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Eliminating molecular-alignment dephasing with a phase-modulated femtosecond laser pulse
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Alignment dephasing caused by centrifugal distortion is a significant effect accompanying laser-induced field-
free molecular alignment. Centrifugal distortion is the manifestation of the intrinsic nonrigidity of molecules,
which is especially prominent when molecules are excited to high angular velocities. In this work, we show
that this type of dephasing can be almost completely eliminated by modulating the phase of the femtosecond
laser pulse. Nearly perfect molecular alignment can be achieved as if the molecules were ideal rigid rotors. The
dephasing effect can be cancelled in various time windows by tuning the modulation strength parameter. The
dephasing cancellation mechanism is explained by considering the relative phases of the eigenstates forming the
rotational wave packet. This work is of great significance to the experiment and dynamics studies of molecular
alignment.
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I. INTRODUCTION

In recent decades, advanced gas-phase experiments in
molecular physics have required the ability to control molec-
ular alignment. Various schemes for inducing molecular
alignment were applied in studies of chemical reaction dy-
namics, high-order harmonic generation, surface processing,
molecular rotational echoes, and so on [1–10]. Alignment
is said to be created when a preferred direction within a
molecular ensemble is defined with respect to a space-fixed
axis. Among various methods that create molecular align-
ment, a strong, nonresonant, linearly polarized laser pulse
has been shown to be the most versatile technique because
the laser-molecule interaction energy is typically much larger
than the rotational energy of the molecules [11,12]. There
are two different ways to induce molecular alignment using
a strong laser field [13]. One way is by using relatively long
laser pulses with a duration greatly exceeding the molecular
rotational period. The laser-molecule interaction results in
so-called “pendular” states. The molecular ensemble returns
smoothly to the isotropic angular distribution as the laser pulse
slowly fades away [14]; the alignment proceeds adiabatically
and is termed “adiabatic alignment.” The other case, often
called “nonadiabatic alignment,” employs a laser pulse that
turns on and off rapidly compared to the rotational period of
the molecule. In this case, the laser-molecule interaction can
be viewed as a “kick” that creates a coherent superposition
of rotational eigenstates, i.e., a broad rotational wave packet.
Different components of the wave packet accumulate phase
during the field-free evolution [10,15]. Rephasing of the ro-
tational wave packet components results in alignment revival.
One of the important advantages of the nonadiabatic align-
ment is that it can be reconstructed under field-free conditions
periodically at multiple revival times.
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Based on the rigid rotor model, the field-free molecular
alignment of a linear molecule perfectly recurs for a long time
after the interaction. However, in real molecules of finite rigid-
ity, the alignment gradually becomes distorted during its field-
free evolutions [16]. The distortion is visible even during the
first few alignment revivals in molecules with a long rotational
period or at high rotational temperatures. The distortion man-
ifests in multiple oscillations and weakening of the alignment
signal. The deformation of the signal limits its further applica-
tion. Rooted in the intrinsic properties of the rapidly spinning
molecules, it is hard to eliminate the alignment distortion
completely. Recently, it was demonstrated that the centrifugal
distortion can be eliminated using rotational echoes [17].

In the past few decades, with the development of the ul-
trafast pulse-shaping technique, tailoring the laser pulse with
spectral phase modulation has shown to be effective for ma-
nipulating the molecular alignment. Many schemes, such as
periodic phase step modulation, V-style phase modulation,
cubic phase modulation, or the optimized feedback strategy
have been utilized to control the molecular alignment [18–25].
In previous studies, the cubic phase modulation has proved
to be an effective method for manipulating the revival struc-
ture and enhancing the degree of the molecular alignment
[21]. In this work, we further demonstrate that this type of
phase-modulated laser pulse can be efficient in eliminating the
centrifugal distortion caused alignment dephasing. We show
that, for the first time, to our knowledge, the dephasing can
be completely eliminated by the cubic phase tailored fem-
tosecond laser pulse. By appropriately manipulating the phase
modulation parameter, perfect molecular alignment as that of
the laser-induced ideal rigid rotors can be realized at any time
window.

II. THEORETICAL MODEL

A detailed description of the laser-induced nonresonant
molecular alignment and the cubic phase modulation has been
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FIG. 1. (a) The Gaussian distribution of the 100-fs laser spectrum
(red solid line) and the cubic phase modulation φ (ω) = α(ω − ω0)3

with α = 1.5 × 106 fs3 (blue dashed line). (b) The temporal intensity
profile of the 100-fs transform-limited laser pulse (blue dashed line)
and the shaped laser pulse by the cubic phase modulation with α =
1.0 × 106 fs3 (red solid line), 1.5 × 106 fs3 (green solid line), 2.0 ×
106 fs3 (blue solid line), and 2.5 × 106 fs3 (olive solid line).

thoroughly introduced in many previous works and is briefly
presented here. Consider an ensemble of linear molecules
excited by a linearly polarized laser field

E (t ) = E0 f (t ) cos (ω0t ), (1)

where f (t) is the pulse envelope temporal profile with the
expression

f (t ) = exp[(−2 ln 2)t2/σ 2], (2)

where E0 is the laser field amplitude, ω0 is the laser cen-
tral frequency, and σ is the pulse duration. Laser-molecule
interaction results in a torque on the molecules due to the
molecular polarizability anisotropy �α = α|| − α⊥. Here, α||
and α⊥ are the polarizability components parallel and perpen-
dicular to the molecular axis, respectively. As a result, the
molecules tend to align transiently along the laser polarization
direction. Based on the rigid rotor model, the Hamilto-
nian describing the molecular rotational dynamics can be
written as

H (t ) = EJ − V (t )

= BJ (J + 1) − (1/2)E2(t )(�αcos2θ + α⊥), (3)

where EJ and V(t) are, respectively, the rotational energy and
the laser field-molecule interaction energy; B is the rotational
constant of the molecule; J is the quantum number of the
rotational angular momentum; and θ is the angle between
the molecular axis and the polarization direction of the laser
field. The quantization of the rotational angular momentum
manifests in periodic revivals with the rotational revival period
Trev = 1/(2Bc), where c is the light velocity in a vacuum.
However, real molecules cannot be regarded as ideal rigid
rotors in some cases. Another term, called “centrifugal dis-
tortion,” should be considered, especially for high angular
momentum (J ). Thus the term of the rotational energy in

FIG. 2. Time-dependent molecular alignment of CO molecules
induced by the transform-limited laser pulse with the model of (a)
a rigid rotor and (b) a real rotor by considering the centrifugal
distortion. (c) and (d), respectively, are the enlarged part of the solid
and dashed rectangles shown in (b).

Eq. (3) is rewritten as EJ = BJ (J + 1) − DJ2(J + 1)2, where
D is the centrifugal distortion constant. The molecular align-
ment is usually characterized by the expectation value of
cos2θ (i.e.,〈cos2θ〉) with

〈cos2θ〉 = 〈ψJM |cos2θ |ψJM〉, (4)

where 	JM is the rotational wave packet formed by the laser-
molecule interaction, M is the magnetic quantum number, and
the subscripts J and M label the initial rotational state. No-
tice that expectation values obtained for various initial states
should be averaged over the Boltzmann distribution because,
initially, the molecules are in thermal equilibrium [22–24].

The cubic spectral phase modulation function applied to
the transform-limited laser pulse can be defined by

φ(ω) = α(ω − ω0)3, (5)

where α is the modulation depth [26]. Thus, the shaped laser
pulse by the cubic phase modulation in frequency domain
Es(ω) can be written as Es(ω) = E(ω) × exp[iφ(ω)], where
E(ω) is the Fourier transform of the unshaped laser field E(t).
The final shaped laser field Es(t) in the time domain can be
given by the reverse Fourier transform of Es(ω). Figure 1(a)
shows the cubic spectral phase modulation in the frequency
domain, and the temporal intensity profiles in the time domain
with different modulation depths are shown in Fig. 1(b), to-
gether with the transform-limited femtosecond laser pulse as a
comparison. One can see from Fig. 1(b) that a pulse train with
increased intensity in the negative time delay can be formed
by the cubic phase modulation. For the multiple subpulses, the
intensity decreases while the pulse duration slightly increases
compared to the transform-limited laser pulse. By monitoring
the modulation depth α, both the intensity and the duration ra-
tios between the subpulses can be slightly adjusted, as shown
by the four colored solid lines in Fig. 1(b).

In our calculation, we use the CO molecule as an exam-
ple and the molecular parameters are B = 0.2039 cm−1, D =
6.1 × 10−6 cm−1, �α = α|| − α⊥ = 4.1 Å3 [16,27]. Thus,
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FIG. 3. Time-dependent molecular alignment of the CO rigid
rotor induced by the cubic phase-shaped laser pulse with the phase
modulation (a) α = 1.0 × 106 fs3, (b) 1.5 × 106 fs3, (c) 2.0 × 106

fs3, and (d) 2.5 × 106 fs3.

the revival period is Trev = 1/(2Bc) = 8.64 ps. The molecular
rotational temperature is set to 300 K, and initial states with
J up to J = 50 were included in our calculations. Parameters
of the transform-limited laser pulse are set as follows: The
carrier frequency is ω0 = 12 500 cm−1, the pulse duration is
σ = 100 fs, and the peak intensity is I = 1 × 1013 W/cm2.

III. RESULTS AND DISCUSSION

We first demonstrate in Fig. 2(a) the time-dependent
molecular alignment of CO molecules assuming a rigid rotor
model. The alignment signal including the centrifugal distor-
tion effect is presented in Fig. 2(b). To observe the detail of
the dephasing clearly, enlarged molecular alignment around
the 7th to 10th and 17th to 20th periodic revivals are further
illustrated in Figs. 2(c) and 2(d). One can see that, in contrast
to the molecular alignment of a rigid rotor, where the align-
ment signals periodically reconstruct perfectly for a long time,
alignment dephasing occurs after only few periodic revivals
for a real rotor considered with the centrifugal distortion.
Dephasing manifests in the decrease of the signal intensity
and an increasing number of oscillations. As the molecular
alignment evolves, the dephasing becomes more and more
pronounced. According to previous work [16,17], the rota-
tional wave packet created by field-molecule interaction can

FIG. 4. Time-dependent molecular alignment of the CO rigid
rotor induced by the cubic phase-shaped laser pulse with the phase
modulation (a) α = 1.0 × 106 fs3, (b) 1.5 × 106 fs3, (c) 2.0 × 106 fs3,
and (d) 2.5 × 106 fs3 as that shown in Fig. 3, but for different periodic
revivals (solid lines), together with the mirror-symmetric molecular
alignment of the same periodic revivals for a real rotor induced by
the transform-limited laser pulse (dashed lines).

be expressed as

ψJM (t ) =
∑
J,M

AJ,M (t )|J, M〉, (6)

where AJ,M (t ) is the expansion coefficients. Notice that the
magnetic quantum number M is conserved in the linearly
polarized laser field and omitted in the following discussions.
Once created, a time-evolved rotational wave packet under
field-free Hamiltonian can be written as

ψJ (t ) =
∑

J

AJe−iĤt
/

h̄|J〉 =
∑

J

AJe−iEJ t/ h̄|J〉, (7)

with EJ = BJ (J + 1) − DJ2(J + 1)2. The expectation value
of the alignment can be calculated considering the selection
rule J→J′ = J, J ± 2. The time-dependent alignment signals
governed by J→J′ = J ± 2 is of interest and is given by

S(t ) ∝ 〈ψJ (t )|cos2θ |ψJ (t )〉
∝

∑
J

CJ exp[−i(EJ+2 − EJ )t/h̄] + c.c. (8)

with CJ ≡ A∗
JAJ+2〈J|cos2θ |J + 2〉 and EJ+2 − EJ = 2B

(2J + 3) − 4D (2J3 + 9J2 + 15J + 9). Here, the alignment
signal from the transitions J → J ′ = J is independent of time
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FIG. 5. Time-dependent molecular alignment of the CO real rotor induced by the cubic phase-shaped laser pulse with the modulation depth
(a) α = 1.0 × 106 fs3, (b) 1.5 × 106 fs3, (c) 2.0 × 106 fs3, and (d) 2.5 × 106 fs3. The right column shows the corresponding enlarged rectangle
parts of the left column.

because of �EJ = 0 and is not considered. Thus, Eq. (8) can
be rewritten as

S(t ) ∝
∑

J

CJ exp[−i4πBc(2J + 3)t]

× exp[i8πDc(2J3 + 9J2 + 15J + 9)t] + c.c. (9)

Considering the molecular alignment at the full rotational
revival period t = nT rev = n/(2Bc) (n is an integer), it is easy
to obtain that the value of the first exponential term in Eq. (9)
is 1. Thus, the alignment signals at full periodic revivals are
given by the second exponential term and take the form

S(nTrev) ∝
∑

J

CJ exp[i4πn(D/B)

× (2J3 + 9J2 + 15J + 9)] + c.c. (10)

It is the phase in the exponential term of Eq. (10) that causes
the alignment signal distortion with time.

Eliminating the intrinsic dephasing caused by centrifugal
distortion is a challenging and open problem in experiments
on laser-induced molecular alignment. The multiple sub-
pulses’ structure of the shaped laser pulse by the cubic phase
modulation shown in Fig. 1(b), which can further induce mul-
tiple oscillations of the molecular alignment, implies it might

be efficient to resolve this problem. Figure 3 shows time-
evolved molecular alignment of the CO rigid rotor induced
by the cubic phase-shaped laser pulse with four different
modulation depths: α = 1.0 × 106 fs3, 1.5 × 106 fs3, 2.0 ×
106 fs3, and 2.5 × 106 fs3. It is displayed in Fig. 3 that similar
oscillations of the alignment signal occur during each periodic
revival as that in the alignment dephasing. The oscillation
is determined by the modulation depth, i.e., by the multiple
subpulses’ structure of the shaped excitation pulse. However,
in contrast to alignment dephasing, where the signal oscil-
lation takes place after each periodic revival, the oscillation
occurs before the recurrence of the molecular alignment in
the rigid rotor cases induced by a cubic phase-shaped laser
pulse. It is known that nonadiabatic laser excitation leaves
the molecule in a superposition of rotational states, i.e., the
laser pulse creates a broad rotational wave packet. A particu-
lar phase relation between different components of the wave
packet is necessary to induce a significant degree of molecular
alignment. That is, different signal structures of the molecular
alignment presented in Fig. 3 by varying the modulation depth
originate from different phase relations between the wave
packets. Therefore, we can reasonably infer that, if the phase
relation between the rotational wave packets of the molecular
alignment shown in Fig. 3 is exactly equal to the opposite
phase of the alignment dephasing demonstrated in Eq. (10),
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FIG. 6. Time-dependent phases of the full rotational revival peri-
ods for the molecular alignment of a rigid rotor induced by the cubic
phase-shaped laser pulse with the modulation depth α = 1.5×106 fs3

(red circles) and for the centrifugal distortion (green squares) in
Eq. (10), together with the sum of both (blue triangles). The dashed
olive line shows the relative zero phase.

the dephasing is expected to be eliminated because of the
phases’ cancellation. In other words, as long as the alignment
structures of a rigid rotor excited by the cubic phase-shaped
laser pulse and the dephasing-induced signal oscillations of
a real molecule excited by the transform-limited laser pulse
are exactly symmetric to the central position of a particular
periodic revival, we can expect to realize the elimination of
the dephasing by the cubic phase modulation.

Figure 4 demonstrates the time-dependent molecular align-
ment of the CO rigid rotor induced by the cubic phase-shaped
laser pulse with four different phase modulation depths as that
shown in Fig. 3, but for the revival periods of 5th–7th, 10th–
12th, 14th–16th, and 19th–21st, respectively, together with the
mirror-symmetric molecular alignment of the same periodic
revivals for a real rotor induced by the transform-limited laser
pulse. One can see that the alignment structures of the two
cases, to some extent, are perfectly symmetric around the
corresponding periodic revivals. According to the previous
analysis, we can expect the dephasing to be eliminated by
exciting a real molecule with a cubic phase-tailored laser
pulse, and the results are presented in Fig. 5. By selecting the
appropriate modulation parameters, nearly perfect molecular
alignment as that of a rigid rotor is obtained for almost all the
revival periods of 4th–22nd, as displayed in Fig. 5(a-1)–(d-1).
It demonstrates that this strategy provides an effective method
for eliminating the centrifugal distortion-induced dephasing
for all the revival periods of the molecular alignment. How-
ever, one can see in time windows other than those shown

in Fig. 5(a-1)–(d-1), the alignment signal during subsequent
revivals looks distorted. It is clear that, for a particular modu-
lation depth α, the elimination of the dephasing only occurs
within several periodic revivals. On a very long timescale,
alignment dephasing appears again. The elimination of the
dephasing in a rather long time window still requires further
investigation.

Finally, we further analyze the elimination of the dephasing
from the perspective of phase superposition. As discussed
earlier, it is the phase cancellation for all components of the
rotational wave packet between the first term that depends on
CJ (including some other omitting terms), and the second term
that depends on D in Eq. (10) that results in the elimination
of the dephasing. It is observed from Eq. (10) that the phase
depends on CJ can be expressed by that of the molecular
alignment of a rigid rotor induced by the cubic phase-shaped
laser pulse. Figure 6 presents the calculated results of the two
phases and their sum, i.e., superposition, with respect to the
time-dependent full rotational revival periods for one of the
used modulation depths, α = 1.5 × 106 fs3, as an example.
One can see that there is no clear pattern for the change of the
sum phase except for those periodic revivals near the 10th–
12th, where the corresponding sum phase changes around
zero. Obviously, it is consistent with the simulation results for
the same modulation depth shown in Fig. 5(b-1) and verifies
our previous analysis.

IV. CONCLUSION

To conclude, we proposed a robust strategy to eliminate
the centrifugal distortion-caused dephasing of the molecular
alignment by tailoring the femtosecond laser pulse with the
cubic phase modulation. Perfect molecular alignment can be
reconstructed as that of the rigid rotor at any periodic re-
vival by manipulating the phase modulation parameter. We
show that this elimination of the dephasing originates from
the cancellation of the two opposite phases, i.e., the phase
between the rotational wave packets of the molecular align-
ment and the accumulated phase of the alignment dephasing.
Although the study is limited to the alignment of the linear
molecules, the results can be extended to the molecular orien-
tation and to other complicated molecules, such as symmetric
top molecules. This work provides a simple approach to visu-
alize the connection between the rotational wave packets and
corresponding coherences. The result is helpful in the experi-
ment of molecular alignment and orientation, and deepens our
understanding of the dephasing.
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