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Field-free orientation of diatomic molecule via
the linearly polarized resonant pulses∗
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We propose a scheme to coherently control the field-free orientation of NO molecule whose rotational temperature is
above 0 K. It is found that the maximum molecular orientation is affected by two factors: one is the sum of the population
of M = 0 rotational states and the other is their distribution, however, their distribution plays a much more significant role
in molecular orientation than the sum of their population. By adopting a series of linearly polarized pulses resonant with
the rotational states, the distribution of M = 0 rotational states is well rearranged. Though the number of pulses used is
small, a relatively high orientation degree can be obtained. This scheme provides a promising approach to the achievement
of a good orientation effect.
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1. Introduction
For a linear polar molecule, as the molecular axis is

aligned along a particular direction, the alignment process oc-
curs, which has been well investigated and brought into good
practical applications. On the other hand, as the molecular
axis points along a particular direction, the orientation occurs,
which is a more challenging topic. The molecular orientation
steered by laser pulses has attracted much attention because of
its extensive applications in the control or catalysis of chemi-
cal reaction dynamics,[1–6] detection and quantitative analysis
of trace amounts of chemical components[7,8] and high-order
harmonic generation as well as attosecond science,[9–13] etc.

Various techniques have been applied to the molecu-
lar orientation, such as the intense dc field,[14,15] the two-
color laser field,[16–20] the half-cycle or few-cycle terahertz
pulses,[21–27] and the combination of an intense laser field with
a weak dc field.[28–31] Usually, the molecular orientation de-
gree is limited by the maximally applicable laser intensity be-
fore its intrinsic saturation and ionization. What is more, the
orientation degree obtained through these techniques is not
very high. It is shown in Refs. [32]–[36] that the population
of rotational states can be precisely controlled via the coherent
control of resonant pulses, and more importantly, the intensity
of the laser pulses used in coherent control is weak, which is
far below the ionization threshold and the value of intrinsic
saturation. For this reason, field-free orientation via resonant
pulses is a promising approach. In practice, a good orienta-

tion effect has been obtained by this method.[35,37–39] How-
ever, most of these studies are usually based on the molecules
whose rotational temperature is 0 K.[38,39] As is well known, it
is just an ideal case, for it is impossible to obtain molecules of
this kind. Consequently, molecular orientation at higher rota-
tional temperature is required. Chi et al. used a series of circu-
larly polarized pulses with the aid of linearly polarized pulses,
all of which are resonant with the molecular rotational tran-
sitions, to orient the NO molecule at a rotational temperature
of 10 K, and quite a high orientation degree was achieved.[37]

In addition, in our previous work, a single ground rotational
state with high probability has been prepared from an arbi-
trary superposition state by the PPSQS scheme.[35] However,
the pulse number used in these studies is too large, thereby
restricting its applications in the experiments.

In this paper, the NO molecule of which the rotational
temperature is above 10 K is taken as the computational ex-
ample. By only adopting several linearly polarized resonant
pulses, we attempt to obtain a relative high orientation degree
by rearranging the distribution of the M = 0 rotational states.

2. Theoretical method

The initial populations of rotational states |J,M〉 (where J
denotes the rotational angular quantum number and M repre-
sents the corresponding magnetic quantum number) are given
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by the Boltzmann distribution at a certain temperature T :

PJ,M =
exp(−BJ(J+1)/kBT )

∑J′ (2J′+1)exp(−BJ′(J′+1)/kBT )

(kB is the Boltzmann constant). The rotational wave-function
can be expanded into the unperturbed molecular rotational
eigenstates, i.e., the spherical harmonics basis[10,16]

ψ(t) = ∑
J,M

CJ,M |J,M〉exp(−iEJ,Mt/h̄), (1)

where EJ,M denotes the eigenenergy of the |J,M〉 state, which
depends on J and is independent of M, and the population of
the rotational state |J,M〉 is determined by PJ,M= |CJ,M|2.

In this paper, the NO molecule is taken as the computa-
tional example. Since the amplitude of the external field em-
ployed here is moderate, only the permanent dipole moment
plays a significant role, therefore, the NO molecule can be
modeled as a rigid rotor under this circumstance. In the calcu-
lation, we only consider the NO molecule in its 1Σ electronic
and ground vibrational state. As a result, the Hamiltonian of
NO molecule in the laser field can be defined as

H(t) = B[J(J+1)−ω f (t)cosθ ], (2)

where ω=E0µ0/B is the dimensionless field–molecule inter-
action parameter; B and µ0 are the rotation constant and the
permanent dipole moment of the molecule; E0 and f (t) are
the peak amplitude and envelope of the external laser field,
respectively.

The time-evolution of population parameter CJ,M(t) can
be described by substituting Eq. (1) into the time-dependent
Schrödinger equation:

i
∂

∂ t
CJ,M(t) = ∑

J′
〈J,M|H(t)

∣∣J′,M〉CJ′,M(t)

× exp[−i(EJ′ −EJ)t/h̄]. (3)

The expectation value of the orientation degree of a linear
molecule can be calculated as

〈cosθ〉(t) = 〈ψ(t)|cosθ |ψ(t)〉
= 2 ∑

J,M
|CJ+1,M| · |CJ,M| · 〈J+1,M|cosθ |J,M〉

· cos(∆EJ+1,Jt/h̄−ϕJ+1,J), (4)

where 〈J+1,M|cosθ |J,M〉 is a transition matrix element,
∆EJ+1,J and ϕJ+1,J are the energy difference between the off-
set phase of two neighboring rotational states, and their ex-
pressions are given by

〈J,M|cosθ |J−1,M〉=

√
(J+M)(J−M)

(2J−1)(2J+1)
, (5)

∆EJ+1,J = EJ+1−EJ = 2B(J+1), (6)

ϕJ+1,J = arg(CJ+1,M)− arg(CJ,M). (7)

3. Results and discussion

For the NO molecule adopted in this paper, the values
of its rotational constant and permanent dipole moment are
B = 1.703 cm−1 and µ0 = 0.153D, respectively. In the cal-
culation, the dimensionless field–molecule interaction param-
eter is set as ω=E0µ0/B=0.1, and the corresponding electric
field strength is E0=6.63×104 V/cm, which is far below the
ionization threshold and the value of intrinsic saturation. For
convenience, h̄/B (Trot = π h̄/B≈ 9.79 ps is the molecular ro-
tational period) and B are taken as the units of time and energy
throughout this paper.

Figure 1 shows the initial distribution of probability am-
plitude |CJ,M| of NO molecule at a rotational temperature of
10 K. It can be seen from the figure that the populations of
the |6,M〉 states are so small that they can even be neglected,
indicating that as the maximum value of J is set to be 6, it
is quite close to the actual case. We can see from Eq. (5)
that three factors affect the molecular orientation: probabil-
ity amplitude |CJ,M|, which remains constant under field-free
conditions; offset phase of two neighboring rotational states
cos [∆EJ+1,J−ϕJ+1,J ], whose value varies between ±1; the
matrix elements 〈J+1,M |cosθ |J,M〉. It can be seen from
Eq. (5) that for the same J, the smaller the value of |M|, the
larger the value of 〈J+1,M |cosθ |J,M〉 is. Therefore, the
maximum molecular orientation degree is affected by two fac-
tors: one is the sum of the population of M = 0 rotational states
and the other is their distribution. In general, the larger the sum
of the population of M = 0 rotational states, the higher the ori-
entation degree will be, and this can be realized by transferring
the population on M 6= 0 rotational states to the M = 0 rota-
tional states. Chi et al. used a series of circularly and linearly
polarized pulses resonant with the molecular rotational transi-
tions to achieve this goal, and by this means, one can prepare
a rotational wave-packet populating mainly on a few of the
lowest rotational eigenstates whose magnetic quantum num-
bers are M = 0.[37] High as the orientation degree is, the pulse
number N needed is too large, making this method difficult
to be realized in the experiment. In effect, though the contri-
bution of M 6= 0 rotational states to the molecular orientation
is small compared with that of M = 0 rotational states, it still
plays a role. As long as the population of the M = 0 rotational
states (e.g. the |J,0〉 rotational states) is in a proper proportion,
a relatively high orientation degree can be obtained, which has
been stated in Ref. [38]. Therefore, if we can rearrange the
distribution of M = 0 rotational states, and meanwhile make
the population of M 6= 0 rotational states larger than their de-
generate M = 0 rotational states, a good orientation effect can
be achieved. What is more, it can be realized by adopting only
a few linearly polarized laser pulses, thus reducing the pulse
number.
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Fig. 1. (color online) Initial distribution of the probability amplitude
|CJ,M | of NO molecule at rotational temperature 10 K.

To verify the above assumption, in the following, several
linearly polarized resonant pulses will be adopted to rearrange
the distribution of the m= 0 rotational states. Here, the electric
field of the laser pulses adopted is given by

E(t) = E0

Jmax

∑
J=1

exp

[
− (t−tJ)

2

σ2
J

]
sin(ωJt+ϕ0), (ωJ = 2J), (8)

where ωJ = 2J is the angular frequency of the pulse in reso-
nance with the J−1↔ J transition, σ and E0 are the duration
and peak electric field amplitude of the laser pulses, and the
initial phases of these pulses ϕ0 are all set to be π .

Here, the NO molecule whose rotational temperature is
10 K is taken as the computational example. We present in
Fig. 2 the time-evolution of the probability amplitude |CJ,0| un-
der the actions of five linearly polarized resonant pulses whose
durations are shown by the second row in Table 1. It can be
seen from Fig. 2 that |CJ,0| (J = 1,2,3,4) first increase under
the actions of pulse pJ and then decrease under the actions of
pulse pJ+1. In contrast, |C0,0| and

∣∣C5,0
∣∣ only decrease and

increase under the actions of p1 and p5, respectively. After
this operation, the distribution of the M = 0 rotational states
is rearranged. Since the resonant excitation follows the selec-
tion rule of ∆J = ±1, and ∆M = 0, the sum of the population
of the M = 0 states is not changed during the above opera-
tion, which keeps 42.92%. The distribution of the probability
amplitude |CJ,M| after this operation is shown in Fig. 3. As
can be clearly seen from the figure, after being subjected to
the 5 given pulses, the population of M 6= 0 rotational states is
smaller than that of their degenerate M = 0 rotational states.
According to Eq. (4), the maximum orientation degree cal-
culated is 〈cosθ〉max = 0.8380 as shown by the solid black
curve in Fig. 4(a). Though this value is a little smaller than
that obtained in Ref. [37] (i.e. 〈cosθ〉max = 0.907), it is still a
relatively high value, and more importantly, the pulse number
used is greatly reduced (N = 13 in Ref. [37]) and the circu-
larly polarized pulses are not required, thereby making this

scheme more feasible. If the pulse number is N = 4, and their
durations are given in the second row of Table 2, the maxi-
mum orientation degree is 〈cosθ〉max = 0.7898 as shown by
the dashed red curve in Fig. 4(a). If we use three pulses whose
durations are given in the second row of Table 3, the maxi-
mum orientation degree is 〈cosθ〉max = 0.7281 [see the dotted
blue curve in Fig. 4(a)], which is still a high value. It should
be noted that the parameters listed in Tables 1–3 are obtained
by the following way: firstly, adjust the duration of pulse p1

until the orientation degree reaches its maximum value in this
case; then adjust the duration of pulse p2 to pmax in turn so as
to obtain the maximum orientation degree in each case; after
adjusting the duration of pulse pmax, we adjust the duration of
p1− pmax again. Such processes repeat until the orientation
degree does not increase any more.
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Fig. 2. (color online) Time-evolution of probability amplitude
∣∣CJ,0

∣∣
under the actions of five linearly polarized resonant pulses whose dura-
tions are shown in the second row of Table 1. The gray curve shows the
laser field.
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Fig. 3. (color online) Probability amplitude |CJ,M | of the NO molecule
after the actions of 5 linearly polarized pulses whose durations are
shown in the second row of Table 1.

In the above discussion, the rotational temperature is
10 K, in this case, the sum of the population of M = 0 states
is 42.92%, and that of the M 6= 0 rotational states is 57.08%.
As stated in the previous part, the larger the sum of the pop-
ulation of M = 0 states, the higher the orientation degree will
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be. If the rotational temperature is reduced, the sum of the
population of M = 0 states will become larger. Taking 5 K for
example, the sum of the population of M = 0 states increases
to 59.31% under this condition. Figure 4(b) shows the time-
evolution of the molecular orientation degree of NO molecule
〈cosθ〉 at 5 K after the irradiations of 5 (solid black curves),
4 (dashed red curves), and 3 (dotted blue curves) linearly po-
larized pulses whose durations are shown in the third row of
each of Tables 1, 2, and 3, respectively. It can be seen from
the figure that the maximum orientation degrees achieved by
adopting 5, 4, and 3 pulses are 0.8725, 0.8292, and 0.7599,
respectively. If the rotational temperature is further reduced,
the sum of the population of M = 0 states will be larger, and
thus higher orientation will be obtained. In an extreme case,
i.e., at a rotational temperature of 0 K, the molecular rotational
state is populated only on the |0,0〉 state. In this case, under
the actions of 4 pulses, the maximum orientation degree can
be as high as 0.90612, which has already been discussed theo-
retically in Ref. [38].

Table 1. Parameters of the 5 linearly polarized pulses used to obtain the
maximum orientation degree for NO molecule at 10 K (first and second
rows) and 5 K (first and third rows), respectively.

p1(t) p2(t) p3(t) p4(t) p5(t)

ti(h̄/B) 100 200 300 400 500
σ i(h̄/B) 12.66 17.34 18.11 16.02 11.32
σ i(h̄/B) 15.08 20.94 20.71 17.18 11.72

Table 2. Parameters of the 4 linearly polarized pulses used to obtain the
maximum orientation degree for NO molecule at 10 K (first and second
rows) and 5 K (first and third rows), respectively.

p1(t) p2(t) p3(t) p4(t)

ti(h̄/B) 100 200 300 400
σ i(h̄/B) 11.59 15.03 14.40 10.45
σ i(h̄/B) 13.89 18.57 17.20 12.03

Table 3. Parameters of the 3 linearly polarized pulses used to obtain the
maximum orientation degree for NO molecule at 10 K (first and second
rows) and 5 K (first and third rows), respectively.

p1(t) p2(t) p3(t)

ti(h̄/B) 100 200 300
σ i(h̄/B) 9.82 11.49 8.75
σ i(h̄/B) 12.12 14.97 11.6

As stated above, both the sum of the population of M = 0
rotational states and their distribution affect the maximum
molecular orientation degree, however, the increase of the sum
of the population of M = 0 rotational states is conducible to a
little improvement in the molecular orientation degree. Even
if the sum of the population of M = 0 states is not high, say
in the case of the NO molecule at the rotational temperature
of 10 K (the sum of the population of M = 0 states is only
42.92%), as long as the distribution of M = 0 rotational states
is well rearranged, a good orientation effect can be achieved.

Therefore, we arrive at such a conclusion that what mainly af-
fects the molecular orientation is not the sum of the population
of M = 0 states but their distribution.
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Fig. 4. (color online) Time-evolutions of the molecular orientation
〈cosθ〉 at the rotational temperature of (a) 10 K and (b) 5 K after the ir-
radiations of 5 (solid black curves), 4 (dashed red curves), and 3 (dotted
blue curves) linearly polarized pulses.

4. Conclusions
In this study, we proposed a scheme to obtain a higher

orientation degree starting from the NO molecule whose ro-
tational temperature is higher than 0 K. It is found that both
the sum of the population of M = 0 rotational states and their
distribution affect the maximum molecular orientation degree,
however, what mainly affects the molecular orientation is not
the sum of the population of M = 0 states but their distribu-
tion. As long as the distribution of M = 0 rotational states
is well rearranged, a relatively high orientation degree can be
obtained. This process can be accomplished by just adopting
several linearly polarized resonant pulses, and under the ac-
tions of these pulses the population of M 6= 0 rotational states
is smaller than that of their degenerate M = 0 rotational states.
Through this scheme, molecular orientation degrees as high as
0.8380, 0.7898, and 0.7281 can be obtained under the actions
of 5, 4, and 3 laser pulses at a rotational temperature of 10 K,
which are relatively high molecular orientation degrees. How-
ever, the decrease of rotational temperature, i.e., the increase
in the sum of the population of M = 0 states, is not helpful
much to improve the molecular orientation. Though the pulse
number used is not large, relatively high orientation degree can
be obtained. Since the smaller pulse number is more suitable
for the control of molecular orientation in the experiment, this
scheme can be a promising approach.
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