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Abstract.

We suggest a control scheme for choosing populations of molecular rotational states by wave

packet interference. The rotational wave packets of LiCl molecule excited non-adiabatically by half cycle pulse
(HCP) is controlled using the second ultrashort HCP. By adjusting the time delay between the two laser pulses,
constructive or destructive interference among these wave packets enables the population to be enhanced or
repressed for the specific rotational state. The role played by the field strength and the pulse duration is also
calculated numerically. We have used fourth order Runge—Kutta method to study non-adiabatic rotational

excitation (NAREX) dynamics.

Keywords.

1. Introduction

The dynamics of molecule in the external electromag-
netic field has recently been a subject of many experi-
mental and theoretical study.'™'! Interaction between
the field and molecule can be studied either under adia-
batic or non-adiabatic conditions. When the interaction
is shorter than the duration of its rotational period,
then non-adiabatic rotational excitation (NAREX)
occurs. '>1® According to rough estimate for NAREX,
pulse duration is (Tpuse < h/B), where h is Planck’s
constant and B is rotational constant of the molecule.
The time evolution is said to be non-adiabatic and
molecule is supposed to end up in a rotational wave
packet. The wave packet comprises of a finite num-
ber of free rotor states and thus recurs after the pulse
has passed giving rise to orientation under field-free
condition. " The rotation of molecule is coherently
excited to create a rotational quantum wave packet, a
non-stationary super position of rotational eigen states.
NAREX is useful for studies on quantum state resolved
collision or reaction dynamics of highly anisotropic
state. NAREX can become an important tool for
changing and controlling the rotational state distribu-
tion of molecules, especially when recent elaborate
methods i.e. double-pulse pair?® and shaped pulses-*
are invoked. NAREX shows useful results in internal

*For correspondence

NAREX; delay time; wave packet interference.

31,32 33,34

version, dissociative ionization molecular
rearrangement,* fragmentation to neutral products,3®
non-resonant electronic excitation®” etc. In addition to
atom, molecule has nuclear degree of freedom (rota-
tional and vibration) and can undergo internal conver-
sion or dissociation of molecules, the variety of competing
outcomes of NAREX must be greatly increased.
NAREX has been utilized in many other applica-
tions.* The non-stationary quantum state i.e. rota-
tional wave packet, created in non-adiabatic molecular
orientation is a coherent superposition of eigenstates,
of which rotational angular momentum J ranges
among various values while its projection onto the
space fixed axis M is preserved to the initial value. In
this respect, the non-adiabatic orientation is inherently
accomplished by NAREX. An efficient method to
achieve an enhanced degree of orientation is to employ
delayed laser pulses. As the orientation is resulted from
the in phase overlapping of spherical harmonics in the
time evolution of rotational wave packets, introduc-
ing the second laser pulse may modify the rotational
wave packet and thereby increases the degree of ori-
entation. As a model scenario of coherent control of
quantum states the rotational wave packet excited by
the first laser pulse can be annihilated or enhanced by
the second laser pulse when introduced at different
delay times. The delayed pulse used here is ultrashort
half cycle pulse (UHCP). These pulses are already
feasible.***! Half cycle pulses (HCPs) with the peak
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field of up to several hundreds of kV/cm and duration
in the femtosecond regimes can be experimentally
generated.**~*¢ Ultrashort pulses create non-stationary
superposition, or wave packet, in the multilevel
medium. This wave packet oscillates with a character-
istic time that corresponds to the quantum beat period
between the excited states. An ultra-short HCP, which
is short compared to rotational periods, could impart a
kick on the molecule and transfer angular momentum.
The consequence would be angular motion in the direc-
tion of kick.**3 In this paper we investigate the theo-
retical study on control of rotational wave packet using
HCP and delayed ultrashort HCP. The rotational wave
packet was calculated by using two laser pulses with
different laser parameters like laser pulse duration and
by applying second laser pulse at different delay times.
The time evolution of the rotational wave packet was
characterized by time dependent orientation parameter.

2. Theory

The laser induced rotational excitation dynamics is
studied for LiCl molecule, in simultaneous presence of
HCP and ultrashort HCP. The molecule is treated within
rigid-rotor approximation (frozen internal vibrational
motion), interacting with the fields. The molecule plus
the two fields Hamiltonian, for this model is

H()=BJ*4+ Ve (0,1)+ V50, 1), (1)

where, B, is the rotational constant and J? is the
squared angular momentum operator. The interac-
tion potentials Vg(0,t) and Vz(6',t) are the interac-
tion potential of the laser field (HCP) and ultrashort
HCP with dipole moment and along the polarizability,
respectively, where Vg, define as

Ve (0,1) = moE (1) cos (0) 2

where 6, being the polar angle between the molecular
axis and the laser field. It is precisely this angle which
defines the orientation of the molecule with respect
to laser field and o is the permanent electric dipole
moment along the internuclear axis. 6 and 6’ are in
plane of each other. The laser field is defined as

E(t) = Eyf (¢)sin (wt), 3)

where E, is the electric field amplitude; and f (¢) is the
envelop defined as

f @) =sin®(wt/1,) 0<t <1, “4)

f () =0 otherwise. 5)

In the equation (3), w, is the frequency of the applied
field of the HCP, which fits the main features of the
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experimental shape peak amplitude E duration 7, (full
width at half maximum, FWHM) of HCP except the
tail which is dropped. The short unipolar pulse is fol-
lowed by a very long, weak tail of opposite electric
field with a marked asymmetry between the maximum
and the minimum at either side. This tail typically lasts
tens of pico seconds and has an amplitude of 10% or
less than the main peak (an amplitude asymmetry of
approximately 12:1). Strictly, the electric field for a
freely propagating electromagnetic pulse must integrate
to zero, be it over a very long time (in the case of the
HCP, the area of the tail, integrated up to t = 4 ps,
represents 15% of the area of the main peak). How-
ever, a transfer of angular momentum should take place
on the time scale of the short pulse where the elec-
tric field is essentially unidirectional, and the effect of
the long weak tail should be negligible as mentioned
by Dion.* Concerning the HCP field, following points
may be taken care of (i) maximum field amplitude we
have considered is 200 kV /cm. This is quite low com-
pared to the intensities required for the ionization of
the diatomic molecule, considered here, (ii) central fre-
quencies are out of resonance in this case. Even though
there is probability flow to few of the low lying rota-
tional states, which get modified considerably by the
ultrashort HCP pulse, (iii) we have considered the pulse
duration of 1.0 ps, which is quite small compared to
rotational period (#.) of the LiCl molecule (h/2B =
23.6 ps), hence non-adiabatic interaction are observed.
It has ionization energy 9.57 eV. While V;(¢', t), is the
interaction due to ultrashort HCP pulse

V. (0, 1) = uoE, (1) cos (9'), (6)

where E, (t) = sin® (nt/Tp); 0<t<T,T,ispulse
duration of ultrashort HCP. #’, is polar angle between
the molecular axis and ultrashort HCP. In order to
ensure that the observed rotational excitation is induced
by NAREX process, a quantum dynamical calculation
is performed to calculate the population by solving the
time dependent Schrodinger equation (TDSE) in the
presence of HCP™

8 rot
Lhw = (Hroz - MCOSGE (t)) |'S/frol (t)> ’ (7)

The time dependent rotational wave packet |, (¢)) is
expanded in terms of the rotational eigenstates |J M) of
Hral as

M, B Jnax J LM, B
it )= Chi [ IM) e
®)
With the initial condition

[yt = 0) = | M;), )

rot
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inserting the equations (8) and (9) into equation (7),
one obtains a set of coupled equations for the time-
dependent expansion coefficients,

L dCT (1) D N
lh—dl‘ = —uE @) ij:o ZM,:_J,

x (JM|cos (0) |J' M)

—i(Ef’—Ef)t/hCJ,-M,-

X e M (t) (10)

CIvli(t =0)=8,,8mm,- (11)

The selection rules J' = J & 1 and M’ = M simplify
the differential equation (10) as

. dC;']{Zl (t) Jax )
ih—— = — pE (1) ) (J Mi| cos (0) |J'M;)
J'=0
,'(El’iEj)I/h M
xe chn (12)
and
Climi(t)y=0 for M # M,. (13)

The time-dependent rotational wave packet (8) is thus

m

Jinax M _iE7
Yot )= " Col ) 1IM) e (14)

The matrix elements (J M;| cos (0) |J'M;) for J' = J £
1 are given explicitly as

(JM;|cos 0) |[J'M;) = (-=D™ /2J + 1) 2] + 1)
J 1y
WM, 0 —m,

XJIJ/
0 0 0 )

Equation (12) is solved by means of the Runge—Kutta
method of fourth order. We have taken step size t = 4
a.u and total propagation period is 100 ps for calcu-
lation. If another ultrashort HCP is irradiated onto the
molecule at r = f;, wave packet created by the inter-
action with the second pulse is expanded and solved
by using the method used by Abiague and Berak-
dar.>! As described, the wave packet between suc-
cessive pulses evolve under field free condition i.e.
when single initial pulse is applied equation (7), fol-
lows initial condition defined by equation (9), however,
the moment second pulse is applied the initial condi-
tion changes and follows equation (8). We have taken
states up to J = 20, i.e. total of 21 lowest rotational
states as the field intensities considered here, only low-
est few rotational states are populated. Although the
convergent results are obtained by taking states up to
J = 12. To compute the degree of molecular orienta-
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tion, we calculate the time-dependent expectation value
of <cos 6> as

(cos 0 (1)) s, = (V1" ()] cos 0 [y3" ().

The corresponding thermally averaged time-dependent
expectation value is given as a Boltzmann average over
the initial state-selected values of equation (16)

(16)

{cos b ()7
=(1/2) ijo PJ) Z; (cos @ (1)), . (17)

Here, P(J) = exp[(—=BJ (J +1)/ksT)], is the
Boltzmann distribution function associated with the
rotational states, Z = ) LO Q2J+1)P(J), is the
partition function, T is the temperature, kp is the Boltz-
mann constant, and B = #%/21 is the rotational con-
stant of the molecule. The orientation parameter < cos 6>
varies within the interval [—1, 1] and the perfect orien-
tation is signified by the extremum value of <cos 6>.

3. Results and discussion

Here we have considered the rotational excitation and
orientation of LiCl molecule in the presence of collec-
tive consequence of HCP and a delayed pulse. Both
pulses are linearly polarized and are in plane of each
other. The delayed pulse used here is ultrashort HCP of
peak intensity 7 x 10" W/cm? and frequency 3 cm™'.
The duration of delayed pulse is (0.2 ps), which is
much smaller in comparison of initial pulse duration.
The pulse width variation of initial HCP having fre-
quency 11 cm™! allows the system to be exposed to
the electromagnetic (e.m.) field for different durations
and the delayed pulse is used for the kick mechanism.
Wave packet evolves as in field-free condition after sec-
ond pulse, hence we have shown the results for well
after the end of second pulse. This is first study regard-
ing NAREX and orientation in the presence of pulses
of different shapes and different durations. So far stud-
ies were carried out by two identical pulses>>>* but we
are considering two different pulses and second pulse
is ultrashort (fs) with respect to the first pulse and is
ultrastrong. The consideration of LiCl molecule as sam-
ple is obvious, as it has been extensively studied and
is an ideal case of orientation as it has large value of
permanent dipole moment and polarizability. Orienta-
tion and NAREX is presented for different pulse dura-
tion (z,) of initial HCP and delayed pulse is applied at
different delay time in comparison of rotational period
(t.). The peak electric field strength is kept below
the ionization threshold 200 kV/cm, in order to study
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non-resonant laser field orientation. The results calcu-
lated in this paper are beneficial to experimental point
and very useful for controlling the molecular dynamics.

In figure 1, calculations were carried out for var-
ious pulse duration of initial pulse with peak inten-
sity of the delayed ultrashort HCP pulse fixed at 7 x
10" W/cm? and is applied at 7./2. Results shown in
the figure reveals the existence of an optimal J val-
ues for pulse duration. The pulse duration is indicated
in each panel as: for panel (a) pulse duration is 0.1 ps,
for (b) it is 0.2 ps, for panel (c) it is 0.5 ps and for (d)
the pulse duration is 1.0 ps. Furthermore, we observe
that the maximum rotational excitation value depends
critically on the pulse duration. As the initial pulse
duration increases; the time of exposure of the system
also increases; due to this rotational probability also
increases of states J = 1,2, 3..... in order, but as soon
as the delayed pulse ultrashort HCP is applied, this sys-
tem get kicked and all the population of rotational states
get reshuffled, so that high J states get excited and low
J states get suppressed. The rotational probability of
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Figure 1.
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any particular state can be controlled by the change in
delay time for particular delayed pulse.

In figure 2, the transition probability of rotational
state from J = 0-9, with or without delayed pulse
at different pulse duration of initial pulse indicated in
each panel is shown. The LiCl molecule is initially in
the rotational state / = 0, when only HCP is applied.
Almost all the population more than 98% is for the rota-
tional state J = 0, while the population of the other
states is negligibly small, but as soon as the delayed
ultrashort HCP introduced, the population is transferred
to other higher rotational states. In panel (a), the pulse
duration of initial HCP pulse is 0.1 ps, shows the max-
imum population transfer for the rotational state J = 7
after applying delayed pulse. Whereas in panel (d), for
initial pulse duration 1.0 ps, the maximum population
transfer is for rotational state J = 4. It is displayed in
the figure that for state J = 4 rotational population is
goes on increasing with increase of pulse duration while
the population of states J = 7, 8, 9 goes on decreasing
with the increase in the pulse duration.
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The time dependent rotational population with delayed ultrashort HCP applied at 7. /2, here initial half cycle

pulse duration varies from 0.1 ps, 0.2 ps, 0.5 ps, 1.0 ps in panel (a), (b), (¢), (d), respectively.
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Figure 2. Transition probability of the rotational state J = 0-9, with-
out and with delayed ultrashort HCP at different initial pulse dura-
tion indicated in each panel. The pulse intensity of initial pulse is

200 kV/cm.

In figure 3, the rotational states without external field
are bare states whereas the rotational states in the pres-
ence of the external field states get dressed. Thus in this
figure, we have shown bare and dressed states of differ-
ent rotational states of LiCl molecule and the particular
rotational state is indicated in each panel. Bare states

Dressed states

Dressed states

(B) are represented by red colour. Dressed states are
due to two types of field, dressed states D1 shown by
green colour is only due to initial HCP, while dressed
states D2 shown by blue colour are the combination of
both initial pulse and delayed pulse applied at 7./2. It is
clearly shown in the figure that how the bare states get
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Figure 3. Bare states and dressed rotational state of molecule / = 0-
8, with and without delayed pulse at pulse duration 1 ps. Here, red colour
represents the bare state, green colour represents dressed state with HCP
only whereas blue colour represents the dressed state with both HCP and
ultrashort HCP pulse. The pulse duration of initial HCP is of 1.0 ps.
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Figure 4. First row shows the rotational population with only HCP of different pulse duration
indicated in the key. The rest three rows show rotational population of different J states after
applying delayed pulse. The three bars are for different pulse duration of initial HCP as indicated

in the key of first row.

modified with external field. Mixing between the states
depends upon the strength of the field, duration of HCP
and the delay between the two pulses.

In figure 4; first row of the figure shows the rotational
population of different J states for only initial pulse of
different pulse duration, as indicated in the key. Next
three rows show the rotational population of a particular
rotational state J as a function of delay time. The three
different bars are of 0.1 ps, 0.5 ps and 1.0 ps pulse dura-
tion of initial pulse indicated in panel (iii) of first row.
Here it is clear that the particular state can be controlled
by the delay between the two pulses. Suppression and

enhancement of the population depends on the combi-
nation of pulse duration of initial pulse and different
delay times between the two laser pulses.

Figure 5 shows the population for each specific rota-
tional state wave packet as a function of pulse dura-
tion of initial pulse only. The population is distributed
among the rotational state J = 0 to J = 5 and rest
states are almost zero. It is also found that for 7,
0.1 ps, most of the population is in state J = 0, but
as we increase the pulse duration the population trans-
fers to higher rotational states. Rotational population of
any particular ‘J’ state shows resonance for a particular
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Figure 5. Population of rotational states with pulse duration of HCP pulse

without delayed pulse. Rest states have

almost zero values, hence not shown.



Non-adiabatic rotational excitation of dipolar molecule under the influence of delayed pulses

1219

05 : : : : : 0.45 0.25
0.45 - (a) J=0 4 04}
04} 1 035} 02 —
0.35 e
S sl 1 °%sr 0.15 g
k| 0.25
S 025 1 o2k
S o02f E - 0.1 e
& oi5f 4 015F
01F 4 O01F 0.05 E
0.05 | 4 0.05F
0 0
0.35 : : : 0.35 : : : : : 0.25 : : : :

Population

T
to/4

Population

0 02 04 06 08 1 1.2 0 02 04
Time (ps)

Time (ps)

06 0.8 1 1.2 0 02 04 06 08 1 1.2
Time (ps)

Figure 6. Population of rotational states with pulse duration of initial HCP pulse after apply-
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key.

time period; such as J = 0, state shows resonance for
t, = 0.1 ps and 0.6 ps, whereas J = 1 state shows res-
onance for f, = 0.4 ps and 0.8 ps. States J = 2, 3 and
4 show maximum population for r, = 0.8 ps. So, we
can say that the rotational population of higher J states
can only be achieved for greater exposure time and with
some particular values of 7, satisfying its resonance
condition.

In figure 6, the variation of rotational population with
pulse duration of initial pulse and for different delay

Orientation

-0'80 10 20 30 40 50 60 70 80

time of delayed ultrashort HCP is shown. By applying
the delayed ultrashort HCP pulse we get the rotational
population to even J = 8, which was not possible with
only HCP as shown in figure 5. The three bars are for
different delay time as indicated in the key in panel (f).
The rotational population of the state can be controlled
by the delay as well as pulse duration of the initial pulse.
Such as for J = O state; if the pulse duration (¢,) of
the initial HCP is 0.5 ps then the maximum rotational
population is for delay time #./2, but for z, = 1 ps we

0.8 — HCP

— HCP+UHCP (b)
0.7f
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a4
”
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o
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Figure 7. (a) Time dependent orientation parameter <cos 6> calculated at 7 = 0 K (inred) and 7T = 5 K (in

green). (b) Maximum value of orientation, without delayed pulse (in red) and with delayed pulse (in green) is

applied at ¢, /2.
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need a delay time 7. Similarly for other state, we can get
a combination of 7, and delay time to attain a maxima.

Figure 7a shows the time evolution of orientation at
two different rotational temperatures (77 = 0 K and
T =5 K). T = 0K corresponds to the case, in which
all the initial rotational states were populated at the
ground state. But in the real experiments multiple rota-
tional states are populated incoherently, when molecu-
lar ensemble is at finite temperature. Eventhough value
of orientation decreases with increase in temperature.
Maximum value of orientation does not depend upon
the initial rotational temperature. But it is nearly fixed
at the half of the rotational period of the molecule.

In figure 7b, the maximum value of orientation with
pulse duration is shown. Maximum value of orienta-
tion increases with increase in the pulse duration of
HCP. But when the delayed ultrashort HCP is applied
at delay of 7./2, the phenomenon gets almost reversed;
it is observed that there is continuous decrease in max-
imum value of orientation with the pulse duration. It
is concluded that with delayed ultrashort HCP maxi-
mum value of orientation is obtained for small exposure
time of initial pulse.

4. Conclusion

We have calculated the rotational population of
molecule selected by the quantum interference of the
rotational wave packets that are created by NAREX of
the molecule using two laser pulses (half cycle pulse
and ultrashort HCP pulse). It is shown that rotational
population can be enhanced or suppressed for spe-
cific rotational state in the wave packet created by two
laser pulses at different pulse duration and at different
delay times. Dressed rotational states of the molecule
are evaluated with and without delayed ultra short
pulse. The maximum value of molecular orientation is
achieved at different pulse durations.

The delayed pulse can transfer the population selec-
tively in the direction either further to the rotational
states excited by the first pulse or back to its initial state,
depending on the delay between the two pulses, result-
ing in the enhancement or suppression of the molecular
orientation. Hence, the double pulse excitation method
supports to simultaneously control of the internal quan-
tum state distribution of reactant. This scheme can be
generally applied to other polar molecules. An inter-
esting application of the present study is the genera-
tion of electric rings currents, which depends on the
sharp orientation of the molecule with respect to the
excitation field. It also promotes new application for
understanding and controlling molecular processes and
further offers advance research in molecular science.
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