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Molecular above-threshold-ionization spectra: The effect of moving nuclei
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Exact non-Born-Oppenheimer simulations of a one-dimensional model of one-elegtfamH linear H>*
in an intense short laser pulse are used to investigate the nonlinear multiphoton electron emission spectra,
called above threshold ionizatigATI). Due to the rapid proton motion on near-femtosecond time scale, the
ATI spectra are found to be produced at the critical internuclear distBgee’ —8 a.u., leading to charge-
resonance-enhanced ionizati0@BREI. As a consequence, maxima in the ATI spectra are displaced with
respect to the similar H-atom spectra by a laser-induced Stark eBgf&y/2, whereE,, is the maximum
amplitude of the laser field. Highly oscillating ATl spectra occur, which are enhanced by the nuclear motion.
These are interpreted as due to coherent excitations of the lowest unoccupied molecular orbitals and highest
occupied molecular orbitals, which are also responsible for CREI. Electron rescattering effects in the energy
regions of 10, and 8J,, whereU is the ponderomotive energy, are shown to be substantially reduced due
to the rapid molecular dissociation and Coulomb explosion. Nevertheless, the ATI spectra in these energy
regions reflect the different electron energies in the rescattering process. Fine structures of the ATI spectra are
found to be enhanced by moving nuclei, reflecting the enhancement of resonant transitions by varying Franck-
Condon factors during the nuclear motion.

DOI: 10.1103/PhysRevA.67.013407 PACS nuntber32.80.Rm, 42.65.Re, 42.65.Ky

I. INTRODUCTION tron spectra, called above-threshold-ionizatiéifil) spectra
in analogy with the atomic cag&], were performed for the
Current laser technology is advancing steadily so thaH, molecule [10,11]. The observed photoelectron energy
high-intensity (=10 W/cn?), short (r<5 fs) pulses are spectra resulting from multiphoton processes indHowed
now becoming standard experimental tofdl$ Most of the  clear nonperturbative radiative effects between the perturbed
attention to the new science of nonlinear laser-matter intefmojecular states of § | in particular, including a dissocia-
actions has been focused on atofi$ whereas nonlinear e state. These effects were interpreted in terms of the

laser-molecule interaction is emerging as a new area of recheory of the dressed states of this {@5]. Such states did

tsr?arcr?.lcljn d_the Iz?\ttt_erg_rog)hg:]ar %hlenom_ega, SSCh ?S albovﬁbt include further dissociative ionization of the ion itself
reshold dissociatio and laser-induced molecular leading to Coulomb explosion.

potentials[4] have already been explained by a previous h | B
nonperturbative approach based on dressed molecule sta sln the _presen_t paper, we ref[urn t_o a comp ete non-born-
[5]. With higher intensities, ionization becomes an additional ppenheimer simulation of dzlisomatlve |.on|zat|on of the
nonperturbative process, leading to many multiphoton tran®"€-€lectron syste_m,zlil and H”" . We restrict ourselves to
sitions that can no longer be treated by simple Fermi-linear one-dimensionallD) models that can be solved ex-
golden-rule formulas. Nonlinear ionization processes ar@ctly and that can reproduce faithfully electron-proton
usually accompanied by dissociation, so tiissociative ~Kinetic-energy coincidence experiments for low-frequency
ionizationneeds to be correctly treated in a nonperturbative(long-wavelength cases X =800,1064 nm). As shown in
non-Born-Oppenheimer framework. We have initiated such aletail recently for the atomic case, despite the complexity of
computational program on the simplest one-electron molthe high-intensity regime, a very small number of clearly
ecule H,*, which can be solved exactly numericall§,7]  identified quantum orbits is sufficient to describe ATl and
with state of the art supercomputers. This has led us to thbigher-order harmonic generatiofHOHG) processes
discovery of new nonperturbative, nonlinear laser-molecul¢12,13, in agreement with a simple quasistatic model of
effects such as charge-resonance-enhanced ioniZ&tREl) atomic tunneling ionizatior{14]. The extension of these
[8] and molecular high-order harmonic generationsimple atomic pictures to molecules is the main goal of the
(MHOHG) [9], which have no simple perturbative explana- present work. In our previous calculations with static nuclei,
tion. we did exact nonperturbativee., Born-Oppenheimgsimu-
The first detailed analysis of nonlinear multiphoton elec-lations of molecular AT[15] and which led to the proposal
of laser-induced electron diffractiqghlED) as a new tool for
probing ultrafast molecular dynamics. By exact calculations,
*Present address: Canada Research Chair in Computationie present paper examines the effect of the nuclear motion
Chemistry and Photonics. and therefore non-Born-Oppenheimer effects on LIED for
Electronic address: andre.bandrauk@courrier.usherb.ca the one-electron system,H and linear H?* . Our recent
TPresent address: Department of Chemical System Engineeringyork in this direction has shown that intense, ultrashort IR
Graduate School of Engineering, The University of Tokyo, Tokyoand UV laser pulses can lead to dynamic imaging of nuclear
113-8656, Japan. wave functiong16,17. Our goal in this paper is to clarify
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the electronic and nuclear correlation dynamics by investi- V(z,R)= —[1+(z—R/2)2] ¥2—[1+ (z+R/2)2] 12

gating the characteristic features of ATI molecular spectra in (6)

the long-wavelength region\(=800,1064 nm) since the cur-

rent ultrashort intense laser-pulse technology is well develtere, me and m, are the electron and proton masses (

oped in this long-wavelength regime and offers many new= 1, m,=1837), respectively. The Hamiltonia®) is the ex-

applications for intense ultrashort laser pulkks act 1D three-body expression one obtains after the separation
The rest of this paper is organized as follows. In Sec. 11,0f the center-of-mass motid22] with regularized Coulomb

we summarize the numerical method for solving the timeJPotential(6) that is introduced to reproduce correct ioniza-

dependent Schrodinger equatiéfiDSE). In Sec. Ill, we tion potentials. For K", the corresponding Hamiltonian

present numerical results on nonlinear multiphoton electrogan be found in our previous work on this molecule in Refs.

or ATI spectra of H™ and |-52+ , and finally in Sec. IV we [23,24], and in this case we consider only symmetric stretch-

present a recollision model that gives a clear interpretation t1d for nuclear motion expected in the Coulomb explosion.

the characteristics of molecular ATI spectra with moving nu-The numerical solution of the TDSE) is obtained by an
clei. iterative procedure based on a high-order split-operator

method that preserves unitarity at each time step of the itera-
tion [25]. A two-box procedure is used, i.e., an internal box
of size |z|<500 a.u.. is used to calculate the exact time-
Photoionization of molecules is expected to produce independent wave functio;,, which is then projected onto
terference patterns following a simple Born-OppenheimeMolkov states(the exact solution of a free electron in a laser
approximation calculation depending on fixed internucleampulse[7,26]) for |z|>500 a.u. The latter are propagated well
distanceR and the ejected electron momentypn18,19. past the end of the pulse. Total pulse durations are usually 20
High-order nonlinear terms have to be considered in the muleycles with a five-cycle rise and fall. After integration over
tiphoton regimd 15,20. In the present work, we assume that the nuclear coordinat®, one recovers the asymptotic total
the molecule is aligned parallel to the laser field, which iselectron probability distribution in momentum spad,t;)
known to occur at high intensitig21]. We therefore exam- for a final timet;>t,, wheret, is pulse length, since the
ine numerically nonlinear photoionization or ATl spectra in aVolkov states are most readily expressed in momentum
1D model, which is expected to reproduce at low frequenciespace. The initial wave function &0 is assumed to be in
the essential dynamics due to the presence of more than otiee following form:
nucleus as compared to atoms. This would correspond to the
experimentally measured spectra parallel to the incident, lin- #(Z,R,00=x(R)$o(R,2), )
g:gzr%ﬂsr;ﬁe:ulrasg\;ﬁ% \1/\§ ég:?&’;’ai?;ﬂgg%exﬁi;rﬁ:ggentwhere d)p(R,z) @s th_e field-free izrlitial t_aigenfunction of_the
been calibrated against our previous 3D simulations of H elec_tr(.)plc Hamiltonian bi" or .H3 ‘Tﬂ fixedR an_d?(_(R) 1S
[6] for consistency. the initial nuclear wave function, either for an initial vibra-

We solve numerically the complete 1D TDSE for moving tional Sta’Fe.Xv(R) of q“,a”t“””.' numbev or a Frank-Condon
electrons and nuclei. The model we employ here is a 1D Onesyuperpos_ﬂpn OfXU_(R) s, which IS ex_pec;ted to be cIe_ated
in which the electron moves along the molecular axis, andro™M the initial rapid one-electron ionization ofkr Hy ™ in
the molecular axis is parallel to the polarization direction oftheir ground electronic state) &0) at equilibrium internu-
the field. For the | 1D model, the TDSE is given by the Clear distanc&,, respectively.

following form (throughout this paper atomic units are used, In o_rder to c_onf_lrm the consistency of the two-box proce-
e=h=m,=1): dure, i.e., projection of the exact internal wave function

Jin(z,R,t) onto Volkov states in the length-gauge calcula-
P tions based on the Hamiltoniaf®), the same calculations
iﬁ1//(z,R,t):H(z,R,t)zp(z,R,t), (1)  were performed in the Bloch-Nordsie€¥], or equivalently,
space-translation gaug@7]. In this new representation, the
field term xzE(t) [in Eq. (4)] is eliminated by a unitary

IIl. NUMERICAL METHODS

where transformation and now appears as a modified Coulomb po-
H(z,R,) =Hn(R)+Hu(z,R 1), (2) tential,
VC:VC(Z_a(t)vR)i (8)
Hn(R) L7 + ! () h
=———+t5, where
N mp 9R> R
t S
2 a(t)=Kf dsf d7E(7). (9
He(ZR)=—B—+Vc(zR)+xkzE(), (4 o0
Jz The advantage of this new gauge is that contrary to the di-
om+ vergent length-gauge radiative tewm E(t) in Eq. (4), radia-
- M, =1+ L, (5) tive terms vanish in Eq(8) asymptotically {z|—<), and
4mpme 2mp+me projections of the internal wave functiafy, are now made
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FIG. 1. ATI electron spectra as functions of electron energy/
photon energy, fox = 1064 nm, af =1.0x 10" W/cn¥, generated FIG. 2. ATI electron spectra as functions of electron energy/
by (a) 1D hydrogen atom(b) H," for Rfixed atR.=7 a.u., andc)  photon energy, fok = 1064 nm, af = 1.4x 10 W/cn?, generated
H2+ with moving nuclei. In the case @€), xy(R) in the initial wave by (a) 1D hydrogen atom(b) H," for Rfixed atR,=7 a.u., andc)
function expressed by E¢7) is for a Frank-Condon superposition H,* with moving nuclei. In the case ¢€), y(R) in the initial wave
of x,(R). function expressed by E(7) is for a Frank-Condon superposition

. of x,(R).
simply onto the free-electron Coulomb states. All calcula-
tions presented below were performed in both gauges, thusxceed that of the dissociated fragmefits., atoms by at
confirming the accuracy of the numerical procedure for nonjeast one order of magnitude, as shown in exact simulations

Born-Oppenheimer  electron-nuclear  dynamics  infor one electron[6,8], and recently, two-electron systems
dissociative-ionization processes at high intensities. [23,24).

A first perusal of Figs. 1-6 shows certain similarities and

IIl. NONLINEAR MULTIPHOTON ELECTRON OR ATI important dissimilarities in the ATI spectra of the H atom

SPECTRA OF H,* AND H,** compared to that of H . These spectra are reported in pho-

. . ) . _ ton numbern or photon energie€,=n% . Minima and
Using the numerical procedure described in the preceding,1yima in the intensities occur at various energies, which

section, we present in Figs. 1-6 the calculated ATI spectrazn pe characterized in terms of a plasma physics concept
for 20-cycle laser pulses of wavelengths=1064 nm @ [14], the ponderomotive energy

=0.043 a.u.) andA=800 nm @=0.057 a.u.), and the
peak intensities |=1x10"W/cn? [Ey=(8mwl/c)?
=0.053 a.u., wher&y, is the the peak value of the electric U.= =— (au). (10)
field], 1=1.4x10"“Wi/cn? (Ey=0.067 a.u.), 1=2.0
X 10" W/em?  (Ey=0.075 a.u.), and finally 1=4.0
X 10" W/cn? (E\y=0.106 a.u.), respectively. For each in- This energy is the average classical oscillatory energy ac-
tensity, we preseria) the ATI spectrum of a single H atom, quired by an electron in an electro-magnetic field of intensity
(b) H,” atR=7 a.u., and finallyc) H,” with moving nu- | =cEZ/8m, where Ey is the field maximum amplitude.
clei, i.e., the last one is the exact 1D non-Born-Oppenheime8imple classical models of the motion of an electron in an
simulation of the dissociative ionization proce#ls) corre-  electromagnetic pulse also allow us to calculate the kinetic
sponds to the critical internuclear distariRg where CREI  energy of the returning electron to the parent ion after tun-
occurs. Around thisR. ionization rates of molecular ions neling through the barrier near a field maximum. These mod-
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FIG. 3. ATI electron spectra as functions of electron energy/ FIG. 4. ATI electron spectra as functiogs of electron energy/
photon energy, fok = 1064 nm, at =2.0x 104 W/cn?, generated ~ Photon energy, fon =800 nm, atl =1.0x 104 Wie?, generated

by (a) 1D hydrogen atom(b) H,* for Rfixed atR.=7 a.u., andc) byia) 1D hydrogen atom(b) H, " for Rfixed atR.=7 a.u., andc)
H,* with moving nuclei. In the case ¢€), x(R) in the initial wave ~ H2~ With moving nuclei. In the case ¢€), x(R) in the initial wave
function expressed by Eq7) is for a Frank-Condon superposition function expressed by E@7) is for a Frank-Condon superposition
of x,(R). of x,(R).

els predict that the maximal energy of the returning electrornnvestigating not only the ATI spectra of the static nuclei
is 3.1, [9,14]. We shall adopt the valueU, which agrees  (R;=7 a.u.), calculations shown in Figsh]-6(b), but also
with our molecular HOHG calculatior{®]. The correspond- those of the exact non-Born-Oppenheimer calculations with
ing wavelength\, of such a rescattering electron that is ex- moving nuclei shown in Figs. ()—6(c). The outstanding
pected todiffract by recollision with the ion core is readily difference between the ATI spectra of the static nuclei at
calculated to be for the recollision momentum, R.=7 a.u. and those of the exact moving nuclei is the fine
=(2mU )2, structure of the ATI peaks seen in the latter case, namely, the
non-Born-Oppenheimer case. This fine structure, not present
N 717(2 1U,)12 (11) in the static(Born-Oppenheimerresults, is suggestive of
" p mp) different resonance energies acquired by the moving nuclei
during the dissociative-ionization process around the critical
We tabulate in Tables | and Il the valuesldf and\, for the distanceR; for CREI. This will be addressed in the last
intensities and wavelengths used in Figs. 1-6. paragraph of the following section.

The critical internuclear distancd®, for maximum ion- A first indication of molecular structure on the ATI peaks
ization can be derived from a quasistatic model of tunnelingcan be observed by comparing the spectra of H atom in Figs.
ionization and correspond to the internuclear distances whert(@—6(a) with those of H* with static nuclei R.=7 a.u.)
the electron in the Stark-shifted lowest unoccupied moleculain Figs. 1b)—6(b), and also with those of H with moving
orbital (LUMO) undergoes overbarrier ionization in the pres-nuclei in Figs. 1c) and Gc). The maximum beyond 2,
ence of the Coulomb potentidll-(z,R) and the Stark energy, preceded by a minimum at 1.85 is shifted to higher ener-
—«kzEy in Eq. (4). This results inRc=4/,, wherel, gies in the molecular case when compared to the H-atom
(=0.67 a.u.) is the ionization energy of 1D H atom, &d  results. As explained below, this is due to “up-field excita-
turns out to be relatively independent of the laser intenisity tion” of electrons in the molecular case which has no coun-
around the range tHWi/cn? [8,28). This is confirmed by terpart in atoms. A clear cutoff in the kinetic-energy spectra
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FIG. 6. ATI electron spectra as functions of electron energy/
photon energy, fon =800 nm, atl =4.0x 10 W/cn?, generated
by (@) 1D hydrogen atom(b) H, " for Rfixed atR,=7 a.u., andc)

H," with moving nuclei. In the case ¢€), x(R) in the initial wave
function expressed by Ed7) is for an initial vibrational state

Xu(R) (v=0).

i.e., with the higher potential enerdyyR./2, [24,29. This

mum at 1.68), for the H atom for all three intensities. Such differs from atoms where overbarrier ionization would be
2U,, electrons have been identified from semiclassical pathexpected to occur at the present field strength

integral calculations adirect electrong 12], which were al-

=0.045 a.u.[1,14]. Indeed, this is the fundamental differ-

ready predicted earlier from simple tunneling ionizationence between atoms and molecules due to the presence of a
models [14]. This 2U, energy maximum is consistently strong HOMO-LUMO radiative coupling between these in

shifted by the energ¥yR/2 (see Table )l in the case of
H,", with R;=7 a.u. The energyR./2 is precisely the

the molecules.
A more prominent difference between the ATI spectra of

Stark shift of the LUMO due to the charge-resonance effect$i atom[Figs. a)—6(a)] and those of K" molecule[from
in symmetric ions such as,H [8,28,29, and is responsible Figs. 1b), 1(c) to Figs. &b), 6(c)] is the appearance of ad-

for the enhanced ionization &.=7 a.u. Thus in molecular

ditional oscillations in the molecular ATI spectra. In the mo-

ions such as K", charge-resonance effects increase the enlecular case, the similarities between the spectra of the static

ergy of the outgoing electron at the critical distariRg by

nuclei fixed atR,=7 a.u. and those of the moving nuclei is

the energyEyR./2, which is the radiative coupling of the clear, with the minima and maxima occurring at the same

HOMO (highest occupied molecular orbitdlUMO transi-

energies in both cases, thus confirming that ionization is in-

tion at the peak field strengf, . It is to be noted that this deed occurring aroun®=R., and its rate is much faster
is equivalent to the potential-energy increase of the electrothan that of dissociation. We can justify this fact that ioniza-

transferred by the field to the distané® of the up-field

tion (electron dynamics can be almost determined around

proton, thus confirming the applicability of simple quasi- the critical internuclear distand®. by referring to our pre-

static models from atom$] to moleculeqd28]. This is also

vious paper in Ref[7]. In this paper one can see a great

consistent with studies of the electron excitations mechanisrdifference in ATI spectra foR=R.=7.6 a.u.(Fig. 10 and
that shows that the ionizing electron is ejected “up-field,” R=29 a.u.(Fig. 11). In the case of K", the dissociation is
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TABLE |. Laser and physical parameters for=-1064 nm @=0.0428 a.u.) andR.=7 a.u.

I (W/cn?) U, A (auul) a (a.u.) EuR/2 v (H,") Rc/\,
1x10* 9.10w 4.02 29.1 4.3% 0.93 1.74(2.12
1.4x 104 12.6w 3.41 34.3 5.14 0.79 2.05(2.43
2x 104 18.2w 2.83 41.2 6.18 0.67 2.46(2.85

a rather rapid process which occurs on the time scale arouridation rates. In general, the effect of a short pulse is to shift
10 fs. This fact allows the protons to reach the critical inter-the total momentum distribution by the instantaneous or
nuclear distanc®, during the pulse durationr&20 cycles  maximum Stark shifEyR./2 [15]. As we have shown in the
=70 fs at 1064 nm and 54 fs at 800 hm preceding section, minima and maxima of the ATI spectra of
We present similar results for3|ZF at 800 nm in Figs. H," and I—g“ are shifted by this amount with respect to the
7-9. As opposed to the case ofH, where the initial state is spectra of an H atom where delocalization of the electron is
a superposition of the bound vibrational states of the grouna@bsent. Thus for the HOMO @) and LUMO (1o) orbit-
electronic statezzg, the ground electronic state ofg?-r is  als, the ionized electron distribution is proportional to the
repulsive, so that we initialize the nuclear wave function as &nomentum function for parallel field excitatiga5],
Gaussian wave packetRt=5 a.u., which is the equilibrium

internuclear distance of a 1D linear;H. Here we assume f1s,(P)~cod (Ey +p)RI2], (12
that the fast one-electron ionization of,H occurs at this
distance, and §f" is created[24]. In the case of K", f10.(P)~1 SIT(Ey+ PIR/2]. (13)

simulations have been performed for=800 nm (w
=0.057 a.u.) and intensites XA0“W/cn?, 2.0
X 10" W/cn?, and 4.0< 104 W/cn?. The numerical laser
parameters are summarized in Table Il. Comparison of th
ATI spectra maxima atd,, for the H atonm{Figs. 4a)—6(a)]
with the H,?* spectra obtained at the critical CREI distance
R.=8 a.u.[Figs. 1a)—9a)] and the exact spectra for mov-
ing nuclei[Figs. 1b)—9(b)] shows that as in the previous,H
case, Figs. 1-6,12, maxima of the H atom are shifted also
by the amounEyR./2, whereEy, is the maximum electric- _
field amplitude corresponding to the intensities 1.0 [f(p)[?=1+siM(Ey+p)Rc], (15
X 10M,2.0x 10" W/cn?, and 4.0<10* Wicn?. Alterna-
tively, the minima in the ATI spectra which occur for the H with extrema at Ey+ p)R.=(2n+1)7/2, minimum forn
atom between (1.6-1.B), are consistently shifted in all odd, and maximum fon even. We next test this hypothesis
cases by approximate,R./2 in Hy?" . in order to explain the accentuated oscillations of the ATI
In order to interpret qualitatively the quantitative resultsintensity pattern of H" as compared to spectra in H atom. It
reported in Figs. 1-9, we refer to our previous study of LIEDshould be noted that the assumption of exact localization of
[15], where 2D H* calculations were performed of ATl the electron on one proton meagi€= + 1, and this assump-
spectra for various static internuclear distances. In botfiion leads to no oscillations. We plot in Fig(i8 the factors
short-pulse and long-pulse limits, the structure of the spectrial‘lag(pﬂ2 (dotted ling and |f1(ru(p)|2 (broken ling. Com-
was determined by the momentum space structure of the inparison with the localizedif (p)|?, Eq. (15), and with exact
tial molecular orbital from which the electron is ionized. spectra shows that the exact ATI spectra generally have twice
Thus in the case of J1, both the HOMO (bg) and LUMO  the number of oscillations compared to the localized model.
(10,) need to be considered since R¢ both orbitals are  The frequency of ATI oscillations is closer to the model of
nearly equally populated by the laser fi¢®29,30. We note  ionization occurring independently from the HOMO or
that recent experimentf81] and theoretical work20,32 on  LUMO. This doubling of the frequency can be observed if
molecular ATI spectra emphasize the importance of the syma# 8, implying a coherent superposition of HOMO and
metry of the initial molecular orbital on high intensity ion- LUMO.

Since atR=R; both orbitals are initially nearly equally
80pu|atec[9,29], we can expect

f(p)=a cod (Ey+p)R/2]+ Bie'? sin (Ey+p)R/2].
(14

Assuming thate= 3, we have

TABLE Il. Laser and physical parameters for=800 nm (@=0.057 a.u.) andR.,=8 a.u.

I (W/cn?) U, A (a.u.) a (a.u.) EyR./2 v (H,") Re/\;
1x10* 3.86w 5.34 16.5 3.7B 1.23 1.50(2.10
2x 104 7.73% 3.77 23.3 5.3b 0.87 2.11(2.75
4x 10" 15.50 2.67 33.0 7.5 0.62 3.00(3.65
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FIG. 8. ATl electron spectra of linear4" as functions of elec-
tron energy/photon energy, far=800 nm, atl =2.0x 10'* (a) R
fixed atR.=8 a.u., andb) with moving nuclei.

FIG. 7. ATI electron spectra of linear,A" as functions of elec-
tron energy/photon energy, far=800 nm, atl=1.0x10* (a) R
fixed atR.=8 a.u., andb) with moving nuclei.

Eqg. (11). The corresponding asymptotic energy of the ejected
electron is 10.B, [33], whereas the maximum kinetic en-
A fundamental concept of the ionization of atoms underergy of the ionized electron without recollision with the core
low-frequency, high-intensity laser fields is the recollision ofor with collision with neighboring atom become&J§ [9].
the ionized electron with the ion cordl4]. It has been All spectra illustrated in Figs. 1-9 indeed show well-defined
proven that this concept is useful for the explanation of thenaxima at~8U, and 1QJ , especially in the case of H atom
“cutoff” in atomic HOHG. We have shown that in molecules and H,™ with the fixed internuclear distance Bt. Nuclear
the ionized electron can recollide with a neighboring atommotion due to Coulomb explosionA§+—>H++H++e‘)
thus extending HOHG plateaus to even higher energies afas the effect of flattening plateaus, i.e., equalizing intensi-
large internuclear distancg8]. Figures 1-9 have shown that ties of ATl peaks. Three different types of structured ATI
ionization occurs at the critical distand®&~7-8 a.u. for peaks appear(a) (2-3 U, corresponding to direct ioniza-
CREI due to the very fast dissociation of, H and I—[;z+ tion, (b) 8U,, corresponding to the maximum energy electron
caused by the field-induced transitions between the HOMQuvithout recollision, and finally(c) 10U,, where electrons
(1o4) and the LUMO (Ir,). As pointed out in Sec. Ill, with kinetic energyrU , recollide with the Coulomb explod-
considerable fine structure can be seen in the ATI spectra dhg H"H* or HYH"H™ core. Further recollision can asymp-
the moving nuclei. They appear as amplification of the finetotically produce electrons with kinetic energies\88(sec-
structure already occurring in the ATI spectra at the fixedond recollision with 2.4, at the nucleusand 8.8J,, (third
critical internuclear distanc®;. In view of the fact that recollision with kinetic energy 2.25, at the nucleus[33].
similar structures occur in the ATl spectra of the unstablewe assume that these further recollisions are negligible due
H%* system(Figs. 7-9 as in the stable 5" system(Figs. to the rapid movement and displacement of the protons by
1-6), one can conclude that these interferences are due @oulomb explosion that occurs on femtosecond time scale as
electronic effects as a result of the coherent excitations beshown below.
tween the LUMO and HOMO by the laser field, as described As discussed in the preceding section, the first cutoff in
in Eg. (14). On the basis of the simple recollision model the ATI spectra of B* and H?" around 2, is shifted with
[14,33 we infer that the maximum kinetic energy should respect to the H atom spectra by the energy of the Stark-
occur at recollision for a fieldE(t) =Eycost+¢) at the  shifted LUMO,E\R./2, as tabulated in Tables | and II. This
phasesp=0.1m, wt=1.30m, resulting in the recolliding en- is indicative of the laser-induced excitation of the ionized
ergy mU,, for which we have calculated the recollision wave- electron from the HOMO to the LUMO, with the result that
length\, of such an electron in Tables | and Il according tothe tunneling electron must leave at the highest potential-

IV. RECOLLISION MODEL
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energy end of the molecule, i.e., upfield. This has been cor=(27Up)""%, one should observe recollision diffraction ef-
roborated by detailed calculations for one-electron systenfECtS due to the presence of the two-proton scattering centers
[29,34,35 and even for two-electron systerfizg4]. In the separated by distand®. In the ultrashort pulse limit, i.e.,

ultrashort pulse §-function) limit, this effect appears in Eqs. 7. <27/, such recollision diffraction cannot occur and
(12)—(15) as a field-induced phase shity,,R/2, correspond- only the direct ionization phase interference effdgf,R/2

ing to a momentum chang&p=E,, in the ionization am- [Equ(lz)_(15)]’ appears. In the longer pulse Ii.mit, 'where
plitude. In the standard recollision model applied to atomghe f'.el.d acts on the ionized electron and assists it in the
[14,33, the maximum measurable asymptotic ATI energy at€collision, we should expect a phase changg=PR
10.2U,, is obtained by electrons that have recollided at the™ 2RI\ 1o occur at high energies, especially at energy
nucleus with 7wU, energy, with a wavelength), 7.7Up.. Since at the recollision time, the amplitude of the Igser
:(ZWUP)UZ’ Eq. (11). We have tabulated this formula in field is nearly zerd33], then one can model the returning

Tables | and Il, in addition to the oscillatofgonderomotive electror_n as sca_ttered by a 1D V\.'e” of dim(_an_sinThis
radius=E/w? of an electron in a field of amplitude and results in reflection and transmission probabilities, given by

frequencyw. We also have added the Keldysh parameter

=(1,/2U,) 2 for H,™ with I, the H," ionization potential p— Sir’(PR) (16
of an H atom calculated at the CREI distarRRg, namely, ' sirF(PR)+4E(E—VO)/V§'
l,=—0.67—1/R; a.u. This parameter serves to separate the

tunneling (y<1) from the multiphoton ionization regime AE(E—V,)/I\V2

(v>1) [14]. Thus from Tables | and I, we observe that at P.= 0770 , (17)
A=1064 nm, | =2.0x 10" W/cn? and A=800 nm, | =4.0 sif’(PR) +4E(E—V,)/V3

X 10" W/cm?, we expect to have tunneling ionization,
whereas at lower intensities, one is at the frontier of bothwhereE is the kinetic energy with respect to the minimum of
regimes. the well of depthV, [36]. When PR=n1r, i.e., whenever
We first note that in all cases>\,R., so that recolli- R/\,=n/2, wheren is an integer, there is minimum reflec-
sion with the neighboring nucleus at distarite 7, which  tion and maximum transmission, meaning that there is no
occurs at phaset= with energy 8J, [9] is not present. interference, or equivalently, no rescattering. In Tables | and
Second, if recollision of the electron occurs with the core atll, we have given the rati®./\,, assuming that recollision
R. with the energywU,, i.e., electron wavelength, occurs atR=R; with energy 7U,. Thus for most of the
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107 { can be modeled using classical mechanics. Assuming that at
H,*" at R=8 a.u. R., ions of charget Q have zero velocity and initial poten-
102 | (@) tial energyE=Q? R, we can calculate the timeto reach
distanceR by integrating the classical equation of motion
109 | wd?R/dt?=—Q?/R?, where u is the molecular reduced
mass. We thus obtaif28]
104
m 12 rRr 5 L
105 | t= 5) f (E-Q¥R)" VAR, (18)
: ! |
5 10° - ' - l 112
£ o :(%) R x/ (x>~ 1)~ 0.5 In{(x+ 1)/(x—1)}1/Q, (19)
o H,2* Moving Nuclei
102 wherex=[R/(R—R.)]¥2 The first return time is given by
the relation wt=1.37 at initial phase ¢=0.17 [14,33,
103 - which corresponds to 0.65 cycle of the laser pulse. Thus at
A=1064 nm, this corresponds tot=2.31fs=95 a.u.
104 | (1 a.u=24.2<10"'8s), whereas at 800 nm{=1.8 fs
=74 a.u. Therefore, recollision and CE occur on near-
10 A femtosecond time scale. InsertiRg="7 a.u. at 1064 nm and
R.=8 a.u. at 800 nm, we obtain for,A (Q=1) from Eq.
108 . . . (19 the final distance reached by the Coulomb exploding
0 10 20 30 40 protons R=11 a.u.) in both cases. This means that the CE
EJE E 1546V displacement is 3 a&AR=<4 a.u. for the protons upon the
ef “photon » “photon ™ T first recollision of the ionized electron. Since the total phase

of the field is wt+ ¢= 1.4, where E(t) =E, cost+ ¢),

then recollision occurs near zero-field amplitude as indicated
above. We conclude therefore that since ionization and there-
fore CE occurs mainly aR;, then the above simple calcu-
wavelengths and intensities appearing in these tables, we eation shows that recollision diffraction should occur Rt
pect maximum transmission and little reflection, so that the=11 a.u. for both 1064-nm and 800-nm laser pulses. Using
10U ,-energy electrons should have maximum intensity. Thehe recollision electron wavelengkh at energyrU,, (Tables
addition of the extra initial Stark enerdy, R./2 acquired by | and Il) gives the ratioR/\,=2.75, 3.2, 3.9, 2.1, 2.9, 4.1
the ionizing electron as it leaves from the Stark-shifteda.u., thus implying near maximum transmission of the recol-
LUMO only changes the rati®/\, by about 20—30 %see liding electron through the CE protons. This conclusion cor-
numbers in parenthegesin conclusion of this section, a relates well with the observation that the UDATI peak
comparison of the ATI spectra intensities reveals little infor-intensities remain strong in the presence of the moving nu-
mation about recollision diffraction. As an example, we haveclei. However, there is little sensitivity to the intensities, i.e.,
included in Table | (1064 nm the intensity 1.4 no marked signature of the wavelength interference effects.
x 10 W/cn? for which R/\,=2, as compared to intensity This is related, we believe, to the fact that the kinetic energy
2X 10" whereR/\,=2.5. Both ATI spectrdFigs. 2 and 3 of the recolliding electrorE is much greater than the mo-
are quite similar. lecular potentiaV, in Egs.(16) and (17).

Thus in the H atom, 8, and 1QJ, have similar prob- Finally, we comment on the fine structure of the ATI
abilities [Figs. 1a)—6(a)], whereas in B at R,=7 a.u., peaks that are accentuated by the moving nuclei, Figs—1
8U,, electrons are more probable tharllpelectrongFigs. ~ 6(c) and 1b)-9(b). These structures occur both in the 'H
1(b) 3(b), and 5b)], whereas the inverse occurs in Figby  spectra where the initial states are bound vibrational states
for H," and Fig. 8a) for H32+ . However, we note that in all and in the |—42+ spectra where the initial nuclear state was
cases the effect of moving nuclei due to Coulomb explosioriaken to be a Gaussian wave packet for symmetric dissocia-
results in fine structure of each ATI peak with equalization oftion on a repulsive potential. In view of the difference of
the intensities of these ATI peaks in the energy region initial nuclear states for 5 (bound and H?" (dissocia-
=2U,. tive), and yet similarities in the moving nuclei ATI spectra,

It is to be expected that ionizing electrons that leave theve conclude that the fine structure is due to electronic reso-
molecule at the critical internuclear distanBe at which  nances in the ATl excitations. Perusal of Fig. 10 fofHat
CREI occurs will find the molecular ion core at larger inter- R=8 a.u. and intensities 1-010** W/cn? and Fig. 11 at
nuclear distanc&®>R; since the H" or H,2" will be un-  2.0x 10" W/cn? atA =800 nm, respectively, shows consid-
dergoing Coulomb explosiofCE), which can be used as we erable structure of the static nuclei peaks. The structure be-
have shown for dynamic imaging of the nuclear wave func-comes more resolved with the moving nuclei as the nuclei
tions[16,17]. The time evolution of CE molecular fragments probe the varying Franck-Condon factors during the pulse.

FIG. 11. Detailed ATI spectra for j4" at A=800 nm andl
=2.0x 10" W/cn?; (a) fixed nuclei atR=8 a.u. and(b) moving
nuclei.
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As discussed above, displacemeh®=3-4 a.u. of protons appearance of fine structure in the moving nuclei spectra
are expected during the first recollision time of the electronsuggests that the nuclei are sweeping through different reso-
which is ~1.8 fs at 800 nm and is independent of intensity.nances as a function of internuclear distaReeR . Recol-
Figures 10a) and 11a) show excellent correlation between lision diffractive interference effects are negligible due to
the static nuclei ATl subpeaks with the corresponding moviwo factors:
ing nuclei AT structure illustrated in Figs. 1) and 11b). (@ The high energymU,, of the recolliding electrons
In general, similar subpeaks or structures survive in the highwith respect to the revisited molecular Coulomb potentigl
energy ATl spectra, i.e.,8, and 1QJ,, (see Figs. 1-§con- ~ according to the simple single well model, Eq47) and
firming that the same resonances participate in the ionizatiofiL6). Such a single-well model has been treated in a full
process. Floquet analysi$37] and needs to be extended to multiple
wells in order to determine appropriate laser-molecule pa-
V. CONCLUSIONS rameters to enhance recollision diffractidb) Moving pro-
tons readily change position tAR~3—-4 a.u. in the first
We have presented ATI spectra of the one-electron syselectron recollision that occurs during 0.65 cycles of a laser
tems B and H?" with static and moving nuclei. Compari- pulse. Such nuclear displacement can, of course, be avoided
son with H atom spectra confirms the role of CREI as theby examining heavier and strongly bound molecules such as
main source of the molecular ionization at the critical inter-N, [38] or using shorter pulses. Another solution to avoid
nuclear distanceR,=7 a.u., due to a consistent shift of “dressing” of the molecular ion core is to adopt a perpen-
maxima-minima of molecular ATI spectra by the Stark-field dicular excitation scheme first suggested in Réb] and
energyEyR/2, whereEy, is the maximum field amplitude. recently implemented for 1 [39]. In the latter, the effect of
This is the result of the excitation of the LUMO arouRd  electron recollision on the molecul@proton ATD spectra
by the laser, resulting in the electron being transferred fronwas measured. Perpendicular and parallel coincidence ATI
the HOMO to the up-field quasistatic well before it ionizes. and ATD spectra would be an important complementary ex-
This has no equivalent in the atomic case. In the moleculaperiment in order to confirm electron recollision diffraction
case this results in Stark shifts linear with the fidld  in molecules on near-femtosecond time scale and to exploit
whereas in the atomic case such Stark shifts are at least quatED as a new tool for measuring molecular dynamics on
dratic in the field. Furthermore, this Stark energy effect omnear-femtosecond, and even near-attosecond, time scales.
the spectra is only operative in the parallel molecule-field
configuration[15], and as shown in Tables | and Il, it can
affect the wU, recollision energy of an electron by about
20%. Comparison of the moving nucleainon-Born- We thank the NSER@Natural Sciences and Engineering
Oppenheimer ATl spectra with the static (Born-  Research Council of Canadand the CIPI(Canadian Insti-
Oppenheimerspectra shows them to be quite similar to thetute for Photonics Innovatiopgor financial support of this
latter at the critical distanc&®. where CREI occurs. This work. We also acknowledge “illuminating” discussions on
confirms that enhanced ionization occurs mainlyRat The  LIED with P. B. Corkum(Ottawa.
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