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Abstract

The optimum convolution of dual short pulse for producing the maximum wakefield and the highest dissociation
probability of CH4 has been investigated. By using three fundamental shapes of pulses though four different
arrangements, the generated wake are considered in plasma. It is found that when the first and second pulses were
rectangular–triangular and sinusoidal pulse shapes, respectively, the resultant wakefield amplitude is the highest. This
effect opens up a new novel way by pulse shaping mechanism in the photo dissociation dynamics of molecules and
controlling of chemical reactions in the desired channels by short pulse intense lasers for reducing the computation
time of genetic algorithm model. Using field assisted dissociation model, the dissociation probability for a CH4

+

molecule exposed to a 100 femtosecond 8 Jcm−2 Ti:Sapphire laser pulse is calculated. Here, the highest possible
dissociation probability of the methane ion is calculated by the gradient optimization method in which the gradient of a
function should be in the direction of the local extremes. The C-H molecular bond of CH4

+ ion is assumed to be in the
same direction as the electric field component of the laser pulse. These results show that there is an excellent match
with experimental data. The remarkable feature of this work is that the sensitivity of the dissociation probability of the
initial bond length q, is studied and the desired product channel is controlled by variation of the laser intensity and it’s
time evolution by introducing a characteristic vectored space for intensity and duration of two tailored rectangular
femtosecond laser pulses.
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INTRODUCTION

The continuous rapid advance in the development of ultra-
intense short pulse lasers stimulated the realistic expectation
of using such devices in producing energetic particle beams
for application in various fields. The laser-matter interaction
meets the high energy physics in laser-plasma accelerators in
generating highly collimated bright X-ray and γ sources
(Giulietti et al., 2005; Chyla, 2006; Bessonov et al., 2008;
Maslova et al., 2008). Ion blocks of many vacuum wave-
length thickness are produced and moved in the direction
of the emitted short laser pulses (Glowacz et al., 2006;
Yazdani et al., 2009; Hora, 2009; Sadighi-Bonabi et al.,
2010a, 2010b). Among the different options, recently,
much attention is focused on the possibilities of laser

transmutation by highly directional γ-beams generated from
ultra-intense short pulse lasers (Sadighi-Bonabi et al.,
2006; 2010c; 2010d). These lasers are also used to generate
a quasi-Maxwellian and quasi-mono-energetic electron
beams (Malka & Fritzler, 2004; Glinec et al., 2005).
Recent introduced ellipsoidal bubble regime has also demon-
strated the generation of high-quality and low divergence
electron bunches with very high energies in relatively small
energy spread (Sadighi-Bonabi et al., 2009a, 2009b,
2009c, 2010e, 2010f; Zobdeh et al., 2008, 2010). These
lasers gave researchers the ability to produce electrons with
energy of more than the conventional accelerators (Hora,
2004, 2007; Roth et al., 2005; Liu, 2009). Currently, in
plasma based acceleration, electrons with a phase velocity
up to the speed of light driven by an intense laser beam
can be obtained (Dyson & Dangor, 1991; Sadighi-Bonabi
et al., 2010e, 2010f ). The propagation of such intense
laser field and related focusing parameters in plasma with
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various density profiles is investigated in the various plasma
conditions (Sadighi-Bonabi et al., 2009d, 2010g, 2010h).
More recently these monoenergetic electron beams are
used to produce more intense X-ray beams (Nikzad et al.,
2012). The extremely high electric field makes the Laser
WakeField Acceleration (LWFA) method attractive for the
development of a new generation of accelerators and improv-
ing the scaling up to GeV energies in compact laser plasma
accelerators (Lifschitz et al., 2006).
Rosenzweig et al. (1988) reported the first experimental

observation of the plasma wakefield. By enhancing the inter-
action length of the laser pulse with the plasma such as trap-
ping plasma in channels, one can obtain greater amplitude
wakefields (Cros et al., 2000; Sprangle, 2001). Wakefield
can also be created by relativistic electron bunches (Balakirev
et al., 2001). The phenomenon of generation of wakefield
using a sinusoidal seed laser pulse and another coaxially pro-
pagating sinusoidal shape trailing pulse is reported (Gaurav
et al., 2008). Modern chemistry made the dreams of convert-
ing and controlling the motion of molecules transparent, in
order to drive a chemical reaction into a desired thermally
inaccessible state by a light and laser pulses experimentally
(Judson & Rabitz, 1992; Bostandoust Nik et al., 2010).
This old dream of understanding the dynamics of chemical
bonds soon became reality by real-time observations of the
transition-state region between reagents and products
(Zewail, 1988). This important idea was translated from
theory to a unique experiment by Judson and Rabitz
(1992). They introduced a laser system whose pulse se-
quence was supplied by a computer equipped with the gen-
etic algorithm code. Since then, femtosecond pulse shaping
became a powerful tool in coherent control of chemical reac-
tions. By using femtosecond lasers, it is now possible to
record snapshots of chemical reactions with sub-Angstrom
resolution (Assion et al., 1998a, 1998b; Bauer et al.,
2003), multiphoton transitions (Bauer et al., 2002), coherent
anti-stokes Raman spectroscopy and high harmonic gener-
ation (Oron et al., 2003; Bauer & Ceccherine, 2001). Con-
siderable efforts have been made toward the realization of
coherent control of chemical reaction by using laser pulse
shapers through the coherent control, which is based on the
manipulation of wave packets to a desired reaction channel
(Hornung et al., 2000; Graham et al., 2000, 2003; Sugimori
et al., 2007). Fundamental theories for pulse shaping involve
solving a time-dependent variation method to optimize
the performance index related to a reaction of interest.
If |ψ(t)> and |ψtarget> denote the wave function and the
desired chemical channel, respectively, in an optimal coher-
ent control one should find the proper laser pulse electric
field E(t), so that |<ψtarget(t)|ψ(t)> |2 is maximized (Rabitz
et al., 1988; Breuer et al., 1992; Brumer & Shariro, 2009).
In this condition, one needs to solve the complicacy in the
molecular Hamiltonian and time dependent Schrodinger
equation. Based on the Judson and Rabitz (1992) report,
by combining the pulse shaping techniques with genetic
and learning algorithms, one can find tailored pulses for

proper controlling the chemical reactions. Although, great
improvements are achieved in controlling chemical reactions
by these methods, initial experimental data for genetic and
learning is needed. Solving the complicated time dependant
Schrodinger equation and the problems related to design an
appropriate field requires full knowledge of the molecular
Hamiltonian, which is not very well known for polyatomic
molecules. Moreover, the theoretically designed approximate
fields do not always take into account the errors introduced
by apparatus in the laboratory (Castro & Gross, 2009; Jiang
et al., 2005; Oron & Silberg, 2005). Many applications of
these systems have been motivated by recent advances on ul-
trafast high power lasers. Deeper knowledge on the propa-
gation of high intensity laser beams and related focusing
parameters in plasma with various density profiles has
been obtained (Cowan et al., 1999; Hoffmann et al., 2005;
Sadighi-Bonabi et al., 2009a).
The aim of this study is to observe the effect of wakefield

amplification by various shapes of the laser pulses propa-
gated in plasma. A detailed analytical study of a unique
idea of wakefield amplification by two laser pulse shapes
with copropagating one behind the other, with a fixed dis-
tance between them is reported. The laser pulses are con-
sidered to have the same moderate intensities, polarizations
and frequencies propagating in cold, uniform, unmagnetized,
and under-dense plasma. Starting from Maxwell equation,
dispersion relation for the laser propagation in the plasma
is obtained and the optimum two combined short laser
pulses are introduced. Furthermore, in this work, we intro-
duce a simple, reproducible, and unique method to find the
optimum two tailored rectangular short laser pulses for con-
trolling the methane ion dissociation numerically. The shape
of the pulse with qualified and introduced parameters is now
capable to cover the other transitions for several possible
pathways, properly. In the present model, the structural com-
plicacy of solving the related time dependant Schrodinger
equation does not exist and the obtained relative yield of
the fragment ions is achieved more than the total quantum
yield. This method can have a significant contribution in pre-
diction of the optimum shaping of short laser pulses for dis-
sociation of molecules. In this efficient and low cost method,
without requiring experimental data, an optimum pulse shape
with the maximum probability of dissociating polyatomic mol-
ecules are introduced. For finding the dissociation probability,
an investigation has been made in the methane ion dynamics
during its interaction with defined femtosecond laser pulses.

THE MODEL

In the interaction of a laser pulse with plasma, the related
ponderomotive force separates electrons and ions. These
charged particles attract together by electrostatic Coulomb
force and this leads to electron oscillation at the plasma fre-
quency ωp= (4πe2n0/m)

1/2, with n0,m, and e are the density
of plasma electrons, the rest mass of electron and the electron
charge, respectively. In this study, the wakefield is generated
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by a laser pulse with frequency ω0, intensity I0, duration τ,
and pulse length L∼ λp (where λp is the plasma wavelength).
It is assumed that the laser pulse propagates in cold, hom-
ogenous, under-dense, and uniform preionized plasma, in
which collisions and ion dynamics are neglected. It should
be realized that when pulse lengths are near the plasma wave-
length, then the relativistic self-focusing of the laser beam
can be ignored in the plasma; therefore, due to relativistic
nonlinearity the pulses will propagate more than a Rayleigh
length without undergoing any significant distortion (Spran-
gle et al., 2001; Leemans et al., 2002; Sadighi-Bonabi et al.,
2011). In the present work for avoiding the self-focusing, the
minimum spot size of the laser beam assumed to be much
larger than the plasma wavelength r0 >> λp and in this con-
dition one-dimensional model is used (Sprangle et al., 1990;
Gaurav et al., 2008).
The electric field of the laser pulse is assumed as following:

�E = x̂E0 cos {k0z− ω0t}, (1)

E0, ω0, and k0 represent the amplitude, frequency, and propa-
gation constant, respectively. E and E0 are functions of time
t, position z, and radial distance r.
Starting from the Maxwell equations for a linearly polar-

ized laser beam along x-axis and considering a weakly rela-
tivistic case, the following fluid equations can be used.

m
δ�n

δt
+ (�n.∇)�n

( )
= −e(�E + �Ew)− �n

c
× e(�B+ �Bw), (2a)

δne
δt

+∇.(ne�n) = 0, (2b)

�∇.�E = −4πe(ne − n0), (2c)

�n and c are the velocity of the plasma electrons affected by
laser field and light velocity, respectively. The electron den-
sity is assumed as ne= n0+ ni, where ne and n0 are the per-
turbed and unperturbed density (a weakly nonlinear regime ni
<< n0, is considered). In Eq. (2) �E, �B, and �Ew, �Bw represent
electric, magnetic field vector of the laser pulse and electric,
magnetic field of wakefields, respectively.
New variables ζ= z− ngt, t= τ are defined, where ng is

the group velocity which is assumed to be approximately
equal to the phase velocity of the excited plasma wave, np.
The wakefield components can be found from Maxwell’s
equations.

�∇ × �E = 1
c

∂�B
∂t

�∇ × �B = 4π
c
�J + 1

c

∂�E
∂t

.

(3)

Axisymmetric wakefield components can be written as,

δEwr

δξ
− δEwz

δξ
= δBwθ

δξ
, (4a)

δEwr

δξ
− δBwθ

δξ
= 4π

c
Jr , (4b)

δEwz

δξ
= 4π

c
Jz − 1

r

δ(rBwθ)
δr

, (4c)

Ewz, Ewr, and Bwθ represent the axial, radial electric wake-
fields and tangential magnetic field, respectively. Jr and Jz
are transverse and axial current density, respectively. It
should be mentioned that the second term of Eq. (4c) can
be ignored in comparison to the first term; this is due to as-
suming Bwθ to be slow variation in the transverse direction.
With first order perturbative expansion of the electromag-
netic field in Eq. (2a) and by using Eq. (1), the first order vel-
ocity transverse component of the plasma electron, vx is
obtained as following:

∂nx
∂ξ

= e

mc
E0 cos k0ξ, (5a)

nx = ca sin k0ξ. (5b)

The normalized electric field amplitude of the laser pulse is
represented by a= e E0/mc ω0. The second order slow
axial velocity component of plasma electrons, nz can be
obtained by substituting nx into Eq. (2a),

∂nz
∂ξ

= e

mc
Ewz + ∂

∂ξ
ca2

4

( )
. (6)

By using Jz=−ne e nz in the partial derivative of Eq. (4c)
with respect to ζ and considering Eq. (6) one gets,

δ2

δξ2
+ k2p

( )
Ewz = −mc2k2p

4e
δa2

δξ
, (7)

kp is propagation constant of wakefield in plasma. Eq. (7) is
the general equation of the produced electric wakefields and
can be used for different shapes of the laser pulses. This is
due to general assumption of the laser pulse shape in the
above calculations. In this work, three fundamental pulse
shapes namely, sinusoidal pulse (SP), Gaussian pulse (GP)
and rectangular-triangular pulse (RTP) are considered.

Parameter a2 related to the SP profile is represented by:

a2 = α2sin2(πξ/L), α = α0 exp(− (r/r0)
2), (8)

a2 is represented for the GP according to,

a2 = a21exp −ka2 ξ− L

2

( )2
[ ]

. (9)
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The following equation represents parameter a2 in the RTP.

a2 =

��������������������
b[1− cos (2πξ/L)]

√
��
b

√
H ξ− 1

4

( )− H ξ− 2L
3

( )[ ] = ��
b

√
����������������������
b 1

2 + 1
2 cos (3πξ/L)

[ ]√
⎧⎪⎪⎨
⎪⎪⎩

0 ≤ ξ ≤ L/4

L/4 ≤ ξ ≤ 2L/3

2L/3 ≤ ξ ≤ L

.

(10)

Where H is the Heaviside unit step function. In Eqs. (8) to
(10), α0, a1, a2, and b are constant parameters that calculated
to equalize the energy flow of the mentioned three different
pulses.
In this work the intensity, angular frequency, and wave-

length of laser beam are I0= 1.4 × 1017 Wcm−2, ω0=
1.88 × 1015 s−1, λ0= 1.0 μm. The density and the wave-
length of produced plasma are taken as, n0= 5.32 ×
1018 cm−3, λp= 15.0 μm. In order to have same energy
flow for the defined three pulses in Eqs. (8) to (10), we
have assumed r= 25 μm, r0= 4 μm, α0

2= 0.1, a1
2= 0.62,

a2= 0.1, b= 0.070.
Eq. (7) is solved using the fourth order Runge-Kutta

method by considering the boundary conditions as
Ew(ξ=L)= ∂Ew/∂ξ (ξ= L)= 0 for the mentioned pulses in
the region ζ≤ 0. The generated wakefield amplitudes
behind the pulse shapes are plotted up to the distance ζ=
3L in Figure 1. Therefore, wakefield amplitudes are 1.27 ×
1010, 0.799 × 1010, 0.292 × 1010(V/m) for the RTP, SP, and
GP, respectively. The RTP is the most favorable to produce
higher amplitude wakefield and larger energy gain of elec-
trons. This is in agreement with the earlier work reported
for three pulse shapes, the GP, RGP, and also RTP shapes
in a rectangular waveguide (Malik et al., 2007, 2008; Aria
et al., 2009).
Considering a second laser pulse copropagating at a dis-

tance Δz behind the first pulse. In the beginning of the
analytical calculations, the work is treated without any
knowledge about the amount of the distance between two
pulses. The aim of this study is to generate the optimum wa-
kefield that depends on the optimum distance between two

laser pulses inside of plasma, which is achieved as a result
of these calculations.
The electric field vector of the second pulse is given by

�Es = x̂Es cos k0 z− Δz( ) − ω0t{ } = x̂Es cos k0ξ
′( )
, (11)

ξ
′
= ξ− Δz, and subscript “s” denotes the second pulse. It

should be realized that the second pulse has the same inten-
sity, polarization, frequency, length, and flow energy as the
first pulse. By using the similar method to the one used for
the first pulse (Gaurav et al., 2008) as,

∂vsx
∂ξ

= e

mc
Es, cos k0ξ

′, (12a)

∂vsx
∂ξ′

= e

mc
Ewz + Eswz

( )+ ∂
∂ξ′

ca2s
4

( )
. (12b)

In Eq. (12b), as is the normalized electric field amplitude of
the second pulse and it is as= eEs/mcω0.
The axial component of electric wakefield due to the

second pulse is given by:

∂2

∂ξ′2
+ k2p

( )
Eswz = k2pEwz −

mc2k2p
4e

∂a2s
∂ξ′

. (13)

The effect of the wakefield generated by the first laser pulse
on the wakefield generated by the second laser pulse is con-
sidered and the superposition of wakefields of two laser
pulses inside of plasma is also calculated according to Eq.
(12b). It should be realized that before entering the laser
pulse into plasma the superposition can be ignored (Gaurav
et al., 2008).
Wakefield amplitude generated behind the second pulse

depends on the interpulse separation Δz. By using the men-
tioned parameters for the laser and plasma and solving
Eq. (13) for the SP-SP as a function of Δz, it is found that wa-
kefield amplitude in the region ξ′ ≤ 0 changes periodically
and one can notice two peaks in Figure 2. In this approach,
the same procedure of Eq. (7) is used and the boundary con-
ditions are Esw(ξ′=L)= (∂Esw/∂ξ′) (ξ′ = L)= 0. This figure
also indicates a maximum peak at Δz= 0.85λp and this
amount is used in plotting of the curves in Figures 3 and 4.
By solving Eq. (13) for the SP-SP, the electric field ampli-

tude of wakefield is plotted up to the distance ξ′/3L. It is no-
ticed that if the SP-SP are interred in plasma, the produced
wakefield amplitude in first peak is approximately five
times greater than the one related to the single SP. Further-
more, in contradict to the single pulse the amplitude of the
wakefield produced by two pulses is not constant and it is
periodically increasing (see Fig. 3).
One can consider the other arrangements by above men-

tioned fundamental pulses where, by plotting electric ampli-
tude of wakefield for other dual input pulses, the optimum
combination of the laser pulses could be investigated. In
Figure 4a, two following combination of pulses are

Fig. 1. Wakefield amplitude is generated by the RTP (Solid), SP (Dash), and
GP (Dot) shapes in the region ζ≤ 0. The maximum wakefield amplitude is
related to the RTP.
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investigated, (1) the RTP-RTP (Dash-Dot), (2) RTP-SP
(Dash), and (3) SP-SP (solid). Furthermore, Figure 4b
shows two other arrangements of pulses namely, the
SP-GP (solid) and SP-RTP (Dash). These Figures show
when the first and second pulses were the RTP and SP

shapes, respectively, wakefield amplitude is peaked and if
two pulses are the RTP, the resultant amplitude is greater
than the one due the SP-SP. One can notice that the wakefield
amplitude depends on both the arrangements and the shape
of pulses. In the following, the effect of laser shape pulse
on the dissociation of methane is investigated.

THE METHANE

Methane, a symmetrical molecule, constitutes 70% to 95% of
natural gas and it is the most stable hydrocarbon at room
temperature, which is almost unique on the earth. Methane
is recognized as one of the major greenhouse gases with
very high global warning potential and it has the highest
H/C ratio among hydrocarbons. Methane warms the earth
25 times as much as the same mass of CO2 (Qin et al.,
2007). Each molecule of methane can be directly burned at
room temperature by two molecules of oxygen and produce
two molecules of water and one molecule of CO2 with 802 kJ
mol−1 of heat energy. Although, methane is a clean fuel
among other conventional fuels, it has become chemically
more valuable when it is converted to the heavier hydrocar-
bons. The C-H bond of methane needs more energy than

Fig. 3. Wakefield amplitude produced by the SP-SP with interpulse separ-
ation Δz= 0.85λp and it is compared with single SP. The amplitude of the
SP-SP in the first peak is approximately five times greater than the one gen-
erated by the single SP.

Fig. 2. variation of the wakefield amplitude versus the normalized distance
ξ′/λp and interpulse separation Δz/λp. Generated wakefield amplitude
behind the SP-SP which depends on the interpulse separation Δz. Two
peaks are observed in its periodical oscillation.

Fig. 4. (a) Comparing wakefield amplitude generated by the RTP-RTP
(Dash-Dot), RTP-SP (Dash), and SP-SP (solid). It is clear that the
RTP-SP has the highest amplitude. (b) Comparing wakefield amplitude gen-
erated by the SP- RTP (Dash), SP-GP (solid) at the second. It is clear that the
SP-RTP has higher amplitude than the SP-GP.
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the C-H bond in higher hydrocarbons. This is 12.6 eV, which
corresponds to 983 Angstrom and belongs to the vacuum
ultraviolet region. The various methane conversion em-
ployed techniques include: non-oxidative coupling of
methane or aromatization, partial oxidation of methane, re-
forming by using oxidants milder than oxygen or steam re-
forming of methane by reacting methane with water
molecules, and finally many different catalysts including
photocatalysts. For more detail refer to recently presented
compressive review in photocatalyst conversion of methane
(Cook et al., 2001).
For molecules, some major nonlinear phenomena such as

above threshold ionization, field ionization, field assisted dis-
sociation (FAD), coulomb explosion, and explosive photo-
dissociation are reported. Coulomb explosion theory is a
widely accepted theory for dissociation dynamics of molecu-
lar bonds. In this model, it is very difficult to explain the frag-
mentation of complex polyatomic molecules due to weaker
intermolecular coulomb repulsive force in larger molecules
(Cornaggio et al., 1994; Ledingham et al., 1998; Vicente
et al., 2000). The highly accepted model is the FAD model
introduced by the Wang et al. (2003). In the present work,
the FAD model is used for calculation of the optimum dis-
sociation probability for the methane ion. The dressed poten-
tial energy surfaces of the ground state of the molecular ion
and time changes of bond length are calculated by using a
Gaussian code at the level of UQCISD/6-31G (Frisch
et al., 2003). In the final step, the evaluation of the dis-
sociation probability for single and dual pulse system is
done. The introduced approach is a unique process in opti-
mum shaping of the short pulses needed for the dissociation
of the desired polyatomic molecules. The ionization of polya-
tomic molecules is possible with the intensities of about 1013

W/cm2, therefore in this calculation instead of the neutral
methane molecule, molecular ion methane CH4

+, is con-
sidered. In the FAD model, the molecule is assumed to be
in its ground state and one of its molecular bonding lines is
in the direction of the laser pulse. When the molecule is ex-
posed to the laser pulse, only the length of the bond along the
laser pulse is changed and other geometry of the molecule is
assumed to remain fixed. According to the FAD model
polyatomic molecules dissociate spontaneously due to the
stretching of their chemical bonds, which is confirmed by
the earlier experiments. In the following, the C-H bonding
lines of atoms are exposed to the laser pulses as a dual
system. The center of mass in CH4

+ molecule is assumed to
be in the central C atom by a good approximation and the dis-
tance of H from the center of mass C is noted by q. Time
evolution of some parameters such as position, momentum,
and width of the Gaussian package is considered by Hamil-
tonian classical equations. In calculation of the potential
energy surfaces with the optional field of the Gaussian pack-
age, the phase variation is considered. From Figure 5 one can
find that if the C-H bond length q becomes more than 6 Ang-
strom during the laser exposed time, methane molecule will
be dissociated then it can be simulated by gradient

optimization model and is compared by the variation
method (Sundermann et al., 2000).
In this work, by considering the key feature of methane, a

new and unique model is presented for optimization of two
tailored rectangular femtosecond laser pulses in dissociation
of the molecule with maximum probability of one. The main
feature of this work is to study the sensitivity of the dis-
sociation probability to the initial bond length q and to con-
trol the desired product channel by variation of intensity and
time evolution of the laser field via introducing the vector
space (I1, I2, t1, t2, and t3) with a cost gradient optimization
method. In this simple and low cost model, the structural
complicacy of solving the related time dependant Schrodin-
ger equation is not needed.
Time evolution of the electric field is given by

f t( ) = E0 sin ωt( ). (14)

Where E0 is amplitude of the electric field and ω is the pulse
frequency.
The variation of q and p of a Hamiltonian system with N

degrees of freedom are defined by semiclassical initial
value representation.

q̇n =
∂H pn, qn, t

( )
∂pn

, ṗn =
−∂H pn, qn, t

( )
∂qn

. (15)

The Hamiltonian is the sum of kinetic and potential energies.
Formally, Using the Poisson bracket, the above equations can
be set in to an equation for the phase space vector Γ= (q,p)

η• = − H, η
{ } = Ĥη. (16)

The equation above is integrated over a small time step,
yielding

η t + Δt( ) = exp −ΔtĤ
{ }

η t( ). (17)

By using the high order split-operator procedure in the

Fig. 5. The potential energy level of the C-H bond of the parent ion CH4
+.

The dissociation distance of C-H bond is also shown.
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semi-classical approach, the effective Hamiltonian is introduced

exp −ΔtĤeff

{ } = exp
−ΔtV̂

2

{ }
exp −ΔtT̂k

{ }

× exp
−ΔTV̂

2

{ }
.

(18)

In this numerical calculation, theHamiltonian splits into theparts
representing the kinetic energyandpotential energy,where at the
first step only the potential part operates, which results in the
change of momentum, so called kick step. By considering
the new momentum, the position is changed as a drift step.
These variations are introduced according to G = ∂Tk/∂p,
F = −∂V/∂q. This procedure is called the variant of the
symplectic Euler method. For very short times, this procedure
yields

q1 = q0 + ΔtG p = p0
( )
2

, p2 = p0 + ΔtF q = q1
( )

,

q2 = q1 + ΔtG p = p2
( )
2

.

(19)

In general, any integrationmodel can be expanded to k= 1,…, n
in the form of

pk = pk−1 + bkΔtF qk−1
( )

, qk = qk−1 + akΔtG pk
( )

. (20)

Therefore, Δt should be chosen in a way that monitoring the
internalmovement of the desiredmolecule is possible. For sym-
metric molecule of methane, the time duration is suggested to
be Δt= 33.75 (Wang et al., 2003). Therefore, for 2.7 fs laser
pulse T/ΔT= 2.7 fs/33.75= 80 and in a sinusoidal field
only 80/4= 20 first parts of potential is needed.This is because
the molecule experiences the same potentials in the last three-
quarter of cycles. By manipulation of laser intensity, it is poss-
ible to calculate potential by Gaussian 3 code.
In this work, for calculating the dissociation energy of C-H

bond of methane 10000 paths are selected by various initial
condition. It is supposed that the molecular bond C-H is ex-
posed to a double rectangular laser pulse, which is divided
into sinusoidal optical cycles with a period of T= 2.7 fs.
The initial value of q is selected between 0.8 Angstrom
and 1.5 Angstrom and the final value of q is 6 Angstrom,
which are reasonable numbers according to Figure 5. In
numerical calculations, the time step should be as the same
order with as intermolecular vibrational period and one opti-
cal cycle is divided by considering the related dressed poten-
tial energy surfaces of the bond ground state of the molecular
ion. This C-H bond is in the direction of laser field and differ-
ent laser intensities in each time step is considered by using
“field” option in the Gaussian package.
For finding the dissociation probability, time variation of q

is calculated for 10000 different trajectories. The difference
between the trajectories is because of the selected initial con-
dition in solving the Hamilton equation.

RESULT AND DISCUSSION

As denoted in Figure 5, the first initial condition is that the mol-
ecule is in its ground state without feeling any field and q is
chosen randomly from the ground state potential well of the
molecule. The second initial condition is the velocity of the
H atom that is assumed to be zero in a good approximation.
The dissociation probability is related to the number of the tra-
jectories ended with a q parameter more than 6 Angstrom for
the total number of trajectories. Figures 6 to 9 show the time
variation of q and velocity for the mentioned two rectangular
laser pulses. From these Figures the importance of the defined
initial conditions in obtaining the final magnitude of q can be
deduced. In all of these Figures, I1< I2 and t1< t3, but in
Figures 6 and 7 the dissociation of molecule can be seen,
while in Figures 8 and 9 the polyatomic molecule is remained
in the bond level, because of different initial conditions. In
Figure 6, the average bond length is longer than 6 Angstrom,
indicating that the molecule has dissociated and optimized dis-
sociation probability is calculated. As a result with character-
istic vector S= (3 × 1013W/cm2, 13 × 1013W/cm2, 5 fs, 30
fs, 60 fs) and initial condition q0= 0.72 Angstrom the maxi-
mum probability of 1 is obtained. In Figure 7, showing the
time interval of 5 to 35 fs, q is changed by a constant velocity
and the applied field is vanished. Therefore, before the termin-
ation of laser pulse, the methane ion is dissociated. Continuous
enhancement in the momentum is achieved due to the effect of
the second pulse after 30 fs delay time. With the new momen-
tum, the bond length is stretched and dissociated. In Figure 8,
with the initial condition q0= 0.79 Angstrom, the average
bond length oscillates with time, however, the molecule is
remained in the bond level and it cannot be dissociated.
In Figure 9, continuous enhancement of the momentum is
not observed and the molecule does not have enough energy
to dissociate into the products.

For finding the tailored two rectangular laser pulses, we
introduced the laser pulse with a characteristic vector S as

Fig. 6. q versus time for two rectangular laser pulses with characteristic
vector S = 3 × 1013 W/cm2, 13 × 1013 W/cm2, 5 fs, 30 fs, 60 fs

( )
for

initial condition q0= 0.72 Angstrom.
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indicated in Figure 10. If the dissociation probability is de-
noted by pdiss, which is assumed to be a function of S then,
we try to find the maximum pdiss according to the tailored
two rectangular laser pulses. The gradient of the S function
is in the direction of the local extremes. The goal is to find
the two tailored pulse based on the concept of the gradient,
of pdiss, which can be found by the following equation.

Δpdiss =

ΔpdissI1
ΔpdissI2
Δpdisst1
Δpdisst2
Δpdisst3

⎡
⎢⎢⎢⎢⎣

⎤
⎥⎥⎥⎥⎦ =

pdiss I1 ± dI1( ) − pdiss I1( )
dI1

pdiss I2 ± dI2( ) − pdiss I2( )
dI2

pdiss t1 ± dI1( ) − pdiss t1( )
dI1

pdiss t2 ± dI2( ) − pdiss t2( )
dI2

pdiss t3 ± dI3( ) − pdiss t3( )
dI3

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (21)

Following ∇pdiss calculation, the next step is moving toward
its direction determination in the produced space by the par-
ameters of the characteristic vector S. This step is shown by
the following equation:

I1
I2
t1
t2
t3

⎡
⎢⎢⎢⎢⎣

⎤
⎥⎥⎥⎥⎦

Next

= kΔpdiss +

I1
I2
t1
t2
t3

⎡
⎢⎢⎢⎢⎣

⎤
⎥⎥⎥⎥⎦

Initial

. (22)

We choose k as a random integer less than 10 in each optim-
ization step. The energy of the laser pulse or area under the
intensity-time curve should be fixed. For more simplifica-
tion, we suppose that t2 and the total energy of the two rec-
tangular pulses i.e., E= I1t1+ I2t3 are assumed to be fixed.
Then, the degree of freedom will be reduced to three and it
will make the calculations less complicated. Our space
optimization shown in Figure 11 is built by considering the
constraint and choosing proper boundaries for the variables.

Fig. 7. Velocity versus time for two rectangular laser pulses with character-
istic vector S = 3 × 1013 W/cm2, 13 × 1013 W/cm2, 5 fs, 30 fs, 60 fs

( )
for

initial condition q0= 0.72 Angstrom.

Fig. 8. q versus time for two rectangular laser pulses with characteristic
vector S = 3 × 1013 W/cm2, 13 × 1013 W/cm2, 5 fs, 30 fs, 60 fs

( )
for

initial condition q0= 0.79 Angstrom.

Fig. 9. Velocity versus time for two rectangular laser pulses with character-
istic vector S = 3 × 1013 W/cm2, 13 × 1013 W/cm2, 5 fs, 30 fs, 60 fs)(

for
initial condition q0= 0.79 Angstrom.

Fig. 10. Two rectangular laser pulses is introduced by a characteristic vector
space S= (I1, I2, t1, t2, t3).
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Based on the mentioned constraints it is found that the laser
pulse intensities are in the range of I1, I2 Є [1, 121] × 1013

W/cm2 and t1, t3 Є [5, 255] fs.
The Table 1 shows the resulting pulses for providing the

dissociation probability of one. Calculations performed for
one rectangular pulse by FAD models show that the
dissociation will saturate at a certain pulse width.
In this calculation, several S vectors are found and satur-

ation in dissociation can be shown when a molecule is ex-
posed by two rectangular laser pulses. For all proper
tailored pulses, it is found that I1> I2. Classically, it is be-
cause the initial acceleration of H atom is high and it is
caused that q to reach to the length of 6 Angstrom immedi-
ately. When the molecule is exposed to the second part of
the laser pulse, it is not in the potential well of the molecular
bond. Therefore, the intensity effect of the second part of the
laser pulse seems to be less important than the first part. The
molecule may be exposed to a laser pulse, which its first part
of it has less intensity and the second part generates a high
acceleration in the H atom. In this case, in spite of the high
acceleration of H atom, the laser energy constrain does not
have enough time to reach to a required bond length. This
is in agreement with the earlier result reported by Wang
et al. (2006) that is pertinent to the rectangular pulse. They
found experimentally that below a certain laser pulse, the
bond width in spite of the high intensity of the laser pulse,
the dissociation of molecular ion was not observed.

CONCLUSION

In the present work, three fundamental profiles of pulses are
used to find the maximum generated wakefield amplitude. It
is found that wakefield amplitude induced by RTP is greater
than the wakefield of others combinations. Moreover, to find
the optimum wakefield amplitude produced by dual trailing
laser pulses four different arrangements are considered in
plasma. It is noticed that when the first and second pulses
were the RTP and SP shapes respectively, the resultant wake-
field amplitude is maximum. This achievement can have
good impact in controlling of chemical reactions in the de-
sired channels by short pulse intense lasers for reducing the
computation time of genetic algorithm model. In addition,
a simple and very useful method is introduced for the first
time to produce optimized two tailored rectangular laser
pulses which dissociates the molecular ion CH4

+ with the
maximum probability of one. This optimization analyzes
some information about the molecular dynamics which
should describe the control of a bulk sample of molecules
at different positions. Furthermore in this model we achieve
the best initial q with the maximum dissociation probability
and possibility of the laser wavelength tuning to match the
vibrational frequencies of the different pathways. In these
calculations, the advanced FAD model by using a semi-
classical view and the gradient optimization method is
used. The molecular bond is assumed to be in the same direc-
tion of the laser electric field. These calculations can be im-
proved by assuming that there are molecular bonds not in the
same direction as the electric field, which feel the laser effect
(Wang et al., 2006). Saturation for dissociation of the men-
tioned molecular bond is found, where the first rectangular
pulse should have higher intensity than the second one.
Analysis of the pulses resulting in selective control is with
the maximum product yield and less complexity. Also
these results can reduce the costs of obtaining an optimized
pulse shape needed for controlling the chemical reactions.
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