Chapter 2

Enhanced Ionization of Molecules in Intense
Laser Fields

Andre D Bandrauk and Francois Légaré

Abstract Molecules exposed to intense ultrashort laser pulses undergo rapid
ionization at critical large internuclear distances requiring nonperturbative models
to explain the highly nonlinear nonperturbative response. Simple quasistatic models
allow for the prediction of these critical internuclear distances. It is shown that the
mechanism for enhanced ionization is due to overbarrier ionization of the Stark-
shifted LUMO (lowest unoccupied molecular orbital) in both symmetric diatomic
and triatomic molecules. In nonsymmetric molecules, permanent dipole moments
contribute to the strong Stark-shifts of electron orbitals and enhanced ionization
occurs through resonances of the HOMO (highest occupied molecular orbital)
and LUMO, corresponding to charge transfer. Double ionization is also enhanced
at certain critical distances but involves considerable excitations of intermediate
electronic states.

2.1 Introduction

Advances in current laser technology are providing new tools for experimentalists
and challenges for theorists to explore a new regime of light-matter interaction,
the nonlinear nonperturbative interaction of atoms and molecules with intense
(I > 10T"*W/cm?) few-cycle laser pulses. Much of the earlier experimental and
theoretical work in this new nonperturbative regime of radiation—atom interaction
in atomic systems has been summarized by Brabec and Krausz [1], Corkum and
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Krausz [2]. Thus in the atomic case new nonperturbative optical phenomena have
been found such as above-threshold ionization (ATI), [1], tunnelling ionization
predicted as early as 1980 [3—-5] and is the basis of recollision physics [6] which has
been confirmed experimentally recently [7]. Another important nonlinear process,
high-order harmonic generation (HHG), is the current most convenient source of
attosecond (1 asec = 107'%s) pulses [8]. This rapid development of ultrashort
intense laser pulses allows nowadays for shaping and focussing such pulses to
higher intensities creating electric fields E greater than the atomic unit, a.u.,
Ey = 5 x 10°Vem™! at the 1s orbit radius ag = 0.0529nm of the H atom.
This corresponds to an a.u. of intensity /o = cE3/8n = 3.54 x 1011, = cE}/
87 = 3.54 x 10'®W/cm?. Such pulses can be compressed to times of several
femtoseconds (1fs = 107!%s), thus creating radiative coherences that are shorter
than molecular nonradiative (radiationless) relaxation times [9, 10]. The Schwinger
limit, 10%° W/cm?, is the limit of instability of matter by tunneling from the vacuum
itself thus creating electron—positron pairs [11], and electron—positron pairs can now
be created from vacuum.at smaller intensities, / ~ 102 W/cm? [12].

Whereas at the end of the twentieth century the focus was on femtosecond (fs)
photochemistry and photophysics culminating with a Nobel prize to A. H. Zewail
(Caltech) for “femto chemistry” [13], a major effort is now underway to develop
single attosecond (asec) optical pulses based on the nonperturbative physics of HHG
in atoms [8] and molecular high order harmonic generation (MHOHG) in molecules
[14]. These new asec pulses presage the control of electron motion in molecules, the
“Holy Grail” of many atomic and molecular sciences from chemistry to biology to
material sciences [15-17].

The intensities discussed in this chapter, 10'* < I < 10" W/cm? correspond
to fields approaching the internal Coulomb potentials V4 or corresponding elec-
tric fields Ep (Table2.1) in atoms and molecules, thus introducing considerable
distortions of intermolecular potentials. Using a dressed photon state representation,
such strong radiatively induced distortions create, laser induced molecular potentials
(LIMP’S), leading to “bond-softening” via laser-induced avoided crossings of
molecular potentials [18, 19]. At these high intensities, one needs to consider
further ionization and above-threshold dissociation (ATD), the equivalence of ATI
in atoms. Furthermore, the quasistatic picture of atomic tunneling ionization [3,5,6]
needs to be modified in view of the multi-centre nature of electron potentials
in molecules and the presence of large radiative transition moments, originally
described by Mulliken [20] as charge resonance (CR) transitions [18, 19]. One of
the fundamental differences between intense field ionization of atoms and molecules
is “enhanced ionization” which occurs at critical internuclear distances R, greater
than equilibrium distances R, for molecules exposed to intense laser pulses [21—
24]. Quasistatic models of enhanced ionization have been successful in predicting
values of R.. The main tenet of this model, which differs fundamentally from
quasistatic atomic ionization, is that laser-induced charge resonance (CR) effects
localize temporarily the electron by charge transfer [22-24] due to the presence of
large electronic transition moments in molecules resulting in adiabatic electronic
charge transfer across the whole length of a molecule.
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Table 2.1 Atomic units (¢ = A = m, = 1; ¢ = 137.036)
Potential energy ~ V = e?/ap = 1 Hartree = 27.2eV

Electric field Ey=-e/al=514x10°Vem™!

Intensity Iy = cEZ /87 = 3.54 x 10" W em™2

Distance ap = 0.0529 nm

Velocity vy =2.19 x 108 cms™!

Time to = ag/v, = 24.2 X 107185 = 24.2 attoseconds

te = h/myc? = 1.29 x 1072' s = 1.29 yoctoseconds

2.2 Quasistatic Models: Diatomic One-Electron Systems
in Strong Fields

The first simple analytic formulae for atomic multiphoton ionization beyond usual
perturbation (Fermi Golden Rule) theory were obtained by Keldysh [3] who showed
that a parameter y, today called the Keldysh parameter [25,26], allows to separate
the perturbative multiphoton regime from the nonperturbative quasistatic tunnelling
regime. This parameter is obtained from the low frequency limit of the transition
probability from an initial bound state to a Volkov state, the state of a free electron
“dressed” by a laser field [25]. This is essentially a time-dependent distorted wave
born approximation (DWBA), where the Coulomb potential is retained in the initial
bound state and the laser field only in the final continuum state. The Keldysh
parameter is then defined by

Yy = (Ip/ZUp)l/zs 2.1

where [, is the ionization potential and U, is the ponderomotive energy, U, =
Io/4w?, the average kinetic energy of a free electron in a linearly polarized field
E(t) = Eqcos(wt) and peak intensity Iy = cEZ/87 at frequency . The pondero-
motive energy U, and ponderomotive radius o, are in fact two additional important
parameters in laser-induced electronic processes. Solving the classical equations of
motion in a monochromatic time-dependent field E(t) = Ejcos(wt + ¢) gives in
a.u. (Table2.1)

7= —Egcos(wt + ¢),z(t) = —%[sin(a)t + @) —sing] (2.2)

E
72(t) = ——g[cosqo —cos(wt + @) — wt sin @], (2.3)
1)

where ¢ is the initial laser phase called the CEP (carrier envelope phase) at which
moment an electron is ionized at time f = 0 assuming an initial zero velocity
z(0) = O as in the tunnelling model [4], from which one can estimate initial
ionization rates using a static E field rate [3, 4,25]. Tunneling ionization has now
been detected in atoms from the modulation of the ionized electron density by the
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intense laser field [7]. These classical equations define the ponderomotive radius «,,
and ponderomotive energy U, (in a.u.)

a, = Ep/?, U, = %aia)z = E2/40” (2.4)
The Keldysh parameter y, (2.1) is a ratio of two energies: I, the minimum energy
to ionize the electron and 2U,, the maximum kinetic energy, %ZZ, acquired by a free
electron in the laser field. This simple classical quasistatic model described by (2.2)—
(2.4) where one assumes an electron is ionized with initial zero velocity z(#p) = 0,
the basis of tunnelling ionization models [1, 4], allows us to deduce the laser-
induced dynamics of the electron after ionization. Thus for A = 1,064 nm (0w =
0.043 a.u) and intensity / = 1 x 10" W/ecm? = 3 x 107 3a.u., one obtains a, =
29a.u. = 1.53 nm. This maximum displacement «,, determines the minimum size
of numerical grids [26] and U, determines the corresponding spatio-temporal steps
Ax, At (from uncertainty principle relations) in computations at high intensities.
Equation (2.2) also allows predicting the maximum average kinetic energy to be
%(Z(t))2 = 3U, at CEP phase ¢ = /2 ((cos’ wt) = 1/2, (coswt) = 0). Such
high energies acquired during ionization was observed and explained in microwave
ATI using the simple model of (2.2)—(2.3) [27]. In practice, ionization occurs at
different phases ¢ = wfiy, i.e., at time ¢y, the instant the electron is created in the
field. As we show later, #y, determines the electron trajectories for collision with
neighbouring ions and recollision with the parent ion in both linear and circularly
polarized laser fields. Initial zero velocity, z(f9) = 0 will occur at the instant of
tunnel ionization [4—6]. The model can also be extended to nonzero initial velocity,
z(tp) > 0 as in preionization with X-ray-VUYV pulses [28] and to circularly polarized
light [29].

The quasistatic model allows further for establishing the critical or minimum
field E,, where above-barrier ionization occurs instead of under-barrier tunnelling
ionization [21-24]. This is illustrated in Fig.2.1a for a one-electron atom and
Fig.2.1b for a single valence electron in a diatomic molecule such as H,™, in
the presence of a static electric field E. In the atomic case, where a single
“active” electron is bound by an effective nuclear charge g+, the total potential
along the field polarization, i.e., z-axis, can be written as V(z) = —q/|z| — Ez.
As seen from Fig.2.1a, the electric field distorts the atomic Coulomb potential
thus producing a barrier with a maximum at z,, = (gq/E,)"/? obtained from
dV/0z = 0. Setting V(z,,) = —I,, where [, is the ionization potential, one obtains
the minimum field E,, = [ ]%/ 4q for above-barrier ionization. For hydrogenic
levels, I, = —¢, = g?/2n?, for a level of principal quantum number 7. For such
a level, the minimum electric field E,, for atomic above-barrier ionization is
E.n = ¢*/(2n)*a.u. orintensity I,, = cE2 /87 = c¢q®/(87m(2n)®) a.u. Thus for the
n=1(s)levelof H, I, = ' au., I,, = 1.4 x 10'* W/cm?. For the Th"*’ jon in
itsn = 2 level, I,, = 90°/2'%a.u. = 2.84 x 10> W/cm?. Such superintense fields
are being currently considered in the European ELI (extreme light infrastructure)
project [30]. The theoretical description of super intense field electron ionization
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a) Atomic b) Molecular: A%
En>0 En<0

EmZ

Fig. 2.1 Above barrier ionization in (a) atoms and (b) molecules via Stark-shifted LUMO, &4 (R)
and HOMO, ¢_(R)

requires applying the relativistic Dirac equation to such processes and is becoming
a new active field of research [31-33].

Molecular above-barrier ionization leads to a new concept, CREI (charge
resonance enhanced ionization), for which recent experiments are summarized in
[21]. As illustrated in Fig.2.1b, a molecular electronic potential is a multicenter
potential. Atomic energy levels are transformed into delocalized molecular orbitals,
MO’s, which at large internuclear distance R become linear combinations of atomic
orbitals. In the case of H;’ , the two most important MO’s in low frequency
multiphoton processes are the HOMO, highest occupied MO and LUMO, lowest
unoccupied MO, as these couple radiatively through an electronic transition moment
< HOMO|z|[LUMO >= R/2 [19,20]. In the presence of a static field, the LUMO
is Stark-shifted in energy by +ER/2 whereas the HOMO’s energy is lowered
by —ER/2. Thus, at some critical internuclear distance R. and critical field E,,,
the LUMO, which can be populated nonadiabatically by the field [34, 35], ionizes
directly over the barrier between the two nuclei. This simple quasistatic model was
first proposed by Codling et al. [36-38] neglecting the Stark energies of both HOMO
and LUMO, but rather emphasizing the localization (suppression of the tunnelling)
between the field free wells, (Fig.2.1b). Inclusion of the Stark energy shift of the
LUMO allows for analytical estimates of R. and E,, for above-barrier ionization in
symmetric diatomic molecules [23,39]. Inclusion of static dipole moments such as
in HeH>™ further generalizes the concept of CREI in nonsymmetric molecules [40].

We follow the original 1-D model of one-electron molecular ionization in A,%4%
systems, (Fig.2.2b), where ¢+ is the charge on each nucleus [23,39]. Exact Born—
Oppenheimer (static nuclei) time-dependent Schrodinger, TDSE, simulations of
highly charged diatomic molecular ions exhibit ionization maxima for internuclear
distances 6 < R < 10a.u. at “critical” distances R. for laser polarization parallel
to the internuclear axis. Ionization from MO’s with densities perpendicular to the
intermolecular axis also induces abrupt increase of ionization into atomic plateaus
at R, ~ 8a.u. [40,41]. The necessary conditions for CREI to occur at R, is that the
upper Stark shifted electronic eigenstate energy £+ (R) exceeds the two potential
barriers in Fig. 2.1b, i.e.
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Voul(Rc) = Vm(Rc) = 5+(Rc)7 (25)

where Vj, and V,,; are the inner and outer barriers of field modified the two-center
Coulomb potential at the critical field strength E,,,

VR = oo -4 1B,z (2.6)
15 +2 54
and
e+ (R) =—ql, —q/R+ E,R)/2. 2.7)

E,R/2 is the energy Stark shift of the LUMO (Fig.2.1b), I, is the ionization
potential of the neutral atom and _Tf’ is the electron Coulomb attraction with a
neighbouring ion. Ionization potentials of electrons from the same shell are assumed
to scale as /(ion) = ¢/, for an ion of charge g—1. The potential (2.6) has maxima

at zjp and zoy for E,, < 0 as in Fig. 2.1b which are given by [23],
tou = = (R/2+ B 2 = E,RY/32 2.8)

where £, = |E,|/q.
Solution of the CREI conditions (2.5) by setting e (R.) = Vow(Re) = Vin(Re)
gives [23,39],
R.=4.07/1,, |Ey| =0.1391, (2.9)

Neglecting the Stark-shift of the LUMO gives the value of R. = 3//, and defines
the onset of electron localization due to negligible electron tunnelling between the
potential double wells in the unperturbed field-free molecule [23,24]. Equation (2.8)
shows the importance of the static field E,, in Stark-shifting the LUMO energy to
£+ (R) above the field modified barriers illustrated in (Fig. 2.1b). Nevertheless, the
end result is the surprising independence of R, from field strengths E,, and nuclear
charge g+, thus establishing CREI as a universal intense field nonperturbative
phenomenon [21,34-60]. A simple physical explanation of CREI also emerges from
the quasistatic image, Fig. 2.1b. The ionizing electron in the Stark-shifted LUMO of
energy £+ (R) is initially accelerated by the neighboring ion whereas the electron
in the HOMO, ¢_(R), is initially decelerated by its parent ion as it leaves it, thus
making ionization from the LUMO the dominant mechanism for CREI.
Nonsymmetric molecules such as the one-electron HeH?t [47, 48] present a
different nonlinear nonperturbative response due to the presence of a permanent
dipole moment. This is illustrated in Fig. 2.2a for E,, > 0 and Fig.2.2b for E,, < 0.
Thus, the HOMO is displaced upward (1) to e+(R) by |E,;|R/2 for E,, < O
(Fig.2.2b) and becomes resonant (degenerate) with the LUMO, ¢_(R) which is
shifted downward (] ). Thus, enhanced ionization, EI, can occur by resonance
between these two levels. In the case of the opposite positive field, E,, > 0
(Fig.2.2a), both HOMO and LUMO can never cross, thus suppressing the resonance
and enhanced ionization. This qualitative picture of CREI in symmetric molecules
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a) En>0 b) Em <0

Emz

Fig. 2.2 Enhanced ionization in HeH2t by Stark-shifted e~ (LUMO), e (HOMO)

illustrated in Fig. 2.2 emphasizes the importance of resonances in these molecules
with nonvanishing dipole moment. In fact, an avoided crossing between the HOMO
and LUMO occurs for E,, > 0 (see Fig. 10 in [47]), inducing a new harmonic
generation spectrum at high intensities [48]. Using the similar static Stark-displaced
potential model as in the symmetric diatomic case above, one readily obtains the
critical distance R, for enhanced ionization in nonsymmetric systems [47] to occur
for £, < 0 at

_ (I = L)+ (U1 = L) =4 En|(Z) — 22)11/2.

R
’ 2| En|

(2.10)

where /1 and I, are the ionization potentials of the different heteroatoms with
I, > I, and effective nuclear charges Z;, Z,. Numerical TDSE simulations for
HeH?" where Z; = 2 and Z; = 1 show for this nonsymmetric system dependence
of R. on the CEP phase ¢ of the field strength E,, and charge separation Z,-Z; as
predicted by (2.10). Clearly in this nonsymmetric case, the critical distance R, for
enhanced ionization depends on the CEP, ¢, the field amplitude |E,|, and the I,
difference between the heteroatoms, thus offering the possibility of controlling this
highly nonlinear nonperturbative electron response in nonsymmetric molecules.
The simple one-barrier models of enhanced ionization illustrated in Figs.2.1-2.2
corresponding to quasistatic (electrostatic) models are confirmed by exact 3-D
calculation of ionization rates using time-dependent Schrodinger equations, TDSE’s
for one-electron molecules H,* [41-43] and HeH?™ [47]. In Fig.2.3 we illustrate
the ionization rate for H, ™ as a function of internuclear distance R (a.u.) at intensity
I = 2 x 10"W/cm? for a linearly polarized pulse, wavelength A = 800um
(o, = 0.0567 a.u. 1. = 2.67 fs) pulse duration five cycles. The circularly polarized
pulse is in the (x, y) plane of the molecule perpendicular to the internuclear (z) R
axis. The linearly polarized pulse has its electric field parallel or perpendicular to
the (z) R axis. The parallel linearly polarized pulse results (+) show two maxima
at A = 800 pm with ionization rates ~ 1 x 1013 s71. Since 7, (H(1s)) = 0.5a.u.,
(2.9) predicts R, ~ 8a.u. The first peak at R == 6 a.u. in Fig. 2.3 a.u. corresponds to
a photon resonance at energy ~ 10eV for the ground o, (1s) to excited o, (1s)
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Fig. 2.3 Tonization rates for HyT vs R for (i) I = 10'* W/cm?, linear polarization parallel to
R (z-axis): (a) (plus): A = 800nm; (b) (open triangle): A = 1,064 nm, and (¢) (open circle):
A = 800 nm, perpendicular to R and (ii) I = 2 X 10'* W/cm?, circular polarization in x—y plane,
A = 800 nm: (open diamond)

CR transition in Hy™ [39-42]. Clearly, the region R > 8a.u. is dominated by
atomic transitions for perpendicular linear and circularly (<) polarized pulses which
are constant for large R. For parallel linearly polarized pulses the double CREI
maximum at 8 < R < 10a.u. at A = 800nm (+) becomes a single maximum
at longer wavelength A = 1,064 nm (A) thus eliminating multiphoton resonances
and rendering the static model of (2.8)—(2.9) more rigorous. Thus in Fig.2.3 clear
maxima at R = 6a.u. with ionization rate ~ 10"*s™! and R = 9 — 10a.u. with
rate 2 x 103 s™! correspond to lifetimes of < 100fs with ./',.s = 0.5 + % ~
0.7 —0.6a.u. (~20-16eV’s)

The nonsymmetric HeH>" one-electron molecular system contrary to the sym-
metric Hy™ system is influenced strongly by a permanent dipole moment in the
ground state configuration Het (1s) H* which changes polarity in the first excited
state He™™ H (Is) following charge transfer [47, 48]. The resulting ionization
probabilities are illustrated in Fig.2.4 at intensities / = 10'°, 3 x 10'°, and
5 x 10 W/cm? for CEP’s ¢ = 0 and 7, i.e., for E;,, > 0 and < 0, respectively.
As predicted by (2.10) and illustrated in Fig. 2.2, only for negative field E,, < 0,
¢ = , the HOMO (He*(1s)) and LUMO (H(1s)) cross, resulting in enhanced
jonization at 4 < R, < 6 a.u. for intensities 5 x 10'5 > I > 10'* W/cm?. Such field-
amplitude-dependent ionization rates demonstrate the importance of laser control
of charge transfer, CR, at high intensities in nonsymmetric molecules. Enhanced
ionization predicted theoretically [22—24] has been confirmed experimentally [21],
in diatomics and complex molecules [56]. Furthermore, such a quasistatic model
of Coulomb explosion of clusters [57] suggests that enhanced ionization may be
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Fig. 2.4 HeH?™ ionization probabilities for: fields E(t, ¢) and CEP ¢ = 0 (blue), m (red) at
peak intensities 7/ = 10'%,3 x 10!, and 5 x 10'> W/cm?, as a function of internuclear distance R
with maxima at R, (Reigcal)

a mechanism for laser fusion [58, 59]. In nonsymmetric molecules, the strong
orientation and CEP dependence of enhanced ionization as shown in simulations of
one-electron nonsymmetric molecular systems suggest applications in the control of
ionization of complex molecules [60], in the laser-assisted population inversion in
heavy ion collisions for X-ray laser production [61] and finally in the imprinting of
nanostructures in heteroatomic lattices with ultrashort intense few-cycle pulses [62].
With the extension of the CREI model to one-electron nonlinear molecules such as
H;2*t [63], multi-center systems [64] have predicted this nonlinear nonperturbative
phenomenon to be unique to molecules, i.e., over-barrier ionization results in
complete ionization at critical distances R.. Nuclear motion of H, ™ for which the
vibrational period t,~10 fs has the tendency to “wash out” the double peak structure
of the ionization shown in Fig. 2.3 [65, 66]. Exact non-Born-Oppenheimer simula-
tions of one-dimensional one-electron model systems H, ™ and H3?>* with quantum
moving nuclei show that coherent excitations of the HOMO and LUMO occur
during the nuclear motion at the critical distances R. [67]. Such coherent efforts
during CREI resulting in two-surface electron population dynamics have been
observed recently by asec strobing [68] and modeled successfully with non-Born-
Oppenheimer electron—nuclear TDSE’s [69]. Such non-adiabatic simulations have
shown highly correlated electron-nuclear motion in dissociating H,* [70] resulting
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in multiple ionization bursts on asec time scale due to strong field-modulated
diffraction effects [71] due to laser-induced electron diffraction, LIED [72].

2.3 Double Ionization in Strong Fields

In Sect. 2.2, we have described quasistatic above-barrier simple electron ionization
in one-electron molecules for which analytic models were obtained to derive
expressions for the critical distance R. for CREI in symmetric molecules and
enhanced ionization in nonsymmetric molecules. Double ionization introduces a
new phenomenon—nonsequential double ionization, NSDI, observed as early as
1992 with optical tunnelling of He [73] and explained based on the 3-step model
of tunneling ionization, where electron propagation in an intense laser pulse is
followed by recollision with maximum energy 3.17 U, [4]. Tunneling ionization
imposes the initial velocity condition z(fp) = O at time #,. This model has been
generalized to nonzero initial velocity z(¢y) # 0 where it was shown that the return
collision energy E. never exceeds 3.17 U, i.e., E. < 3.17 U, [28]. Collision
with neighboring ions can, however, lead to energies exceeding E. > 3.17 U,
and is R dependent [57,74-76]. In such processes, charge transfer or ionic states,
such as HF H™ in H,, OY O~ in Oy, produce very large transition moments
emphasized early by Mulliken [20]. Ab initio calculations of H, in strong fields
have proven the existence of HT H™ as a precursor to enhanced ionization [77—-
79] as well as in the triatomic H3 T in its linear [80] and nonlinear [81] geometry.
1-D non-Born-Oppenheimer simulations of H, have also identified the CR state
HTH™ as an important doorway state in the Coulomb explosion of this system
[82]. The presence of a pair of electrons implies considerable electron correlation
in the nonlinear nonperturbative response of molecules to intense ultrashort pulses
[83-85]. However in molecules, charge transfer in ionic states such as Ht H™
and O™ O~ as recently suggested in O, time-resolved dissociative ionization [86]
implies dipole moments which will introduce large Stark-shifts in the molecular
potentials at high laser intensities. It was found earlier that the dipole moment
of asymmetric charge distributions interacts with intense external fields leading to
charge asymmetric dissociation of highly charged ions [87]. Ionization from these
asymmetric charge distributions can lead to shake up excitation of the remaining
bound electrons [88] by interaction with the ionized electron. CEP sensitivity
of these charge transfer, CR, processes has been now confirmed in dissociative
ionization of CO [89], and correlated two-electron ab initio calculations in H, show
evidence of enhanced excitation in single and double ionization at the CREI critical
distance R. [84]. lonic states act therefore as doorway states for intense laser-
field-enhanced ionization of two-electron molecules. For H,, one must consider at
least the two electronic states, 1crg2(Xl Eg+), lo,lo, (B! E,ﬁ) and 10,%(E, F! Eq+)
electronic configurations [77-79, 84]. The asymptotic dissociation products ¢, ¢»,
and ¢ for these states are expressed in terms of 1s atomic orbitals a and b on each
H atom [90],
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¢1(1,2) = [a(1) a(2) + b(1) b2) +a(1) b(2) + b(1) a(2)]/2. (2.11)
$2(1.2) = [a(1) a(2) — b(1) b(2)]/~2 (2.12)
$3(1.2) = [a(1) a(2) + b(1) b(2) —a(1) b2) —b(1) a(2)]/2  (2.13)

Both ground ¢; and excited ¢; states are linear combinations of ionic (aa, bb) and
covalent (ab) configurations whereas ¢, is purely ionic. The electronic transition
moments between these states are thus coupled by the same radiative matrix element
ER/,/2 for a field strength E (intensity / = cE£2?/8 ). Diagonalization of the 3 x 3
energy matrix yields readily the adiabatic energies and states [78]

g0 =0, ¢o = [a(1) b(2) + b(1) a(2)]/~2 (2.14)
ey = ER, ¢4 = b(1) b(2), (2.15)
e = —ER¢_ = a(1) a(2), (2.16)

The ground state is ¢_ corresponding to the ionic state H,~ H,™ whose energy
agrees with the electrostatic energy of a charge displaced (transferred) through the
distance R by a field of amplitude E. The ionic states ¢, ¢4 acquire additional
Coulomb energy. Thus, if we consider the general charge transfer A9t A4+ A=D+
AWFDT the initial total energy is

eqq(R) = =21,(q) + ¢°/R. 2.17)

where I,(q) is the ionization potential of the ion A9t and g*R is the ion—ion
repulsion. The final energy of the charge transfer state in the field E is

€q-1q+1(R) = —=Ip(q—1) = Ip(qQ) + (@ + D(q— 1)/R — ER, (2.18)
and the energy difference is
Ae(R) = Al, —1/R — ER, (2.19)

where AT, = I,(q)—I,(q-1). The critical field strength £ required for the crossing
of the covalent AT A" and ionic A@~D+ A@TD+ gtate at critical distance R, is
determined from Ae(R.) = 0

E. = (AI,—1/R.)/Re. (2.20)

Solutions of the TDSE for H, in 1-D [78], and 3-D [84] show in fact that the ionic
state H,™ Hy " due to its large dipole moment indeed becomes the ground state for
fields E > E. and that the ionic state created determines the ionization process.
In Hy since Al, = I,(H)—I,(H™) = 0.47 a.u., one obtains R, = 5a.u. at intensity
I = 10" W/crn2 (E = 0.053a.u.) in agreement with 3-D TDSE’s [84]. We note
that a similar model of charge transfer at critical distance R, for critical fields E,,
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applies to nonsymmetric molecules and is derived in [46] giving (2.10). The charge
transfer model for Ha, (2.11)—(2.20), has been applied to linear Hy>T, H,3*, Hy?*
[61], H3* with static [80] and H3*>* [67] and H, [91] with moving (non-Born-
Oppenheimer) nuclei. In the latter non-Born-Oppenheimer simulations, coherent
excitations of the HOMO and LUMO in the CREI region occur and influence both
the ATT spectra as well as the Coulomb explosion proton kinetic energies. The
presence of such charge asymmetric states has been shown to occur especially for
highly charged states at high intensities, / > 5 x 10'*W/cm? in I, leading to both
charge symmetric and asymmetric dissociation products [87].

Non-symmetric molecules as discussed for the one-electron HeH>" have per-
manent dipole moments [47, 48] with the effect that enhanced ionization is CEP
sensitive as illustrated in Figs.2.2 and 2.4. This effect persists in the two-electron
case [92], HeH" with the two configurations He-H* and He™-H with dipole
moments 4 R/5 and —R/5, respectively. In Fig. 2.5a we report the total single, Ps; and
double, Ppy, ionization probabilities at intensity / = 10'> W/cm? and wavelength
A = 800nm (w = 0.057a.u.), obtained by projection on all bound electronic
states. Figure 2.5b reports the accompanying single, Psg and double Ppg, electron
excitations obtained by projecting the exact 6-D two-electron wavefunction on
appropriate field-free electronic states of the HeH' molecule [92]. Figure 2.5 shows
clearly enhancement of one-and two-electron ionizations and excitations at a critical
distance 3 < R, < 4a.u. We now use as in previous sections a simple quasistatic
one-electron approximation model to derive an analytical expression for R, of
HeH™ ionization in intense fields. At large R, the field-free one-electron ground
state energy level of HeH™ becomes ¢ = —1,(H)~Z; /R corresponding to He-H*
configurations [93]. The first excited state He™—H has energy e, = —I,(H)-Z,/R.
In the presence of a negative electric field, |E|, €; and &, are Stark-shifted via the
dipole moments of HeH" and He ™ H respectively:

e = —I,(He) — Zy/R + (4R/5)|E,| 2.21)
&2 = ~Ip(H) = Z1/R — (R/5)| Enl. (222)

Setting Z; = Z, = 1 corresponds to the nuclear charges of He™ and H*. Crossing
of the two electronic states with energies ¢; and &, occurs for negative E,, since
I, (He) > I, (H), resulting in efficient over-barrier ionization as in HeH>* [47].
This crossing defines the critical distance for enhanced ionization

Re = (Ip(He) — I,(H))/ | Ep| . (2.23)

as a function of the field E,,. At intensity / = 10> W/cm?, E,, = 0.17a.u. and
R. = 3a.u. in good agreement with Fig2.5a [92]. Adding polarizabilities of He
and H as suggested recently [94] can be shown to have negligible effect. Equations
(2.21)—(2.22) show that it is the permanent dipole moment and the electric field
which dominate the nonlinear nonperturbative ionization of asymmetric molecules.
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Fig. 2.5 Ionization and excitation probabilities for HeH™ as a function of internuclear distance R
at intensity 7 = 10" W/cm?, oy = 0.057 a.u. (A = 800nm). (a) total single Ps; and double Pp;
ionization; (b) total single Psg and double Ppg excitation

2.4 Coulomb Explosion Imaging of CREI in Triatomics

Time-resolved Coulomb explosion imaging (CEI) is now an established technique to
make molecular movies with sub-Angstrom spatial resolution and sub-5fs temporal
resolution [95,96]. CEI of diatomics has shown that molecular bonds stretch towards
a critical internuclear distance R. discussed in the previous sections, where ioniza-
tion rates are greatly enhanced [21]. This also explains the explosion of large clusters
creating highly charged states [57] which can catalyze nuclear fusion [58, 59]. In
symmetric diatomics, one-electron systems such as H,t / D, ™, the enhancement of
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ionization is explained in Sect. 2.2 as CREI in terms of charge resonance, CR, states
which are strongly coupled by the laser field at large internuclear distances called
critical distances R. [21-24]. At such internuclear distances, the energy difference
between two CR states approaches the incident high intensity photon energy hv
giving rise to electron localization by creating a coherent superposition of opposite
parity states [67-71]. For triatomic molecules such as CO,, the experimental
confirmation of a critical geometry for CREI has been recently reported by CEI
[97]. Previous experimental results for CO, [98, 99] have been compared to over-
barrier ionization models discussed for diatomics in previous sections. Numerical
simulations of nuclear motion on field dressed molecular potentials such as CO,2"
but without ionization have revealed bending and symmetric stretching on a time
scale of ~ 100 fs [60]. Using 3-D ion momentum coincidence measurements of the
three-body dissociative ionization of CO; to CO,"* (n = 3 — 6) with few-cycle
linearly polarized 800-nm laser pulses, a systematic study of dissociative multiple
ionization dynamics has been achieved as a function of pulse duration [97]. This has
been supplemented by nonlinear nonperturbative time-dependent density functional
theory (TDDFT) calculations [100] allowing for the identification of the relevant CR
states and thus the underlying mechanism for CREI in CO,. It has been previously
demonstrated for diatomics that by using few-cycle pulses, CREI can be suppressed
since the molecular ion does not have time to reach R. within the duration of the
pulse [101].

Figure 2.6 illustrates the kinetic energy release, KER of the charge state of CO,
as a function of pulse duration for the (1, 1, I = O%t +CT +0%), (1, 1, 2 =
Ot-CT-0%"), (1,2, 2 + O"-C**-0**), and finally, (2, 2, 2 +O*T-C>T-0*")
channels. It is observed that the KER becomes significantly dependent on the pulse
duration only for the 44 and higher charge states. With 7 fs duration and for final
charge states higher than 34, the observed KER is close to the value expected for
Coulomb explosion from the CO, equilibrium geometry. For longer pulse duration,
the total KER impact decreases and becomes almost independent for pulse duration
T > 100fs [97]. Similar results occur for the KER pulse duration of D, with pulse
duration > 40 fs [101]. In the D, case, the KER from Coulomb explosion becomes
independent of pulse duration once the molecular ion stretches to R, where CREI is
known to be operative. Simulation of the Coulomb explosion of the (2, 2, 2) channel
using the measured moments and a numerical data inversion algorithm [102] allows
to retrieve the molecular structure at 7 fs, (<Rco> = 1.3 A and <0pco> = 168°)
very close to the equilibrium geometry (<Rco> = 1.16 A and <fpco>) = 172°
[102]. For a pulse duration longer than 100 fs, the experimental observations lead to
a molecular structure of (<Rco> = 2.1 A and <Opco> = 163°) at which CREI
occurs.

Since the mechanism for CREI relies on strong radiative interactions between
“frontier” orbitals (Sects.2.2-2.3), HOMO’s and LUMO'’s, nonlinear nonperturba-
tive TDDFT calculations for CO, [100] have been used to calculate the ionization
rates and relevant electronic transition moments as a function of Rco for intensities
I = 8 x 10"W/cm?, A = 800nm and T = 6 optical cycles. The numerical
results are summarized in Fig.2.7. In Fig.2.7a, perpendicular and parallel to
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Fig. 2.6 Experimental kinetic energy release, KER, spectra as a function of laser pulse duration:
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Fig. 2.7 TDDFT simulations (a) total ionisation probability for parallel and perpendicular orien-
tations, (b) Energy gaps between KS orbitals, (¢) transition moments (a.u.) for parallel transitions
as a function of Rco

laser polarization ionization rates confirm the dominance of parallel ionization.
Figure 2.7b shows the energy separation of relevant orbitals as a function of Rco.
and Fig.2.7c reports the corresponding transition moments. Of note is that the
I, (HOMO-2) — 1w, (HOMO) transition behaves as a CR transition with a
transition moment which scales as Rco/2 between the antibonding 1 , and the
inner shell bonding 1 .. These two orbitals become nearly degenerate at Rco > 2 A
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with an R/2 transition moment, a signature of CREI. Another similar dominant
CR transition is the 30, (HOMO-1) to 50, (LUMO). The numerical simulations,
limited to Rco < 2a.u. because of energy degeneracy of orbitals for large Rco,,
nevertheless show that it is the 30, orbital which contributes mostly to the ionization
as its density is mainly localized along the internuclear axis. Even though the
ionization potential /;, of the 30, orbital is higher than that of the 1 , its ionization
rate is larger due to its geometry, a general phenomenon at high intensities [100].

To summarize, as the CO,>t breaks apart through dissociative ionization, the
numerical simulations confirm that the ionization rate increases rapidly when the
molecule is aligned along the laser polarization axis because of strong, nonper-
turbative radiative coupling of the main CR states, 30, — 50,. The increasing
ionization rate, linearly varying transition moments and the increasing degeneracy
of orbitals as a function of Rco in Fig. 2.7 allow us to characterize the dynamics of
the dissociative ionization as due to CREIL This requires CO,>* to stretch with a
time equal to or longer than 100fs to the critical distance Rco > 2 A. For shorter
pulses, CREI is suppressed due to less ionization at shorter distances.

In conclusion, in spite of highly nonlinear, nonperturbative response of molecules
to extreme intense electromagnetic pulses, simple classical models have been
the guiding models for understanding laser induced electron recollision, LIERC
[4, 28, 103] laser imprinting of nanostructures [62], molecular ATI [67], laser
induced electron diffraction LIED [72, 104], and charge-resonance-enhanced ion-
ization CREI, reviewed in this chapter. Other examples are HHG [76, 105],
time-resolved photoelectron holography [106] and in many cases, controlling the
physical processes that occur in this new nonperturbative highly nonlinear regime
of laser molecule interaction [107].
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