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Abstract

Numerical solutions of the time-dependent Schroedinger equation of the two molecglean#i H, allow for
nonperturbative calculations of ionization rates in short intense laser pulses ps,| = 10™* W/cn?). It is shown that the
coherent superposition of two pulses of frequeacynd 2o results in optimal control of the ionization process at critical
internuclear distancd®, where charge resonance enhanced ionization (CREI) occurs. The implications of CREI are discussec
for laser control of ionization in mass spectrometry. (Int J Mass Spectrom 192 (1999) 379-386) © 1999 Elsevier Science B.V
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1. Introduction nuclear degrees of freedom [5]. Thus using the
dressed molecule picture it was predicted earlier that
The advent of shortr(< 1 ps), intensel(> 10** new laser-induced bound states could be created by

Wi/cn?) laser pulses has led to investigations of the laser induced avoided crossings between molecular
regime of nonlinear, nonperturbative laser—-matter in- states below ionization thresholds [5—8]. These states
teraction. The atomic case is now well documented in have now been experimentally confirmed [9]. With
a recent review [1] that emphasizes the discovery of current high intensities approaching the atomic unit of
new nonlinear multiphoton process such as above field (¢, = e’/a3 = 5 x 10° V/cm) and the corre-
threshold ionization (ATI) and high order harmonic sponding intensity I = c€38w =3 x 10'%°
generation. Much of the physics of atom-laser inter- W/cn¥), ionization is a dominant process. It has been
action in the high intensity, low frequency regime can shown recently by three-dimensional (3D) numerical
be readily understood in terms of a quasistatic model simulations that intense laser-field ionization of a
and plasma physics concepts [2—4]. molecular ion is dramatically different from an atomic
The behaviour of molecules in intense laser fields system. Thus in both the one-electron molecular ions
offers a new challenge due to the presence of the H; [10,11] and H* [12] for which the first accurate
full quantum 3D Born-Oppenheimer ionization rate
calculations have been performed for linearly polar-
* Corresponding author. E-mail: andre.bandrauk@courrier. 12€d light parallel to the linear molecular orientation,
uscherb.ca it was found that ionization rates exceed that of the H
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atoms by at least one order of magnitude and reach afor the combination of two coherent laser fields with
maximum at critical distancB, for linear molecules controllable relative intensity and phase between
and also at critical angle8; for nonlinear systems them. Such an approach has triggered a new area of
[13]. This laser-induced molecular enhancement of research, coherent control of photochemical and pho-
ionization rates can be attributed to overbarrier ion- tophysical processes [22] following the pioneering
ization of the lowest unoccupied molecular orbital work of Brumer and Shapiro [23]. In the present work
(LUMO) that is populated and displaced upwards by we will emphasize the use of symmetry breaking
the Stark effect of the instantaneous laser ftelat its excitation schemes with photons of frequeneynd
peak. Thus, the quasistatic field model, as earlier 2w and variable relative phasg for which we have
suggested by Codling et al. [14] can be used to previously shown how to control electron transfer
rationalize molecular ionization rates and this has (ET) in photodissociating diatomics [24] and more
been confirmed now by many numerical simulations general ET processes in complex molecules [25].
in the Born-Oppenheimer approximation (fixed nu- Thus as illustrated in Fig. 1, varying the relative phase
clei) [10-13], [15] and the first exact non-Born- ¢ and relative field amplitudé in the general two
Oppenheimer calculations with moving nuclei field coherent superposition

[16,17]. We have derived in previous work analytic
expressions for the critical distand®, = 4/, in H;
[18] and R, = 5/I, in H5" [19] based on a CREI  creates a periodic asymmetric field with maximum
model Wherelp is the ionization potential of the asymmetry occurring for the parametérs 0.5 and
neutral atom, and have shown it to be relatively ¢ = 0. The maximum field amplitude ap = O is
independent of nuclear charge and field strength then%, = €, (1 + f) corresponding to a maximum
around intensitie$ = 10™* W/cn¥. We have called  intensityl, = I, (1 + f)2 The minimum amplitude
this ionization enhancement effect charge resonancejs ¢ = €o (1 — f) with intensity | _ = 1, (1 —
enhanced ionization (CREI) as it depends on a fun- )2, We have already previously shown that such a
damental molecular spectroscopic phenomenon, periodic asymmetric field (we used= 0.25), will
charge resonance (CR) transitions. Thus as early aslead to selective ionization at the CREI critical con-
1939, Mulliken emphasized the existence of CR figurationsR, for high intensities] = 10** W/cn?,
electronic transitions which are responsible for in- from one atom or the other, inJHand nonsymmetric
tense molecular spectra and these have no counterparH2* [26]. We examine in the present work in more
in the atomic case [20]. It is these CR transitions detail the feasibility of controlling ionization in mol-
which are responsible for large nonperturbative mol- ecules with coherent superposition of short intense
ecule-radiation couplings leading to laser-induced |aser pulses. In particular, we will examine the depen-
avoided crossings between molecular potentials at dence of this control on the internuclear distafce
moderate intensities [5] and to CREI at current high addition to discussing the possible application of such
intensities [10-13,18,19]. As an example, fof Hhe laser control of molecular ionization in the current
first transition momengloy|r|lo,) = R/2, leadsto  field of laser mass spectrometry [27].

a radiative couplingé,R/2 between these two mo

lecular orbitals in the presence of a field of maximum

€(t) = €y [coswt + f cos(Rut + ¢)] (1)

amplitude €,. This coupling displaces theo], or 2. Numerical method

LUMO above the internal field- coulomb static

barriers forR < R,. For R > R, the LUMO is lonization rates are obtained following our previ-
trapped below the barriers thus inhibiting the ioniza- ous work by integrating numerically the time-depen-
tion (see [21] for a review of CREI). dent Schroedinger equation (TDSE) on a numerical

The purpose of this work is to extend our previous grid with absorbing boundaries for fixed nuclei, i.e. in
studies of CREI in linear diatomic molecular systems the Born-Oppenheimer approximation [10—13]. As an
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Fig. 1. Total field€(t), Eq. (1); (a) ratio of maximurf€_, and minimunfé_ amplitudes; (b) profile as a function of phasefor ¢ = 0,f =
0.5 parameters.
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example, we study first theHmolecular ion with its é(t) is set parallel to the, R axis, with a five-cycle
molecular orientation parallel to the polarization axis ramp time, where it is kept constant during the
of a linearly polarizedwv—2w laser field combination  simulation. An absorbing potential along the electron
with the total electric field described by Eq. (1) with z direction is used during the propagation of the
relative phasep and relative amplitudé. We choose ~ TDSE(2) by high order split-operator methods [28] to
two values off, 0.25 and 0.5with corresponding  prevent reflection of wave functions at the grid edge.
intensitiesl, = 0.64 and0.44 x 10** W/cn?. The The grid size is chosen to be such that= 512 a.u.
net maximum field intensityl, = I, (1 + f)? is (270 A). The ionization rate¥ at different internu-
then equal to X 10" W/cn? in both cases. Such a clear distance® are obtained from the linear time-
choice of intensities is motivated by the fact that one dependent decrease of the logarithm of the wave
expects ionization to occur at the peak of the fields function norm N(t = 0) = 1] due to the absorption
based upon quasistatic models of multiphoton ioniza- Without.reflection after integrating over the electronic
tion for atoms [2—4], and for molecules [14,15,18,19]. Z coordinate,

Thus the above choice of field parameters results in

equal maximum intensitie$, = 10** Wicn?, for In N(t) = —T't, N(t) = f |W(z, R t)|?dz  (4)
both values of and we shall explore next the phase

sensitivity of such a coherent superposition of fields.
We limit ourselves to the wavelength= 1064 nm as

in our previous phase control study of molecular
ionization [26].

We limit ourselves to one-dimensional (1D) mod-
els for one electron i and two-electron b mole-
cules. In both cases, we use softened coulomb poten-
tials to remove coulomb singularities [12] allowing us
to use efficient split-operator methods [28] to solve
the TDSE in the presence of intense laser pulses. For

3. Results

lonization rates calculated from the TDSE for the
1D H; one electron molecular ion as described in
Sec. 2 are illustrated in Fig. 2 for the two phases: (a)
¢ = 0and (b)¢ = w/2. The relative amplitude ratios
f are chosen to be (&)= 0.25 forl, (10" W/cn?) =
0.64 and (b)f = 0.5 for I, (10" W/cn?) = 0.44.
N ) These parameters give a net maximum peak intensity
Hz this is written as, (we seb =m=e =1 for (see Fig. 1) of . = 10 Wi/cn? for both intensities
atomic units), I, Where maximum ionization is expected to occur.
o The minimum peak intensitids. = I, (1 — f)? can
v (z,R 1) be also obtained from Fig. 1 and these are (a)>3.6
10" W/en? and (b) 1.1x 10" W/cn?, respectively.
19? Fig. 2(a) shows the stability of the CREI critical
- ( T Ve(z R+ Z%(t))qf(z’ RY 2) distanceR, to the two different values of = 0.25

207
. ) o and 0.5 for thew and 2v amplitude ratios at the phase
where ¥ is the electronic wave functiorg is the & = 0. This is consistent with the finding th&, =

electronic coordinateR the internuclear distance 411, = 6 a.u. as predicted from the CREI theory

Viz, R) = —[c+ (z+ RI2)2 2 3) prediction [16,19] [nptetp(H) = 0;67§1.u. forc =1

in V., Eqg. (3)]. This theory which is based upon
is the softened coulomb potential ati¢t) is the laser displacement of the LUMO (&, in H5) by the CR
pulse defined in Eq. (1). Choosimg= 1 resultsina  transition energyé, R/2 or equivalently the static
1D singular free coulomb potential which generally Stark shift of the LUMO predict®&, values indepen
gives good agreement for the ionization potential of dent of intensity as a result of the nearly equal shift of
the molecular ion with the more accurate 3D calcula- the LUMO energy and the total internal static field
tion [11,12]. The linearly polarized external laser field barrier resulting from the peak laser fieldg,,
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Fig. 2. (a) lonization rates of H at A = 1064 nm for field
parametergp = 0 and (a)f = 0.25,I, = 0.64; (b)f = 0.5,1, =
0.44 (16*Wi/cn). (b) lonization rates of Bl atA = 1064 nm for
field parametersp = ©/2 and (a)f = 0.25,1, = 0.64; (b)f =
0.5,1, = 0.44 (16* W/cn?).

interaction added to the nuclear coulomb potentjal
Fig. 2(a) indicates therefore that the ionization occurs
mainly at the peak of the field and is controlled by
maximum static fields or intensitiels,= 10** W/cn?
in the present case. Fig. 2(b) illustrates the ionization
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rates obtained for the same field combinations as in
Fig. 2(a) but now with the relative phask = /2.
Such a coherent field superposition gives a symmetric
periodic field with equal maxima and minima corre-
sponding to field amplitude (1éL) atf = 0.25 and
(1.3¢p) atf = 0.5. The first field value (a) = 0.25
with intensityl, = 0.64 X 10 W/cn? gives a net
maximum intensity , = 8 X 10 W/cn? resulting
in a similar maximum ionization rate for the sarhe
parameter in Fig. 2(a). The second value,f(5) 0.5
gives the total field (18,) and sincel, = 0.44 X
10 W/cn? this gives a slightly lower net intensity of
| = 7 X 10" W/cn?. The lower ionization rate and
a somewhat broader CREI window occurring between
6 and 9 a.u. for the latter is due therefore to the
smaller net intensity. In conclusion Fig. 2(a) shows
that the field superposition with relative phagse= 0
maintains the CREI critical distané®, stable at 7 a.u.
with a window 6 < R, < 8 a.u., as this is the field
superposition with maximum difference between the
high and low fields (see Fig. 1). We call this the
optimal coherent superposition of theand 2 laser
fields. Fig. 3 illustrates in more detail the phase
sensitivity of the 1D H ionization rates at three
different internuclear distances (8 = 4 a.u.; (b)
R = 6 a.u.; (c)R = 10 a.u.. Thd andl, parameters
are again chosen to give the same net maximum
intensityl = 10** W/cn? as in Fig. 2(a) for combi
nations giving rise to rates (a) and (b) in each figure.
Comparing Fig. 3(a), (b), (c), one notes that one
obtains maximum phase sensitivity in the ionization
rates to changes in the relative field phasaround
the critical distancdR. = 6 a.u. Thus at the shorter
distance, Fig. 3(a)R = 4 a.u., the ionization rates
vary by a maximum factor of3 when comparing the
phase results around2 ands. At the large distance,
R = 10 a.u., Fig. 3(c), this ratio never exceeds 2.
These two internuclear distances correspond to ion-
ization where the CREI mechanism is weakest (see
Figs. 2 and 3). Finally, in the CREI region, Fig. 3(b),
R = 6 a.u., one obtains maximum ionization ratios of
nearly one order of magnitude.

The ionization rates at the short distan&e= 4
a.u., show broad minima and maxima aroufic=
7/2 and ¢ = 0, mr, respectively. Similar results are
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Fig. 3. lonization rates for HatA = 1064 nm as a function of field parametgrandl, = 10** W/cn? for internuclear distances. (& =
4 a.u.; (bR =6 a.u.; (c)R =10 a.u.

obtained at distanceR, Fig. 3(c), greater than the

CREI region. Fig. 3(b) shows that the highest sensi- ionization rates in B occurs for the relativeb = 0 or
tivity occurs for phasesh = 0 or = and amplitude

ratios f =

0.5, curve (b) with 1, = 0.44 (16*

Wi/cn?), as seen by the narrow peak aroupid= .

7 and amplitude ratid =
scenarios. Thus for this optimal pulse condition, most

efficient ionization occurs in the CREI regidR, = 6
The ionization rates illustrated in Figs. 2 and 3 and the a.u., as one obtains in this case the largest ionization

optimal coherent field superposition for controlling

above discussion lead to the conclusion that the rates and largest variations of these wjth

0.5 in w and 2v control
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We illustrate finally in Fig. 4 the effect of electron
correlation on the phase sensitivity of calculated
ionization rates of the 1D two electron moleculg. H
As shown in our previous work on J [29], at
intensities below 18 W/cn? only one electron ion
ization was obtained from numerical solutions of the
corresponding TDSE. In Sec. 2 we concluded that
one-electron ionization rates are most sensitive to
coherent field phase effects in the CREI region and for
the optimalw + 2w field superposition = 0 and
f = 0.5. Fig. 4 illustrates the effect of two different
phases¢ = 7/2 and 0 on the ionization rate of,ts
a function of internuclear distance for the above
optimal field superposition. Thus &t = 0, the max-
imum net intensity is given by = 10** Wi/cn?
whereas ath = 7/2, this maximum intensity falls to
7 X 10" W/cn? which explains the lower ionization
rate for this case seen in Fig. 4. For tlde= 0
superposition, one obtains maximum sensitivity as
manifested by the higher narrower CREI window for
4 < R< 8 au.

E(t)=€[cos(wt)+0.25cos(2nt+)]
6 4 .'v H, 1D
$a N I, =0.64x10™W/cm?
: A =1064 nm
5 .
) .
© 4 )
T 4, e
2 [ ] .
] - E
c : -
‘% 37 - g "\ o ¢°0
N ~
5 /f/ \- [}
2 =90 N
[ u N °
| §
14 N :
b - L ]
0 T T T
4 6 8 10
R (a.u.)

Fig. 4. lonization rates for Hlat A = 1064 nm as a function of
internuclear distance ath = 0 and 90 andl, = 4.4 X 10*°
Wicn? (I, = cé3/8m).
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4. Conclusion

We have presented highly accurate numerical so-
lutions of the TDSE for the one electror; Hand two
electron H molecules in order to investigate possible
phase control of ionization in molecules. The present
results show that maximum control is achieved for the
optimal coherent field superposition ef + 2w fre-
guencies at relative phage= 0 and relative ampli-
tude ratiof = €,,/€, = 0.5. This can be readily
rationalized from Fig. 1 where it is shown that such
parameters give a maximum difference between high
€. and lowé_ field components of this superpesi
tion. The numerical results further show that maxi-
mum control is obtained in the CREI region, which
occurs at critical internuclear distanc&s for di-
atomic [18,19] and configurationB,, 6. for poly-
atomics [13]. We have already shown that foj H
[26], ionization occurs mainly from one atom in the
CREIl region, i.e. the ionization process is localised on
one nucleus in this critical region. Furthermdétghas
been shown earlier to be independent of intensity and
charge [18,19,21].

Two issues need to be addressed further in order to
see whether such laser control of ionization can
become useful to laser induced mass spectrometry.
The present simulations were performed for static
nuclei. We have now extended our numerical method
to include nuclear motion in order to simulate real
dynamic coulomb explosions [16,17] with applica-
tions to laser coulomb explosion imaging (LCEI)
[30]. The present static nuclei calculations demon-
strate that one should use pulses sufficiently long for
the nuclei to reach the critical CREI configurations.
Exact dynamic non Born-Oppenheimer calculations
will be required to see if the maximum control
conditions will remain operative in a real dynamic
coulomb explosion experiments. Finally, one can
envisage pump—probe experiments, where one ini-
tially prepares a molecule into the CREI [11-13]
configuration and then one uses thet 2w coherent
laser pulse superposition to achieve molecular frag-
mentation by high intensity multiphoton ionization
and coulomb explosion. As shown previously, it is the
CREI region where the ionization process is localised
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to one nucleus [26]. Further simulations and new

experiments are therefore required to answer the
above questions and thus to establish the present
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