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The effects of the characteristics of molecules and external fields on field-free molecular orientation are investigated
through the comparison of HBr with LiH driven by the combination of a two-color laser pulse and a time-delayed THz
laser pulse. It is shown that the dipole interaction has greater influence on field-free orientation than the hyperpolarizability
interaction. In addition to the temperature dependence of orientation degree, the effects of the amplitudes of the two-color
laser pulse and THz laser pulse, rising time, and THz laser frequency on molecular orientation are also discussed.
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1. Introduction
These years, due to the development of laser technol-

ogy, the molecular alignment and orientation have aroused
much interest both from physicists and chemists, thereby
greatly promoting the development of relevant theoret-
ical and experimental researches, such as multiphoton
ionization,[1,2] high-order harmonic generation,[3–5] chemical
reaction dynamics,[6,7] spectral manipulation,[8,9] and photo-
electron angular distribution.[10–12] Alignment refers to the
molecular axis along laboratory-fixed axes, while the orien-
tation implies that the molecular axis has a specific “head-
versus-tail” order. Molecular orientation and alignment can
be obtained in adiabatic and nonadiabatic regimes. In the adi-
abatic regime, the molecular orientation and alignment gen-
erally exist in the time range of laser excitation, while for
nonadiabatic regime, molecular orientation and alignment can
be revived at the rotational period of the molecule, which is
also called the field-free molecular orientation. When using
a two-color laser pulse with a slow turn-on and rapid turn-off
(STRT), the field-free molecular orientation also occurs when
the pulse is over. In this case, if the maximal orientation de-
gree does not change with time, it is also called the adiabatic
process, while if the maximal orientation degree changes with
time, it is called the nonadiabatic process.[13] The so-called
field-free orientation occurs when the exciting pulses are over,
so this idea has been widely used in such fields as molec-
ular orbital imaging, ultrashort pulse diagnosis and control,
etc.[14–17]

Compared with the molecular alignment, the field-free
molecular orientation is very difficult to realize. Up to now,
numerous research methods have been proposed to achieve
molecular orientation. In the earlier studies, due to the com-

bination effects of the permanent dipole interaction and the
anisotropic polarizability interaction, the researchers found
that using an intense laser field combined with a weak dc
field, they can achieve field-free molecular orientation.[18,19]

Although this method can effectively improve the molecu-
lar orientation, the presence of dc field may affect the mea-
surement of orientation. In later studies, a two-color laser
field[20–22] and a multi-color laser field[23–25] have been sub-
sequently utilized to control the field-free molecular orienta-
tion via their interaction with molecular hyperpolarizability.
However, because of the weak interaction between the laser
and the molecular hyperpolarizability, improving the orienta-
tion degree needs high intensity of laser pulses, which may
lead to the molecular ionization and dissociation.[26] Consid-
ering that the transition frequency between the molecular ro-
tation levels is generally in the magnitude of THz, it is natural
that the THz laser pulse can be used for realizing the field-
free molecular orientation. In recent years, with the devel-
opment of THz technology, the often used techniques includ-
ing the half-cycle THz laser pulse (HCP),[27,28] single-cycle
THz laser pulse[29,30] and few-cycle THz pulse,[31–33] have
achieved good results of field-free molecular orientation.

Recently, the combination of non-resonant laser field and
THz field is widely utilized for field-free molecular orienta-
tion. Compared with the previous methods, this combined
field can obtain a higher degree of orientation, and more de-
tails about it can be found in Refs. [34]–[36]. According to
the same idea, in this paper we take LiH and HBr for example
to steer their field-free orientation by a two-color shaped laser
pulse combined with a time-delayed THz laser pulse, investi-
gate the effects of the characteristics of molecules and exter-
nal fields on the field-free molecular orientation, and analyze
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the experimental feasibility under present experimental condi-
tions. After the theoretical frame about the orientation degree
is introduced, in Section 3 we will firstly analyze the molec-
ular orientation and its relation with the population of the ro-
tational states by focusing on the molecular polarization char-
acteristics under the same parameters of the laser field. Then,
according to the different properties of these two molecules,
we discuss the effects of some laser parameters such as ris-
ing time, two-color laser pulse intensity, THz field intensity,
and THz frequency on molecular orientation. The effects of
temperature on the orientations of different molecules are also
discussed. Finally, the conclusions are drawn from the present
study in Section 4.

2. Theoretical method
In the present scheme, a two-color laser pulse with a slow

turn-on and rapid turn-off and a time-delayed THz laser pulse
are employed to control the molecular orientation. The two-
color laser pulse can be expressed as[37]

ESTRT(t) = E1(t)[cosω1t +(cos2ω1t)], (1)

with

E1(t) = E01 exp(−t2/2σ
2),

[σ = σr(t ≤ 0), σ = σ f (t > 0), σr� σ f ], (2)

where E01 is the amplitude of STRT laser pulse, ω1 and 2ω1

are the fundamental frequency and the second harmonic fre-
quency, σr and σ f are the rising time and the falling time of
the laser pulse, respectively. The THz laser pulse is given by

ETHz(t) = E2(t)cos[ωTHz(t− td)+ϕ], (3)

with

E2(t) = E02 exp[−2ln2(t− td)2/τ
2], (4)

where E02 is the electric field amplitude of the THz laser pulse,
ωTHz the center frequency, τ the full width at half maximum
(FWHM), td the delay time between two-color laser pulse and
THz laser, and ϕ the carrier envelope phase.

In the rigid rotor approximation, the total Hamiltonian
of the molecule interacting with the combination of two-color
laser pulse and THz laser pulse is given by[38]

Ĥ(t) = BeĴ2−µETHz(t)cosθ

− 1
4
[(α‖−α⊥)cos2

θ +α⊥]E2
1 (t)

− 1
8
[(β‖−3β⊥)cos3

θ +3β⊥ cosθ ]E3
1 (t). (5)

The first term on the right-hand side of Eq. (5) denotes the
molecular rotation energy, in which Be is the molecular rota-
tional constant, and Ĵ is the angular momentum operator. The

second term is the dipole interaction between THz laser pulse
and the molecule, where µ is the permanent dipole moment.
The third and fourth terms are the interactions of a two-color
laser pulse with the polarizability and hyperpolarizability of
molecule, and can be obtained by using the rotating wave ap-
proximation due to the fast oscillation frequency of two-color
laser pulse. The θ is the angle between the molecular axis
and the polarization direction of the laser, α‖(β‖) and α⊥(β⊥)

are the polarizabilities (hyperpolarizabilities) parallel and per-
pendicular to the molecular axis, respectively. The molecular
orientation degree is defined as

〈cosθ〉= Tr{cosθρ̂(t)}, (6)

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

dρ̂(t)
dt

=− i
h̄
[Ĥ, ρ̂(t)], (7)

and the density operator ρ̂(t) can be expanded in the eigen-
states of the rigid rotor Hamiltonian as[39]

ρ̂(t) = ∑
J,M,J′,M′

ρJMJ′M′(t) |JM〉
〈
J′M′

∣∣ , (8)

in which ρJMJ′M′(t) are determined by coupling differential
equations[40]

dρJMJ′M′(t)
dt

= − i
h̄
{(εJ− εJ′)ρJMJ′M′(t)

−µETHZ(t) ∑
J1M1

[ρJ1M1J′M′(t)V
(1)
JMJ1M1

−ρJMJ1M1(t)V
(1)
J1M1J′M′ ]

− 1
4

E2
1(t)∆α ∑

J1M1

[ρJ1M1J′M′(t)V
(2)
JMJ1M1

−ρJMJ1M1(t)V
(2)
J1M1J′M′ ]

− 1
8

E3
1(t) ∑

J1M1

[(β‖−3β⊥)(ρJ1M1J′M′(t)V
(3)
JMJ1M1

−ρJMJ1M1(t)V
(3)
J1M1J′M′)

+3β⊥(ρJ1M1J′M′(t)V
(1)
JMJ1M1

−ρJMJ1M1(t)V
(1)
J1M1J′M′)]}, (9)

where V (i)
JMJ′M′ =

〈
JM|cosi θ |J′M′

〉
(i = 1,2,3). The above

equation is solved by utilizing the fourth-order Runge–Kutta
method. The initial density operator satisfies the temperature-
dependent Boltzmann distribution,

ρ0(T ) =
1
Z

∞

∑
J=0

M=J

∑
M=−J

|JM〉〈JM| e−BeJ(J+1)/KBT , (10)
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where

Z =
∞

∑
J=0

M=J

∑
M=−J

e−BeJ(J+1)/KBT (11)

is the partition function, with KB being the Boltzmann con-
stant, and T being temperature.

3. Results and discussion
In this calculation, we take LiH and HBr for example to

study the effects of the characteristics of molecules and ex-
ternal fields on their field-free orientation. The parameters in
the calculation are summarized in Table 1.[41–43] Obviously,
the quantities of the rotational constant and polarizability for
these two molecules are very close to each other, but the hy-
perpolarizabilities and dipole moments are quite different.

The parameters of the two-color laser pulse are taken
to be E01 = 1.0× 108 V·cm−1, σr = 2 ps, σf = 0.4 ps, and
ω1 = 12500 cm−1, and the parameters of THz laser pulse are
E02 = 2.0×105 V·cm−1, td = 2.2 ps, ϕ = π , ωTHz = 18 cm−1,
τ = 1 ps, and T = 0 K. Figure 1 shows the time evolutions
of the molecular orientations of LiH and HBr steered by the
THz laser pulse, the two-color laser pulse, and a combination
of the two laser pulses. As can be seen, the molecular ori-
entation repeatedly revives around t = nTrot (n = 0,1,2, . . .),
where Trot = h/2Be is the rotational period. Obviously, be-
cause of their similar rotational constants, the rotational peri-
ods of these two molecules are also very close to each other,
which gives almost the same repeatedly revival time of the
orientation. However due to the fact that LiH possesses larger
dipole moment and polarizability as well as the hyperpolariz-
ability, it has a higher degree of orientation than HBr under
the same laser conditions. Certainly for both LiH and HBr,
their hyperpolarization interactions are weak, so the field-free
orientation is mainly provided by the dipole interaction.

Table 1. Molecular parameters of LiH and HBr for numerical compu-
tation.

Molecules Be/cm−1 µ/D α‖/Å3 α⊥/Å3 β‖/Å5 β⊥/Å5

LiH 7.52 5.87 3.82 4.38 5.44×1010 2.021×1010

HBr 8.348 0.83 3.64 3.315 -1.07×109 4.3×108

Under the combined fields, the two-color shaped laser
pulse firstly induces a non-resonant excitation, after a delay
time the THz laser pulse induces a resonant transition. The ro-
tational populations of molecules LiH and HBr steered by the
combination of the two laser pulses are shown in Figs. 2(a) and
2(b). Obviously, before excitation both LiH and HBr populate
at J = 0, then under the stimulation of the combined field, the
rotational population displays a Rabi-type changing, and after
the pulse the population does not change with time. The pe-
riodic field-free molecular orientation shown in Fig. 1 can be
explained by the fact that a coherent rotational wave packet is

produced after the interaction between the combined fields 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.[44] Af-
ter the interaction the populated rotational states of LiH are
almost of J = 0,1,2 and the corresponding populations are
0.442, 0.327, and 0.229, while the populated rotational states
of HBr are almost of J = 0, 1, and the corresponding pop-
ulations are 0.899 and 0.095. According to the uncertainty
principle ∆J · ∆θ ≥ h̄/2, where ∆J is the difference in the
number of the occupied rotational states between before and
after the laser pulse, since a better field-free molecular ori-
entation requires a narrower ∆θ , a broad rotational band ∆J
is required.[45] We can see that because of the larger dipole
moment and hyperpolarizability, LiH has a broader rotational
band, so it has a higher degree of orientation after driven by
laser pulse (see Fig. 1).
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Fig. 1. (color online) Time evolutions of the molecular orientations
of (a) LiH and (b) HBr steered by the THz laser pulse (dotted) , the
two-color laser pulse (dashed), and a combination of the two laser
pulses (solid), where E01 = 1.0× 108 V·cm−1, σr = 2 ps, σf = 0.4 ps,
ω1 = 12500 cm−1, E02 = 2.0× 105 V·cm−1, td = 2.2 ps, τ = 1 ps,
ϕ = π , ωTHz = 18 cm−1, and T = 0 K.

To illustrate the influence of the rising time of the two-
color laser pulse on molecular orientation, we show the max-
ima of molecular orientation 〈cosθ〉max of LiH and HBr with
the rising time σr in Fig. 3. For LiH, 〈cosθ〉max initially in-
creases from 0.65 to 0.71 as time rises from 1.2 to 2 ps, and
then decreases from 0.71 to 0.69 with time rising. Finally,
〈cosθ〉max converges to a constant value of 0.70 after 4 ps.
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Obviously in the time interval from 1.2 ps to 4 ps, the molec-
ular orientation undergoes a nonadiabatic process. However,
when the rising time increases from 4.1 ps to 20 ps, the inter-
action time increases from 2Trot to 10Trot, and the rising time is
long enough to ensure that the molecular orientation is near an
adiabatic process. By using this shaped laser pulse, we can see
that the field-free molecular orientation undergoes an adiabatic
process. For HBr, when the rising time increases from 1.2 ps to
6 ps, the molecular orientation can be viewed as a nonadiabatic
process. However, when the rising time increases from 6.1 ps
to 20 ps, the molecular orientation arrives at a saturation state,
which is nearly an adiabatic process. Thus, due to the fact that
LiH and HBr have nearly the same repeatedly revival time of
the orientation, they reach their stages of adiabatic process in
a similar rising time. But because of their difference in hyper-
polarizability, the field–molecule interaction can change their
rotational states in a respective strength, which leads to dif-
ferent nonadiabatic processes, so there is a peak-like changing
for LiH molecule.
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Fig. 2. (color online) Time evolutions of rotational population for (a)
LiH and (b) HBr, respectively. The pulse parameters are the same as
those in Fig. 1.

In order to expound the influence of two-color field in-
tensity on molecular orientation, we show the plots of max-
imal orientation degree 〈cosθ〉max versus intensity of the
two-color laser pulse for LiH and HBr in Fig. 4(a). For
LiH, with the intensity of the two-color field increasing from
1.0× 107 V·cm−1 to 4.5× 107 V·cm−1, 〈cosθ〉max increases
from 0.72 to 0.76 , then decreases from 0.76 to 0.64 as the in-
tensity increases from 4.5×107 V·cm−1 to 1.4×108 V·cm−1.

While for HBr, as the intensity of the two-color field increases
from 1.0× 107 V·cm−1 to 1.4× 108 V·cm−1, 〈cosθ〉max first
increases from 0.26 to 0.6, then decreases from 0.6 to 0.55.
This phenomenon of first increasing and then decreasing for
the orientations of both HBr and LiH can be explained by their
undergoing nonadiabatic processes at σr = 4 ps. In addition,
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Fig. 3. (color online) Plots of maximal orientation degree 〈cosθ〉max ver-
sus rising time σr of LiH (black line) and HBr (red line) at E02 = 9.0×
105 V·cm−1. The other pulse parameters are the same as those in Fig. 1.
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Fig. 4. (color online) (a) Plots of maximal orientation degree 〈cosθ〉max
versus the amplitude of the two-color laser pulse of LiH (black line)
and HBr (red line). Plots of rotational population versus amplitude of
the two-color laser pulse for (b) LiH and (c) HBr after laser pulse, re-
spectively. The parameters are the same as those in Fig. 1 except for
σr = 4 ps.
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the increase in the two-color field amplitude may change the
rotational structure, leading to the different populations of ro-
tational states as shown in Figs. 4(b) and 4(c), which is the
reason why the peak of the 〈cosθ〉max appears at different
amplitudes, and the highest value for 〈cosθ〉max occurs when
the occupied rotational states have relatively small difference.
Furthermore, due to the larger hyperpolaizability, LiH is more
sensitive to the two-color field than HBr.
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Fig. 5. (color online) (a) Plots of maximal orientation degree 〈cosθ〉max
versus the amplitude of the THz laser pulse with σr = 4 ps , E01 =
1.0× 108 V·cm−1, ωTHz = 18 cm−1, and T= 0 K. The plots of rota-
tional population versus the amplitude of the THz laser pulse for (b)
LiH (b) and (c) HBr, respectively.

In the above analysis, we find that the two-color field
intensity has an influence on molecular orientation, so we
further investigate the influence of the THz pulse intensity
on molecular orientation. Figure 5(a) illustrates the varia-
tions of the maximal orientation degree 〈cosθ〉max with the
increase in the amplitude of THz laser pulse for LiH and
HBr. For HBr which has a smaller dipole moment, when
THz field amplitude changes from 2.0×105 V·cm−1 to 1.0×
106 V·cm−1, 〈cosθ〉max first increases and then decreases,
and the peak of the 〈cosθ〉max occurs at an intensity of about
6.0× 105 V·cm−1.While for LiH, when THz field ampli-
tude changes from 2.0× 105 V·cm−1 to 1.0× 106 V·cm−1,
〈cosθ〉max has an irregular oscillation, and the two peaks oc-
cur at 2.0× 105 V·cm−1 and 9.0× 105 V·cm−1, respectively.

This is because different THz field intensity leads to different
population of rotational states, as shown in Figs. 5(b) and 5(c),
thus leading to different coherent superposition of wave func-
tions. Because LiH has a larger dipole moment, it is much
easier to be affected by the THz pulse. It is necessary to point
out that the maximal electric field intensity of THz laser pulse,
which is generated by adjusting the polarization of the two-
color laser pulses, can be larger than 1.0×106 V·cm−1, so the
above condition is easy to meet experimentally.[46,47]
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Fig. 6. (color online) (a) Variations of maximal orientation degree
of LiH (black) and HBr (red) with THz field frequency, where E01 =
6.0× 107 V·cm−1, E02 = 2.0× 105 V·cm−1, σr = 4 ps, T = 0 K. (b)
Populations of rotational states of LiH and HBr at ωTHz = 0.5 THz with
other parameters being the same as those in panel (a).

To elucidate the effect of THz frequency on molecular
orientation, we display the plots of maximal orientation de-
gree 〈cosθ〉max versus THz field frequency for LiH and HBr
in Fig. 6(a). From Fig. 6(a), we can see that the highest val-
ues of 〈cosθ〉max for both LiH and HBr appear at THz field
frequency about 0.5 THz (18 cm−1). This is because the in-
teraction between the THz field and the molecules is a res-
onant interaction, and the resonance transition frequency be-
tween molecular levels is ∆ωJ,J+1 = 2Be(J+1)/h̄ = 2πωTHz.
For HBr, the resonant transition frequency from J = 0 to
J = 1 state is ∆ω0,1 = 2π × 0.52 THz, while for LiH, the
resonant transition frequency from J = 0 to J = 1 state is
∆ω0,1 = 2π × 0.48 THz, so the highest values of 〈cosθ〉max

both appear at the frequency about 0.5 THz viewed from the
figure. From Fig. 6(b), we can see that the populated rota-
tional states of HBr at ωTHz = 0.5 THz are almost of J = 0,1,
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while for LiH the populated rotational states are of J = 0,1, 2,
and J = 1 state has the largest population. The above results
show that an efficient molecular orientation can be achieved
by using the proper frequency of the THz field.

It is necessary to point out that the above calculations are
performed at temperature T = 0 K. However, in the actual
experiments, the molecular ensemble is at a finite tempera-
ture. In order to illustrate the effect of temperature, we show
the time evolutions of molecular orientation of LiH and HBr
at T = 0 K, 10 K, and 20 K in Figs. 7(a) and 7(b), respec-
tively. For LiH, the maximal orientations at T = 0, 10, and
20 K are 0.655, 0.461, and 0.244, while for HBr at T = 0,

10, and 20 K, the maximal orientations are 0.336, 0.237, and

0.113. As shown in Figs. 7(c)–7(f), both LiH and HBr popu-

late the higher rotational states at higher temperatures before

excitation, but during excitation the influence of the combined

field is smaller, so leading to ∆J decreasing with temperature

increasing. As a consequence, the increase of the temperature

can lead to the decrease of the degree of maximal molecu-

lar orientation. With the development of the ultracold tech-

nique, the temperature realized can be very near 0 K (∼ µK),

so it is possible to achieve the highest degree of molecular

orientation.[48]
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Fig. 7. (color online) Time evolution of molecular orientations of (a) LiH and (b) HBr at T = 0 K (solid line), 10 K (dash line), and 20 K (dotted
line), ((c), (d)) corresponding rotational population before excitation, and ((e), (f)) the corresponding rotational population after excitation. The
parameters are adopted to be σr = 4 ps, ωTHz = 18 cm−1, E01 = 1.0×108 V·cm−1, and E02 = 2.0×105 V·cm−1.

4. Conclusions

We analyze the effects of the characteristics of molecules
and external fields on field-free molecular orientation by com-
paring HBr with LiH molecules driven by the combination of

a two-color laser pulse with time-delayed THz laser pulse in

this work. It is shown that the dipole interaction has greater

influence on field-free orientation than the hyperpolarizability

interaction. Because of the similar repeated revival times, HBr
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and LiH reach the adiabatic process at almost the same ris-
ing time. Taking advantage of the different characteristics of
molecules, an efficient molecular orientation can be achieved
by using the proper two-color field intensity, THz field inten-
sity and frequency. The different rotational populations caused
by the fields are the reason for producing different values of
〈cosθ〉max. The temperature effects of HBr and LiH on molec-
ular orientation are almost the same, i.e., with the rising tem-
perature, the molecular orientation degree decreases rapidly.
We hope that this study can provide some information for ex-
perimentalists to explain the relevant results.
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Filsinger F, Küpper J, Meijer G, Dimitrovski D, Abu-samha M, Martiny
C P J and Madsen L B 2010 Nat. Phys. 6 428

[11] Hansen J L, Stapelfeldt H, Dimitrovski D, Abu-Samha M, Martiny C P
and Madsen L B 2011 Phys. Rev. Lett. 106 073001

[12] Yang X D, Gao M and Tian Y 2016 Chin. Phys. Lett. 33 013102
[13] Rosca-Pruna F and Vrakking M J J 2001 Phys. Rev. Lett. 87 153902
[14] Itatani J, Levesque J, Zeidler D, Niikura H, Pepin H, Kieffer J C,

Corkum P B and Villeneuve D M 2004 Nature 432 867
[15] Zhao Z Y, Han Y C, Yu J and Cong S L 2014 J. Chem. Phys. 140

044316
[16] Wang B B, Han Y C and Cong S L 2015 J. Chem. Phys. 143 094303
[17] Wang Y, Yue D G, Zhou X C, Guo Y H and Meng Q T 2017 Chin.

Phys. B 26 043202
[18] Friedrich B and Herschbach D 1999 J. Chem. Phys. 111 6157

[19] Friedrich B and Herschbach D 1999 J. Phys. Chem. A 103 10280
[20] Wu J and Zeng H P 2010 Phys. Rev. A 81 053401
[21] Zhang S A, Lu C H, Jia T Q, Wang Z G and Sun Z R 2011 J. Chem.

Phys. 135 034301
[22] Qin C C, Zhao X D, Zhang X Z and Liu Y F 2013 Chin. Phys. Lett. 30

023302
[23] Zhang S A, Shi J H, Zhang H, Jia T Q, Wang Z G and Sun Z R 2011

Phys. Rev. A 83 023416
[24] Xu S W, Yao Y H, Lu C H, Jia T Q, Ding J X, Zhang S A and Sun Z R

2014 Phys. Rev. A 90 033416
[25] Huang Z Y, Wang D, Zheng L, Li W K, Zhao R R and Leng Y X 2017

Chin. Phys. B 26 054209
[26] Frumker E, Hebeisen C T, Kajumba N, Bertrand J B, Worner H J, Span-

ner M, Villeneuve D M, Naumov A and Corkum P B 2012 Phys. Rev.
Lett. 109 113901

[27] Machholm M and Henriksen N E 2001 Phys. Rev. Lett. 87 193001
[28] Shu C C, Yuan K J, Hu W H, Yang J and Cong S L 2008 Phys. Rev. A

78 055401
[29] Shu C C and Henriksen N E 2013 Phys. Rev. A 87 013408
[30] Zhao Z Y, Han Y C, Huang Y and Cong S L 2013 J. Chem. Phys. 139

044305
[31] Shu C C, Yuan K J, Hu W H and Cong S L 2009 Phys. Rev. A 80 011401
[32] Qin C C, Tang Y, Wang Y M and Zhang B 2012 Phys. Rev. A 85 053415
[33] Qin C C, Liu Y Z, Zhang X Z and Liu Y F 2013 Chin. Phys. Lett. 30

023301
[34] Kitano K, Ishii N and Itatani J 2011 Phys. Rev. A 84 053408
[35] Huang Y, Xie T, Li J, Yu J and Cong S L 2014 Laser Phys. 24 016002
[36] Li H, Li W X, Feng Y H, Pan H F and Zeng H P 2013 Phys. Rev. A 88

013424
[37] Muramatsu M, Hita M, Minemoto S and Sakai H 2009 Phys. Rev. A 79

011403
[38] Liu Y, Li J, Yu J and Cong S L 2013 Laser Phys. Lett. 10 076001
[39] Ramakrishna S and Seideman T 2005 Phys. Rev. Lett. 95 113001
[40] Ramakrishna S and Seideman T 2006 J. Chem. Phys. 124 034101
[41] Pecul M 2005 Chem. Phys. Lett. 404 217
[42] Yun H, Kim H T, Kim C M, Nam C H and Lee J 2011 Phys. Rev. A 84

065401
[43] Bishop D M and Norman P 1999 J. Chem. Phys. 111 3042
[44] Torres R, de Nalda R and Marangos J P 2005 Phys. Rev. A 72 023420
[45] Shu C C, Yuan K J, Hu W H and Cong S L 2010 J. Chem. Phys. 132

244311
[46] Minami Y, Kurihara T, Yamaguchi K, Nakajima M and Suemoto T

2013 Appl. Phys. Lett. 102 041105
[47] Oh T I, You Y S, Jhajj N, Rosenthal E W, Milchberg H M and Kim K

Y 2013 New J. Phys. 15 075002
[48] Quemener G and Julienne P S 2012 Chem. Rev. 112 4949

033301-7

http://dx.doi.org/10.1103/PhysRevLett.92.133005
http://dx.doi.org/10.1103/PhysRevLett.92.133005
http://dx.doi.org/10.1103/PhysRevLett.95.203003
http://dx.doi.org/10.1038/nature03577
http://dx.doi.org/10.1103/PhysRevLett.95.243903
http://dx.doi.org/10.1103/PhysRevLett.95.243903
http://dx.doi.org/10.1103/PhysRevLett.98.053002
http://dx.doi.org/10.1103/PhysRevA.74.063417
http://dx.doi.org/10.1103/PhysRevLett.95.123001
http://dx.doi.org/10.1364/OE.19.000040
http://dx.doi.org/10.1364/OE.19.000040
http://dx.doi.org/10.1103/PhysRevA.85.052515
http://dx.doi.org/10.1103/PhysRevA.85.052515
http://dx.doi.org/10.1038/nphys1666
http://dx.doi.org/10.1103/PhysRevLett.106.073001
http://dx.doi.org/10.1088/0256-307X/33/1/013102
http://dx.doi.org/10.1103/PhysRevLett.87.153902
http://dx.doi.org/10.1038/nature03183
http://dx.doi.org/10.1063/1.4863176
http://dx.doi.org/10.1063/1.4863176
http://dx.doi.org/10.1063/1.4929388
http://dx.doi.org/10.1088/1674-1056/26/4/043202
http://dx.doi.org/10.1088/1674-1056/26/4/043202
http://dx.doi.org/10.1063/1.479917
http://dx.doi.org/10.1021/jp992131w
http://dx.doi.org/10.1103/PhysRevA.81.053401
http://dx.doi.org/10.1063/1.3610956
http://dx.doi.org/10.1063/1.3610956
http://dx.doi.org/10.1088/0256-307X/30/2/023302
http://dx.doi.org/10.1088/0256-307X/30/2/023302
http://dx.doi.org/10.1103/PhysRevA.83.023416
http://dx.doi.org/10.1103/PhysRevA.83.023416
http://dx.doi.org/10.1103/PhysRevA.90.033416
http://dx.doi.org/10.1088/1674-1056/26/5/054209
http://dx.doi.org/10.1088/1674-1056/26/5/054209
http://dx.doi.org/10.1103/PhysRevLett.109.113901
http://dx.doi.org/10.1103/PhysRevLett.109.113901
http://dx.doi.org/10.1103/PhysRevLett.87.193001
http://dx.doi.org/10.1103/PhysRevA.78.055401
http://dx.doi.org/10.1103/PhysRevA.78.055401
http://dx.doi.org/10.1103/PhysRevA.87.013408
http://dx.doi.org/10.1063/1.4816121
http://dx.doi.org/10.1063/1.4816121
http://dx.doi.org/10.1103/PhysRevA.80.011401
http://dx.doi.org/10.1103/PhysRevA.85.053415
http://dx.doi.org/10.1088/0256-307X/30/2/023301
http://dx.doi.org/10.1088/0256-307X/30/2/023301
http://dx.doi.org/10.1103/PhysRevA.84.053408
http://dx.doi.org/10.1088/1054-660X/24/1/016002
http://dx.doi.org/10.1103/PhysRevA.88.013424
http://dx.doi.org/10.1103/PhysRevA.88.013424
http://dx.doi.org/10.1103/PhysRevA.79.011403
http://dx.doi.org/10.1103/PhysRevA.79.011403
http://dx.doi.org/10.1088/1612-2011/10/7/076001
http://dx.doi.org/10.1103/PhysRevLett.95.113001
http://dx.doi.org/10.1063/1.2130708
http://dx.doi.org/10.1016/j.cplett.2005.01.057
http://dx.doi.org/10.1103/PhysRevA.84.065401
http://dx.doi.org/10.1103/PhysRevA.84.065401
http://dx.doi.org/10.1063/1.479661
http://dx.doi.org/10.1103/PhysRevA.72.023420
http://dx.doi.org/10.1063/1.3458913
http://dx.doi.org/10.1063/1.3458913
http://dx.doi.org/10.1063/1.4789773
http://dx.doi.org/10.1088/1367-2630/15/7/075002
http://dx.doi.org/10.1021/cr300092g

	1. Introduction
	2. Theoretical method
	3. Results and discussion
	4. Conclusions
	References

