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ratio of a three-color laser field∗

Zhi-Yuan Huang(黄志远)1, Ding Wang(王丁)1, Lang Zheng(郑浪)2,
Wen-Kai Li(黎文开)1, Rui-Rui Zhao(赵睿睿)1, and Yu-Xin Leng(冷雨欣)1,†

1State Key Laboratory of High Field Laser Physics, Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of Sciences, Shanghai 201800, China
2Jiangxi Provincial Education Examination Authority, Nangchang 330038, China

(Received 30 November 2016; revised manuscript received 15 January 2017; published online 30 March 2017)

We theoretically study the field-free molecular orientation induced by a three-color laser field. The three-color laser
field with a large asymmetric degree can effectively enhance the molecular orientation. In particular, when the intensity
ratio of the three-color laser field is tuned to a proper value of I3 : I2 : I1 = 0.09 : 0.5 : 1, the molecular orientation can
be improved by ∼ 20% compared with that of the two-color laser field at intensity ratio I2 : I1 = 1 : 1 for the same total
laser intensity of 2×1013 W/cm2. Moreover, we investigate the effect of the carrier-envelope phase (CEP) on the molecular
orientation and use the asymmetric degree of the laser field to explain the result. We also show the influences of the laser
intensity, rotational temperature, and pulse duration on the molecular orientation. These results are meaningful for the
theoretical and experimental studies on the molecular orientation.
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1. Introduction
Molecular orientation with a head-versus-tail order

possesses extensive applications in physical and chemical
fields such as attosecond science[1,2] and chemical reaction
dynamics.[3] The common methods to obtain the molecular
orientation are to use a strong dc field through the perma-
nent dipole or to employ an intense laser field combined with
a weak dc field based on the anisotropic polarizability and
the permanent dipole.[4–8] However, the degree of molecu-
lar orientation created by the first method is relatively small,
and the dc field may limit the further applications of these
two methods. To achieve a large degree of molecular orien-
tation without the presence of a dc field, a popular method
is to use an asymmetric laser field such as a two-color laser
field or a terahertz (THz) few-cycle laser field employing
the combined influences of the anisotropic polarizability and
hyperpolarizability.[9–15] The two-color laser field has proven
to be a powerful approach to induce the molecular orienta-
tion. Kanai and Sakai employed a strong nonresonant two-
color laser field to study the orientation of FCN molecules in
an adiabatic regime.[16] In the nonadiabatic regime, the laser-
induced molecular orientation can be used to produce oriented
molecules under the field-free conditions, which is more de-
sirable for some applications in related fields. Tehini and
Sugny investigated the field-free orientation of LiH molecules
induced by nonresonant and quasiresonant two-color laser
pulses.[17] Moreover, Muramatsu et al. proposed an alterna-

tive and versatile approach to achieve completely field-free
orientation of FCN molecules by an intense nonresonant two-
color laser field with a slow turn on and rapid turn off.[18]

Since a high asymmetric degree of the laser field can produce
an effective improvement on the molecular orientation, Zhang
et al. used a multicolor laser field with a large asymmetric de-
gree to enhance the molecular orientation of CO molecules.[19]

Usually, we can obtain the multicolor laser field from the
harmonics or multiwave mixing processes through a crystal
or glass.[20,21] Here, we employ the two beta barium borate
(BBO) crystals to generate a three-color laser field with the
superpositions of 800 nm, 400 nm, and 200 nm.

In this work, we numerically study the field-free orien-
tation of CO molecules induced by a three-color laser field.
The simulation results show that the molecular orientation can
be further enhanced by tuning the intensity ratio of the three-
color laser field to a proper value. We also particularly inves-
tigate how the carrier-envelope phase (CEP) of the three-color
laser field manipulates the molecular orientation. In addition,
we show the influences of the laser intensity, temperature, and
pulse duration on the molecular orientation.

2. Numerical model
We use a linearly polarized three-color laser field. The

combined laser field can be expressed as

E(t) = ∑
n=1,2,4

En exp[−(2ln2)t2/τ
2
n ]cos(nω0t +Φn), (1)
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where En is the field amplitude, τn is the pulse full width at half
maximum (FWHM), ω0 is the central frequency of the funda-
mental field, and Φn is the CEP of the three-color laser field,
here we set Φ1 = Φ2 = Φ4 = Φ . When a linear polar molecule
interacting with the combined laser field E(t), a quantum me-
chanical rigid rotor model can be used to describe the evolu-
tion of the molecular state. The time-dependent Schrödinger
equation can be given as[22]

ih̄∂t |ψ(θ , t)〉= H(t)|ψ(θ , t)〉, (2)

where |ψ(θ , t)〉 is the wave function, θ is the angle between
the molecular axis and the laser polarization direction, H(t) is
the total Hamiltonian and written as[16,23]

H(t) = H0 +Vµ(θ)E(t)+Vpol(θ)E2(t)+Vhyp(θ)E3(t). (3)

Here the field-free Hamiltonian H0 is equivalent to B0𝐽
2, B0 is

the rotational constant of the molecule, 𝐽2 is the squared angu-
lar momentum operator, and H0 meets the relation H0|J,M〉=
[B0J(J +1)−D0J2(J +1)2]|J,M〉= εJ |J,M〉, where |J,M〉 is
the field-free rotational eigenstate with angular and magnetic
quantum numbers J and M, and D0 is the centrifugal distortion
constant.[9,18,24] Vµ(θ) = −µ cosθ represents the interaction
of the permanent dipole moment, µ is the molecular perma-
nent dipole moment; Vpol(θ) =−[(α||−α⊥)cos2 θ +α⊥]/2 is
the polarizability, α|| and α⊥ are the polarizabilities in the di-
rections parallel and perpendicular to the molecular axis; and
Vpol(θ) = −[(β|| − 3β⊥)cos3 θ + 3β⊥ cosθ ]/6 describes the
hyperpolarizability, β|| and β⊥ are the hyperpolarizabilities in
the directions parallel and perpendicular to the molecular axis.
The degree of molecular orientation is characterized by the
expectation of cosθ . Considering the thermal equilibrium of
the molecular ensemble, the orientation is averaged over the
Boltzmann distribution and expressed as

〈〈cosθ〉〉 = ∑
J

gJ exp(−εJ/kT )
Q

×
J

∑
M=−J

〈ψJ,M |cosθ |ψJ,M〉, (4)

where gJ is the spin degeneracy factor, k is the Boltzmann con-
stant, T is the molecular rotational temperature, Q is the rota-
tional partition function, and ψJ,M is the rotational state with
the initial state |J,M〉.

3. Results and analysis
In the simulation, the time-dependent Schrödinger

equation is numerically solved through a split-operator
method.[25,26] Here we consider the CO molecules as an ex-
ample, and the molecular parameters used in this calculation

are B0 = 1.931 cm−1, D0 = 6× 10−6 cm−1, µ = 0.112 D,
α|| = 2.294 Å3, α⊥ = 1.77 Å3, β|| = 2.748× 109 Å5, and
β⊥ = 4.994× 108 Å5.[27–29] The central wavelength of the
fundamental field is 800 nm, the other two wavelengths are
400 nm and 200 nm, and the corresponding laser intensities
can be expressed as I1, I2, and I3. The initial pulse duration,
CEP, and molecular rotational temperature are 200 fs, Φ = 0,
and 30 K, respectively.
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Fig. 1. (color online) The maximum degree of the positive (blue cir-
cle lines) and negative (red square lines) orientation with respect to
the laser intensity ratio I2/I1 for different total laser intensities of (a)
2×1013 W/cm2 and (b) 4×1013 W/cm2. (c) The time evolution of
molecular orientation with different intensity ratios of 1.0 (blue solid
lines) and 0.5 (red dotted lines) at the same total laser intensity of
2×1013 W/cm2. Black arrows represent the optimal orientation.

Figures 1(a) and 1(b) show the maximum degree of the
positive (blue circle curves) and negative (red square curves)
orientation with respect to the laser intensity ratio I2/I1 cre-
ated by the two-color laser field with different total laser in-
tensities of 2×1013 W/cm2 and 4×1013 W/cm2, respectively.
We can observe that the maximum degree of molecular ori-
entation appears with the maximum value when the intensity
ratio is tuned to 0.5 (marked in black arrows). As shown in
Fig. 1(c), we plot the time evolution of molecular orientation
with different intensity ratios of 1.0 (blue solid curves) and 0.5
(red dotted curves) in Fig. 1(a). The period between green dots
A and B is about 8.64 ps, which agrees well with the rotational
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period of CO molecules Trot = 1/(2B0c)≈ 8.64 ps, where c is
the speed of light in a vacuum. For a given total laser intensity,
by adjusting the intensity ratio of the two-color laser field to
a proper value 0.5, the molecular orientation is enhanced by
∼ 9% compared with that at intensity ratio 1.0.

In order to obtain the optimal intensity ratio of the three-
color laser field, we scan the ratio I3/I1 while keeping I2/I1 as
a constant 0.5 for the total laser intensity 2×1013 W/cm2, as
shown in Fig. 2(a). The black arrows show that the optimal
ratio between I3 and I1 is 0.09. Figures 2(b) and 2(c) show
the envelopes of two-color and three-color laser fields for the
same total laser intensity, respectively; they induce the molec-
ular orientation that is presented in Fig. 2(d). Seen from the
envelope in Figs. 2(b) and 2(c), the three-color field shows a
higher asymmetric degree than the two-color field. Therefore,
in Fig. 2(d), the molecular orientation plotted in green solid
curves is further improved by ∼ 11% compared with that in
red dotted curves.

Figures 3(a) and 3(b) show the maximum degree of
molecular orientation induced by a three-color laser field with
the intensity ratio of I3 : I2 : I1 = 0.09 : 0.5 : 1.0 by scanning
the total laser intensity at 30 K for panel (a) and molecular ro-
tational temperature at 1×1014 W/cm2 for panel (b). As can
be seen, the maximum degree of molecular orientation is en-
hanced with the increase of the total laser intensity or with the
decrease of the rotational temperature. In Fig. 3(c), in compar-
ison with the initial laser intensity 2×1013 W/cm2 (green solid
curves), the increased intensity 1×1014 W/cm2 (yellow dotted
curves) produces an obvious enhancement on the molecular

orientation and that presents a considerable oscillation; then
by decreasing the rotational temperature from 30 K to 10 K
(black dash-dotted curves), the molecular orientation is further
enhanced since cooling improves the purity of the molecular
coherent state.
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Fig. 2. (color online) (a) The maximum degree of the positive (blue cir-
cles lines) and negative (red squares lines) orientation with respect to the
laser intensity ratio I3/I1 for a given total intensity of 2×1013 W/cm2

with intensity ratio I2/I1 = 0.5. The field envelopes of (b) two-color
and (c) three-color laser fields for the same total laser intensity of
2×1013 W/cm2. (d) The time evolution of molecular orientation cre-
ated by the two-color laser field (red dotted lines) and for the three-color
laser field (green solid lines). Black arrows are the optimal orientation.
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Fig. 3. (color online) The maximum degree of the positive (blue circles lines) and negative (red squares lines) orientation with (a) increasing
total laser intensity at temperature of 30 K and (b) increasing temperature at the total intensity of 1×1014 W/cm2. (c) The time evolution of
molecular orientation; green solid and yellow dotted lines are for the total intensities of 2×1013 W/cm2 and 1×1014 W/cm2 at temperature
30 K, respectively; black dash-dotted lines are for the temperature 10 K at intensity 1×1014 W/cm2.
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The CEP determines the electric field structure, and then
the changed laser field produces an effect on the molecular
orientation. Figure 4(a) shows the maximum degree of molec-
ular orientation with respect to CEP ranging from 0 to 2π

by using a three-color laser field with the total laser intensity
of 1×1014 W/cm2 and temperature of 10 K at intensity ratio
I3 : I2 : I1 = 0.09 : 0.5 : 1.0. The corresponding field envelope,
the time evolution of molecular orientation, and the asymmet-
ric degree of laser field are presented in Figs. 4(b)–4(i), 4(j)–
4(k), and 4(l), respectively. When the CEP of the laser field
meets the relation Φ = pπ (p = 0,1,2, . . .), the maximum de-
gree of molecular orientation presents the largest value; while
for Φ = qπ/2 (q = 1,3,5, . . .), it shows the smallest value, as
shown in Fig. 4(a). We use the asymmetric degree of the laser
field to explain this result, which can be defied as

δ = (Emax+−|Emax−|)/(Emax++ |Emax−|), (5)

where Emax+ and Emax− are the maximum values of the pos-
itive and negative laser fields, respectively. Viewed from

Fig. 4(l), the laser field has the maximum asymmetry for
Φ = 0, π , 2π and the complete symmetry for Φ = 0.5π , 1.5π .

It should be noted that the oscillations of the laser field be-
tween Figs. 4(b)–4(e) and Figs. 4(f)–4(i) exhibit a symmetric
relation at zero axis when the CEP difference is π , resulting in
the same asymmetric degree but opposite. Therefore, we can
see that the time evolution of molecular orientation also shows
the reserve behavior (see the blue solid and green dash-dotted
curves in Figs. 4(j) and 4(k)). Moreover, in Figs. 4(e) and
4(g), the laser field presents a difference at Φ = 0.75π , 1.25π ,
but they show the same molecular orientation due to the equal
asymmetric degree in Fig. 4(k). In addition, from Figs. 4(b)–
4(i), and 4(l), we can observe that the periods of the laser field
oscillation and molecular orientation induced by CEP are 2π .

Figures 5(a)–5(c) show the maximum degree of molecu-
lar orientation by individually scanning the pulse duration of
these three laser fields, respectively. The black arrows indicate
that the optimal pulse duration is 200 fs for the central wave-
length 800 nm or 400 nm, and 100 fs for the central wave-
length 200 nm.
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Fig. 4. (color online) (a) The maximum degree of the positive (blue circles lines) and negative (red squares lines) orientation for different CEP
with total laser intensity of 1×1014 W/cm2 and temperature of 10 K. (b)–(i) The field envelope with various CEP from 0 to 1.75π . The time
evolution of molecular orientation; blue solid, red dotted, and green dash-dotted lines correspond to 0, 0.5π , π for (j) and 0.25π , 0.75π , 1.25π

for (k). (l) The corresponding asymmetric degree of the three-color laser field with different CEP.
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Fig. 5. (color online) The maximum degree of the positive (blue circles lines) and negative (red squares lines) orientation by individu-
ally scanning the pulse duration of the first (a), second (b), or third (c) laser field, respectively. Black arrows correspond to the optimal
orientation.

4. Conclusion
We have theoretically investigated the field-free orienta-

tion of CO molecules created by a three-color laser field. For
the same total laser intensity of 2×1013 W/cm2, tuning the in-
tensity ratio of the two-color laser field to a proper value 0.5,
we found that the molecular orientation can be enhanced by
∼ 9% compared with that at the intensity ratio 1.0. By em-
ploying a three-color laser field with intensity ratio I3 : I2 :
I1 = 0.09 : 0.5 : 1.0, it can be further improved by ∼ 11%.
It was also shown that the CEP can manipulate the molecu-
lar orientation, and we used the asymmetric degree of laser
field to explain this result. Moreover, when the CEP differ-
ence is π , the oscillations of the laser field exhibit a symmet-
ric relation at zero axis, which results in the equal asymmetry
but opposite; and the periods of the laser field oscillation and
molecular orientation created by CEP are 2π . Finally, we also
studied the effects of the laser intensity, rotational temperature,
and pulse duration on the molecular orientation. The simula-
tion showed that the optimal pulse duration is 200 fs for the
central wavelength 800 nm or 400 nm, and 100 fs for the cen-
tral wavelength 200 nm. We believe these results can provide
an experimental basis and some potential applications on the
molecular orientation.
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