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Abstract. By measuring femtosecond laser driven strong-ﬁeld electron yields for linear molecules aligned
by circularly polarized femtosecond laser pulses, we study the rotational wavepacket evolution of N2 , CO,
and C2 H2 gas molecules. We show that circular polarization produces a net alignment along the laser pulse
propagation axis at certain phases of the evolution. This gives the possibility to control alignment of linear
molecules outside the plane of polarization, which can provide new capabilities for molecular imaging.
The experimental results were compared to the calculated ﬁeld-free molecular alignment parameter taking
into account the eﬀects of electronic structure and symmetry of the molecules. By ﬁtting the calculated
impulsive alignment parameter to the measured experimental data we determined the molecular rotational
constants of the linear gas molecules.

1 Introduction
The studies of intense laser ﬁeld interaction with molecules
have attracted increasing attention due to additional features of molecules in comparison to atoms, e.g. molecular orientation, orbital symmetry, internuclear distances,
etc. [1–5]. A molecule with an anisotropic polarizability
exposed to a strong linearly polarized laser ﬁeld creates an
induced dipole moment, and the molecule leans towards
the state with its most polarizable axis along the laser polarization direction [6]. A short laser pulse (much shorter
than the molecular rotational period) aligns the molecules
nonadiabatically, and the alignment exhibits periodic revivals after the laser pulse has ended [3,7,8]. Femtosecond
laser technology allows aligning molecules and observing
molecular dynamics by using a pump-probe technique,
where a pump pulse initiates alignment by creating a dynamically anisotropic medium evolving in time. The variations of the interaction with such a medium with a delayed
probe pulse can be observed by ionization [9–11], fragmentation [12–15] or high harmonic generation [16–23].
While linearly polarized laser pulse aligns the most
polarizable molecular axis in the laser ﬁeld polarization
direction [3], a pulse with elliptical polarization creates
planar alignment of the large and small polarizability
axes of asymmetric top molecules [14,24–26]. In the plane
of polarization molecular alignment can be controlled by
a
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both linear and elliptically polarized aligning pulses [27].
However, for many applications, it is important to align
molecules outside the plane of polarization [28], which can
be achieved by circularly polarized probe pulses and is
studied in this paper.
The circularly polarized aligning pulse produces a
torque on the molecules by pulling the most polarizable
axis into the plane of polarization. This creates a rotational wave packet that re-aligns under ﬁeld-free conditions to the plane of polarization every revival period [3].
For a linear molecule, just before the revival, the molecular
axis ﬁrst aligns along the direction of laser propagation,
which is called “k-alignment” [27], then the molecule keeps
rotating, and in a short time later the molecular axis is
aligned with the ﬁeld polarization plane.
For aligning the linear molecules N2 , CO, and C2 H2 ,
we used a circularly polarized femtosecond pulse to control molecular alignment outside the plane of polarization.
We measured femtosecond laser driven strong-ﬁeld ionization yields of photoelectrons from aligned linear molecules.
The impulsive molecular alignment by circularly polarized
laser pulses was also calculated and compared to the experimental results, which were discussed taking into account the eﬀects of the electronic structure and symmetry
of the molecules. Then by ﬁtting the calculated impulsive
alignment parameter to the measured experimental data,
we determined the molecular rotational constants of the
molecules.
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ber, and the electron yields were normalized to the measured laser power. During the experiment, the strong-ﬁeld
ionization yields at variable pump-probe time delays are
measured, which reveals the rotational wavepacket evolution, including the events of planar alignment (the rotational wavepacket aligning to the plane of polarization)
and k-alignment (the rotational wavepacket aligning along
the direction of the pump pulse propagation).

Fig. 1. Experimental setup. BS: beam-splitters, TS: translational stage, WP: wave plates, M: ﬂat mirrors, L: achromatic
focusing lens, PM: power meter, MCP: microchannel plates.
The electrons ionized in the focal region ﬂy toward MCP detectors for registration.

2 Experimental details
We used our pump-probe setup with the above threshold ionization (ATI) apparatus as shown in Figure 1 [29]
to create impulsive molecular alignment and to monitor its dynamics via the measured total electron yield
from strong-ﬁeld ionization. In our experiments, ultrashort pulses were produced by a regenerative laser ampliﬁer, which outputs 56 fs (measured by frequency resolved
optical gating, GRENOUILLE 8–20, Swamp Optics, LLC)
laser pulses at a repetition rate of 1 kHz and with the
central wavelength of 800 nm. The input pulse was split
by a beam-splitter into two beams as pump and probe
pulses with typical intensities of 2 × 1013 W/cm2 and
8.8 × 1013 W/cm2 , respectively. A combination of a polarizer and a quarter-wave plate placed into the pump
arm assured the proper circular polarization and power
of the pump pulse. The delay of the pump and probe
pulses was precisely adjusted using an optical time delay variable with a stepping-motor-controlled translational
stage (Newport, Model 301) having the high resolution of
0.66 fs. The combined beams were focused by a 20 cm
achromatic lens into the vacuum chamber. One of the
gases (N2 , CO, or C2 H2 from Matheson TRIGAS, with purities of 99.9995%, 99.9%, 99.997%, 99.6%, respectively)
was admitted through an adjustable leak valve into the
vacuum chamber. The circularly polarized pump pulse creates rotational wave packets, and then the probe pulse,
which is linearly polarized along the axis connecting the
centers of the microchannel plate (MCP) detectors and
has an adjustable time delay, ionizes molecules in the
laser focal region. Electrons ejected along the polarization of the probe laser ﬁeld then travel inside a μ-metal
TOF tube in a ﬁeld-free region and are registered by the
MCP detectors. The signals from the MCP detectors were
preampliﬁed (ZKL-2 Mini-Circuits) and then registered
by a fast ComTech MCS6 multiple-event time digitizer
with 100 ps time resolution. The total number of photoelectron counts formed the measured output signal that
depended on the pump-probe delay. To reduce the eﬀect
of variations of the laser power during the experiment, a
power meter was placed at the exit window of the cham-

3 Impulsive molecular alignment by circularly
polarized laser pulses
The nonresonant dipole potential for circular polarization
induced by an electric ﬁeld E(t) is VC (t) = −1/2αC E 2 (t),
where αC is the eﬀective polarizability for a circularly
polarized light, and can be derived in the following
way [30,31]. The alignment of the molecule is described in
spherical coordinates and we choose the Z axis parallel to
the propagation direction of the circularly polarized light.
For circularly polarized light, the induced dipole moment
ind
is μ = μind
X î + μY ĵ with


2
2
2
μind
X = αxx ΛXx + αyy ΛXy + αzz ΛXz EX
and


2
2
2
μind
Y = αxx ΛY x + αyy ΛY y + αzz ΛY z EY ,
where ΛGg are determined by Euler rotation angles for the
lab ﬁxed axis G and the body ﬁxed axis g. The eﬀective
polarizability for |EX | = |EY | = E is
ind


μind
X + μY
= α⊥ Λ2Xx + Λ2Xy + Λ2Y x + Λ2Y y
E


+ α|| Λ2Xz + Λ2Y z .

 2
2
= 1 and
= 1 [32],
By using
g ΛZg
G ΛGz
the eﬀective polarizability can be written as α =
1/2[α⊥(1 + cos2 θ) + α|| sin2 θ], where θ is the angle between the molecular axis and the ﬁeld propagation direction of the aligning pulse. For the complete alignment of a molecule in a circularly polarized laser ﬁeld
θ = 90◦ , and the maximum eﬀective polarizability
is α = (α|| + α⊥ )/2, whereas for the complete antialignment, θ = 0, and the minimum eﬀective polarizability is α = α⊥ . The expression of the nonresonant
dipole potential for circular polarization becomes V (t) =
−1/4(α|| + α⊥ − Δα cos2 θ)E 2 (t) [33–35], where Δα =
α|| −α⊥ is the polarizability diﬀerence between the components parallel α|| and perpendicular α⊥ to the molecular
axis. The interaction of a linearly polarized pump pulse
with linear molecules can be described by the eﬀective
Hamiltonian H = H0 − 1/4(α|| + α⊥ − Δα cos2 θ)E 2 (t),
where H0 = B Jˆ2 is ﬁeld free Hamiltonian with the rotational molecular constant B and the angular momentum
ˆ E(t) is the amplitude of the aligning pulse.
operator J;
The degree of molecular alignment is characterized by the quantity cos2 θ, calculated by a double averaging procedure. In the ﬁrst step of averaging
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over rotational
each molecular rotational state
 states,
0 M0
|ΦJ0 M0 (t)  = JM dJJM
(t) exp(−iEJ t/)|JM  and its
0 M0
amplitudes dJJM
(t) are found by solving the Schrödinger
equation in terms of ﬁeld-free rotor functions |JM 
with eigen energy EJ = hBcJ(J + 1) [3,36,37]. Then
the degree of molecular alignment at time t is obtained as cos2 θJ0 M0 (t) = ΦJ0 M0 (t)| cos2 θ|ΦJ0 M0 (t) [8].
This expression can be written more explicitly by using the time-dependent phase terms |ΦJ0 M0 (τ ) =

J,M dJM |JM  exp[−iπJ(J + 1)τ ] [38] and introducing
time τ in units of Trev = 1/(2Bc). Consequently,
2

2

cos θJ0 M0 (τ ) = ΦJ0 M0 (τ )| cos θ |ΦJ0 M0 (τ )
 
d∗J  M  dJM J  M  |
=
J  ,M  J,M

× cos2 θ |JM  ϕJ,J  ,

(1)

where selection rules for the rotational transitions require
J  M  | cos2 θ|JM  ∝ δ J,J   δM,M  [8] and the phase
J,J  ±2

factors are ϕJ,J  = exp(−iπτ [J  (J  + 1) − J(J + 1)]). For
the terms with the same angular momentum quantum
number, J = J  , the time-dependent phase disappears,
but for the terms of J = J  ± 2, the time dependence is
given by the phase factors: ϕJ,J±2 = exp[−iπτ (4J + 6)].
Often the molecular ionization rate is maximal when the
maximum of the initial electron density corresponds to
the laser polarization direction of the applied ﬁeld. However, not all diatomic molecules have their highest occupied molecular orbital (HOMO), which donates electrons
most readily, lined up along the molecular axis. For example, for π electrons, this orbit is preferentially aligned in
the direction perpendicular to the molecular axis with no
electron density on the internuclear axis, while for σ electrons, it is preferentially aligned in the direction parallel
to the molecular (internuclear) axis due to the shared electron density directly between the bonding atoms. Therefore, depending on the conﬁguration of the HOMO orbital, qualitatively diﬀerent alignment signatures can be
expected based on the detection of strong-ﬁeld ionization
yields in the interaction of the aligned molecules with the
probe pulse. Thus, we should add an additional term to
the phase factor: ϕJ,J±2 = exp[−i(πτ (4J +6)+Δ)], where
Δ is determined from the conﬁguration of the HOMO orbital in agreement with the alignment signatures following
from the observed strong-ﬁeld ionization yields in the interaction of the aligned molecules with the probe pulse.
In the second step, averaging is performed over initial
states, which are assumed to be populated according to
the temperature dependent Boltzmann distribution. The
resultant degree of molecular alignment can then be presented as [39]

2

cos θ =

J0

QJ0

J0

M0 =−J0


J0

cos2 θJ0 M0

QJ0

,

where
QJ0 ≈ gJ0 (2J0 + 1) exp[−BJ0 (J0 + 1)/kT ]

(2)

Fig. 2. Strong-ﬁeld ionization yield of impulsively aligned nitrogen gas molecules along with the ﬁtting curve as a function
of the pump-probe delay.

is the population probability of state J0 . The (2J0 + 1)
term accounts for the degeneracy within a given J0 state.
In the case of a molecule containing two identical nuclei,
gJ0 is the relative weight between odd and even J states,
which comes from nuclear spin statistics as an additional
factor [40,41].

4 Results and discussions
In Figure 2 we present the measured strong-ﬁeld ionization yield for N2 molecules aligned by a circularly polarized pump pulse and the corresponding ﬁtting curve
based on the degree of molecular alignment cos2 θ. A
temperature T = 300 K is assumed in the ﬁtting functions. These dependences are shown as functions of the
delay after the action of the pump pulse, i.e. pump-probe
delay. We observed strong alignment eﬀects at multiples
of Trev /2 and the signals at odd multiples of Trev /4 with
reduced amplitudes due to the ratio of even:odd =2:1 for
the nuclear spin-statistical factors of N2 [29,42,43]. From
the ﬁtting function, we found Δ = 0 for N2 measurements.
This means that the molecular ionization rate is maximal
when molecules are aligned along the laser polarization
direction, and the conﬁguration of the HOMO orbital is
parallel to the molecular axis, because such conﬁguration
makes ejection of an electron easier. As seen in the inset
of Figure 2, N2 has the maximum electron density along
the internuclear (molecular) axis due to its σg HOMO. By
ﬁtting the curve, we also evaluated the characteristic rotational constant of nitrogen gas to be 2.0134 cm−1 and
the corresponding revival time to be 8.283 ps.
For CO, which contains nonidentical nuclei, there is
no additional factor arising from the nuclear spin statistics [41,44]. Thus, the revivals at odd multiples of Trev /4
are completely cancelled, whereas only the revivals at multiples of Trev /2 remain, as presented in Figure 3. From the
ﬁtting function, we found Δ = 0 for CO, which is similar
to the N2 measurements. CO has σ HOMOs, so there is
no nodal plane along the internuclear axis, and therefore
the calculated time dependency of molecular alignment
is in phase with the measured strong-ﬁeld photoelectron
yield. For CO, we calculated the characteristic rotational
constant as 1.9553 cm−1 , and the corresponding revival
period is 8.529 ps.
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Table 1. Experimental and theoretical molecular rotational constants and corresponding molecular revival periods.
Rotational constants (cm−1 )
N2
CO
C2 H2

Experimental
2.0134
1.9553
1.1898

Theoretical
1.9896
1.9313
1.1766

Full revival period (ps)
Experimental
8.283
8.539
14.017

Theoretical
8.383
8.636
14.175

5 Conclusions

Fig. 3. Strong-ﬁeld ionization yield of impulsively aligned CO
gas molecules along with the ﬁtting curve.

Fig. 4. Strong-ﬁeld ionization yields of impulsive aligned C2 H2
gas molecules along with the ﬁtting curve.

In conclusion, for the linear molecules N2 , CO, and C2 H2
we observed the revival signatures produced by circularly polarized pump pulses at the conditions of impulsive
alignment using detection of photoelectrons produced in
strong-ﬁeld ionization by a variably delayed probe pulse.
The ability of controlling the alignment of linear molecules
outside the plane of polarization can open new capabilities for molecular imaging. The presented treatment is for
linear molecules only and could be extended to the more
general case, which has been extensively investigated as
well, including 3D alignment (see, for instance Ref. [49]).
By ﬁtting the calculated parameter of the degree of molecular alignment cos2 θ to the experimental data, we determined the values of the molecular rotational constants
and revival periods, which are in good agreement with the
theoretical literature values. The eﬀects of the electronic
structure and symmetry of molecules on the signatures of
the alignment revivals are discussed and show that for N2
and CO the strong-ﬁeld ionization yields change similarly
to the degree of molecular alignment, while for C2 H2 the
changes of the strong-ﬁeld ionization yield are reversed in
sign as compared to the variations of the degree of molecular alignment.

Author Contribution Statement
Discussing results for C2 H2 , we note that this molecule
has both odd and even J-states, which are populated
with the ratio of odd J-states to even J-states 3:1 [45].
Because of this fact, even and odd wave packets partially cancel each other, and some alignment and antialignment are observed at quarter revivals, as seen in Figure 4. From the ﬁtting function, we found Δ = π, which
gives a reversed signal structure of the molecular alignment parametercos2 θ. This can be understood from
the HOMO of acetylene, which is dominated by a πu orbital [46]. Indeed, πu molecular orbitals have electron density surrounding the bond axis (increased electron density
above/below internuclear axis) with a node along the internuclear axis, as shown in the inset of Figure 4. For
C2 H2 , we evaluated the characteristic rotational constant
as 1.1898 cm−1 and corresponding periodic revival time
is 14.017 ps.
The characteristic molecular rotational constants and
corresponding periods of revivals evaluated from ﬁtting
the parameter of the degree of molecular alignment (see
Eq. (2)) of the ensemble of molecules for each investigated molecule in comparison to the theoretical values [6,44,47,48] are presented in Table 1.
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