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Isotopic Effects in the Laser Control of Dissociative lonization at High Intensities: Role of
Permanent Dipole Moment$
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Exact (non-Borr-Oppenheimer) numerical solutions of the time-dependent 8afger equation for a 1-D
model of the one-electron isotopomer systems, HID*, and HT" have been obtained in a two-color laser
control schemeyp + 2w, of dissociation and dissociative ionization in the high-intendity (103 W/cn?),
nonlinear, nonperturbative regime of lasenolecule interaction. Calculations have been performed at the
fundamental wavelengthis.o, = 10.3um andAyac = 1.064um in combination with their second harmonics

in order to study the effect of laser frequency and permanent dipole moments on the eleatri@ar dynamics

in the presence of periodic asymmetric fields. It is found that asymmetries occur in both the ionization and
the dissociation. The phase sensitivity is shown to be quite different in the two wavelength regimes. Adiabatic
and nonadiabatic quasistatic models of the dissociation and ionization processes are shown to offer simple
interpretation of the calculated asymmetries in termstwfneling ionizationand barrier suppression
dissociation.

1. Introduction tion 89 Nonsymmetry conserving or “symmetry-breaking” mul-
tiphoton processes inherently lead to simultaneous asymmetries
in spatial (angular) and product distributions. It has been shown
by Haljan et al. that sucts + 2w superpositions could be used

to obtain an extensive control over dissociation dynamics of
homonuclear molecular ions, by controlling the electron local-
ization in the moleculé? The phase dependence of these
distributions can be further quantified in the perturbative regime
by examining the actual photon number dependence of the total
multiphoton process by Fourier transforming the phase- de-
pendent ¢-dependent) transition amplitudgy) with respect

" to ¢, giving thenth photon contributiofT, to be the total control
proces? since the photon numbem and the phasep are
conjugate variables which do not commute in the quantum
regimel!

Intense fields approaching the atomic unit of electric field
(Eo) induce radiative transitions which will be faster than
picosecond radiationless relaxation times in molecules. Thus a
transition momeni of one atomic unit interacting with an
electric field Ep of one atomic unit gives the atomic unit of
‘Rabi frequencywr = Eu = eByap = 27.2 eV. This in turn
corresponds to the atomic unit of transition timg= 24.2 x
10718 s =~ 24 as. At the intensities that we shall considery
10 Wi/cn®, transition timeg of less than 1 fs will be induced
Jer atomic unit of transition moment. Clearly such rapid
radiative transitions will initially produce large molecular
coherences. Unfortunately, although intensities df 1@/cn?
are 2 orders of magnitudes lower théy the corresponding
electric fieldE is but 1 order of magnitude lower than the atomic
unit Eg = 5 x 10° V/cm, which is a measure of electric fields
inside atoms and molecules (i.B/Eq ~ 1071). Such field

Current laser technology is giving experimentalists the access
to laser pulses which can be shaped, frequency swept (chirped)
and phase controlled, even down to a few cycles and ever
increasing intensities.These new pulse intensities are now
approaching the intensity corresponding to the atomic unit of
electric field € = €lag?> = 5 x 10° V/cm), o = 3.5 x 10
W/cm? (where in atomic unitsh = me = e = ay = 1).

The shortness of current pulses, with the recent breaking of
the attosecond barri@rgives access in principle to direct
measurement of electronic motion in atoms and molecules
whereas increasing intensity allows for manipulation of mol-
ecules on the femtosecond time scaléne ultimate goal is the
imprinting of quantum informationnto molecular wave func-
tions via appropriately shaped pulses in order to control and
guide the spatiotemporal evolution of matter, leading to the
optimal control theory of optical processes.

The simplest approach to induce control in time-dependent
laser interactions is a superposition of fields of multiple
frequencies whose relative phase can be varied continuously
This has led to a perturbative approach of predicting control of
molecular dynamics calledoherent contra?® This form of
quantum control is achieved via the phase-dependent interfer-
ences of various molecular transition amplitudes induced by
external laser fields. Whereas previous approaches have relie
on symmetry preservation in multiphoton processes, such as
the well-knownw + 3w schemé€, nonsymmetry conserving
multiphoton processes suchast 2w were already proposed
to control both spatial and fragment distributions in dissocia-
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energiesx_ ande4, at the peak of the fiel&Enax At large R,
the energy separation between thesgqisR, i.e. the potential
energy difference between atoay where - becomes the
atomic orbital 1§ and atomb, where by = 1s,.
Evaluating the critical distand&. where the LUMO energy
€+ coincides with the top of the internal total barriéf, +
Emaz, Where V. is the electror-nuclear Coulomb potential,
allows for the prediction thaR; = 4/, in H;*2° and R, =
5/, in linear H?*,2* in agreement with 3-D numerical cal-
culations. At distanceR > R, one sees from Figure 1b that
the LUMO (loy) is trapped by the middle barrier, thus in-
A hibiting ionization and creating a sharp drop of the ionization
rate, down to the asymptotic value corresponding to the H
R=4 R=8 R=12 atom. The phenomenon of enhanced ionization has been found
Figure 1. (a) Atomic electron_ip potentials distorte_d respectively by_ also in nonlinear molecules such as?H i.e. a critical bond
;.he presence of a strong positive, null, and negative external electric | oyh R and critical angled. exist where the laser excited
ield. (b) Electronic molecular ptoentials in a positive electric field, as . . . .
a function of the internuclear distanBe The Stark shiftAes between LUMO is above all internal electrostatic barriers of the mole-
the two localized molecular orbitats. ande_ = EnaR. cule at the peak fieldEnx2®> Recently exact nonperturbative
calculations of the two-electron systems &hd linear H* 26
of the field. This leads to a quasistatic tunneling model to have shown that enhanced ionization occurs also at critical
calculate ionization ratés3and other processes such as high- distances due to complete transfer of one-electron from one
order harmonic generation, HOHGSuch a quasistatic model  end of the molecule to the other and is highly controlled by
leads to the definition of a parameter, called the Keldysh electron correlation. This type of transition was predicted by
parametet213y, which separates quasistatic tunneling ionization Mulliken and calledcharge resonance transitio#é Similar
processes from high-order perturbative multiphoton transitions: charge-transfer models as fogH%2*lead to simple expressions
for R in the two-electron cas®.The above-cited references

a)

E>0

b)

Agg

| Emaxz show that quasistatic models of interaction of molecules with
Yy = ﬁ p= > Q) intense laser fields lead to the prediction of CREI as a universal
p 4maw phenomenon and offer furthermore a simple explanation for the

. S . . occurrence of low-energy Coulomb explosion of molecular
where |, is the ionization potentiallJ, the ponderomotive fragment£7-2° This phenomenon is due to the fact that

(oscillatory) or average energy of a free particle of mass Coulomb explosion does not occur by ionization at the equi-

a field of maximum amplitudé&ma, andw frequency. Physi- jinjym distanceR., but rather at the CREI critical distan&e
cally, y can be defined also as the ratio of the tunneling iscussed above.

frequencyw and the laser frequeney.*> The tunneling in atoms In the present work we examine the dissociative ionization
occurs across the static barrier (Figure 1a) created at the pealf,, ghort intense laser pulses in the coherent superposition:
field amplitude Emax by the combined electron Coulomb

potential—g/r in the presence of a nucleus of atomic numiper E(t) = Ey(t)[cos@t) + f cos(2t + ¢)] (3)
and the electrostatic potentialEnaz. At very high intensities,

complete ionization will occur. By equating the electron bound \yhereEq(t) is the field envelopef the relative amplitude, and
state energy-I, to the maximum of the barrier gives the critical 4 the relative phase of the second harmonic field (co£)

electric field intensityE. required for overbarrier ionization,  with respect to the fundamental frequency. We illustrate in
) Figure 2a the ratio of the resulting maximiERax and minimum
E.=1,74q 2 Emin @s a function ofp andf. It is readily seen in this figure

that ¢ = 0 andf = 0.5 result in an extremum in the field

In the case of the H atom, for whidh= 0.5 au andy = 1, this superposition. Figure 2b shows two cases at 0.5, ¢ = 0
yieldsE, = 3 x 1C® V/cm, corresponding to an intensity bf= and¢ = x/2. This shows that the coherent superposition in eq
CEA/87 = 1.4 x 10 W/cn?, wherec is the velocity of light. 3 produces fields that are periodic, but locally nonsymmetric.
Numerical solutions of the time-dependent Sclimger equation In the perturbative multiphoton regime this results in total
(TDSE) for the H atom in low-frequency fields support this symmetry-breaking transitions with resulting asymmetries in
separation of underbarrier static tunneling ionization and over- angular distribution8? Intense field atomic ionization with
barrier ionization regime¥. field superpositions as in eq 3 revealed early on anomalies in

First 3-D numerical simulations of the TDSE forHwith the angular distribution®. These were confirmed further in
fixed nuclei showed the existence of enhanced ionization ratesthe molecular case, initially by Sheehy et3hland then by
at large internuclear distances, exceeding the rates of the H atoniThompson et a¥? It was found that, in the molecular cases of
by about 1 order of magnitudé. These were later confirmed H, and HD, electrons and protons during the dissociative
in more detailed 3-E#1°and 1-D with fixed® and moving (non- ionization process are preferentially emitted in the same
Born—Oppenheimer) nuclei calculatictsof the appropriate direction, a rather “counterintuitive” or “nonclassical” result.
TDSE. A quasistatic picture of over-barrier ionization was Exact numerical solutions (non-Bori©ppenheimer) of the
shown to explain such enhanced ionizatt®# called charge TDSE for the 1-D H' system performed by our group
resonance enhanced ionization (CREI), which is due to the confirmed this counterintuitive resi##;3* but contrary to the
strong radiative coupling of charge resonance, or charge-transferoriginal physical interpretatioft;32 this nonclassical behavior
processes in molecules as suggested first by MullfR&rus, of the electror-proton system at high intensity was shown to
as shown in Figure 1b for molecules, the HOMQyfland be the result of tunneling ionization of the electron rather than
LUMO (1oy) become Stark shifted orbitalgrl and b, with anomalous dissociation of the proton.
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Figure 3. Molecular potentials for (a) kt, (b) HD", and (c) HT in
a static electric field corresponding to the peak strergth of a 10+
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HOMO and LUMO lead tobarrier suppressionmodels of
dissociation in strong static field8-38 Thus as illustrated in
Figure 3 for the three isotopomers,H HD", and HT", the
presence of permanent dipole moments in the latter two
automatically induces asymmetries in the dissociation when the
purely electron-field interaction in # (Figure 3a) is coupled
with the permanent dipoles (Figure 3b,c). Comparison of exact
simulations of dissociative ionization of,H, HD*, and HT"

will help us establish the competition between permanent dipole,
electronic, and non-BorrOppenheimer effects in this new
regime of modern photochemistryhe nonlinear, nonpertur-
bative lasermolecule interaction regime.

2. 1-D Models and Numerical Methods

H,*. We have previously solved numerically the complete
three-body, 3-D TDSE with both electronic and nuclear degrees
of freedom included? i.e., an exact non-BorrOppenheimer
simulation using absorbing boundaries thus losing information
on the high-energy ionized electrons and the accompanying
dissociated nuclei. We now solve the exact 1-D problem
avoiding absorbing boundaries as follo%s:

R,

ia’/’_(;t 0_ [Hr(R) + V(zR) + Hzdly@RY)  (4)
where
2
M) =~ 5 il =1t
_ 191, 2mm

R R P T, ©

VACL E— — 7)

+
Jz-R22+1 W(z+R2P+1

me andm, (me = 1 au) are respectively the electron and the
proton masses. The Hamiltonian used in (4) isaékactthree-
body Hamiltonian obtained after separation of the center-of-
mass motion in 1-DHg is the proton kinetic energy operator
with the corresponding potentialRL/H; is the corresponding
electronic operator with the field interactiazKt), andV, is a
regularized 1-D Coulomb potential which removes singularities.
The constant 1 is chosen to match the 3-D ionization rates. It
corresponds to the average perpendicular coordinatex? +
yA)Y2in the 3-D case. We note that, for positiié), electrons
should be accelerated towazck 0, i.e., downfield (see Figure
1), whereas protons are expected to go upfield>(0). We
have used laser pulses of total duratipr= 96 fs (27 cycles),
for the wavelengthg = 1064 and 532 nm and al$p= 354 fs

Wi/cn? laser radiation. The figures show both orientations for the field- at 10.6 and 5.im. The two-color laser electric field used in
aligned molecules, so that the positive coordinates correspond to thegyr simulation is given in eq 3, wheE(t) is the field envelope

proton being upfield (&, DH*, TH*), while the negative coordinates
show the potentials for the orientation with the proton downfielg(H
HD™*, HTH).

As we will show below by exact non-BoffOppenheimer
simulations of the TDSE in 1-D for the isotopomers'HHD™,

(we use a 17.7 fs rise and fall, which correspond to five optical
periods at 1064 nm) andl is the relative phase, which can be
controlled in the experiment. We set= 0.5, since it gives the
largest asymmetry iE(t); see Figure 2. The initial vibrational
wave function of H*, att = 0, was varied over various

and HT", anomalies of dissociative ionization of simple vibrational states as discussed below.
molecules in intense short laser pulses can be explained in terms We have obtained numerically the time evolution of the total

of quasistaticmodels for both ionizatiot¥34 and dissocia-

electron-nuclear wave functiog(z,Rt) using the split-operator

tion.3538We have discussed above quasistatic models of CREI method and a special wave splitting technigbeshich allows
for ionization of electrons based on Stark displacements of the recovery of the probability flux lost usually in absorbing

LUMO through nonperturbative field coupling with the HOMO.

boundary methods thus allowing us to compute the complete

In the case of dissociation only, such field couplings of the electron kinetic energy or ATI (above threshold ionization)



3460 J. Phys. Chem. A, Vol. 107, No. 18, 2003 Levesque et al.

spectra for electrons, proton Coulomb explosion, CE, and the We restrict ourselves to the 1-D model of' The total
dissociation or ATD (above threshold dissociation) spectra in Hamiltonian (4), electronic and nuclear, for different nuclear
the H+ p channel. More specifically, our technique gives us massesn; andmp, now become¥d-38
the total 1-D internal wave functiop(zRt) at timest; > tp,.

m+m 2 M R 1 & ]

Asymptotic wave functions are obtained by projecting the wave 1
, , , mm, jRZ Mt m 572 MR, 2
is placed) onto Volkov waves in ther gauge?! Normalized

function recovered from an internal region (in which an absorber
ATI electron spectr® are obtained by integratingy(p,R)|2, _’ 1 1 ] 1

AEzRY = — %

+ +35

i.e., the momentum distribution, over the proton coordirfate z— (m/(m +my))R  z+ (Mm/(m +my))Rl R

and multiplying by a JacobianpttE. Wheni = 1064 nm, we B

usually set the final timé& = 36 cycles> t, in order to let the —E(t)[(l + 1 )z _ (mz ml)R + Rcm]
1

bounded part of the molecular wave function enough time to m, +m, +
relax, but also to allow both slow electrons and protons to reach
the asymptotic region until convergence of the result. For
wavelengths such as= 10.6 nm and intensities around#0
Wi/cn?, the ponderomotive radius for the free electrons is so
important that a reliable calculation of the ATI spectra in such
cases would necessitate computational grid sizes exceedin
today’s computer capabilities.

For the present discussion, the asymmetric proton spectra,
in the dissociative or ATD p- H channels, were calculated by
projecting the total internal wave functions(zRt)) on the
ground-state hydrogenic electronic wave functiggz — R/2)

+@ZR (10)

whereM is the total mass of the molecular systeh € me +
m + mp).

This reduces to the total 4 Hamiltonian, eq 4, whem, =
gmg = mp. We note immediately the presence of the nuclear
dipole moment {» — my)/(my + )R for nonsymmetric
nuclear systems. The above Hamiltonian is defined in the
following coordinate syster,

and¢i{z + R/2), each representing the initial electronic states, i M 1 r
with the electron localized at= +R/2, respectively. Thus, we z m, +m, mtm, 1
obtain twoR-dependent proton (deuteron, triton) functions: R = 1 -1 0||f2| (11)
oo RCM m1 rnz 1 re
p-(R = [ dzg (2~ R2)p,zRY),  (8) m M
+o0 whereRcy is the center of mass of the three-body systBris
v (R = [ dz¢(z+ R2) y(zRY) ©) the internuclear distance, azds the position of the electron

where 4 (R) represents the proton (deuteron, triton) moving With respect to the center of massthe two nucleiThe three
up the maximal field (forwardz > 0) with the neutral H-atom .coordlnat.esl, I, a.ndre are the positions of the thrge particles
moving down the field, and vice versa. Next the Fourier N Cartesian coord_lnateml a_ndmz being the respective masses
transformsy (pr) (Wherepr is the nucleus momentum) of the ~ Of the corresponding nuclei ard = m; + m, + m, the total
asymptotic part ofp+(R) were calculated! Thus|y-(pr)|2 dpy/ mass. o .

dE represents the forward (backward) kinetic energy spectra of ~ We first note that we are consideriig= E(t) as being only

nuclear fragments. The intensity of the two-color laser used in time-dependent. The use of this approximation, called the dipole
our two-color calculations wak, = CE2/87 = 4.4 x 103 approximatiort! is justified by the fact that/A < 1. Since the

W/cr? and the 532 nm laser had intensly, = 1.1 x 10'3 center of massRcy, motion decouples completely from the
W/cn®, giving the maximum fiel&Eo(1 + f) wheng = 0. In all dynamicsrelqtiue to the center of mass, the total Hamiltonian
the cases presented here, we ubed0.5. The resulting total ~ We consider is
field has the same peak intensity as a single laser of intensity + 2 2
I, = 10" W/cn?. Two particular relative phases were chosen: AzRY = — MM 57 M a_]
¢ =0 and¢ = a/2. The corresponding combined electric fields 2l mm, RF Myt m, A
are shown in Figure 2b. The exact ATD spectra (with ionization 1 1 1
included) are compared with two-surface calculations using only - [ / + / ] + R
the HOMO and LUMO, i.e. &; and 1y, where no ionization Z= (m(m+my))R -z -+ (my/(m+my))R
occurs. 1 m, —m,
DH* and TH*. These two isotopomers differ from.H —E(t) (1+ epI—— 1)2— —— R
described above because their center of mass no longer coincides LT M, LT M,
with the center of charge, so that this creates a permanent dipole +@zR (12)

moment. Under the influence of intense laser fields, i.e., in the

nonlinear, nonperturbative regime considered here, one can This is the 1-D Hamiltonian which is solved numerically to
expect these dipole moments to have corresponding nonperturdescribe the complete dissociative ionization of the three
bative effects on the dissociative ionization process. We shall isotopomers K, HD*, and HT" aligned in the laser field and
follow here the original treatment of Hiskésind Hansoff who their respective different orientations, Didnd TH". Since these
considered the behavior of these molecules in intense electricare 1-D calculations, i.e., without rotations, we need to consider
fields as early as 40 and 30 years ago. The dissociations of thes¢hese different orientations for the nonsymmetric molecules. In
molecules have also been considered more recently at highfact we have shown previously that usimgoz and its second
intensity without ionization in the context of coherent control harmonic (i.e. wavelengths 10.6 and /) will not produce
scenario for possible isotope separafforfollowing early orientation because, in general, the pendular state tunneling
experiments by DiMauro et 8kIn the present paper we consider frequencies between different orientations fall in the microwave
the complete dissociative ionization of these isotopomers at the (nanosecond) reginfé,thus requiring a static fiefd or very
intensities considered before in refs 31 and 32. complex pulses such as those obtained by optimal control
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Figure 4. Asymmetry in the dissociation channel obtained for different laser intensji@ghereEq(t) is the pulse envelope (eq 3) and with the
relative phase) = 0 between the two laser colors in= 10.6 + 5.3 um, 350 fs laser pulses. The calculations do not include ionization. Both
orientations for each of the field-aligned molecules are shown: &) () DH' (proton upfield), (c) TH (proton upfield), (d) HD (deuteron
upfield), and (e) HT (triton upfield).

algorithms?*2 The numerical simulations described below will In the next two sections we present calculations of dissocia-

show that prior orientation is not necessary for controlling these tion without ionization (section 3) and with ionization (section

systems in a two-color scheme since the different dipole 4) for two different wavelengthg,co, = 10.6um andiyac =

moments under different orientations (see Figure 3) will provide 1064 nm, superposed with their second harmonic. In the first

for efficient discrimination between the two orientations. case the laser periotco, = 35 fs, is slower than the proton
Thus, upon dissociation, # will produce the fragments H  vibration time scale, which in 5 is ty = 15 fs, whereas for

+ HT and H" + H with net dipole moments=R/2. These are  the shorter wavelengtlyac = 3.5 fs, the laser period is faster

purely electronic effects; i.e. they correspond to the transfer of than the proton time scale of 15 fs.

half an electron from one nucleus to the other and are contained

in the dipole transition momem(R) = [oy|z|1o,0= R2. HD* 3. Asymmetric Dissociation and lonization in® + 2o

and DH" produce net dipole moments Bf3 and /3, whereas Short Pulses

HT* and TH" will produce net dipole moments &4 and 3/

4. Transfer of the electron to the lightest atom H and cor-

respondingly ionization of the heavier atom’ br T*, lead to

always smaller dipole moments. Alternatively, dissociation into

_H+ always leads to the largest dipole moment since th_e proton amplitudef = 0.5 as a function of intensitl, = cE2/87 (see

IS farthegt from the center of mass..The net effect .Of this on the eq 3). Referring to Figure 2b, this corresponds to a maximum

dlsiomatlon dynamics is thgt the oneqtgﬂoq for which'Dahd intensity | = Io(1 + )2 Thus atlo = 4.4 x 101 W/c?, the

TH™ are parallel to the maximum positive field ¢ 0) should . maximum intensity id,, = 10" W/cn®. In Figure 4, we report

undergo r_nuch more efficient dissociation due to stronger barrier results for B+, DH, TH*. HD*, and HT for initial vibrational

suppression at .IOYV laser frgqueﬁ%@ﬁ due to Ia}rgg dipole statevg = 5 at¢ = 0 and¢ = 71/2 in Figure 5. All calculations

moments..Th|s IS |Ilysf[rate.d n Flgure 8. cha||zat|on of the were performed for a pulse length of 300 fs. In Figure 6, we

electron via the radiative interaction coupling of the LUMO jyq4rate for Hy* the evolution of the logarithm of the electronic

(1oy) and HOMO (1) orbitals, [log|zE1oy[1= +E/2R, leads probability density in the presence of moving nuclei, which has

; ; enr/ +
to the .clallssmally expected dipole mom 2 f‘?r H+ H been integrated over all internuclear distanRest timest:
dissociation. In the case of DH this electronic transition

moment R/2, defined with respect to the center of charge, adds ) )

to the moment between the center of mass and the center of lp@)I*= [dRip(zRYI> (13)
charge R/6, giving the expected classical dipole moment 2R/3

for D + H* dissociation, eté’:38 For the latter, with an initiaby = 5 state, the total ionization

Using the numerical methods described in the previous
section, we report first the asymmetric dissociation probabilities
for the long-wavelength, two-color combinationis< 10.6 +
5.3 um) at relative phaseg = 0 and¢ = 7/2 , and relative
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Figure 6. Logarithm of electronic density (Ifi*"| ¥ (zRt)|2 dR) versus time for ki in A = 10.6+ 5.3um, T= 350 fs, and, = 5.0 x 1013 W/cn?
laser pulses: (ap = 0; (b) ¢ = #/2. The calculation includes ionization, which is visible from the short ionization bursts happening periodically

in the pulses and beginning at the critical distaRge= 8 au.

probability atlo = 5 x 103 W/cn? with maximum intensityt,
= 1.125 x 10 W/cn?, is P, = 0.07, whereas the total

dissociation probability waByiss = 0.87 at¢ = 0, Figure 6a.
The forward to backward dissociation probability in the presence
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Figure 7. (a) Forward P;) and backwardR_) dissociation probabilities of £ in a two-color laser pulse (106 532um, f = 0.5, 350 fs) for
different values olo: (a, b)v = 1; (c, d)v = 8; (e, f) Franck-Condon projection from the vibrational ground state< 0) of Hy(neutral). Each
DH*/HD* couple has been plotted on the same scale.

of 7% ionization for H* is P4/P— = 0.76. This compares well  resulting in the asymmetiiy;/P_ > 1. This forward/backward
with Figure 4, where we report the total dissociation probability asymmetry in the dissociation of HCand HT" diminishes with

of thevg = 5 state of H™ without ionization. A close view of increasing intensity and is negligible ferhigher tharvy = 5.
the electron probability illustrated in Figure 6a shows the gradual It is to be further noticed that the dissociation probability is

deflection of electron density on the left proton € 0) and always smallest for the HD and HT" alignment at lower
later then on the right protore (> 0). For ¢ = 0 bursts of intensities as compared to,H DH*, and TH". From the
ionization occur at positive maxima of the field for whiBhax viewpoint of isotope separation using combinationg ef 10.6
= 1.5F, (Figure 2a) with electrons ejected backward, izes and 5.3um laser pulses, since preferential dissociation occurs
0, in accord with classical models, while fgr= 7/2 (Figure with molecules parallel to the laser field due to large electronic

6b) the ionization occurs equally in both directions, as is and (or) permanent dipole moments in that direction, the
expected from the equal maxima/minima at this relative phase dominant dissociation of DHTH" into D*/T*™ + H and that
(see Figure 2b). Most of the ionization occurs at the critical of HD™/HT" into H + D*/TT makes this process highly
internuclear distancl. = 8 au ¢ = +4 au) due to CREI, charge favorable for the lower vibrational states € 5) and intensity

resonance enhanced ionizatit¥n20 lo < 3 x 108 W/cn?. These optimal conditions as a function

Inspection of Figure 4, shows the predominance of backward of intensity and vibrational state have not been considered
(P-) products H, DT, and T" for H,™, DH*, and TH" aligned before. Figure 7 contains results for other initial vibrational
in the direction of maximum positive fiellyax = Eo(1 + f) > states,yo = 1 andvy = 8, as well as for the initial state

0 at phasey = 0. The molecules HD and HT", aligned with corresponding to a FranelCondon projection from the ground
H downfield E < 0), show the exact opposite behavior, with vibrational state of the neutral species. Hhis last case is
the dominant product being'Dand T+ ejected mainly forward, closely related to experiment, since it corresponds to the
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Figure 8. Same parameters as in Figure 6, but for the'Dhblecular ion (oriented with the proton upfield). Localization of the electron occurs
almost equally on both protons in a and mainly on the backward pratend) in b.

mechanism by which § is obtained in the laboratory, because asymptotestER/2 for H,*. In the case of DH, TH* and HD,

of the rapid ionization of blearly in the rising of the laser pulse. HT™, since the center of mass and charge do not coincide, a
Looking at Figure 7e,f, we thus see that to effectively control net nuclear permanent dipole moment can add or subtract to

isotope separation with a GQaser, one has to work in an the electronic transition momegtR/2 as illustrated in Figure

intensity regime at least below 3.5 10 W/cn?. At that 3b,c. Thus, for HD and HT" aligned with a positive fieldZ

intensity, the asymmetry ratio for DHndeed starts to change > 0), the asymptotic molecule-field potentidNﬂW(R) and

and can even reverse. Such reversals happen for all of the\Nﬂﬁ(R) become—ER/3 and—ER/4, respectively, whereas for

vibrational data shown in Figures 4, 5, and 7. These intensity- . - . DH* TH* .

dependent variations in the dissociation asymmetry have already0|O|OOSIte alignment, i.eW=" (R) andW_" (R), this becomes

—2ER/3 and —3ER/4. This lowers the dissociation barrier of

been reported for homonuclear molecular iéh&or a good DH* and TH" considerably with respect to HDand HT* and

control on dissociation, the intensity reached at the focal spot ) ; . L .
. . o results in much higher dissociation probabilities for Deind
of the laser should thus remain below the intensities where the "+ S .
TH™, as seen in Figures 3b and 4b, by sometimes 2 orders of

first reversals appear. Since the asymmetry ratios keep the same

X . Mmagnitude at low intensities. The comparable dissociation
forwgrd/backward charactgr below these t.hrEShO|dS'.the.mtenSItyprObabilitieS of B+, DH*, and TH" as opposed to HDand
gradient in the pulse profile should not interfere with isotope

. HT* can be related to the similar field-molecule potential
separation.

H2+ DH* . . ..
To understand the above results for long-wavelength dis- W- andW_"" (see Figure 3). Thus, the dissociation prob-
sociation usings + 2w coherent excitation schemes (eq 4), abilities follow a quasistatic model termed before asrtier

we rely on static models of molecular dissociation at high field SUPPressiohdissociation?>3¢
strengths$5-38 The major difference between,H DH*, TH*, The calculated dominant backward/forward, dissociation

HD*, and HT is the permanent dipole moment in the ProbabilitiesP-/P; for Hy*, DH*, and TH" reflect electron

isotopomers. In a two-surface model, thg and 1o, electronic transfer in the presence of the laser field, with the electron
molecular orbitals and the corresponding molecular potentials Migrating in the opposite direction to the driving field. In the
Vy¢(R) and V(R) are coupled radiatively by the interaction ~Presentw + 2w control scenario, at phage= 0 (Figure 2) the
u(RE, whereu(R) = R/2 due to the charge-transfer procéss.  maximum fieldEmax= Eqo(1 + ) is clearly positive so one would
New molecular potentials calleatliabaticstatic-field induced ~ €xpect a net bias tiorward H* production for H*, DH*, and

potentials are created in the presence of a static field of TH™ and much smaller forward D T+ production for HD,
amplitudeE, HT* due to its lower dissociation probability. Figure 4 shows

dominant H, D*, and T" production for H*, DH*, and TH',
1 5 o1l whereas D and T' is a smallerforward dissociation compo-
£ 3IVy(R) = Vu(RI” + (ERY] nent for HDfand HT" at lower intensities. The structure of
(14) the ¢ = 0 field, Figure 2b, shows a more slowly varying and
longer negative field component. One can therefore rationalize
This is illustrated in Figure 3a, where one sees clearly the that the electron will follonadiabaticallythis field component,

wry = SRR
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Figure 9. Asymmetry in the dissociation channel fos'H obtained in
100 fs laser pulses with = 1064+ 532 nm and different intensities
(i.e. similar to Figures 4 and 5, but using different wavelengths and
pulse durations) without ionization: (&)= 0; (b) ¢ = 7/2.

thus spending more time on the forward nuclei creating pref-
erentially asymmetric molecules™H, D*H, and T'H. The

concertation of the higher dissociation rates and adiabatic

electron field transfer in the case obH DH', and TH" can
thus explain the dominant backward asymmetry &f B*, and
T+ production. This interpretation is consistent with the elec-
tron density redistribution illustrated in Figure 6a, where

a)

z{a.)

b)

z(a.u.)

40
time (10 Ps)

Figure 10. Same as in Figure 6 but with laser paramefers 1064+ 532 nm,T = 100 fs, and, = 4.0 x 10**W/cn? laser pulses with (ap =
0 and (b)p = x/2.
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somewhat more electronic charges reside in the vicinity of the
forward proton £ > 0), thus deshielding the backward nucleus
(z <0).

Similar reasoning can be applied to the= 7/2 results shown
in Figure 5 foricoz = 10.6+ 5.3um. At the lower intensities,
| < 2 x 108 W/cn?, the largest forward/backward asymmetry
P./P_ is obtained for H", HD*, HT* (corresponding respec-
tively to the dissociation schemes-HH™, H + D*, and H+
TT). This large asymmetry persists at the higher intensities also.
Thus at the lower intensitids< 2 x 10 W/cn?, one can expect
preferential dissociation and isotope separation of the isoto-
pomers HD and HT" with D* and T" ejected mainly in the
forward direction. This is true also in the case of the mixed
initial state shown in Figure 7e,f. By keeping the intensity low
enough (below x 10% W/cn¥ at the focal spot), the difference
in the dissociation rates for the two orientations and the
dissociation asymmetry in the DHchannel would allow
significant separation ratioP{/Pi:). This implies shielding
of the backward proton, in agreement with Figure 8b, which
shows larger electron population at< 0, on the backward
proton, leaving the forward nucleus mostly ionized as the
molecule passes through the CREI critical distaRge= 8 au.
Figure 4 corresponds to a dissociation calculation where the
electronic part of the wave function is approximated as a
superposition of thedy and b, states (“two-surface” calcula-
tion) and consequently does not include ionization processes,
whereas Figures 6 and 8 correspond to the full dissociative-
ionization calculation.

We turn next to the shorter wavelength (or higher frequency)
caseAyac = 1064+ 532 nm. In Figure 9a,b, we illustrate the
asymmetric dissociation probabilities from a two-surface cal-
culation with no dissociation, for # in thevo = 5 initial state
and using the relative amplitude= 0.5 with phaseg = 0 and

2

AR y(z,R,1)|

v

In |

80 100
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¢ = m/2 as a function of intensity, for a 100 fs pulse. We
have not illustrated the corresponding schemes for DFHH™, .
HD™, and HT" because they are mostly the same a$ g
this “shorter” wavelength regime, showing no difference & o.02
between the two different orientations of each species, contrary
to the “long-"wavelength regime illustrated in Figure 4. This is §
due to the fact that the permanent dipole moment of these*
heteronuclear species is ineffective when the radiation frequency
is high compared to the nuclear motion, as is the case with a
simple 1064 nm wavelength excitation. Compared to Figure 4
for the longer wavelengths (G010.6+ 5.3 um), we note that

at the shorter wavelengths (YAG, 1064532 nm), Figure 9,

the forward/backward ratio is now,/P- > 1. This is a
completereversal of the long-wavelength (C£) results where
P+/P- < 1. We have added in Figure 9b, tRe/P_ dissociation
probabilities for the¢p = n/2 case where the field is now
periodically symmetric (Figure 2b) but is locally asymmetric
about each maxima/minima. In this case, the forward/backward
ratio is P+/P— < 1 with a maximum asymmetr./P_ = 10
aroundlg = 4 x 10" W/cn¥, i.e. the complete reverse of the

¢ = 0 case. When compared to the £f@avelength excitation,
Figures 4 and 5, we see again complete reversal of the
asymmetry in going from low frequency (GOto higher
frequency (YAG) in bothp = 0 andn/2 cases.

Like Figures 6 and 8, Figure 10 illustrates the logarithm of
the electron density integrated over all nuclear positions (i.e.
In[/|W(zR1)|? dR]) at different times during the dissociative
ionization. These exact non-Ber®ppenheimer electron dis-
tributions show clearly the laser-induced localization of the
electron on the backward proton € 0), while the molecular
ion dissociates at = 0 (Figure 10a) and on the forward proton
(z > 0), while it dissociates ap = 7/2 (Figure 10b). Again,
ionization bursts occur when the dissociating molecular ion
reaches the critical distané®~ R; = 8 au, asymmetrically in
the¢ = 0 case and symmetrically in the= 7/2 case. This is
in agreement with the ratio of the maxima and minima of the
net electric field for thep = 0 and¢ = /2 cases, as shown in
Figure 2b.

The nonlinear photoelectron spectra, called ATI spectra, for
the Ayac excitation are illustrated in Figures 11 and 12 gor
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Figure 11. ATI spectra calculated for (a)#, (b) HD", (c) HT*, and

(d) Dot in a 100 fs laser pulse with = 1064+ 532 nm,¢ = 0, f =

0.5, andlo = 4.4 x 108 W/cn?. The two last figures show the spectra
obtained for the same laser parameters but using different initial
vibrational statesi) of Hz*: (e)vo = 1; (f) Franck-Condon projection
from the vibrational ground state’ (= 0) of H, (neutral). On these
figures, both théorward andbackwardionization channels are shown.

enhanced ionization. D being the heaviest molecule, it indeed

0 and¢ = n/2, respectively. We have included the results for
D," in order to demonstrate the effect of nuclear time scales.
In subfigures a&d of both Figures 11 and 12, the molecule was
initialized in the vibrational eigenstate corresponding te 5.

spends more time in the critical region, néar R, and thus
undergoes more ionization. Tlge= x/2 case does not show
such a regularity. This is probably due to the fact that ionization,
in the ¢ = 71/2 case, happens equally at both extrema of the

In Figure 11, we have added the electron spectra obtained byfield and on a longer time scale than in the= 0 case, where

initializing Hzt in v 1 (e) and in a superposition of
eigenstates (f) corresponding to the Fran€london projection
from the ground statev(= 0) of Hp(neutral). Even though the
vertical projection from H(»=0) mostly populates the = 1,
2, and 3 vibrational levels of #,34 we see by comparing Figure
11a,e,f that ionization in the FraneikCondon case (f) is much
closer tovg = 5 (@) than tovg = 1. Thus for¢ = 0 the

the ionization mostly happens at the top of the sharp positive
maxima of the field (Figure 2b).

The low-energy proton spectra, illustrated in Figures 13 and
14 for ¢ = 0 and ¢ = n/2, respectively, are called above
threshold dissociation spectra, ATD, as those correspond to
nonlinear, multiphotonic dissociation into the repulsive, 1
molecular staté! It is remarkable that in th¢ = 0 case (Figure

experimental measured electron signal would be mainly forward 13), the forward subchannel in the ATD spectra becomes less

(Figure 11), whereas gt= 7/2 this is mainly backward (Figure
12). The ionization asymmetry is even higher for the most
energetic electrons. In fact, if one takes only into account

important as the reduced mass of the molecular ion gets higher,
while the backward component in the ATD spectra remains
essentially the same. This is a clear indication that, ingtle

electrons with a kinetic energy higher than eight photons, the 0 case, the ionization depopulates thevard ATD subchannel

P+/Pio. ionization ratio becomes 0.37, 0.22, 0.18, and 0.11 for
H,™, DHT, TH*, and ", respectively, wheg = 7/2. This is

in agreement with experiments by Rottke et‘aFigure 11
showsno isotope effect on the ionization asymmetry. In the

preferentially. The combination of this preferential ionization
and of the isotopic dependence of the total ionization rates
(Figure 11) indicate a clear isotopic effect in the coupling of
the ATl and ATD processes when the relative phase of the two

= 0 case, only the total ionization rate is affected and the highestharmonics in the laser field are set#c= 0. When the relative

signal is obtained for the molecular ion with the highest reduced

phase is set t¢ = /2, the total ionization varies much less

mass, DT. This is seen as a consequence of charge resonanceegularly with the reduced mass of the molecular ion, as shown
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Figure 12. Similar to Figure 11, but withp = 7/2 andlo = 5.0 x

108 W/cn?.

in Figure 12, and consequently the ATD spectra (Figure 14)

cannot be interpreted simply.

Finally in Tables 1 and 2, we compare the effect of ionization

on the ATD spectra of bt at various intensities in the 1064
532 nm (YAG) regime, as given by the complete, non-Bern
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Oppenheimer dissociative-ionization calculations. The tables
contain the respective populations and asymmetry in the ATI
and ATD channels calculated at the end of each pulse. In the
last column is displayed the asymmetry in the ATD channel
given by the two-surface calculations (iratincluding ioniza-
tion). We see from these tables that, for'tHthe asymmetry in
the ATD channel given by the two-surface calculations remains
very close to the asymmetries given by the complete dissocia-
tive-ionization calculations, up to intensitieslgt= 4.4 x 1013
Wi/cn? for ¢ = 0 andlg = 7.7 x 10 W/cn? for ¢ = /2.
Previous coherent-control calculati§hen possible isotope
separation of photodissociating fragments of HBith CO,
pulses described by eq 3 were limited to two-surface calculations
similar to those shown in Figures 4 and 5. In Figures 6 and 8
we have illustrated foico, and both¢ = 0 and¢ = x/2 that,
atlo=5 x 10 W/cn¥, ionization occurs with a probabilitly;
< 10%. Thus, under such intensity conditions, one can surmise
that a two-surface model would be inadequate because of the
effect of ionization. Nevertheless, Tables 1 and 2 show that total
ionization of more than 10% occurs for intensities> 4 x
10" W/cn?¥ for A = 1064+ 532 nm excitation. We conclude
that ionization will be negligible and two-surface models should
be adequate for intensities < 4 x 10 W/cn? for both Aco,
andAyac in combination with their second harmonics.

4. Discussion and Conclusion

We have presented in the previous sections numerical results
for non-Born-Oppenheimer TDSE simulations of dissociative
ionization for the isotopomers#4, HD*, and HT" using a two-
color coherent control scheme described by the field eq 3. The
numerical results illustrate the importance of time scales in the
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Figure 13. ATD spectra corresponding to the results shown in Figurepl Q). Both theforward andbackwarddissociation channels are shown.
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TABLE 1: Populations and Asymmetry in the ATI and

ATD Channels for H,™ and the Laser Pulse Parameters (See

Equation 3), for ¢ = 0, 4 = 1064+ 532 nm,f = 0.5, and

Various | Values?

ionization (ATI)

(2p* + e channel)

dissociation (AT

D)

(H + p* channel)

P./(P+ + P_) P4/(Ps+P-)

lo (W/cn?) total P4/(Ps++ P-) total (ion.) (ion.)

4.4x 108 0.11 0.77 0.86 0.75 0.74
6.0 x 10 0.46 0.80 0.52 0.40 0.22
1.0x 108 0.85 0.76 0.12 0.77 0.23

for the low CQ frequency, electrons follow the fieldsliabati-
cally; i.e. electron transfer occurs in the opposite direction of
the field sign, thus shielding the protons and creating dissociation
asymmetries. Thus, in the case of tHDH™, and TH" aligned
with the field, the main dissociation products (Figure—43

are predicted to be H D, and T' in the backward direction
for the ¢ = 0 field configuration. This is due to the longer
negative field amplitude at = 0 which transfers the electron

to the right nucleusz(> 0). As the intensity increases, this effect
diminishes and the more intense but shorter positive field
amplitude begins to act and diminishes the asymmetry. In the

@ For the dissociation channel, the results of the complete calculations ¢y = 7/2 field configuration, where the field is globally

(with ior_lization) are cpm_pan_ad to the results of the strictly dissociative symmetric, one would expect no asymmetry to occur in the
calculations (with no ionization).

TABLE 2: Results Similar to Those in Table 1, but for ¢ =
#/2 and Different Intensities

ionization (ATI)

(2p" + e channel)

dissociation (AT
(H + p* channe

D)
)

P./(Ps + P_) P(P:+P.)

lo (W/cn?) total P4/(Ps++ P-) total (ion.) (ion.)

4.0x 10 0.08 0.37 0.74 0.09 0.08
5.8x 10 0.35 0.38 0.64 0.24 0.27
7.7x 108 0.71 0.35 0.28 0.54 0.55
8.0x 10 0.64 0.25 0.34 0.62 0.54

dissociative-ionization process. Thus, with £l&8ser excitation

photodissociation. The largest asymmetry nevertheless occurs,
leading to D" and T* forward products (Figure 5d,e), contrary

to the¢ = 0 results discussed above. As shown in Figure 6,
this is due to localization of the electron on the left nucleus (

< 0) even in the presence of ionization, resulting in a large
forward proton asymmetry in # (see Figure 4a). The slower
dissociation of HD and HT" into H + D* and H+ T+ (as
opposed to DA and TH' into D + H' and T+ H™) where

the latter have larger dipole moments (see Figure 3) enhances
the electron transfer to the left nucleus, especially at larger
internuclear distances where the electron-transfer rate decreases.
Thus, Figures 4 and 5 show that the dipole moments of the
isotopomers HD and HT" act in opposite direction in the phase

in combination with its second harmonic, the two important time configurationg = 0 and¢ = 71/2. At ¢ = 0, less dissociation

scales are the laser peritg, = 35 fs as compared to the proton

into H + D™ and H+ T* occurs, leading to preferential

time scalet, = 15 fs. In this case the proton motion is faster emission of D" and T" in the backward direction because of
than the laser period, thus allowing the proton to sample more the smaller dipole moments, whereasgat /2, this slower
efficiently the field structure illustrated in Figure 2b. As a result dissociation enhances the electron transfer and results in more
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D* and T" production in the forward direction. The dissociation as for CQ excitation. In this case, electrons and nuclei respond
results shown in Figure 8, and the electron density evolution to a slowly varying quasistatic field and the dissociation can
shown in Figure 8 fowp = 71/2 suggest it is the positive field  be explained using quasistatic models of electron transfer and
amplitude which dominates the electron and nuclear dynamics; dissociation bybarrier suppression In this regime, dipole

i.e. even though the change from the negatives(0) to positive moments influence strongly the dissociative process, especially
(E > 0) field amplitude is rapid, because of the slow field period at intensitieslo < 2 x 10 W/cn? and pulse lengths shorter
(tco2 > tp), the electrons and nuclei adjust rapidly éatiabati- than 100 fs, where ionization is negligible. In this intensity
cally) to this field change. This adiabatic response of electrons regime, H production dominates for the DHand TH"

and nuclei to the slower time-dependent field configurations molecular orientations &t = 0 (Figure 4), whereas Dand T+
illustrated in Figure 2b allows for a quasistatic interpretation are dominant products at= xz/2 (Figure 6) for HD" and HT"

of the dissociation of the isotopomers in the low-frequency CO orientations. Higher intensities than10' W/cm? and longer

case. pulses lead to loss of isotope selectivity due to competition
As the field frequency is increased leading to shorter laser between ionization and dissociation.

periods, the results in Figures-94 show a complete reversal At 1 = 1063+ 532 nm excitation, the laser peridghg =

of the dissociative ionization asymmetries. Thus,fer 1064 3.5 fs is now faster than proton motiom, (= 15 fs). On

nm, tyac = 3. 5fs, and one is in the fast field regimeac < dissociation, because of the decrease of the electron-transfer rate

tp, and one no longer expects the electrand protons to follow at larger distances, one entersyanadiabaticregime. Thus,
the field. This reversal of asymmetries is clearly seen in the electron localization on one nucleus is enhanced by large
electron probability evolution illustrated in Figure 10, where at variations of the field amplitude. Although dipole moments have

¢ = 0 the electron is localized mainly on the left nuclems<( little influence on the dissociative-ionization dynamics, the
0) and atp = a/2 it is mainly on the right nucleusz (> 0). nuclear time scales now control the asymmetry of the dissocia-
Thus, now, contrary to the CQ@ase (Figures 6 and 8), at= tion. Hyt with the fastest nuclear time scale allows for the

0 the electron responds to the positive field amplitude and dissociating nuclei to reach more quickly the larger distances
conversely, atp = n/2, the electron behavior is dominated by at which the electron-transfer rates are slower. This increases
the negative field and is consequently transferred to the right electron nonadiabatic effects resulting in stronger localization
nucleus. This contrary response as compared to the low-of the electrons. It is at these larger distances, approaching the
frequency and longer period G@ser regime can be explained critical distanceR; for charge resonance enhanced ionization,
in terms of thenonadiabaticelectron transfer induced by the that we have shown previously that ionization can be best
faster YAG laser field. As shown previously, any two-level controlled by phase variations of the+ 2w field combination
system in a time-dependent field, i.e. with the timas the described by eq .

evolution parameter, can be described as a nonadiabatic system
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