33405 Talence, France
(Received 25 January 2005; published 17 June 2005

We present a theoretical study of dissociative multiphoton ionization of tfiertdlecular ion in perturba-
tive and nonperturbative regimes including both electronic and nuclear degrees of freedom. Difféirential
proton and electron energyjonization cross sections have been evaluated for various photon energies, laser
intensities, and pulse lengths. We have found that the proton energy distribution is modulated by vertical
Franck-Condon transitions but also by vibrational resonances associated with intermediate electronic states. We
have also found that, as expected, nonperturbative results tend to the time-independent perturbative ones when
both the pulse length increases and the laser intensity decreases. No divergence near intermediate-state reso-
nances is found in the perturbative results when the nuclear motion is properly taken into account in the

calculations.
DOI: 10.1103/PhysRevA.71.063405 PACS nuniber33.80.Rv
[. INTRODUCTION electronic processes such as autoionizafibh]. The new

. . available experimental techniques open up the possibility to
The rapid developments in laser technology have mad':?‘malyze in detail the role of the nuclear motion in the xuv/fs

recently available intense ultrashort laser pglses in _the feménd xuv/sub-fs context and, in particular, how this nuclear
tosecond.(fs) and subfemtosecon(ts_ub-fs) time regimes | .00 affects the ionization of molecules.

[1-3] which allow one to perform tlme-(esolved Spectros- Although some theoretical work has been carried out for
copy at the atomic time scalél,5]. Experiments based on atoms interacting with xuv/fs and xuv/sub-fs laser pulses

h|gh?order harmonic generathﬁHOHG) are now able to [12], applications to molecules are very scarce, mainly due to
provide fs and su_b-fs_pulses In th_e xuv rar(ge._, tens to the complexity introduced by the nuclear degrees of free-
hundreds of eywith high enough intensity6] to induce a dom. Thus, many theoretical applications have concentrated
n.o.nllnear response of most atoms and molfac[ﬂésln ad- on the simplest K molecule. Detailed investigations of,H
dition, very recently, free electron lasefSEL's) have also ionization have been carried out in the infrar@d regime

been able to provide xuv pulses in the s regif]. The (see[13] and references therginMost of these applications

use of ulirashort xuv pulses opens up the way 1o study e.lhave made use of one-dimensiofdD) models. A notable

ementary two- and three-photon Ionization processes II%xception is the work of Ref.14] in which the electronic

: +
S|_mple atoms(He,Ne,..) [7] and_ moleculesgH,", Hy, ) otion is described by including the full dimensionality of
Simple systems that are accessible to accurate theoretical © problem. For laser intensities of the order of

scriptions are crucial to guide theoretical developments i y3_1 34 \w cni2 ionization is dominated by tunneling
strong field multiphoton ionization and to reach a deeper; gy the ir regime, whereas it is dominated by multiphoton
insight on the basic mechanisms involved in the latter proj,ization in the xuv regime. This is because the ponderomo-
cess. . . . tive energy is much larger in the former than in the latter
. The dynamllcs of bound electronlc states typically occurs5qe i the xuv domain, multiphoton ionization of 'thas

in the sub-fs time scalé&he revolution time of an electron been recently studied by solving the time-dependent
orbiting around a proton is-150 a3. Electronic processes geprsginger equatioiTDSE) within the frozen nuclei ap-
related to autoionization can be much slower and occur i roximation(FNA) [15-17. The effect of nuclear vibrations
the fs time scale. Recent experiments on rare gas atoms hayg, o peen included in both perturbatis] and nonpertur-
taken advantage of this large difference and have led to 'nbative[lg] approaches

teresting temporal pictures of ionizatig#,10] and autoion- The importance of nuclear motion in the study of reso-

ization [S]. Molecular processes are even more int_erestin%ance effects in K ionization by xuv/fs and sub-fs pulses
due to the presence of the n_uclear motion, Wh"?h IS MaNip5s peen recently investigat¢é®0]. Preliminary investiga-
fested through rotation, vibration, and the possibility of d's'tions have shown that, at variance with atoms, electronic

f:omatlonl. Wb(;att'r? n a;nd rotation typliallyffpgcutrl in _me lfs resonance effects are barely seen in the photoelectron energy
Ime scale and, therefore, may compete efliciently with s 0Wspectra. This is because the electronic resonances are diluted
among the different dissociative states. In contrast, resonance

effects are perfectly visible when one analyzes the kinetic

*Electronic address: alicia.palacios@uam.es energy distributionKED) of the nuclear fragments.
"Electronic address: bachau@celia.u-bordeaux1.fr The aim of the present work is to systematically investi-
*Electronic address: fernando.martin@uam.es gate proton and electron energy distributions in two-photon
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ionization of H," by xuv/fs and xuv/sub-fs laser pulses, both [T(R) + &,(R) = W, 1x, (R =0, (4)

in perturbative and nonperturbative regimes, in the resonant o

and in the nonresonant regions. In particular, we would likevhere e,(R) is the BO potential energy curve of theh
to investigate the limits of validity of perturbation theory for electronic stateW,, is the total energy of the molecule in
both differential and integrated ionization rates. The advanthe vibrational state, and the electronic statg and

tage of using H' is that it allows one to treat the six dimen- 2

sions of the problem within the Born-OppenheintBO) ap- T(R) =- 1d + JJ+ D ,
proximation. Production of kI molecules in a well-defined 2udRf 2uR?
vibrational statge.g.,v=0) is now possible and has in fact
recently been used to study nonionizing dissociation dyna
ics [21] and tunneling ionizatior{22]. Previous attempts

©)

with J the total angular momentum. As in previous works
m[11,23,24, the effect of the centrifugal term will not be taken
treating all dimensions of the problem have only been re-imo account because we are not interested in analy_zing in
. . detail rotational effectgin fact, we have found that ioniza-
ported in the nonresonant regiptd). tion and dissociation patterns are practically independent of

The paper is organized as follows. In Sec. Il the theoret_—}he value of] chosen to perform the calculations

ical methods used in the present work are explained in detail, For a given value oR, the electronic continuum states of

in particular how the effect of the nuclear motion has bee : L )
introduced both in the perturbative and nonperturbative rg-e nergy e(R) satisfy the usual boundary conditions corre

gimes. All electronic and vibrational wave functions haveSpondlng o a single incomingoutgoing spherical wave

) . . . , with a well-defined value of the angular momentlirand a
been described in terms Bfspline basis sets. Computational L i . .
. . : . combination of outgoindincoming spherical waves for all
details concerning the use of these basis sets are given If1 .
i . ossible values of the angular momentum that are compat-
Sec. Ill. Section IV presents the different convergence test ; .
; ible with the molecular symmetrisee[24] for detaily. For-
that have been performed to select the electronic and nuclear P )
ally, there are an infinite number of degenerate continuum

basis sets. The results for differential as well as integrate
N . . tates(one for each value of) and, consequently, each of
two-photon ionization cross sections are presented in Sec. VY, . e
. ; : hese states must be labeled using the two indices. As
The paper ends with some conclusions in Sec. VI. . . .
usual, these continuum states are normalized to the @irac
function (infinite norm), in contrast with bound electronic
Il. THEORY states that are normalized to the KronecBdunction (finite
norm). At variance with the electronic continuum, there is
only a single vibrational continuum state for a given energy
We will neglect mass polarization terms and reIativistianvn, which is due to our neglect of nuclear rotation and,
effects. Also, we will assume that there is no interaction betherefore, of the coupling between different values) o¥i-
tween vibrational and rotational motions, so that the rotaprational states that belong to the continu(ra., dissocia-
tional wave function can be factored out. In the following, tive states satisfy normalization conditions similar to those
the origin of the electronic coordinates will be placed in theof electronic states.
middle of the internuclear axis. The Hamiltonian of'Hn
the body-fixed frame can be written as the sum of the relative

A. Electronic and vibrational structure of H ,"

kinetic energy of the nuclei, ¥&/2u, with w the reduced B. Perturbative approach
mass, and the electronic Hamiltoniay(r,R), which con- In this work we study two-photon ionization of Hfrom
tains all the pqtential energy terms, including the nucleusthex22$(1sgg) ground state using linearly polarized light.
nucleus repulsion: We restrict this study to the dipole approximation and to the
. case of H" molecules oriented along the polarization direc-
- 2 tion of the incident light. In this particular case, the dipole
H(rR) = 2,uVR+ Halr.R). @ selection rule impliesq[haimzo ar?d, therefore, that the f?rst

photon couples the initial molecular state to intermediate
The vectorr indicates all electronic coordinates aRds the  states ofo, symmetry and the second photon couples the
internuclear distance. In the BO approximation, the completéatter to final states obry symmetry according to the se-

stationary wave function is given by quenceioy— o,— 0g.
Within the lowest order of perturbation theotiOPT),
X, (R the transition amplitude is given by
lFﬂv (r!R) = . ‘ﬁn(r’R% (2)
" R Flfu kv Fku qu
M'fugu=lim235 e e (p)
where the indices and v, indicate specific electronic and PO 0Ty T Wi Wy, —w e
vibrational states. The electronic and nuclear wave functions oK
are the solutions of where the indices, k, andg refer to the final, intermediate,
and ground electronic states, respectively. Vibrational states
[Hei— en(R)]4in(r,R) =0 (3)  associated with these electronic states are dengteg, and
vg respectively. The energy of the final state is determined
and by energy conservatior\/,\/fvf:ngg+2w. The indexf indi-
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cates the energy of the electronic continuum statel anthe .
channel indexi.e., as explained above, the asymptotic value P(r,RH=2 icnvn(t)\ynvn(rrR)exd_ W, t]
of the angular momentumThe integralstUk,gUg and F'fuf n

Koy Un
are given by
+> f dsi Cr, (D, (1, RIexd ~iW,, t],
Fkvk,gvg:fdRXvk(R)ng(R)<¢k|D|wg>i (7) I Vg

(13

| | where the first term is a summation over bound electronic
Ffvf,kuk:JdRXUf(R)XUk(R)<¢f|D|<//k>y (8)  states(and their corresponding vibrational states, including
the dissociation continuunand the second one is an integral

where the brackets indicate integration over electronic cooroVer electronic continuum states for hlincluding again the

dinates and is the dipole operator. corresponding vibrational stajeSubstituting this expansion
At a given photon energy, the cross section, differential in the TDSE and neglecting nonadiabatic couplings leads to
in the proton kinetic energy, can be written a system of coupled differential equations that must be inte-

grated over the whole pulse duratidhto obtain the un-
do (cm® 9) _CQw IS M. P, ©) known cgefﬁcie.ntscnvn and c'evg. . . . _
dEfvf : f9vg .Ir'1 the ionization channel, the dlffere_ntlal de_nS|ty of prob
ability in the proton kinetic energy is simply given by
whereC(2) is a conversion factor from atomic to cgs units
and is 2.5054% 102 cnt*s, @ and M'fvfgv are given in
a.u., andEfUf is the proton kinetic energygin the center of dE-

mass—i.e.,By, =W, —er where & is the energy of the whereE,+ is the center-of-mass energy of the outgoing pro-

ejected electron. .The' latter formula, whigh is the result 01Etons. Similarly, the differential density of probability in the
energy conservation in the photoabsorption process, shOV\Qectron energy is given by

that the cross-section differential in electron energy is simply
the mirror image(referred toW;, ) of the cross-section dif- dp | )

ferential in proton energy. A straightforward integration of de =2 ;E |CsUE(t:T/2)| : (19
Eq. (9) leads to the total cross section. ! v,

dP

=> fds|cLU t=T/2)]%, (14)
| €

Integrating Eq(14) over vibrational energjor Eq.(15) over
£] gives the total ionization probabilit, which is related to
the cross section:
In the nonperturbative regime, one directly solves the N
TDSE, which in the dipole approximation is written as o (e V1) = (g) C'(N) P, (16)
I T

C. Nonperturbative approach: The time-dependent
Schrédinger equation

.0
i—®(r,Rt) =[H+V({1)]D(r,R1), (10)  wherel is the laser intensity in W cf, T is the pulse dura-
tion in secondsw is the photon energy in joules, ai@l(N)

whereH is the Hamiltonian given in E¢1) and V(1) is the IS the dimensionless coefficient taking into account the time
128

laser-molecule interaction potential, which is written as thedependence of the intensityC’(1)=3,C'(2)=%,C'(3)
productp-A(t) in velocity gauge. In this gauge, for a total :%732 Here T/C is an effective pulse duratiof25] that
pulse durationT and a photon energy, the vector potential takes into account the time dependence of the intensity.
A(t), polarized along the vecta, (the direction of the inter-  Thus, by including this term, we exclude the effect of having

nuclear axiy is defined in the intervdl-T/2, +T/2] as used a particular pulse shape and, therefore, the cross sec-
tions obtained from the TDSE approach will be directly com-

T parable with those obtained from the time-independent
A(t) = AO CO§ ?t Coiwt)ez, (11) LOPT approach_
The vector potential is related to the electric field in length IIl. COMPUTATIONAL METHODS

gauge:
All electronic and vibrational wave functions are ex-
d panded on a basis @&-splines in a box of lengtiR,,,. Due
E(t):_EA(t)' (12) to the mass difference between electrons and protons, we
define two different sets oB-splines to calculate the elec-
The time-dependent molecular wave functid(r ,R,t) is  tronic and vibrational statewibrational states are defined in
expanded on the basis of stationary stallgs (r,R) givenin  a much smaller box than the electronic ond#e vibrational
Eq. (2): wave functions are expanded as
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N P|P|/:(S||/P|/, (21)
Xo,(R =2 ¢"Bi(R), 17
i=1 so that the UCS’s are eigenfunctions of the uncoupled
] ) Hamiltonian:
and the electronic wave functions of the groufg) and
intermediate(o,) states are written using the one-center ex- (2 P HoPy - Sn)§ /=0. (22)
pansion: y on

Imax Ni

Bi(r) Solution of the latter equation in the finite box~used to define

Un(r,R) = %%c”TYP(r), (18 he B-spline basis leads to discretized UCSs that are

- normalized to unity. Since, by definition, UCS’s with differ-

h €ntl’s are not coupled, they can be renormalized exactly as if
they were single-channel states—i.e., through the density of

tatespl/:

where the angular part¢’ are the spherical harmonics wit
m=0 (which is our caspand |, is the maximum value of
the angular momentum included in the expansion. As ex®
plained at length 124,26, the advantage of the one-center vz =
expansion is that one avoids linear dependences in the basis Le ) = Phl (en) iy (23
set, but the price to pay is that, for larBeone must include ) )

large values ofl to obtain a reasonable description of the Where pn=2/(gn.1)=&@n-1))- Coupling between differerits

cusp in the vicinity of the nuclei. is then introduced through the Lippman-Schwinger equation
As the above wave functions are defined in a finite box, .
the resulting spectra are discrete. The eigenvalues that appear e, 1= Loy + G (en) VL 1, (24)

above the ionization limit when E¢3) is diagonalized cor- . ) . ) )
respond to the electronic continuum. Similarly, those lyingWhereG*(ey) is the Green function associated with the exact

above the dissociation limit when E@4) is diagonalized HamiltonianHe and
correspond to vibrational continuum states. The correspond-

ing continuum states are normalized to unity. Thus, to re- VEDS PHePy:. (25
cover the correct normalization one must renormalize these I
states using the density of states. For example, in the case of 1+l

the vibrational continuum, the continuum state with the cor-Th. i that th i i tat i
rect normalization,)(vn, is related to the discretized con- | 'S €quation ensures that the resuiling continuum state sat-

tinuum state that results from the diagonalizatiGp, isfies the proper bo.undary con(_jitions. The_ Green function is
n’ evaluated as described [ia7] using the basis of UCS’s cal-
through the formula culated in the previous steps. The method consists in project-
_ 12 ing the usual relationG*=Gg+GjVG', where Gj is the
Xv, = Po, Xog (19 Green function operator associated with the zero-order
Hamiltonian given in Eq(22), into the complete UCS basis
where p is the density of vibrational states given y ~ and solving the resulting system of linear equations. For each
=2/(Wap, +1~ Wao,-1)- value ofR, the electronic stateg, | are evaluated in an en-
The final electronic continuum statés,) are not ob- ergy grid(e,) that is chosem priori. To ensure that, for each
tained by direct diagonalization of the Hamiltonian in thel, at least one of the UCS’s corresponds to a chosen energy,
aboveB-spline basis. As described in detail [B4], such a we have used an inverse interpolation proced@83, which
procedure does not lead to states with the proper asymptotaonsists in varying the box size until one of theeigenval-
behavior. To avoid this problem we have used tReclose-  ues coincides with the chosen energy. The energy grid is
coupling method introduced by Cortés and Maiff2Y] to  chosen to be equidistant in the vectotk=+2g,) so that it
describe the continuum states of atomic systems and latgimulates the spectrum that would be obtained in a box. As
generalized in Refs[27,28 to treat molecular continuum we will see below, this is important for coherence with the
states. Thus, we define a set of orthogonal uncoupledinite box used to solve the TDSE.

continuum state$UCS’s) for each channdl: In all calculations presented below, the electronic states of
H," have been represented in a basis of Bi8plines of
Ny orderk=38, including angular momentum froh#0 to =12,
nBi(N oo
Ly =2¢ . YP(), (200 in a box of radial length of 60 a.u. By changing the box size
i=1

and/or the number of basis functions, we have checked that
this basis set leads to practically converged energies in the
“Franck-Condon region. Figure 1 shows the potential energy
curves of H" and a typical two-photon transition leading to
ionization of H,".

The B-spline basis sets used to describe the vibrational
_ states are different in the LOPT and TDSE calculations, and
Pide) = Loyl will be described in the next section.

where the index denotes the angular momentum of the elec
tron in the continuum and indicates the electronic state of
energye,. Each UCS, for a givem, is formally associated
with a projection operatoP, which satisfies
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AN\ T T T, As can be seen from the comparison of this figure with
SR\ 4 Fig. 1, perturbative calculations performed in the fixed-
08 \ 0.8 nuclei approximation lead to divergences when the photon
06 L N Jos energy exactly matches the energy difference between the
-1 A ’ ground state and a bound stateogfsymmetry. This occurs
S o4l N o4 because the denominator in E§) vanishes. This failure of
s S 1R LOPT is well known: similar divergences have been ob-
302 === 102 tained in multiphoton ionization of atoms when the photon
L?cj 0 ————y energy is in resonance with the energy required to excite
L 3po, i those atomssee, e.g.[12]). In the atomic case, this problem
-0.2 —-0.2 can be solved by including the laser-induced width of the
o4l 2pa,, doa intermediate states. However, as we will see later, a similar
1 procedure cannot lead to a correct description ¢f idniza-
0.6 | I————I”'I’Tscs: | 706 tio_n in the resonance region. This failure in the LOPT calc_u-
2 3 4 5100200300 lations comes from the use of the fixed nuclei approximation
R (a.u.) and not from LOPT itself. This can be easily understood with

FIG. 1. Potential energy curves of,Has functions of internu-

the help of Fig. 1. Ther, intermediate electronic states are
repulsive and, therefore, support a continuum of vibrational

clear distance. The figure shows the ground state, the ten lowestates. Thus the situation is formally identic@lthough

states ofo,, symmetry, and the ionization thresholdRL/A typical

physically different to above threshold ionizatio@ATI) in

two-photon transition leading to ionization is illustrated by solid atoms: transitions associated with the first photon couple the
arrows. The two shadowed areas in the right-hand side column i”ground state with a series ¢¥ibrationa) continuum states

dicate dissociation and ionization+dissociation energy regions.

IV. CONVERGENCE TESTS

To analyze the quality of the basis sets and wave functo an intermediate continuum stathe polg. Contribution
tions used in the present work, we have performed calculaef this term is always finite and can be treated accurately

tions in the fixed-nuclei approximation fd=2.0 a.u.(the

(see the shadowed areas in Fig. Ih this case, the integral
in Eq. (6) can be split into a principal value term andsa
function term representing a resonant one-photon transition

with discretization technique$26]. Consequently, two-

equilibrium distance of b). This approximation has been photon ionization cross sections obtained within the LOPT

already used by Apalateget al. [18] to obtain two-photon

should not diverge in the vicinity of intermediate-state reso-

ionization cross sections of fAusing perturbation theory. A nances even without inclusion of the laser-induced width.

comparison between our results and those of RES] is

To account for the nuclear motion in LOPT, we have cal-

given in Fig. 2. The agreement is excellent. We have checkedulated the H' vibrational wave functions in a basis set of
that results obtained in the length and velocity gauges ard00 B-splines of orderk=8, contained in a box of 15 a.u.
practically undistinguishable. As usual, convergence of théhe initial vibrational state hag,=0 and is supported by the
calculated cross sections is much faster in the velocity gaugéso potential energy curve. All vibrational stateg associ-
than in the length gauge. For this reason, all results presenteded with ako, intermediate electronic state have been in-
below, both in the LOPT and TDSE frameworks, have beercluded in the calculations. At variance with results obtained
obtained in the velocity gauge.

—

=]
£
[

52 4
cm's)
—_
(e}
N
T

.,
.

—
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I

Cross Section (10

—_
S
)
T

E ! ' | ! I
F Fixed nuclei aproximation

0.6

1
0.7

1
0.8

Photon Energy (a.u.)

0.9

in the fixed-nuclei approximation, we have found that, in the
photon energy range considered in Fig. 2, convergence is
already achieved by just including the lowest tep elec-
tronic states. This is because dipole matrix elements are
strongly suppressed when the overlap between the initial and
intermediate vibrational states is small, which is the case for
the highere, states. Although this greatly simplifies the cal-
culations, they still are computationally much more expen-
sive than those obtained in the fixed-nuclei approximation.
The final states ofry symmetry have been determined for
1=0,2,... on arenergy grid between 0 and 1.5 a.u. that in-
cludes from 24 to 35 levels, depending on the photon energy.
Obviously, the higher the photon energy, the higher the num-
ber of electronic states included. As mentioned above, evalu-
ation of the pole contribution in Eq6) can be done within
our discrete representation of the final states. Here we have
used an approach proposed by Cormier and Lambropoulos
[29] that explicitly avoids the evaluation of the limit by using

FIG. 2. Two-photon ionization cross section of Hs a function @ sufficiently small value ot. The method is based on the
of photon energy. Results obtained within the fixed-nuclei approxifollowing heuristic considerations. For a box of infinite size,
mation and the LOPT. Solid line: present results. Dashed line: rethe energy spacing between consecutive levels tends to zero
sults of Apalateguet al.[18]. and, therefore, evaluation of the transition amplitudes when
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FIG. 3. Convergence of the two-photon ionization cross section

of H," with ¢ [see Eq(6)], for a photon energy of 0.6 a.u. FIG. 4. Differential cross section for two-photon dissociative

ionization of H," at a photon energy of 0.8 a.u. The proton kinetic

energy is referred to the center of mé&ssn.,) of the system. Results
also tends to zero is meaningful. However, for a box of finite®"€ Shown for two different choices éfay in the close-coupling
radial length, it is not possible to evaluate that limit becausé <Pansion of the final electronic continuum states.
this would require the knowledge of the wave functions in
energy intervals much smaller than those corresponding to
that box. To avoid this problem the value @must be com-
parable to the energy spacing between consecutive ener
levels. In Fig. 3 we show the variation of the two-photon
ionization cross section with the value ethosen to evalu-

_ 2w

Ao=2Z.
.

(26)

% correctly treat the continuum spectra using a discretiza-
tion procedure, the energy separation between discretized
) stategboth vibrational and electronic stajaaust be smaller

ate Eq.(6). It can be seen that the cross section takes SPUNhan the spectral width. This implies that the size of the

ous.vglues fpr very small values afbut.fore>0.007 a.u. it electronic(nucleaj box must be chosen so that the condition
exhibits a simple monotonous behavior that allows one tOAsn<Aw (AW, <Aw) is fulfilled. This condition ensures
easﬂy extrgpola_te its value far=0. The_ valuee=0.007 is that the electroﬁi((vibrationah wave packet does not reach
practically identical to the energy spacing between conseClpq imit of the electronidvibrationa) box before the end of
tive vibrational intermediate states. This valueedias been o pulse. This technical constraint does not exist in LOPT
used in all calculations reported below. We have checked tha§ecause a basic assumption of this theory is that the pulse
using € values within the interval[0.005-0.009 barely  qyration is sufficiently longT— ). Hence, the basis sets
changes the results. We have also checked that the results gce the box lengthsused in LOPT are not necessarily the
not change when the size of both the nuclear and the elegame as those used in the TDSE approach. In the TDSE
tronic boxes are increased. calculations reported below, the electronic grid is chosen ac-
We have studied the convergence of the calculated crossording to the pulse duration and the photon energy. For
sections with the number of partial waves included in theexample, for a pulse duration &=10 fs, an energy grid
expansion of the final electronic continuum states. Figure 4pacing of A <0.03 a.u. must be used, while for shorter
shows results obtained within the LOPT by including up topuises, one can use a larger energy spacing to simplify the
I=6 at a photon energy of 0.8 a.u.. The main contributionsajculations without a significant loss of accuracy. We have
come froml=0 andl=2. In fact, the figure shows that very checked that several choices fulfilling the above criteria lead
similar results are obtained by only including these two parto TDSE results that are practically identical. To obtain the
tial waves in the close-coupling expansion. The same conyiprational states used in the TDSE calculations, we have
clusion is obtained at a photon energy of 0.6 a.u. Converysed a basis of 30B-splines of ordek=8 in a box of 14 a.u.
gence of the TDSE calculations withis similar. This is  for all pulse durations. Although the vibrational energy spac-
consistent with previous works performed at intensities ofing obtained with this basis is not constant, it is always lower
10 W/cn? using elliptic coordinatefl7,19. Therefore, in than 0.03 a.u. in the whole spectrum and, therefore, it is

all LOPT and TDSE calculations reported below, we haveappropriate to describe the evolution of the system with
only included thel=0 andl=2 channels in the final elec- pulses of 10 fs or shorter.

tronic states.

An important technical aspect in the TDSE calculations is
the choice of the box size, which must be compatible with
the pulse duratiof. For such a pulse, the frequency spectra We have solved the TDSE for various photon energies,
obtained from a Fourier transformation has a spectral widtlaser intensities and pulse durations, and we have compared
(half-height width given by the results with those obtained with the LOPT. This allows us

V. RESULTS AND DISCUSSION
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¢.m. Proton Kinetic Energy (a.u.) FIG. 6. Populations of the initial sy state, dissociative and

) ) o . # ionization channels of kI vs laser intensity. The laser parameters
FIG. 5. Differential two-photon ionization cross sections gf H are indicated in the figure.

vs proton energy for different laser intensities and a fixed pulse
duration of T=10 fs. The proton kinetic energy is referred to the

mains close to 1. This indicates that one- and two-photon
center of massgc.m).

absorption can be well described by perturbation theory, at
. . . I least forl <10 W cm 2.
to establish the limits of validity for the latter, which is of We analyze now the behavior of the differential two-

practical interest due to its simplicity compared with the hoton ionization cross sections when the pulse duration is
TDSE approach. We have chosen two different photon enel P

: . ; . 5 "5
gies,w=0.6 and 0.8 a.u. In the first case, we are far from theCh""nged keeping a fixed intensity bf10 W cn™®. The

region where intermediate-state resonances are expected Lﬁ)?ugstgr?h:hgmg_:z dlzgégdé\:t eLxggE?egﬁezDV%EeLestﬁgS iﬁge
appear, while in the second case, we are close to the regio 9 P P

where the first intermediate-state resonance appears in twc%’(;?ggon ér;fsassr]%?/;/ Eorilr?r':r?epgliisdtsj(raitt(i?)%’;?%vaiﬁlldéis-
fixed-nuclei approximatiorisee Fig. 2 ' P P ’

Figure 5 shows differential two-photon ionization cuss later, these peaks are related to virtual resonant transi-
cross sections for intensities ranging from 2@ tions between electronic states. Most structures disappear for
2% 10 W cmi2 and a fixed pulse duration @f=10 fs. The short pulseqi.e., large bandwidthdue to the larger energy

figure also includes the results of the LOPT. As expected, th pread_o_f the pulse which makes resonar_lt transmon_s to be
TDSE results tend to the LOPT ones as the laser intensit¢SS efficient. For the shortest pulses considered in this work
decreases. Fap=0.6 a.u., the LOPT and TDSE results are

close forl <108 W cm2. The perturbative approach is not 600 A ]
. . . _ | 1 o=0.6a.u. _
appropriate when the intensity reaches*My cm 2. For w _ 00 i
=0.8 a.u., similar patterns are observed, but there is a better <« 400 ,\.' -
agreement between TDSE and LOPT at larger intensities. We Ng 300 - ' - - perturbative ]
note in Fig. 5 that the cross section is much largemat ) - — 10fs
=0.6 a.u. than ab=0.8 a.u. 2001 T asf
Figure 6 shows the final populations of the initial state, % 100 - A 500 as
the dissociative ionization channels, and the dissociation S 2 S S S
channels(i.e., channels not leading to ionizatjoas func- @ A 0.8 au. -
tions of laser intensity. The populations in the dissociative 8 15 R
and dissociative ionization channels are extracted from the T A E
solution of the TDSE by adding, at the end of the pulse, all € o - ?gr;;"ba""e.
contributions associated with individual dissociative and dis- 2 X — 251
sociative ionization states, respectively. The dissociation o st 1.14fs
probability is much higher than the ionization probability for I , 760as |
| <10 W cm2, whereas both probabilities are similar and e — ‘\m@él

even compete for larger intensities. This is consistent with
the fact that, for photon energies ranging from
0.6 to 0.8 a.u., dissociation from the ground state is mainly F|G. 7. Differential cross sections for different pulse durations
due to one-photon absorption while ionization requires abat a fixed intensity of =102 W cmi 2. The dashed line corresponds
sorption of two photons. The log-log scale used in Fig. 6to LOPT results and the thin black line is the Franck-Condon factor
shows that these populations are proportional tand 12, between the initiaby=0 and final vibrational states. This factor has
respectively, while the population of the ground state re-deen renormalized for a better comparison with the TDSE results.

c.m. Proton Kinetic Energy (a.u.)
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c.m. Proton Kinetic Energy (a.u.) FIG. 9. A qualitative description of two-photon ionization using

the potential energy curves of,H The figure shows the vibrational

FIG. 8. Proton differential two-photon ionization cross sectionsStates of the resonant transitions that take place in the Franck-
Condon regior{limited by two vertical lines aR~1 and~3 a.u).

of H," for three different photon energies. The different peaks are o . ints b
labeledR;, Ry, andV, according to the notations used in Figisee Each transition is represented by an arrow. The crossing pom_ts e-
text). tween the upper three arrows and thé&klurve correspond to dif-

ferent values of the proton kinetic ener¢fy;, R2, andV).

(500 and 760 gsthe differential cross section is almost pro-
portional to the Franck-Condon factor between the initial ancenergy atR= (see the right-hand column in Fig) &nd (ii)
final vibrational stategsee Fig. 7. Due to the dissociative all electronic intermediate states support a continuum of vi-
character of the final state, this is almost equivalent to sayinfyrational states so that the resonance condition is automati-
that it is proportional to the square of the initial vibrational cally satisfied. Nevertheless, among all intermediate states,
state. A similar imaging of K vibrational functions has only those with a large Franck-Cond@RC) factor will play
been reported in referen¢80] for ultrashort(5 fs) infrared  a significant role. Fow~ 0.8 a.u., these are tf?éj(Zpau)
pulses. In fact, when the pulse duration is much smaller thaand theZE:(Bpau) states, which are the only states lying
the vibrational time scaléwhich is above the fs the differ-  inside the FC region at this photon ener@ee Fig. 9. All
ential cross section could be evaluated in the frozen nucledtherk 23! states have negligible FC factors with the ground
approximation by calculating the ionization probability at state. Therefore, transitidiB) can only be efficient from one
different internuclear distancés with a weight given by the of these two states. The importance of this second transition
Franck-Condon factof17]. An ionization probability inde- depends on how large is the overlap between the intermedi-
pendent of the internuclear distance would give, in this apate and final vibrational functions. According to this FC pic-
proximation, a differential cross section matching perfectlyture, since the intermediate vibrational functions are most
the Franck-Condon behavior. The small differences betweeimportant near the classical turning poit@&TP’s), one can
the Franck-Condon behavior and that observed for the shortdsualize transition(B) as a “vertical” transition from the
est pulses are due to the slight dependence of the ionizatic®TP’s of the active intermediate electronic states to the final
rate withR. ionizing state. This is illustrated in Fig. 9, which shows the

We focus now our attention on the origin of the different two final states that can be efficiently populated: one with
peaks observed in the differential cross sections when thenergyR; and the other one with enerdy. This leads to
pulse duration is of the order of 10 fs or when the LOPT ispeaksR; andR, shown in Fig. 8. Obviously, the position of
used. In Fig. 8 we show the evolution of these peaks withthese two peaks depends on photon energy because the po-
photon energy in the range=0.76—0.88 a.u. Since we are sition of the CTP’s also does. For instance, diminishing
considering the case of long pulse duration, one can analyzhifts the CTP’s to largeR (see Fig. 9. Thus, a vertical
the origin of the different peaks in terms of a two-photontransition from the new CTP’s leads to final vibrational states
transition consisting ofA) a “virtual” one-photon transition of lower energy and, therefore, to displacements of Rhe
from thezig(vg:O) ground state of bf to akzﬁj interme-  andR, peaks to lower energy. This is precisely what is ob-
diate state in a narrow band of vibratiortabntinuun) states  served in Fig. 8.
centered around, and(B) another transition from the latter Another mechanism is a direct two-photon transition from
intermediate states to the fin%‘ig ionization state in a vi- the initial vg=0 vibrational state to the; vibrational states
brational (continuum statev;. These transitions are sche- associated with the R potential energy curve of }1 (see
matically represented in Fig. 9. Fig. 9. The corresponding FC overlaps have a maximum at

For »~0.8 a.u., transition/A) can connect the ground ~0.5 a.u. and lead to the peak denotih Fig. 8. In con-
state with, in principle, any electronic intermediate statetrast with peakdR; andR,, the position of peak/ does not
This is becauséi) the photon energy is larger than the en-vary with photon energy. This explains why this transition is
ergy separation between the ground state and the ionizatiavbserved even for pulses with a large bandwidie Fig. 7,
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FIG. 10. Two-photon ionization cross section of Has a func-
tion of photon energy. Black solid line: present TDSE result¥ at FIG. 11. Proton and electron differential cross sections corre-
=10 fs andl =102 W cm 2. Grey solid line: idem af=2.5 fs and  sPonding to two-photon dissociative ionization of HThe photon
I=10" W cm 2. Long dashed line: present LOPT results including €nergy is 0.84 a.u., in resonance with therd3poy, transition.
the nuclear motion. Orange solid line: LOPT results from Apal- Solid (dashedi lines corresponds to TDSEOPT) resullts.
ategui et al. [18] including the nuclear motion in the reflection
approximation. [18] that include the effect of the nuclear motion within the
reflection approximation. It can be seen that their results are
very close to ours for photon energies smaller than 0.6 a.u.;
however, they exhibit unphysical oscillations at higher ener-
ies. This is due to the failure of the reflection approximation
the resonance region.

while transitionsR; andR, can only be seen when the band-
width is narrow.

It is easy to show that the positions of the different peak
contain the essential information about the potential energ

curves of the intermediate electronic states gf k the FC The similarity between the LOPT results and those ob-
region. Indeed, for a given photon enery, one can con-  aineq from the TDSE approach for pulse duratiohs
struct a one-to-one corresponpience betweer_1 the proton Kk 19 s and intensities< 102 W cm 2 are more evident if
netic energies at the peak maximu, and the internuclear  one compares electron and proton energy distributions. We
distance through the simple relatid®=1/W; (in Fig. 9, gho in Fig. 11 both distributions for a photon energy of
these values oR correspond to the intersections of tRe. g4 4.y, This energy is resonant with therd-3pay, transi-
Ry, andV horizontal lines with the ionization limit Then  jon and leads to a divergent cross section when the LOPT is
one can relate eadR; value to a resonant one_—photon tran- applied in the framework of the fixed-nuclei approximation.
sition from the ground state to an mtermed_late electronig-, “long” pulse duratior(10 fs, top of the figurgthe proton
state of energy(R) =Wy, +%iw. Thus, by varying the pho-  onq electron differential cross sections obtained with both
ton energy, one can obtain approximate potential energyopT and TDSE are similar. One can see that the proton
curvese,(R) for the relevant intermediate staté€(2po)  distribution is the specular image of the electronic one,
and ’2(3pay) in the present cajeWe have checked that which is the consequence of energy conservation. The lower
this procedure leads to potential energy curves in reasonabjgart of the figure shows the case of a smaller pulse duration
agreement with the ab initio ones. (2.5 f9 and larger intensityf10"* W cm2). For reasons ex-
We have also studied the variation of the total two-photorpjained above, in this case the resonant transition is much
ionization cross section as a function of photon energy. Thigess efficient and the proton distribution tends to the Franck-
has been done within the TDSE approach for different intencondon one. In contrast, the electron distribution has now a
sities and pulse durations. The results are shown in Fig. 1Qyidth that is closer to the laser bandwidgbout 0.12 a.\.
The figure also includes the results of the LOPT includingand the specular behavior is lost. As in the case shown in
the nuclear motion. The cross sections are very similar in alfig. 7, the distributions differ significantly from those ob-
cases. A comparison of these results with those obtained ifined from the time-independent LOPT. Strictly speaking
the LOPT +fixed nuclei approximatiofsee Fig. 2 shows  this does not mean that the perturbation theory does not work
clearly that the main effect of the nuclear motion is to dilutejn general, because one could in fact use a time-dependent
the intermediate-state resonances, which appear now as smglrturbation theory that integrates the temporal pulse shape,
oscillations in the cross sections. In particular, it is worthpyt it is much easier to directly use the TDSE.
stressing that, as expected, no divergence is obtained when
the nuclear motion is properly included in the LORPWe
recall that divergences within the LOPT are due to the use of
the fixed nuclei approximation For comparison we have We have investigated two-photon ionization of 'Hn the
also included in Fig. 10 the LOPT results of Apalategual. ~ photon energy range where this process is dominant over

VI. CONCLUSION
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single-photon ionizationiw=0.45-1.0 a.u. We have used The pulse durations and wavelengths investigated in this
both perturbativéLOPT) and nonperturbativefDSE) meth-  work are currently produced in many laboratories. Thus,
ods. In both cases, the theoretical approach includes the elegvo-photon ionization experiments in which the ion energy
tronic and nuclear motions within the Born-Oppenheimer apdistribution is analyzed can be envisaged in the short term. In
proximation. When the fixed nuclei approximation is usedithis respect, the simple model proposed in this paper will
the total two-photon ionization cross sections exhibit shargyiow one to easily interpret the origin of the different peaks
resonances associated with in_termediate electronic state. §hserved in the kinetic energy distribution. This leads to an

. SO . ents as a probe of the pulse characterigtitgation and
is analyzed. The two-photon ionization cross sections Ca|CL\7V P P

lated within the TDSE andtime-independentLOPT ap- a\'/elength. in the femtosecond and subfemtosgcond do-
proaches are very similar for a wide range of intensitie mains. Besides 5, one could also consider 3 which can

- - e handled more easily in experiments. In this case, the vi-
(<10 W cm™) and pulse durations>2.5 fs). As expected, ) e y In exp ’
for larger intensities and shorter pulses, the LOPT does n&rat]onal p‘?”"d Is-20 fs, W.h'Ch would allow one to explore
work. a sllghtly dilffgrent time regime.

The calculated proton kinetic energy distribution varies Finally, it is worth stressing that, although we have fo-
dramatically when the pulse duration goes from the femtoSused on a specific pulse envelop, similar conclusions are
second regime to the subfemtosecond regimewhich the expected for other pulse enye!ops hgvmg similar duration
pulse duration is smaller than the vibrational time scale@nd comparable shape. Variations with the pulse envelop
which is of the order of the femtosecondror pulses of the have been recently predictéfB1] and references thergin
order of 1 fs or less, the proton kinetic energy distributionbut only for pulses that strongly differ in shage.g., for
closely follows the shape of the Franck-Condon factor besymmetric and asymmetric pulge$he possibility of similar
tween thevy=0 initial state and the final dissociative stateseffects in the present context should be the subject of future
(which is quite similar to the behavior observed in one-work.
photon ionizatioh The electron distribution shows a broader
structure, reflecting the laser bandwidth. When the pulse du-
ration approaches 10 fs, the proton and electron energy dis-
tributions show peak structurdene specular of the other Work supported by the DGI(Spain Project No.
associated with two “virtual” one-photon resonant transitionsBFM2003-00194 and the European COST action D26/0002/
involving intermediate vibronic states. Such structures ar®2. We thank the CCC-UAMMadrid, Spain and the CINES
absent in one-photon ionization. (Montpellier, Francgfor computer time.
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