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Abstract 

 

Laser ion-molecule reaction interaction through both polarizability and dipole 

moment contribution leads to intersection in potential energy surface along the 

reaction path, polarizability is maximum at (s=4.5 a.u.) and dipole changes at (s=1 

a.u.) defining a virtual transition state. We will show here by using gauge 

representation for wave length λ=20.6μm, Intensity I=5×1011 W/cm2 till I=5×1013 

W/cm2, that the laser induced potential energy surface can decrease in height along 

the reaction path with possibility of creating bound states in the virtual transition 

state. We illustrate such effects for the Na H + CH3
+  Na+ + CH4  reaction which 

takes the form of inverted Morse (without a barrier) using ab-initio methods for 

calculating the reaction path, electric properties of the ion-molecule reaction. 
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1. Introduction  
 

Advances in laser technology opens up a new field of research, the nonlinear, 

nonperturbative interaction of molecules with intense ultrashort pulses.1 Manipulation 

of the amplitude and the relative phase of the laser pulses leads to coherent control of 

molecular radiative processes.2  Recently, ultrashort pulses have been created with 

phase stabilized carrier-envelopes3,4 thus allowing for the study of absolute phase 

pulse effects such as asymmetric ionization leading to measurement of the absolute 

phase itself.5   A quantum mechanical approach was used to show that barrier 

suppression 6,7,8,9 and modification of non adiabatic effects 10 is a general 

phenomenon in the presence of intense IR laser fields.  

Potential energy surface intersection induced by laser11 is important in ion-molecule 

reactions as well as in charge transfer processes. In the present work we focus on the 

Na+ + CH4   ion molecule reaction with the goal of studying the effect of an intense 

laser field on the permanent dipole moment of this and other similar systems.12 Using 

ab-initio methods, we calculate the energy of the reaction path, and the permanent 

dipole moment, polarizability along the reaction path. We find that the permanent 

dipole moment is linear with the reaction path and this moment can vanish at critical 

distances and the polarizability is maximum in the transition state. This result implies 

maximum electron delocalization at this point along the reaction path. We restrict 

ourselves to a 1-D model using the electric field gauge  to show the influence of the 

laser field on the potential surfaces of ion-molecule systems which leads to potential 

surface intersection as shown in Figs.(2-5). This allows to incorporate the laser 

interaction directly into the potential surface, thus leading to an analytical formula to 

describe the laser-reaction path interactions. Section 2 explains the theory that leads 

to potential surface intersection. Section 3 explains the computational method. 

Section 4 demonstrates the results and discussion. Section 5 is the conclusion.  

 

2. Laser Ion-Molecule Interaction 
 

The standard description of laser-particle interaction starts from the classical 

electric-field particle interaction which by successive unitary transformations on the 

molecular time-dependent Schrödinger equation, TDSE, leads to various 

representations (gauges), where particle -radiative couplings have different frequency 

dependencies.13 Since we shall consider 1-D reaction paths with coordinates -   s  

 , the corresponding TDSE with linear dipole moment (s)= o s  and polarizability 

αzz(s) can be written as:  
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(s ,t) is the wavefunction for propagation of the relative motion of a nuclear 

wavepacket as a function of time along the reaction coordinate s which defines a 

potential V(s) to be calculated by ab-initio methods. 

The system under investigation will be the ion-molecule reaction 14  and / or the 

reverse, 

         Na H + CH3
+  Na+ + CH4                                                                      (2) 

 

Thus in the center of mass system the reduced mass Ms will be nearly constant due to 

the much smaller mass of the transferred proton. The ab-initio calculations below will 

show that the dipole moment of reaction (2) is indeed linear with s so that Eq. (1) 

with Ms constant will be an excellent approximation to represent the motion along the 

reaction path s in the presence of a laser field  ( ) cosot E t  , with amplitude Eo 

and frequency . The laser-particle interaction in (1) is written in the dipole 

approximation (s/ <<1), i.e., the long wavelength approximation. As an example 

current intense near IR lasers operate at 800nm whereas our simulations will be in the 

range s  1 nm.  

We shall be studying detailed variations of the potential surface V(s), dipole 

moment (s), and polarizability (s), along the reaction path s for Li++CH4. In the 

presence of strong fields of amplitude (t) = o cos( t +  ), where o  is the 

maximum amplitude,  the frequency, and  the phase, high order radiative 

interactions will distort the surfaces.  Nevertheless, an upper limit to the strength of 

the field is necessary in order to avoid ionization.  In IR long wavelength fields, 

electronic ionization can be treated as a tunneling model.15 Thus, using direct current 

(DC) tunneling theory,16  one can estimate the tunneling ionization rate w(t) for a 

static electric field amplitude 17,  
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where o is the atomic frequency unit (o = 41016 s-1), Eh and Ei are the ionization 

potentials of hydrogen and the atom in question and Ea is the atomic unit of the 

electric field.  

          Below this threshold, non-linear interactions with the electric field will occur, 

leading to a general dipole moment expression:18  
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where o is the permanent dipole moment,  the polarizability tensor, and  and   are 

the first and second hyperpolarizability tensors.  The essential parameters for the 

theoretical description of the alignment of molecules in the non resonant case are o 

and  19 for intensities not exceeding I=31013 W cm-2.  Beyond this intensity, the 

hyperpolarizability expansion fails already for the hydrogen atom whereas below this 

intensity, contributions from  and  are negligible.20.  We conclude from this that at 

intensities below 31013 W cm-2 in the IR region, ionization is negligible and the 

field-perturbative expansion Eq.(4) for the total dipole moment is adequate up to the 

second term 
1

2
 , i.e. including only polarizability. 

 Having established the limits of applicability of perturbative approaches to 

laser- molecule interaction, we describe the laser-molecule Hamiltonian by retaining 

only the dipole  (s) ) and the polarizability  (s)  along the reaction path s, 

following,18  

2
2 2

||

( )ˆ ( ) ( ) cos ( )cos ( )sin
2

L

t
H s t s s     

 
                                            (5) 

where || zz  and
xx   . Assuming 

o( ) cos( )t t+    and retaining the 

polarizability component, zz(s), parallel to the reaction path s, (as shown later both  

(s) and the parallel component zz(s) will dominate at the transition state s = 0 ), we 

can re-write Eq.(5) as: 

 2 2

o o o

1 1ˆ ( ) ( ) cos( ) ( ) cos(2 2 )
4 4

L zz zzH s s t s t              .         (6) 

Thus, the parameters (s)o  and   21

4
zz os   determine the relative amplitude in the 

present case and  remains the relative phase in Eq.(5). This creates periodic but non-

symmetric electric fields which induce asymmetric concomitant dissociation and 

ionization. In the present work we will examine the effect of the effective two-colour 

fields on the reaction path based on Eq.(5) which will be dominant in the transition 

state region.  It is to be noted immediately that for negative dipoles , destructive 

interferences will occur at some phase . 

 At high frequencies, the Hamiltonian in Eq.(5) reduces to a frequency-

independent Stark shift   2

o

1

4
zz s  . We will examine rather the quasi-static low 

frequency limit and choose the instantaneous period t = 0, so that the effective 

potential along the reaction path is defined as:   
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The parameters (s) and (s) are next calculated by ab-initio methods in order to 

illustrate the laser-molecule interaction along the reaction path, based on (Eq. 7) and 

this will be shown to be the dominant interaction in the transition state region. 

This is to be compared to the two colour coherent superposition of laser pulses used 

to study in detail laser control of dissociative ionization,21,22  

 

 ( ) ( ) cos( ) cos(2 )ot t t f t      ,                    (8) 

for a given frequency , relative phase  and relative amplitude f.   

 

       3. Computational Methods 
 

All calculations were carried out using the unrestricted second-order Møller-

Plesset perturbation theory23 including excitations from inner shell electrons and 

using a large polarized basis set supplemented with diffuse functions on all atoms 

[UMP2(full)/6-311++G(2d,2p)]. The [UMP2(full)/6-311++G(2d,2p)] appears 

reasonable as it gives the real geometry at reasonable time, it is not time consuming.  

Our optimization using the much larger basis set results in a linear C3v transition 

structure and correct values for the dipole moment and polarizability, although the 

reaction lacks transition state, we believe that there is a “virtual transition state” 

where the polarizability is maximum which defines an electron delocalization at s= 4 

a.u. in which the dipole moment changes sign. In other words polarizability defines a 

transition state. 

  All geometry optimizations, potential energy scans, and reaction path tracings, 

were also carried out at the same computational level.  Geometry optimizations 

carried out in this work are full unconstrained energy minimizations with respect to 

all geometric parameters. Electronic structure calculations were performed using the 

Gaussian 2003 program.24  Very tight convergence criteria for the (UMP2) 

calculation as well as for geometry optimizations were set in all calculations. The 

spin contamination was found to be negligible along the reaction paths.  Starting from 

the respective structure, the reaction path was followed downhill along the intrinsic 

reaction coordinates (IRC)25,26  using the algorithm of Gonzalez and Schlegel27,28  to 

trace the reaction path.  

 

4. Results and Discussions 
 

            An inverted repulsive Morse potential V(s) was obtained by ab-initio quantum 

chemical calculations using configuration interaction at the level of  MP2  which is  
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described in the previous section. The potential has  asymptotic energies of reactants 

Na H + CH3
+ at s=0 and products Na+ + CH4 at s = 12 a.u. where s is the reaction 

coordinate. The system lacks transition state reaction (2) along the reaction 

coordinate s. It is to be noticed that the dipole moment changes at s= 1.5 a.u. The 

polarizability is maximum at s= 4.5+ au. both the dipole and polarizability defines a  

virtual transition state for Na H + CH3
+  Na+ + CH4  reaction.11,29,30 In the presence 

of intense IR laser pulses not exceeding intensities ≈ 1013 W/cm2, the absolute phase 

of the electric field determine the dipole mediated field interaction dominates. The 

energies can increase or decrease or cross as a function of the absolute phase of the 

laser field.7,8  Figures 2-7 shows the effect of the laser phase on molecules.18,19 The 

dotted curve is the potential energy surface in the absence of the laser field while the 

solid curve is the potential energy surface in the presence of the laser field. In the 

intensity of 1012 -1013 W/cm2 controlling of the potential energy surface through laser 

phase was achieved at θ = 0,π/4,π/3, 2π/3, π.  

Figure 2-4 shows the effect of only the polarizability on the potential surface. In the 

intensity 1x1011 ,  1x1012 W/cm2 the potential along the reaction coordinate shows no 

change at θ = 0,π/4,π/3,2π/3,π. By increasing the intensity to 3x1012     ,5x1012W/cm2 

the potential decreases in height at θ = 0, π/4, π until it reaches a minimum value at 

intensity 1x1013 θ=π. In the range 3x1013, 5x1013 , θ = 0,π/4,2π/3,π the dressed 

potential became curved showing a possibility of bound states in the range s=4.5-6.5 

a.u.  

 

For the dipole moment and polarizability contribution as shown in fig.5-7 the 

intensity 5x1011 W/cm2 the potential along the reaction coordinate shows no change. 

In  the intensity 1x1012 , 3x1012  , 5x1012  W/cm2 the potential along the reaction 

coordinate deceases in height  and crosses with the original one θ = π,  the dressed 

potential became curved and lower to the original potential and interfere at θ =π 

towards the end of the reaction coordinate.  

 

5. Conclusion 
 

We have studied the change in energetic and electric properties (dipole moment and 

polariability) along the reaction paths of the Na++CH4 reactions. We have added the 

laser molecule interaction to the field free ab initio potentials using eq. 7 for  = 0, 

/4,/3,2/3,, Assuming ωt=0 and with an upper limit not exceeding 1013 W/cm2 to 

avoid ionization for the reaction. We found that Na++ CH4 that surface crossing 

becomes possible where dipole moment changes sign and polarizability is maximum 

which suggests control of chemical reactions. These crossings are important in ion-

molecule reactions especially charge transfer. The advent of phase stabilized near 

femtosecond pulses should allow for the observation of dipole and polarizability 

contribution to the laser molecule interaction as predicted by eq. 7, provided the dura- 
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tion of the pulse and collisional interaction at the transition state will be of 

comparable magnitude. One will expect alignment and therefore guiding of the 

reaction along the linear minimum energy path. 
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Figure 1. Plot of the potential energy surface of the Na-H + CH3
+

  Na+ + CH4 

reaction:  repulsive inverted Morse; b) Dipole moment μ(s) along the reaction path; c) 

polarizability component αzz(s) along the reaction path.  
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Figure 2. Snapshots of the energy profile along the reaction coordinate plus inclusion 

of the polarizability for Na H + CH3
+Na+ + CH4.    λ = 20.6 μm.  

I = 1 1012 W/cm2.  a)  = /4, b) =. 
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2b) 

 
                  

 

Figure 3. Snapshots of the energy profile along the reaction coordinate plus inclusion 

of the polarizability for Na H + CH3
+Na+ + CH4. λ = 20.6 μm.   

I = 3 1012 W/cm2. a)  =π, b) = 2/3. 

 

3a) 

         
3b)                            

       
                 

 

Figure 4. Snapshots of the energy profile along the reaction coordinate plus inclusion   

of polarizability for Na H + CH3
+Na+ + CH4. λ = 20.6 μm. 

I =5 1012 W/cm2.  a) =, b)  = /3. 
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Figure 5. Snapshots of the energy profile along the reaction coordinate plus inclusion   

of dipole moment and polarizability for Na H + CH3
+Na+ + CH4. λ = 20.6 μm.      

I =1 1013 W/cm2.  a)  = 0, b)  = /4, c)  = /3, d)  = . 
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Figure 6. Snapshots of the energy profile along the reaction coordinate plus inclusion   

of  dipole moment and polarizability for Na H + CH3
+Na+ + CH4. λ = 20.6 μm.       

I =3 1013 W/cm2.  a)  = 0, b)  = /4, c)  = /3, d)  = 2/3,e)  = . 
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Figure 7. Snapshots of the energy profile along the reaction coordinate plus inclusion   

of  dipole moment and polarizability for Na H + CH3
+Na+ + CH4. λ = 20.6 μm.       

I =5 1013 W/cm2.  a)  = 0, b)  = /4, c)  = /3, d)  = 2/3,e)  = . 
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