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Hydrogen molecule ion in superintense laser fields
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The structure of H; under an intense laser field is discussed. It is shown that the dissociation energy decreases
on increasing the laser field strength and a discussion on the validity criteria of the theory is also given.

In recent years, considerable effort has been devoted
to the description of atoms in the presence of intense
nonresonant laser fields.!~" In contrast, in the case of
laser-molecule interaction the attention has almost
invariably been focused on the interaction of intense
resonant laser radiation aiming, in particular, high
vibrational selective excitation of molecules. 8! In
the present work, we report on the structure of mole-
cules in the presence of nonresonant super-intense laser
fields paying particular attention to the changes induced
by such radiation fields on the confinement and stabiliza-
tion of molecules. The laser beam is treated as a
classical plane electromagnetic wave of frequency w,
in the dipole approximation, and only its interaction
with the electrons is taken into account. Furthermore,
we shall consider as an example for our model calcula-
tion the simplest molecule, namely, the hydrogen
molecule ion. Hence, neglecting the interaction of the
laser field with the nuclei A and B, and denoting by 7»,
and 7y the distances between the electron and the nuclei
A and B, respectively, the molecular Hamiltonian can
be written as

H=TR+H0,
1)
1 ~ e L (
Ho'- om [p+CA(t)] _7;-1’5+-E ,

where A(#) = A(x cos wt+ § sin wf) is the vector potential
for a circularly laser beam propagating in the 2z direc-
tion, Ty is the kinetic energy operator of the nuclei,
and R is the internuclear separation. In Eq. (1), H,
describes the electron motion for fixed internuciear
distance R, and its ground-state energy E(R) is, within
the adiabatic approximation, the potential energy for
the nuclei motion,

In the following, we discuss in detail the electronic
ground state. Accordingly, the problem of finding the
binding potential of H}, within the adiabatic approxima-
tion, is then reduced to the solution to the ground state
of the Schrddinger equation for H;, namely,

imp=Hyp . (2)

To this end, we begin by performing a canonical trans-
formation®®7 i

in Eq. (2), i.e.,
v=explid(#) - p/m)explin(d /%] , (3
where
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t 2 ¢
€ ’ ' € A2
= — A = f
8(2) oo / dt Aty , n(d Fypd dt’ A%(¢') ,
(4
such that in this new representation the Schréodinger
equation for the electron motion becomes

. +2 2 2 2
m¢={—"—— T - T +%}¢. (5)

2m  Ir, -5l fr, —61

Equation (5) tells us that the effect of an intense laser
field on the molecular structure may be alternatively de-
scribed by the Schrddinger equation in which the nuclei
appear to be oscillating with the laser frequency and
amplitude [6(#)| = a= eA/mcw. Furthermore, this
laser-dressed distortion of the Coulomb points in the
direction of a weakening of the electron binding to the
nucleus on increasing the laser field strength. We also
note that Eq. {5) is not separable and therefore has no
exact analytical solutions, This means that when de-
scribing the distortion of the molecular states by a
laser field, there should always exist a limit on the
laser intensity such that one can still talk about the
molecule as being in a stationary laser-dressed state.
In other words, for each “dressing” laser there is a
corresponding range of laser intensities in which Eq.
(5) can be analytically solved (or, at least, some suit-
able approximation can be found) thereby leading to the
appearance of the laser-dressed states. As we shall
see later on, this range of laser intensity is essentially
determined by the fact that, as one increases the laser
field strength, the dissociation energy as well as the
transition energy between the lowest bonding and anti-
bonding states of H} decreases. This means that, on
increasing the laser field, one eventually reaches a point
in which the laser photon energy equals the first elec-
tronic transition so that we can no longer assume the
molecule to be in the stationary ground state.

Following the same reasoning as in Refs, 7, 11, and
12, the laser-dressed Coulomb potentials in Eq. (5) can
be written as

e e 2r, - 8() 17/?
TIr =801 T+ a)? [1- rite ]
B PL T, 5(9)
__W{lﬁ-;j%’_“—a'z'f-o-} ) (6)

where a = eA/mcw and 1= A, B, Noticing that (r,.8(s)/
ri+ a®)" will never exceed (1/2)" we can safely assume
that the binding potential is adequately described, in
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lowest order, by the first term of expansion (6), namely,
2 2

,__e_u_me (0
Ir, - 6(5)| (ri + a%) ’

Making this approximation in Eq. {5), the electron mo-
tion is then described, in lowest order, by

2 2 2 2
e e e
2‘t)m--(1"2.‘+a2)172 T (riea)? * E}(p ° (8)

md>={

To solve Eq. (8) for the electronic ground state we
resort to the variational method. Accordingly, we
write the wave function in the form of a linear combina-
tion of the wave functions of the electron moving indepen-
dently in the field of the laser-dressed Coulomb poten-
tial of the nuclei A and B, namely,

¢=ciPat+ c20p - (9

However, instead of using for ¢, and ¢y the ground-
state functions of the laser-dressed hydrogen atom as
given in Ref, 7, we write ¢, g as

da,p = /m) Eexp(=y7s8) , (10)

where ¥ is a variational parameter to be determined
from the requirement that the energy should be mini-
mum for a fixed distance between the nuclei.

Substituting Eqs. (9) and (10) into Eq. (8), and per-
forming the standard calculations!® to determine the
parameters ¢, ¢y, and ¥, the electronic wave func-
tion and energy for the lso state can be written as

o=[200+ 8" % (pp+ ¢8) , (11)
&1 /DA +D - (/0N

" 2, {; * 1+9) ’ (12)

where x= R/a,, p= ¥R, and
2 2
S=(1+p+ %)e"; I=(1+p—%) e’ (13a)
_ (" o 1, 204 = VY [cosh(py) + 1]
N= j; due /_; dv [Gas 0%+ Gy e (13b)

in which the parameter p (i.e., y) is determined by re-
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FIG. 1. Ground -state potential energy E(R) (in Ry) vs the inter-

nuclear separation (in a.u.) for H} at several laser field
strength settings.
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FIG. 2. Equilibrium internuclear distance R, (in a.u.) of H3
as a function of the laser field strength.

quiring that 8E/8p= 0, The integrals in Egqs. (13) have
no simple analytical expressions and were evaluated nu-
merically for several values of the laser field strength
and internuclear distances. In our calculations we have
introduced the dimensionless parameter A= a/a, (a,

= Bohr radius) as a measure of the laser field strength.
The parameter A is related to the laser frequency w (in
s°!) and intensity I (in W/cm?) by A= 6, 44 x10% w2 11/2,
In Fig. 1, we show the potential energy E(R) as a func-
tion of the distance between the nuclei taking the zero

of energy at the atomic ground state. In TableI we
summarize the values of the equilibrium internuclear
distance R, and the dissociation energy D for several
laser power settings. The variations of the equilibrium
internuclear distance and of the dissociation energy as
a function of the laser field are presented in Figs, 2

TABLE I. Equilibrium internuclear distance
R, and dissociation energy D of Hj as a func-
tion of the laser field strength parameter A.
The parameter X is related to the laser in-
tensity I (in W/cm?) by A=6.44x1024,-271/2,

A R, (a.u.) D(Ry)
0 2 0.1710
0.5 3.5 0.0713
1 4.8 0.0365
2 7.7 0.0128
3 10.5 0.0049
4 13.5 0.0023
4.5 15.5 0.0014
5.0 17 0.0008
5.5 19 0.0003
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FIG. 3. Dissociation energy D (in Ry) of H{ as a function of
the laser field strength.

and 3, respectively. It follows from these plots that,
as the laser field increases, R, increases at the same
time that D decreases thereby confirming our expecta-
tion that the effect of an intense laser field is to weaken
the molecule confinement and stability. This weakening
effect of the laser field on the molecule structure is
particularly evident from Fig. 1, where it is shown that
the potential curves become flater and shallower on in-
creasing the laser intensity. This means that on in-
creasing the laser field the molecule becomes highly
anharmonic at the same time that its dissociation via
low energy (or thermal fluctuations) is greatly en-
hanced. In fact, looking at Fig. 3, one notices that for
A=Ay = 3. 75 the dissociation energy is already equal

to the thermal energy at room temperature (e, = 0. 0029
Ry). At the same time, it follows from Fig. 2 that at
this value of A{= 3.75), R, begins to grow exponentially.
Thus, combining all these facts, one is then led to the
conclusion that, under intense laser illumination, the
dissociation of diatomic molecules might be more likely
to take place via low-energy (or thermal) processes
rather than via the stepwise multiphoton vibrational
excitation.

To conclude, a final word regarding the range of
applicability for our model to be valid is in order.
The main assumption used here is the dipole approxi-
mation for describing the laser field. As already dis-
cussed in Refs, 7, 11, and 12 the use of the dipole ap-
proximation sets an upper limit intensity I, for our
method to be valid, namely,

1<<Iu ’

where

mPPw?

1= T = 0.77x10"%2 (W/em?)

This means that for a CO, laser (w= 1,78 x10" s!) our

model is valid for intensities up to roughly 2, 44 x 101
W/cm? (A~10%), whereas for a Nd:glass laser (w= 1,78
x10'% s71) the upper intensity is of the order of 1018
W/cm?. Actually, this upper intensity is, by all means,
only of academic interest since much before the laser
intensity reaches these values the molecule may be
completely dissociated. Here the point to be noted is
that both the dissociation energy as well as the energy
separation A€ for the 1so — 2po states transition of H}
decrease with increasing laser intensity. The transi-
tion energy A€, at the equilibrium internuclear separa-
tion R;, can be evaluated by calculating the 2po state
potential curve for the dressed Hamiltonian [cf,, Eq.
(8)] following the same procedures as for the bonding
state. In Fig. 4 we plot the dependence of A€ on the
laser field strength., It follows from Fig. 4 that, on
increasing the laser intensity one eventually reaches

a point A* where photodissociation due to the dressing
laser photon itself takes place. For example, let us
consider the case of Hj irradiated by a CO, laser. The
first electronic transition, due to the CO, laser photon
itself is expected to occur at \*= 5,65 or I~ 7, 7x108
W/cm®. In contrast, in the case of a Nd: glass laser
the photodissociation by the laser photon itself occurs
at A*=1,9 (or I ~8,7x10" W/cm?. This means that
for H} irradiated by a CO, laser, and neglecting the
thermal fluctuations, we can assume it to be in the
stable laser-dressed ground state only for X up to \*

= 5. 65.
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FIG. 4. Energy separation Ac (in Ry) for the lso-2po transi-
tion of H;, at the equilibrium internuclear distance R, as a
function of the laser field strength. The arrows indicate the
points at which photodissociation due to some well known laser
photons occurs.
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To sum up, one may say that, upon increasing the
laser intensity, H% acquires new stable laser-dressed
bonding such that its dissociation energy decreases with
increasing laser field, Its identification in this state is
only possible in a range of laser intensities such that
neither photodissociation or dissociation due to thermal
fluctuations occurs, i.e., this range of ) is essentially
determined by the smallest between A, and A\*, Fur-
thermore, this range of laser intensity is ultimately
dictated by the dressing laser frequency. For ex-
ample, if one dresses Hj by a relatively low frequency
laser such as a CO; laser, the actual range of laser
intensities is up to A= 3,75, since at this value of A the
thermal fluctuations are sufficient to dissociate it. In
contrast, if one uses higher frequency lasers such as
a Nd:glass laser, the range of intensity isuptoAr=1.9
since at this point the molecule undergoes photodissocia-
tion, as indicated in Fig. 4. It also follows from this
discussion that the use of low frequency radiation fields
strongly favors the dissociation of the molecule. The
reason this is that A varies as w? (i.e., A= eEy/mwiay)
so that very large values of A (such that X >, or A%
are attainable in the low frequency range. Even though,
there is no detailed experimental data on the dissociation
of Hj under intense radiation fields available to us, we
believe the above conclusions are in agreement with a
few experimental facts. One of these is the rf or the

6105

microwave preionization mechanism used in gaseous
lasers, such as a CO, laser, What one does here is to
introduce a rf finger at very small power levels in the
laser medium; the gas gets ionized almost immediately
even under low pressure conditions, as expected from
the above discussion,
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