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Abstract. To investigate the orientations of CO molecule driven by both Gaussian and square laser pulses, we
give the theoretical analysis using the density matrix method and rigid rotor approximation. The results show

that both pulses with a short duration can induce the in-pulse and post-pulse orientations easily, and that

http://www.global-sci.org/jams/

the field-free molecular orientation in both non-adiabatic and adiabatic regimes can be obtained by square

laser pulse. In addition, the discussion of the temperature effect for field-free orientation shows that the
square laser pulse is more feasible in an ensemble of higher temperature.

1. Introduction

These years the laser-induced molecular orientation and alignment
techniques have attracted much attention due to their extensive
applications in theoretical and experimental researches, such as
chemical reaction dynamics [1,2], multiphoton ionization [3,4],
high-order harmonic generation [5,6], and photoelectron angular
distribution [7,8]. Alignment refers to the molecular axis along
laboratory-fixed axes, while the orientation implies that the
molecular axis has a specific “head-versus-tail” order. Based on the
ratio of the laser pulse duration and the molecular rotational period,
there are two alternative ways to obtain the molecular alignment
and orientation, i.e., the adiabatic and nonadiabatic regimes. For
adiabatic regime, the laser pulse duration is much longer than the
molecular rotational period, and the molecular orientation and
alignment exists only in the time range of laser excitation [9]. While
for nonadiabatic regime, it refers to a reverse case where the laser
pulse duration is much shorter than the molecular rotational period
and the molecular orientation and alignment can be revived at the
rotational period of the molecule after the pulse, which is also
called the field-free molecular orientation and alignment [10].
Compared with the molecular alignment, the molecular
orientation is more challenging to realize, but has more important
applications in related areas. So far, numerous different techniques
have been utilized to achieve the molecular orientation. Originally,
strong dc-field was used to achieve molecular orientation, however,
the orientation degree obtained by this way is relatively low, and
strong dc-field may induces the stark effects [11,12]. In later studies,
some non-resonant laser fields, such as a two-color laser field and a
multi-color laser field were utilized to steer molecular orientation
via their interaction with molecular hyperpolarizability [13-15].
However, because of the weak interaction between the laser and
the molecular hyperpolarizability, improving the orientation degree
needs high intensity of laser pulses, which may lead to the
molecular ionization and dissociation. These years with the
development of THz technology, some THz laser fields have been
used for the realization of field-free molecular orientation, and the
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often used techniques include the half-cycle THz laser pulse, single-
cycle THz laser pulse, and few-cycle THz pulse, which have achieved
good results of field-free molecular orientation [16-19]. Recently,
many kinds of shaped laser pulse, pulse train and different
combined fields were widely used for molecular orientation, and
the orientation degree was further improved. Some related works
can be referred from the literatures [20-23].

In this paper, we study the molecular orientation of CO
induced by Gaussian laser pulse and compare it with one induced
by the square laser pulse. In Section 2, the theoretical method of
molecular orientation is described in detail. In Section 3, we will
firstly study the molecular orientation driven by Gaussian laser
pulse and its populations of the rotational states. Then, we
compare it with that driven by the square laser pulse and analyse
the corresponding populations of the rotational states. In addition,
is also
discussed. Finally in Section 4, the conclusions are summarized.

the temperature influence on molecular orientation

2. Theoretical method

In our scheme, the laser induced molecular orientation is studied
for different pulse envelope. The laser field is defined as

E(t) = E, (t)[cos at + cos(2at)], (1)
E(t)=E, f(t), 2)

where Ej is the amplitude of laser pulse, f(t) is the pulse envelope
and w is the laser frequency. The two different pulse envelopes, viz.,
Gaussian and square envelope, are, respectively, defined as [24,25]

f(t) = exp(~t2/22), (3)
t ,
(00, Sars” @

where T is the full width at half maximum. Within the rigid rotor
approximation, the total Hamiltonian of the molecule interacting
with the laser pulse is given by [26]

H () = B,32 - 4, (t) cosa—%[(a,, a,)cos? 0+ a, JEX(H),

-S04, ~36,)cos" 0436, cos IE (D) )

where the first term is molecular rotational energy with B, the
molecular rotational constant and f the angular momentum
operator. The second term is the dipole interaction between the
laser pulse and the molecule, where pis the permanent dipole
moment. The third and fourth terms are the interactions of laser
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pulse with the polarizability and hyperpolarizability, respectively.
6 is the angle between the molecular axis and the polarization
direction of the laser. ¢,(8,) and «a (B) are the
polarizabilities (hyperpolarizabilities) parallel and perpendicular to
the molecular axis. The degree of molecular orientation is
calculated by
(cos @) =Tr{cosGo(t)}, (6)

where Tr denotes the trace of a matrix and p(t) is the time-
dependent density operator. The time evolution of the density
operator can be obtained by solving the quantum Liouville equation,

dp(t) Ponn

. h[H,p(t)], (7)
and the density operator can be expanded in the eigenstates of the
rigid rotor Hamiltonian as

ﬁ(t)Z ZPJMJ‘M‘(I[)“]M ><J‘M“ , (8)

where pjy 7y (t) are determined by coupling differential equations
[27]

dp,;. (&) i
—Mg:’ = _%{(SJ & )pﬂvu‘M‘ (t)
HE() Y10, 1 OV, = P, (V5]
o (€)

1

LA, OV, = P €V, 5001
oMy

1

s g3 (t)z g, - 3,@)(/3,1,\,,1/,”‘ (t)VJ(:a)JlMl = Pim, (t)\/j‘j;m- )
1M,

+34.(p LM M (t)\/J(I‘;)/lMl = P, (t)‘/&m‘ )
where
VO =(IM]cos' 03 M") (1=1,2,3),
Above equation can be solved by using the fourth-order Runge-
Kutta method. The initial density operator satisfies the
temperature-dependent Boltzmann distribution:

o M=J
po(T) :iz Z‘JM ><JM ‘e—BEJ(JH.)IKBT , (10)
Z J=0M=-J
where
o M=J
7 :z ze—BEJ(Jﬂ)/KBT ) (11)

J=0M=-]
is the partition function with the Boltzmann constant Ky at
temperature T.

3. Results and discussion

In this calculation, we take CO as example to study the molecular
orientation under the Gaussian and the square pulses. The
molecular parameters are set as Be=1.93cm’1. ©=0.112D,
0, =229 a =177 4 8,=2748x10° A | 8, =4.994x10° A°
and the rotational period T,,=8.64ps [28,29]. We first show the
time evolution of the molecular orientation induced by Gaussian
laser pulse of different pulse duration in Figure 3.1. It can be seen
from Figure 3.1(a) that an efficient field-free molecular orientation
can be achieved, and the molecular orientation repeatedly revives
at around t = nT,,; (n=0,1,2...), while Figure 3.1(c) represents a
purely adiabatic regime, in which the maximum orientation degree
is reached during the laser pulse, and after the laser pulse the
orientation vanishes. In Figure 3.1(b) an intermediate case is
depicted, where it displays like in the purely adiabatic case during
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the laser pulse, but the weak field-free orientation remains like the
nonadiabatic case after the laser pulse.

To further illustrate the interaction between Gaussian laser
pulse and molecules, we show the time evolution of the
corresponding rotational population in Figure 3.2. Obviously,
before excitation all molecules populate on J=0, then under the
stimulation of the fields, the rotational population displays a Rabi-
type changing, and after the pulse the population does not change
with the time. The periodic field-free molecular orientation shown
in Figure 3.1(a) and (b) can be interpreted by that a coherent
rotational wave packet is produced after the interaction between
the field and molecules, which suffers a periodic dephasing and
rephasing when evolving freely in time, i.e., the collapsed wave
packet is periodically reconstructed at multiple revival times [30].
For Figure 3.2(c) due to that the pulse duration is enough long, it
leads to molecules return to the initial /=0 state after the pulse, and
there will be no interference effects, so the field-free orientation
cannot be obtained.
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Figure 3.1: The time evolution of the molecular orientation induced by Gaussian laser
pulse at T =0.6ps (a), T =50ps (b) and 7 = 200ps (c), where the E; = 6.0 X
107Vem™ and T=0K.
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Figure 3.2: The time evolution of the corresponding rotational population induced
by Gaussian laser pulse at T = 0.6ps (a) T = 50ps (b) and 7 = 200ps (c). where the
Ey = 6.0 x 10’Vcm ™! and T=0K.
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To see the impact of square laser pulse on molecular
orientation, we show the time evolution of the molecular
orientation induced by square laser pulse with different pulse
duration in Figure 3.3. We find that when 7 =0.6 ps, the field-free
molecular orientation can be obtained and the maximal orientation
degree is a little larger than driven by Gaussian pulse. And when
7 =50ps,both in-pulse and post-pulse orientations are achieved,
which is similar to that created by the Gaussian laser pulse. While
for 7=200ps, the field-free molecular orientation can also be
realized, which is different from that driven by Gaussian laser pulse.
This result indicates that the pulse shape can change the time
evolution of the rotational wave packet after the laser pulse, so it
has a larger effect on molecular orientation. Furthermore, it can be
found that the revival structure of the molecular orientation driven
by square laser pulse becomes more complicated than driven by
Gaussian laser pulse.
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Figure 3.3: The time evolution of the molecular orientation induced by square laser

pulse at 7 =0.6ps (a) , 7 =>50ps (b) and T = 200ps (c), where the E; = 6.0 X

107Vem™tand T=0K.

In order to illustrate the physical origin of the above result, we
further give the corresponding rotational population induced by
square laser pulse in Figure 3.4. It can be found that, comparing
with driven by Gaussian laser pulse, the rotational states during
square pulse suffer a more intense Rabi-type changing, and the
number of the occupied rotational states increases no matter
during or after pulse. So the complicated revival structure of the
molecular orientation can be explained by the interference
contributions of each rotational state. Furthermore, it can be seen
from Figure 3.4(c) that for the square laser pulse due to its rapidly
vanished field intensity, although the pulse duration is longer,
molecules cannot return to the initial J=0 state. Instead many
rotational states have been populated and formed a coherent
rotational wave packet, which evolves freely in time, leading to the
filed-free orientation. This appearance is different from that
induced by the Gaussian laser pulse.

It is necessary to point out that above calculations are
performed at temperature T = 0 K. But in actual experiments, the
molecular ensemble is at a finite temperature. Here, we give the
maximal orientation degree (cos8),.r as a function of the
temperature induced by Gaussian laser pulse (black line) and square
laser pulse (red line), respectively in Figure 3.5. Since the thermal
movement of molecules can strengthen the disorder of the system,
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it is natural that the increase of the temperature can lead to the
decrease of the degree of maximal molecular orientation. However,
when induced by Gaussian laser pulse, the (cos 8),,,, decreases
rapidly with the increase of temperature, while for driven by square
laser pulse, the (coS 0),,4, decreases slowly. This is because the
square laser pulse has a flatter top and rapidly intensity decline
which leads to a longer duration of its maximum intensity, so it is
easier to overcome the impact of thermal movement. Consequently,
the square laser pulse is more feasible in an ensemble of higher
temperature.
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Figure 3.4: The time evolution of the corresponding rotational population induced by
square laser pulse at T =0.6ps (a) T =50ps (b) and t = 200ps (c). where the

Ey = 6.0 X 10’Vcm™and T=0K.
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Figure 3.5: The maximal orientation degree (cos0),4, as a function of the
temperature induced by Gaussian laser pulse (black line) and square laser pulse (red
line), respectively, where the E; = 9.0 X 10’Vcm ™ and T = 0.6ps.

4. Conclusions

In summary, we have theoretically studied the molecular
orientation driven by Gaussian laser pulse and compared it with
driven by the square laser pulse. It is shown that when the
durations of both Gaussian and square laser pulse are short, the in-
pulse and post-pulse orientations can be induced. Compared with
driven by Gaussian laser pulse, the field-free molecular orientation
induced by the square laser pulse can be achieved in both non-
adiabatic and adiabatic regimes. Increasing temperature has an

inhibitory effect on molecular orientation for both laser pulses, but
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the square laser pulse is more feasible in an ensemble of higher
temperature.
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