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We experimentally and numerically investigate CH3I molecular alignment by using a femtosecond laser and a
hexapole. The hexapole provides the single |111〉 rotational state condition at 4.5-kV hexapole rod voltage. Based on
this single rotational state, an enhanced alignment degree of 0.73 is achieved. Our experimental results are in agreement
with the simulation results. We experimentally obtain the ion velocity map images and show the influence of the initial
rotational-state population. With the I+ ion images and angular distributions at different pump-probe delay time, the align-
ment and anti-alignment phenomena are further demonstrated. The molecules will be under field-free conditions when the
laser effect disappears completely at the full revival time. Our work shows that the quantum control and spatial control on
CH3I molecules can be realized and molecular coordinate frame can be obtained for further molecular experiment.
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1. Introduction
The research of the CH3I molecular alignment re-

sulting from the single rotational state has attracted con-
siderable attention thanks to its widespread applications,
such as above-threshold ionization (ATI),[1] high-order har-
monic generation,[2] chemical reaction dynamics,[3] and non-
sequential double ionization.[4] Much effort has been devoted
to the developing of effective methods that enable us to con-
trol the orientation and alignment of molecules. In 1964,
Kramer et al. attempted to experimentally manipulate the an-
gular distribution of molecules by using hexapole electro-
static fields.[5] Another technique was then developed to align
molecules, termed the ‘brute-force’ method.[6] The disadvan-
tage of ‘brute-force’ method is that it needs the molecules
to possess a large dipole moment.[7] With the development
of lasers, a pulsed laser has been shown to provide a rela-
tively high electric field. So the dipole moment induced by
the laser field can contribute to the alignment.[8,9] Further ro-
tational state selection technique makes it possible to achieve
high alignment from only one rotational quantum state. In
general, symmetric top and nearly symmetric top molecules
with non-zero dipole moment can be selected in a specific ro-
tational state by passing through a hexapole setup. In practice,
polar symmetric top molecules with |JKM〉 eigenstates can be
selected when the product of KM < 0. Like the hexapole, a

molecular deflector can also be used to achieve relatively high
degree of alignment by selecting molecules populated in low-
lying rotational states.[10] The combination of a rotational cold
supersonic beam and a long hexapole field has achieved an es-
sentially pure rotational state-selection.[11,12]

The non-adiabatic molecular alignment induced by a
femtosecond laser has been extensively studied in recent
years,[13–15] and it is valuable for some applications such as
orbital reconstruction, and steric reaction dynamics, which re-
quires the aligned molecules under field-free conditions. Non-
adiabatic alignment occurs when molecules interact with an
ultrafast laser. Due to the anisotropy, the molecules tend to
align along the laser polarization direction after a certain de-
lay time.[16] In this case, the alignment laser excites most
molecules in the beam to the rotational wave packet, and the
coherent superposition of the rotational states that will in-
phase and dephase in a certain time and alignment revivals
(alignment or anti-alignment periodically re-occured after the
alignment laser stopped interacting) would be formed. The
absence of the aligning laser field can prevent the distortion
of molecular alignment caused by the field. Therefore, non-
adiabatic alignment in comparison with adiabatic alignment
can observe molecular dynamics and align molecules under
field-free conditions.[17–19]

Methyl iodide, as a typical molecule with C3V symmetry,
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has been investigated through a velocity map imaging method
by using a nanosecond laser at different wavelengths.[20–23]

Graham et al.[24] studied the angular distributions of fragment
ions generated from the Coulomb explosion of methyl iodide
with a 50-fs intense laser pulse (1016 W/cm2). Some Coulomb
explosion channels were assigned, and the KERs of CH+

3 ions
from different channels were measured.

In the present work, we explore laser induced non-
adiabatic alignment from state selected CH3I molecules, both
theoretically and experimentally. The single rotational state
selection is successfully obtained by hexapole and ions de-
tection is performed by the velocity map imaging technique.
We obtain the I+ ions’ images at different delay times, and I+

angular distributions are analyzed. Finally, we realize quan-
tum control and spatial control of CH3I molecules. With our
work, one can obtain molecular coordinate frame for the fur-
ther study of photo-dissociation, photo-ionization and colli-
sion dynamics in molecular experiment.

2. Experiment
The laser system that is used in present work was

a Ti:sapphire chirped-pulse amplification system (Coherent)
with a 800-nm central wavelength, the pulse duration was 50 fs
and an maximum output energy was 4 mJ per pulse at a 1-
kHz repetition rate. A pump-probe setup was used to split
the laser beam into two: an aligning ‘pump’ and an ioniz-
ing ‘probe’. The polarization of both the pump and the probe
laser were parallel to the imaging plane and both laser beams
were collinearly focused perpendicularly onto the ionization
zone by using a 25-cm-focal-length lens. The intensity of each
beam was varied continuously by using a half-wave plate and
a Glan polarizer which were placed in front of the focusing
lens. The temporal evolution of the alignment was obtained
by varying the delay time of the probe pulse with respect to
the pump pulse which passed through a computer-controlled
translation stages.

The molecular beam setup consisted of three chambers (a
source chamber, a chamber with the hexapole, and a cham-
ber containing the ion optics and the detector). A supersonic
molecular beam was produced by seeding 2.5% CH3I in Neon
at a 1.5-bar (1 bar = 105 Pa) stagnation pressure through a 0.5-
mm orifice in a pulsed valve (General Valve Series 9) at a
10-Hz repetition rate. The molecular beam passed through a
skimmer into the hexapole chamber where the inhomogeneous
electrostatic field in the hexapole focused on rotational-state-
selected molecules and the molecules crossed at right angles
to the laser beam in the reaction region located in the third
chamber. A voltage ratio of 100 V/710 V was applied to the
repeller and the extractor, and produced a static electric field
of about 300 V/cm in the interaction region. Ions or electrons
produced in the interaction region were accelerated by a static

electric field along the time-of-flight (TOF) mass analyzer axis
and projected onto a two-dimensional (2D) detector composed
of a microchannel plate (MCP)/phosphor screen (P47) and a
charge-coupled device (CCD) camera. The TOF mass spec-
trum was acquired with a photomultiplier tube (PMT). All of
the measured spectra were transferred into a computer for fur-
ther processing.

3. Theoretical method
The CH3I is a symmetrical top molecule. Generally, its

rotational state is described by |JKM〉 in which J is the to-
tal rotational angular momentum, K is the angular momentum
projection on the molecular symmetry axis, and M is the angu-
lar momentum projection on the external static electric field.
The hexapole state-selection technique relies on the interac-
tion between an inhomogeneous electric field and the molecu-
lar electric dipole moment. For a typical experimental electric
field inside a hexapole, the symmetric top molecules have pre-
dominantly linear first order Stark effects. The forces exerted
on the molecules by the electric field govern the molecular
motions inside the hexapole. Molecular trajectories follow the
Newton differential equation

d2r
dt2 =

−1
m

dW
dE

∂E
∂ r

, (1)

where ∂E/∂ r is the electric field gradient, and W is the en-
ergy including rotational energy Wrot and stark energy Wstark.
The W can be evaluated by solving a secular equation with
the quantum perturbation method. One can readily determine
the dW/dE by using numerical or fitting methods. The radial
position is calculated by using the coupled partial derivative
E as the molecule traverses the hexapole. The molecular tra-
jectory motions are numerically calculated by using a fourth-
order Runge–Kutta routine. Molecules will do periodic oscil-
lation motions in the hexapole. According to this principle, at
a certain distance from the end of the hexapole device, we ob-
tain specific molecular beam and achieve the goal of rotation
state selection.

After the hexapole, the interaction of the rotational-
state-selected molecules with the intense laser fields is cal-
culated by solving the time-dependent Schrödinger equation
(TDSE).[25–29] The time-dependent Schrödinger equation de-
scribing a molecule in an intense laser field can be given by
using the following Hamiltonian:

H = Hmol +Hind, (2)

where Hmol is the field-free molecular Hamiltonian and Hind

is the Hamiltonian describing the laser interaction with the
induced dipole moment. In a nonresonant linearly polarized
laser field, the interaction from the permanent dipole moment
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is zero, the interaction from the induced dipole moment is re-
duced to the polarized interaction.

Hind =−
1
4

ε
2 (t)

(
∆α cos2

θ +α⊥
)
, ∆α = α‖−α⊥. (3)

Here, ∆α is the difference between parallel α‖ and perpen-
dicular α⊥ polarization component respecting to the molec-
ular axis, θ is the angle between the molecular axis and the
pump laser field polarization, and ε (t) is the time profile of the
laser field. As the interaction depends only on polar angle θ ,
the quantum numbers K and M are conserved. The rotational
wave function Ψ (t) can be expanded into a sum of free-field
rotor eigenfunctions |JKM〉 , i.e.,

|Ψ (t)〉= ∑
J

CJ (t) |JKM〉 , (4)

i}
∂

∂ t
CJ (t) = EJK−

∆αε2 (t)
6 ∑

J′
〈JKM|D2

00
∣∣J′KM

〉
. (5)

In the above equation, EJK is the rotational energy and
D2

00 is a Wigner rotational matrix.[28,29] The time-dependent
Schrödinger equation can be solved by using Runge–Kutta
method.[29] Now the laser pulse leaves the system in a coher-
ent superposition of states and the wave packet evolves freely;
that is,

|Ψ (t)〉= ∑
J

CJKM (t)e−iEJKt/h̄ |JKM〉 . (6)

The time-dependent orientation and alignment degrees can be
calculated with〈

cos2
θ
〉

JKM (t) = 〈Ψ (t)|cos2
θ |Ψ (t)〉 (7)

and 〈
cos2

θ
〉

T (t) = ∑
J

∑
K

P(J,K)∑
M

〈
cos2

θ
〉

JKM (t), (8)

where P(J,K) is the Boltzmann distribution.[30,31]

4. Results and discussion

In this paper, the laser alignment of the |1± 1± 1〉 state
of CH3I is studied. The notation used here actually gives the
absolute value for each quantum number (K and M) as they
have the same alignment dynamics, so we use the |111〉 to
represent the |1− 11〉 and |11− 1〉 states and so on. Fig-
ure 1 shows the simulation curves of molecular alignment.
The temperature is 10 K, and initial rotational states |111〉,
|211〉, and |212〉 are chosen, respectively, to compare with
the initial alignment of thermal distribution. The CH3I rota-
tional period is τ = 1/(2Bc) = 66.7 ps for a rotational constant
B= 0.445 cm−1, thus our ion revival delay time is chosen from
0 to 80 ps.
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Fig. 1. Time evolutions of initial alignment of CH3I in different conditions, showing (a) alignment from thermal population with
rotation temperature of 10 K, (b)–(d) alignment from different initially populated states at 10 K.

It is found that different revival structures appear when
we measure the alignment originating from different initial
states. The duration of the single rotation alignment at the
10 K for the molecules is longer than that of thermal distri-
bution. The maximum alignment is present around τ/2 or τ .

The simulation shows that the isotropic molecules at 10 K are
aligned with a maximum 0.52 alignment degree. This is due
to the fact that molecules are populated thermally in a number
of incoherent states and the alignment can also be destroyed.
Alignment can be increased to a maximum value of 0.73 if
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the molecules are initially populated in rotational |111〉 states
at 10 K. Comparing the alignments from Figs. 1(b)–1(d), we
can know the degree of alignment |111〉 is slightly higher than
those of alignment |211〉 and |212〉 states.

To realize the single rotational state condition, the
hexapole is used. Since the Stark energy depends on molecular
rotational state and electric field gradient[5,32] in hexapole, the
molecular trajectories can be controlled by varying the applied
hexapole rod voltage. With the hexapole, spatial focusing can
be realized at the position where the molecule interacts with
the pump and probe laser beams. The semi-classical trajec-
tories’ simulation has been discussed before.[33–35] The sim-
ulation and experiment from hexapole focusing are shown in
Fig. 2 by giving the yield of the parent ions generated in the
laser field (4×1012 W/cm2) as a function of applied hexapole
voltage. The rotation temperature of the molecular beam is
10 K according to the simulation focusing curve (black line)
and the adjustment of the experimental conditions in Fig. 1.
We simulate the rotation states with J ≤ 3, the simulation
curve begins to focus at 3 kV, and the first focus peak ap-
pears at 4.58 kV, and the first peak of experiment is located at
4.5 kV. Then the experimental signal strength increases only
with voltage increasing and no other peak appears. Here we
only consider the J ≤ 3, K = 1 in the simulation, but actually
the rotations from K > 1 also have slight effects in the exper-
iment. The hexapole gives about 5 times amplification for the
CH3I+ ion enhancement, which indicates that the molecular
beam consists of about 80% of CH3I in the |JKM〉 = |111〉
state.

0 2 4 6 8 10
0

0.2

0.4

0.6

0.8

1.0

In
te

n
si

ty
/
a
rb

. 
u
n
it
s

Hexapole vottage/kV

|111>
|212>
|211>
|313>
|312>
simulation
experiment

Fig. 2. Simulation and experimental results of CH3I in the hexapole, with
rod voltage scanned from 0 to 10.0 kV.

Figure 3 shows the comparison of revival structure be-
tween single rotation state simulation of |111〉 (Fig. 1(b)) and
the normalized experimental data. From Fig. 3, we find that
the alignment appears at the delay times 31.85 ps and 68.80 ps
when the molecular axis direction is parallel to the laser po-
larization. The anti-alignment can be obtained at 35.10 ps and
65.35 ps when the molecular axis direction is perpendicular
to laser polarization. The simulation trend and structure are
in good agreement with experimental results at around 32 ps
(half the revival time), and at around 66 ps (full revival time).

The alignment degree at full revival time is bigger than half
the revival time because the laser effect does not disappear at
all at half the revival time. And the molecules is under field-
free condition at the full revival time. We can also see that
the curve is not very consistent except at alignment and anti-
alignment. The reason is the experiment points with 0.2 kV
step showing an average effect, then the simulation is 0.01 kV
step and 8000 points, which are more detailed.
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Fig. 3. Comparison in revival structure of CH3I between simulated sin-
gle rotation state of |111〉 (Fig. 1(b)) and measured normalized data,
under the same condition. Arrow indicates laser polarization direction.

We have measured the 2D velocity distributions of I+.
Figures 4(a)–4(d) show the I+ ions’ images that are recorded at
different pump-probe delay times in the revival for rotational-
state-selected |111〉 molecules. We choose the delay times
with maximum degree of the alignment and anti-alignment to
be (a) τ = 31.85 ps, (b) τ = 35.10 ps, (c) τ = 65.35 ps, and
(d) τ = 68.80 ps, respectively. The laser polarization vector
is parallel to image plane. In Figs. 4(a) and 4(d) the distri-
butions of I+ ions are along the laser polarization vector, in
Figs. 4(b) and 4(c) the distributions are perpendicular to the
laser polarization vector. The alignment and anti-alignment
are consistent with the scenarios in Fig. 3.

a 31.85ps(a) 31.85 ps (b) 35.1 ps

(c) 65.35 ps (d) 68.8 ps

Fig. 4. Ion images of I+ at different delay times: (a) τ = 31.85 ps, (b)
τ = 35.1 ps, (c) τ = 65.35 ps and (d) τ = 68.8 ps. Arrow indicates laser
polarization direction (pump and probe).
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The inverse Abel transformation is crucial for the data
analysis in photo-fragment-ion imaging and photo-electron
imaging. For the Abel inversion, the BASEX algorithm has
been employed.[36] This relates the Abel projected 2D radial
and angular density distribution to the radial and angular den-
sity distribution in three-dimensional (3D) space, which re-
flects the alignment parameters. We obtain that the angu-
lar distribution is extracted from the outermost layer of the
fragment-ion distributions due to the Coulomb explosion and
the iodine fragments’ angular distributions are shown in Fig. 5,
which arise from the Coulomb explosion.

Figures 5(a) and 5(d) show the alignment angular distri-

butions at half the revival delay time and full revival delay
time, respectively. Most of molecules are parallel to the laser
polarization direction, and the population peaks appear near
the 0◦ and 180◦. Figures 5(b) and 5(c) show the anti-alignment
results. A number of molecules are populated perpendicularly
to the laser polarization direction. Because the probe laser is
parallel to the alignment pump laser, the molecular angular
moments tend to be parallel to the probe laser. So the anti-
alignment angular distributions’ peaks are not fully populating
near 90◦. We compare the full revival angular distributions on
the right graph, and alignment and anti-alignment are distin-
guishable.
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Fig. 5. Plots of I+ angular distribution versus angle degree from alignment and anti-alignment.
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Fig. 6. Full revival angular distributions of I+ at t = 68.80 ps for align-
ment (red) and at t = 65.35 ps for anti-alignment (black).

5. Conclusions

In this article, we have given a combined experimental
and theoretical study on CH3I alignment and we show the in-
fluence of the initial rotational-state populations. The CH3I

revival structures are compared between the single |111〉 rota-
tion state simulation and the normalized experimental data. It
is shown that high alignment degree can be obtained at cool
temperature and pure rotational states.

Through experimental research, we obtain the CH3I re-
vival structures and find alignment and anti-alignment points.
The experimental results are consistent with the simulation re-
sults. By the velocity map imaging technique, we obtain the I+

ion velocity distributions and angular distributions, in which
there appear the alignment and anti-alignment clearly at dif-
ferent pump-probe delay times. We can clearly observe the
alignment and anti-alignment phenomena in the single image
at a specific delay time. At the full revival time, the laser effect
disappears completely and the molecules are under field-free
conditions, so one can obtain the high degree alignment be-
tween 0.71 and 0.73. Theoretical simulation structure is con-
sistent with the experimental results, and the alignment degree
is estimated according to the experimental and simulation re-
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sults.
This work provides the optimized molecular coordinate

conditions for studying the cross molecular beams and colli-
sion experiments. From molecular coordinates’ determination,
we can better control the molecular space position. Our work
provides critical conditions to study the higher harmonic, elec-
tronic information, molecular reaction dynamics, and molec-
ular dynamics in depth. This paper is based on ion imaging.
In the future we aim to observe images from electrons. At
the same time, dynamic properties or processes can be further
observed under the condition of alignment and anti-alignment.
The spatial arrangement of molecules plays a crucial role. Fac-
ing the unique potential application of state selected and laser
aligned molecular beams, it can be predicted that this kind of
special molecular system has an important research value in
the atom and molecule physics and chemistry. Future work is
planned to find a kind of method that can be used to obtain the
exact alignment degree directly.

Acknowledgment
The authors thank Liu Fu-Chun’s group and Dr. He Lan-

Hai for their helpful discussion.

References
[1] Mikosch J, Boguslavskiy A E, Wilkinson I, Spanner M, Patchkovskii S

and Stolow A 2013 Phys. Rev. L 110 023004
[2] Kanai T, Minemoto S and Sakai H 2007 Phys. Rev. Lett. 98 053002
[3] Pinkham D and Jones R R 2005 Phys. Rev. A 72 023418
[4] Li Y, Yang S P, Jia X Y and Chen J 2010 Chin. Phys. B 19 043303
[5] Kramer K H and Bernstein R B 1965 J. Chem. Phys. 42 767
[6] Bazalgette G, White R, Loison J C, Trénec G and Vigué J 1995 Chem.
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