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1. Introduction

The alignment and orientation of molecules have important and
comprehensive application value in photoelectron angular dis-
tribution, chemical reaction dynamics, high-order harmonic
generation, photoionization, photodissociation, and so on!'**!,
Alignment denotes that the molecular axis is parallel or
perpendicular to the polarization direction of the laser, whereas
the orientation requires not only a fixed direction but also a par-
ticular order of head versus tail. Therefore, the orientation
of molecules has a larger difficulty than the alignment. With
the progress of laser technology, the collision-induced align-
ment and orientation under external fields have aroused the
attention of many physicists and chemists. The collision proc-
esses take place between ion and atom or molecule!'*'*), atom
and atom!"®'7) as well as atom and molecule!"®'?). Being
acquainted with these collision processes is beneficial not only
to manipulate the molecular orientation and laser-induced
chemistry, but also to understand the related molecular dynam-
ics in depth.

The ion-impact excitation of the diatomic molecule has been
widely investigated in the absence of the laser field*® both
experimentally and theoretically. With the advancement of laser
technology, various shape pulses, pulse chains, and combina-
tions of different pulses have appeared and been used to explore
the energy transfer processes and molecular orientation in col-
lisions, among which the laser-assisted ion—molecule collision is
one of the hottest research topics. In 1991, Mohan et al.'”*" used
the non-perturbed Floquet theory to depict the ion and molecule
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We take H* + CO as a prototype to analyze the effect of ion or proton collision on molecular orientation modulated by a
two-color shaped pulse combined with the time-delayed terahertz (THz) pulse. Through examining the effect of ion collision
on the molecular orientation, we found that when the impact parameter and collisional velocity have weak inverse
influences on the maximal orientation degree, the appropriate two-color and THz field intensity employed can improve
the molecular orientation degree. The carrier envelope phase and frequency of the THz laser pulse as well as the temper-
ature also have certain influence on the collision-induced molecular orientation.

collisions and developed the vibrational excitation theory of
diatomic molecules due to the collision between the ion
(He™) and carbon monoxide (CO) molecule under an infrared
laser beam. Madsen et al.!'*! explored the excitation mecha-
nisms in vigorous ion-atom collisions inside sub-femtosecond
laser pulses and obtained that single electron dynamics in two
external fields may result in new coherence effects. When an
ion or proton collides with a diatomic molecule, besides the col-
lision energy and the original state of collision partners, the rel-
ative orientation of the target molecule is also a significant
element to determine this collision consequence. Van Beek
et al.?*) investigated the influence of molecular orientation on
rotationally inelastic collision of OH(X?II) with Ar exposed
to the narrow band dye laser and found that the probability den-
sity function of orientation was confirmed by laser-induced
fluorescence spectroscopy. Brouard et al.”**! explored the rota-
tional angular momentum orientation influences on the inelas-
tic collision of NO with Ar by employing a hexapole electric field
and discussed the origin of collision-induced orientation using
quantum mechanical hard shell, classical hard shell, and quasi-
classical trajectories calculation methods. Some researches
showed that in the dissociation of molecular ions, such as
GaN2*+ and AIN2*+ 241 35 well as phosphorus molecular ions!**!
during laser-assisted atomic probe tomography, different orien-
tations of molecular ions could give rise to different dissociation
yields. So, we can find that the molecular orientation plays sig-
nificant roles in the investigation of not only molecular colli-
sions, but also photodissociation dynamics aspects.
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When exploring the molecular orientation, one often takes into
account the influence of the external field. In the early days, the
strong electrostatic field was usually used to control polar mol-
ecule orientation. The relevant experimental research showed that
the hexapole electric field has advantages in orienting polarity
symmetrical top or symmetrical top-like molecules”’. Because
of the not high degree of single field-induced molecular orienta-
tion degree, it is found that the combined fields can be a choice to
improve the molecular orientation. Friedrich et al.*”} enhanced
the orientation degree of polar molecules by combining the static
field and the intense non-resonant laser pulse. Cai et al.*® studied
the time evolution of the state created by non-adiabatic interac-
tion of a polar molecule with the combination of electrostatic and
pulsed non-resonant laser fields. Later, the two-color laser
pulse®?! and the multi-color laser pulse®®! are applied to
improve the molecular orientation through the interaction with
molecular hyperpolarizability. Due to the low energy of the tera-
hertz (THz) laser pulse causing less damage to molecules, and,
what is more, as the frequency of transition between rotation
energy levels of molecules is usually at the THz scale, various
THz laser pulses and shaped laser pulses were used to explore
the molecular alignment and orientation, such as the THz laser
pulse of half-cycle®**?!, slow turn-on and rapid turn-off (STRT)
laser pulse™®, as well as elliptically polarized laser pulse™®). Then,
the non-resonant laser pulse combined with the THz laser pulse is
extensively used for molecular orientation***”). Although many
works about the effect of collision in various external fields have
been done, there are few detailed reports on the combined exter-
nal field modulation of the collision-induced orientation. In this
Letter, we present the investigation of using the combined field by
a two-color field and time-delayed THz laser pulse to modulate
the HT + CO collision-induced molecular orientation.

The following explains how this Letter is arranged. Section 2
mainly outlines the density matrix theory method used in the
calculation. In Section 3, we give the time evolution of the ori-
entation degree in absence of an external field and how it is
steered by laser pulses, and the influences of interaction poten-
tial and laser pulse parameters on molecular orientation degree
are discussed and analyzed. Meanwhile, the influence of differ-
ent temperatures on orientation is also compared. Finally, con-
clusions and perspectives are given in Section 4.

2. Theoretical Method

The molecular orientation was studied by considering the colli-
sion between an ion A and a diatomic molecule BC under a two-
color laser pulse with STRT and a time-delayed THz laser pulse.
The two-color laser pulse is expressed as

Egrrr(t) = E;(t)[cos @t + (cos 2m,1)], (1)
with
E,(t) = Eq; exp(—t*/26?), 2)

where Ej; represents the electric field amplitude, @, and 2w, are
the fundamental frequency and the second harmonic frequency,

Chinese Optics Letters

respectively, 6 = 6, (t < 0) and 6 = o7 (¢ > 0) are the rising and
falling times of the two-color laser pulse with ¢, > o;. The THz
laser pulse can be written as

Ery, (1) = E5(t) cos[wry, (t — t; + @)], (3)
with
Ey(t) = Eqp exp[—2 In 2(t — t,)*/7%], (4)

where Ey,, @1y, 7, tg, and ¢ denote the intensity of the THz
field, frequency, full width at half-maximum (FWHM), delay
time between two-color and THz laser pulses, and carrier
envelope phase (CEP), respectively.

The interaction potential between the ion or proton A and
molecule BC is described by

u(r)-R _ u(r) .

Vc(r) R, }’) == R3 - _?

08 ¥, (5)

where R is the distance between the ion or proton A and center
of mass of the molecule BC, r is the internuclear distance
between B and C, y is the angle between R and r (Fig. 1), and
u(r) is the dipole moment operator of the molecule. Meanwhile,

. (6)

vt b
cos y =3 cos 0 — (1 — cos?0): - z

R(t) =b + v, @)

where v denotes the relative collision velocity between the ion
and the diatomic molecule, b is the impact parameter, and
0 is the angle between the polarization vector of the laser pulse
and the rotational angular momentum of the BC. According to
the Taylor formula, (1 — cos26): can be approximately written
as 1 — 1 cos®@ since, generally, cos € < 1. Under the rigid rotor
approximation, the total Hamiltonian of this system can be
expressed as

Fig.1. Schematic diagram of the coordinate system formed by the collision of
an ion or proton with a molecule.
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N R 1
H(t) = B,J* — uEy,(t) cos 6 — n [() — ay)cos® O

1

+ayE} () = S [(B) = 3f1)cos’0 + 35, cos OIE} (1)

+ V.(r,R,y), (8)
where B, is the rotational constant of the molecule BC, J is the
angular momentum operator, and ¢ () and a, (,) are the
polarizability (hyperpolarizability) parallel and perpendicular

to the molecular axis, respectively. The molecule orientation
degree is expressed as

(cos 0) =Tr{cos Gp(t)}, 9)

where Tr represents the trace of the matrix, and p(¢) is the time-
dependent density operator. Using the Liouville equation, the
time evolution of the density operator is given as

dp@t) _ i .
TR [H.p(1)]. (10)

In the eigenstates of the rigid rotor Hamiltonian, the density
operator is written as

PO= D" puyar OUM)T M, (11)
LM, JM

where p;, .+, (t) are decided by coupling differential equations,

dopyy e (i
—]M]M =—— —_ ’ v
dr __h{((:‘] 6] )p]M] M
ﬂvt Z (1)
- 3 [V]M] MPr Mg M (t)
(b2+V2t2)2]1M1 T vy
¢9)
=V ar Py, (]
Kb @)
-— N e
2(b2+vzt2)%hXM:l[ MM Py M (®)

(2)
- VhMl]'M'p]MhMl (0]

1
—uEry, (1) Z[V§A21]1M1p]1M1]'M’ ()
JiM,y

1)
- VhMl]'M’p]MJIMI ()]

1 2
_ZAaEZ(t)Z[Vglv)UlMlphMJ,M, (®)
JiM,

1
@
=V g P, (D] =2 B (1) > A

1M,
—340) Vi) w =V ()
1 ]M]1M1p]1M1]M IIMII’M,'D]M]IMI
1) (1)
+ 3ﬁJ.[V]M]1M1p]1Ml]'M’ (t) - V]lMl]’M’p]MllMl (t)]}};
(12)

; (@) — il A :
with V]M],M,—(]M|COSG|JM) (i=1, 2, 3)

B.J(J + 1). We can solve the above equation by using the

and &=
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fourth-order Runge-Kutta method with the initial density
operator following the temperature-dependent Boltzmann
distribution,

1 = -BJ(J + 1)
po(T) =2 |JM><JM|exp[67} (13)
0 ZIZO:MZ_] KT
where
x M7 -BJ(J + 1)
Z=- p[i] (14)
]Z(;Mz—] KpT

is the partition function with the Boltzmann constant K at the
temperature T.

3. Results and Discussion

In this work, the parameters of the linear polarization molecule
CO are as follows: B, =1.93cm™, y=0.112D, a = 2.294 A%,
a; =177A% p;=2748x10° A%, and S, =4.994 % 10% A°.
The two-color laser pulse combined with THz laser pulse is
used to modulate the collision-induced orientation. The two-
color field parameters are set to o, =20ps, of = 0.4ps, Eg=
5.1 X 10’ V/cm, and w; = 12,500 cm™!. The THz laser pulse
parameters are Ep, = 1.0 X 107 V/cm, t; =2.16ps, 7 =450 ps,
@ = m,and wry, = 36 cm™. Since at approximately zero thermal
energy, the molecule is generally in low and stable rotational
states, for convenience to investigate, the temperature T'=0K
is selected initially.

For clearly exhibiting the effect of the external fields on the
collision-induced orientation, we first explore the time evolution
of the molecular orientation under different conditions in Fig. 2.
Figure 2(a) presents the orientation in the absence of an external
field, and Fig. 2(b) shows the orientation degree in the THz field,
the two-color field, and a combination of two laser pulses,
respectively, where b =6a.u., v=10.03a.u., and a.u. is atomic
unit throughout the text. We can see that the orientation
takes on the reciprocating oscillation around t=nT,
(n=0,1,2,...,n) in all cases, with the rotational period of
the molecule T\, = 8.64 ps. In the absence of an external field,
the maximum of orientation is only 0.0017 in Fig. 2(a). However,
in the presence of external fields, the maximum of orientation
corresponding to three different pulses is 0.2896, 0.7799, and
0.7930 in Fig. 2(b), respectively. Obviously, compared with
the absence of an external field, the orientation is largely
improved when laser pulses are added, and, relative to the single
pulse condition, the combination fields achieve a better degree of
orientation. The result shows that the collision-induced orienta-
tion can be improved to some extent under the combined field.

To display the variation of the maximal degree of orientation
(cos 6)nax With the collision velocity and impact parameter
under the combined field modulation, we depict the curves of
(cos 0) nax(v,b) in Fig. 3. Here, the velocities are 0.03, 0.05,
0.07, and 0.09 a.u., and the impact parameters are 6, 8, 10,
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Fig. 2. Time evolution of the molecular orientation (a) in the absence of an
external field and (b) being steered by laser pulses. Green line, THz laser pulse;
orange line, two-color laser pulse; blue line, combination of two laser pulses.
b=104au, v=006au, Fy = 51x10" V/em, £y, = 1.0 x 107 V/em, T = 450 ps,
@ = 12500 cm™, t; = 216 ps, wry, = 36 cm™ @ =z and T= 0K in al.

and 12 a.u. It can be seen from Fig. 3(a) that with the increase of
the collision velocity, the maximal degree of orientation
(cos 0) . decreases gradually and becomes stable in the end.
The reason for this can be that the increase of the collision
energy will lead to the decrease of the collision cross section.
Meanwhile, in the same collisional velocity, the (cos ), is
decreasing with the increasing of impact parameter in Fig. 3(b),
which is because the increase of the impact parameter means the
increase of the collision distance between H* and the CO mol-
ecule; as a result, the interaction force between them is decreas-
ing gradually. From the above discussion, we can conclude that
the collision-induced maximal orientation degree under the
combined fields gradually decreases with the collisional velocity
and impact parameter increasing. Although both of the param-
eters can change the molecular orientation, the influences are
still too small to be actually used. Obviously, changing the
molecular orientation substantially must resort to the external
field factors.

To this end, we explore the impact of optimized two-color and
THz field intensity on the molecular orientation induced by the
HT collision. The maximal degree of orientation versus the laser
amplitude is given in Fig. 4, where the impact parameter is 5 a.u.,
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Fig. 3. Maximal degree of orientation as a function of the (a) collision velocity
and (b) impact parameter.

and the velocity is 0.03 a.u. Figure 4(a) shows that the maximal
degree of orientation (cos 6),,,, increases from 0.305 to 0.798
when the two-color field intensity varies from 3.0 X 107 to
5.2 X 107 V/cm; later it decreases gradually as the two-color field
intensity varies from 52x 107 to 7.0 X 107 V/cm, where
Eyp, =1.0%x 107 V/cm. The reason is that the orientation is
not an adiabatic process for this situation, so the degree of ori-
entation increases at first and later decreases with increasing
two-color field intensity. With regard to the THz field intensity
in Fig. 4(b), the amplitude varies from 0.05X 107 to
1.5 X 107 V/cm, where Ej, = 5.2 X 107 V /cm. The maximal ori-
entation degree increases from 0.8015 to 0.8117 when THz field
intensity varies from 0.05 X 107 to 0.45 X 10’ V//cm, and next it
decreases gradually from 0.8117 to 0.7744 when the THz field
amplitude changes from 0.45X 107 to 1.5X 107 V/cm. This
trend is due to the shift of rotational energy level with the
increase of THz field intensity. As can be seen from the above
results, selecting the appropriate two-color and THz laser pulse
intensity is beneficial to improving the molecular orientation.
The CEP and frequency are significant parameters of THz
laser pulse. Figure 5 shows the maximal degree of molecular ori-
entation as a function of the CEP and frequency. As we can see
from Fig. 5(a), by changing the THz laser pulse CEP from 0
to 4z, the maximal degree of orientation first increases and
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Fig. 4 Maximal degree of orientation {cos 0) as a function of the field
intensity of the (a) two-color and (b) THz field, where the b = 5 au,
v=1003au,and T=0K

then decreases in a period of 2z. By regulating the CEP, the
obtained changing range of the maximal orientation degree is
between 0.7544 and 0.8177, corresponding to a CEP range
between ¢ = Oz and 1.2z. From this result, it can be found that
the change amplitude of the maximal orientation is only 0.0633.
Compared with the change obtained without the collision
induction by Liu et al®), this value is relatively small, but
the initial maximal orientation degree is obviously improved.
So, we can get that, in the case of combined pulses, although
the CEP of THz laser pulses has little effect on the maximal
degree of orientation change, it is undeniable that CEP is still
an effective parameter to enhance the molecular maximum ori-
entation degree. Figure 5(b) shows that when the THz frequency
varies from 10 to 80 cm™', the maximal degree of orientation
presents a trend of first increasing and then decreasing with
the increase of THz frequency. As can be achieved from this
figure, the maximal orientation degree increases from 0.792
to 0.825 (A cos @, =0.033) when the THz field frequency
wry, varies from 10 to 26 cm™!. The maximum corresponds
to the resonant interaction between the molecule and THz laser
pulse. As the THz frequency continues to increase, the maximal
molecular orientation degree gradually decreases and tends to
be stable. In short, the selection of THz laser pulse CEP and
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Fig. 5. Maximal degree of the orientation (cos 0)m.x as a function of
the (a) CEP and (b) frequency of the THz laser pulse, where b = 5 au,
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frequency parameter must be seriously considered for getting
a maximal molecular orientation degree under the combined
field.

What was discussed above mainly concentrates on the effect
of pulse and interaction parameters at temperature of 0 K. To
further explore the influence of temperature on orientation
degree, we changed the system temperature to investigate the
degree of orientation induced by collision and modulated with
combined laser pulses. Figure 6(a) gives the time evolution
curves of molecular orientation under different temperatures.
We can acquire the maximal orientation degrees of 0.825,
0.351, and 0.163 when the temperature T =0, 5, and 10 K in
order. Clearly, the temperature affects the orientation degree
greatly, and a higher orientation degree can be obtained at a
lower temperature. To interpret the influence of temperature
on the rotational population of molecules, we represent the pop-
ulation of different rotational states at three rotation tempera-
tures in Fig. 6(b), where the selection of temperature is the
same as in Fig. 6(a). Evidently, the rotational population trans-
fers from at most three to at most four with the temperature
increasing from 0 to 5 K, and, when the temperature goes up
to 10 K, this population transfer is even more pronounced.
This tendency coincides with the temperature-dependent
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5.2 x 107 V/em, Eyp = 045 x 107 V/em, ¢ = 127, and wny, = 26 cm™.

Boltzmann distribution, i.e., more rotational states will be popu-
lated at non-zero temperature. Thus, the maximal molecular ori-
entation degree will increase as the temperature decreases.

4. Conclusion

In this work, the orientation of molecules induced by the H*
collision and modulated with combined fields has been studied
theoretically. A better degree of orientation is obtained by the
combination fields than by the absence of the external field or
single laser pulse condition. It is found that the increase of col-
lision velocity can lead to the decrease of the collision cross sec-
tion and result in the decrease of the maximal orientation degree,
while the increase of the collision parameter can give rise to the
decrease of the interaction force between the ion and molecule,
which is also the reason for decreasing the maximal degree of
orientation. An improved orientation degree is achieved by
adjusting the two-color laser pulse and THz field intensity,
CEP, and THz frequency. From the time evolution of mole-
cular orientation at different temperatures and the variation
of rotational population of different rotational states, it can be
seen that a higher orientation degree can be achieved at lower
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temperatures. We hope that the theoretical result can be used
as a reference for future experiments.
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