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Nonadiabatic laser-induced orientation and alignment of rotational-state-selected CH3;Br molecules
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Nonadiabatic orientation and alignment of hexapole rotational-state-selected methyl bromine (CH;Br)
molecules is studied. The temporal evolution of the mixed dc field and laser-induced orientation and alignment
is measured by a pump-probe method. The temporal orientation and alignment transients are in good agreement
with the time-dependent Schrodinger equation calculation we perform. We show that the degree of orientation
and alignment is strongly dependent on the selected initial rotational state. The temporal transients originating
from two different initial states, the |111) state and the mixed |111) + |212) state, are discussed. Our results show
a maximum degree of (cos 6) = —0.7 for the orientation of CH;Br molecules in the |111) state.
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I. INTRODUCTION

The ability to control the orientation and alignment of
molecules is an important first step in many contemporary
experiments such as imaging of molecular orbitals [1,2] and
in reaction dynamics experiments [3]. Unlike in experiments
with randomly oriented molecules, the ability to manipulate
the angular distribution of molecules makes it possible to
obtain molecular frame information [1,2,4,5] and to control
physical or chemical processes whose rates are dependent on
the orientation of the molecular axis [3,6].

Much effort has been devoted to developing methods that
enable control over the orientation and alignment of molecules.
The first attempt to experimentally manipulate the angular
distribution of molecules was performed about 50 years
ago using hexapole electrostatic fields [7]. Rotational-state-
selected molecules can be oriented in a moderate uniform
static field. Later, a brute-force method was developed to orient
molecules with large dipole moments by a strong homoge-
neous static electric field [8]. This method relies on strong
mixing of rotational states in a static electric field. The rapid
development of lasers led to many studies that aimed to ob-
tain laser-induced alignment [9—12] and orientation [13-27].
Control of the molecular alignment and orientation can be
achieved by nonresonant laser interaction with molecules.
Notably, since a pulsed laser can provide a high electric
field, adiabatic alignment can be realized when molecules
are exposed to a slowly varying laser field with respect to
the molecular rotation [9,26]. Nonadiabatic alignment occurs
when molecules interact with an ultrafast laser [10-12] and
time-dependent alignment revivals appear after the laser pulse
has disappeared. The advantage of nonadiabatic alignment is
that it can create aligned molecules under field-free conditions
where in the case of adiabatic alignment the molecules are
only aligned during the presence of the laser pulse.

In general, it is more difficult to create highly oriented
molecules as compared to well-aligned molecules. There are
two methods to additionally obtain orientation: an all-optical
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method [13-22] and a method in which a static electric
field is combined with a nonresonant laser field [23-27].
The all-optical orientation method employs an asymmetric
laser electric field obtained from phase-locked two-color laser
fields [13-19] or strong terahertz pulses [20-22]. Phase-
locked two-color laser orientation relies on the interaction
of the asymmetric laser electric field with the hyperpolar-
izability of the polar molecule. The terahertz orientation
method involves direct rotational excitation enabled by a
femtosecond-laser-generated terahertz field that interacts with
the molecule’s permanent dipole moment. The use of the
all-optical orientation method is shown to be a promising
route to molecular orientation [19,22]. In order to increase the
degree of orientation, rotational state selection of molecules
can be used. Holmegaard et al. employed a 10-ns Nd: YAG laser
pulse to orient and align C¢HsI molecules after rotational state
selection by a molecular deflector, yielding a high orientation
in the adiabatic regime [26]. Ghafur et al. used a shaped
femtosecond laser to nonadiabatically orient NO molecules
that were rotational state selected with a hexapole state
focuser [27]. This method has proven to be very successful
to enhance the degree of orientation since it can provide both a
high density of rotational-state-selected molecules and a high
degree of orientation.

In the present work we perform a combined experimen-
tal and theoretical study on laser nonadiabatic orientation
and alignment of CH3Br molecules. The revivals of both
laser-induced orientation and alignment are produced and
enhanced significantly by using the rotational-state-selected
molecules through a hexapole. The evolutional characteristics
of orientation and alignment from different rotational states of
molecules have been studied as the result of a unique rotational
quantum wave-packet formation.

II. EXPERIMENT

A schematic drawing of the home-built molecular beam
machine and the polarizations of the pump (aligning) and
probe lasers is shown in Fig. 1. A chirped-pulse-amplified
Ti:sapphire laser (Coherent, Libra) is employed to produce
a 50-fs linearly polarized laser beam with a repetition rate
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FIG. 1. (Color online) Schematic of the experimental setup. A
300-fs laser pulse (6 x 10'> W/cm?) is used as the pump for aligning
the molecules after rotational state selecting from the hexapole and
a 50-fs laser pulse (2 x 10" W/cm?) as probe to produce Coulomb
explosion of the molecules with a variable delay time with respect to
the pump pulse. The polarizations of the pump and probe laser are
parallel and are at an angle of 20° with respect to the detector axis
(y axis) shown in the inset. The Br** ion images directly reflect the
alignment and orientation of the molecules at the time the probing
laser arrived.

of 1 kHz and a 800-nm center wavelength. A Mach-Zehnder
interferometer is used to split the laser beam into two parts
for a pump-probe measurement. The intensity of each beam
is varied by using a half-wave plate and a Glan polarizer. The
pump laser pulse is stretched to a width about 300 fs through
a block of 70-mm BK7 glass and kept in a region with an
intensity to avoid molecular ionization and dissociation. The
degree of orientation is measured by the probe laser, which
is delayed through a computer-controlled delay stage and is
used to Coulomb explode the molecules. By varying the delay
time, the temporal evolution of the orientation or alignment is
obtained. The pump and probe beams are collinearly focused
into the molecular beam by a 250-mm-focal-length lens. The
pump laser beam size is reduced using an aperture to ensure
that its focus is larger than that of the probe laser. The
polarizations of the pump and probe laser are parallel and
both are tilted o« = 20° with respect to the direction of the
static electric field to utilize the combined effect of the pump
laser and the static electric field, as shown in Fig. 1.

The apparatus used in the present work consists of three
sections: a source, a hexapole, and a velocity-map imaging
(VMI) chamber. In the source chamber, a supersonic molecular
beam of 2.5% CH3Br seeded in neon is expanded through a 0.5-
mm orifice of a pulsed valve (General Valve Series 9), with a
stagnation pressure of 4 bars and a repetition rate of 10 Hz. The
hexapole chamber contains six rods with a diameter of 4 mm
and a length of 1 m. The inhomogeneous electrostatic field
in the hexapole focuses rotational-state-selected molecules
into the laser interaction region in the VMI chamber. The
spatial orientation of the molecules is measured by Coulomb
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explosion of molecules in the VMI chamber. The voltages
of the VMI repeller and extractor plate are 1000 and 615 V,
respectively, producing a static electric field about 260 V/cm
in the interaction region of the laser and the molecular beam.
The Br*" fragment ions produced from the Coulomb explosion
are detected by dual microchannel plates (MCPs) coupled to
a fast phosphor screen (P47). To select imaging of the Br>*
fragment ions, the MCP is gated by applying a 900-ns voltage
pulse (DEI pulse generator) to collect only all the produced
Br’* fragments at the specific time of flight. Images of these
ions on the phosphor screen are recorded using a CCD camera
(Andor iKon-M) and accumulated typically for a few thousand
laser shots. Simultaneously the mass spectra can be obtained
through monitoring the phosphor screen by a photomultiplier
tube connected to a digital storage oscilloscope (Tektronix
TDS3054B). All the measured spectra are transferred into a
computer for further processing.

III. THEORETICAL METHOD

The interaction of the rotational-state-selected molecules
with the intense laser fields has been calculated by solving
the time-dependent Schrodinger equation (TDSE) [28-33]. A
nonresonant laser interacting with molecules can be described
with the following Hamiltonian:

H = Hmol + Hinds (1)

where H,, is the field-free molecular Hamiltonian and H;yg
is the Hamiltonian describing the laser interaction with the
induced dipole moment of the molecules. Employing the
rigid-rotor approximation, Hp, reduces to the rotational
Hamiltonian
gy 2
H ~H. = X oy 4 , 2
mol rot 2Ixx + 21” + 2Izz ( )
where the operators J; (k = x,y,z) are the Cartesian compo-
nents of the total angular momentum vector and Iy are the
corresponding principal moments of inertia. In a nonresonant
linearly polarized laser field, the laser cannot interact with
the permanent dipole moment and the interaction with the
induced dipole moment is well described by the polarizability
interaction

Hpa = —1€2()Aacos®d, Aa =aj—a; 3)

in which o) = ar;; and @ = @, = a, are the components
of polarizability tensor parallel and perpendicular to the
molecular axis, respectively. For symmetric top molecules, 6 is
the angle between the laser field and the molecular symmetric
axis and €(¢) is the time profile of the laser field. To solve the
time-dependent Schrodinger equation

m%wm — HingW (), @)

the wave function is expanded in a suitable basis of rotational
states. For symmetric top molecules a suitable basis set consists
of the wave functions |J K M) in which J is the total rotational
angular momentum of the molecule, K is the projection of the
angular momentum on the symmetry axis of the molecule,
and M is the projection of the angular momentum on the
direction of the externally applied static electric field. The laser
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interaction depends solely on the angle 6, which implies that
the quantum numbers K and M are conserved during the laser
interaction with the molecules. Therefore, the wave function
can be expanded in this complete set of eigenstates

WD) =) C;0ITKM). 5)
J

Substituting the wave function (5) into the time-dependent
Schrodinger equation (4), we obtain the equation for the
expansion coefficients C, (),

0 ,

ih=-Cy(t) = Esx + ;UKMledu KM) (6)
Aae(r) ,

=Ejk = —— > (JKM|D3|J'KM), (7)

J’

where E;x is the rotational energy and Dj, is a Wigner
rotational matrix [32,33]. In the selected coordinate space, this
equation is reduced to a set of first-order ordinary differential
equations that can be solved by using a fourth-order Runge-
Kutta method [33]. After the laser interaction, the molecules
are in a coherent superposition of rotational states and the wave
packet evolves freely

(W) =) Cye =M TK M). ®)
J

The time-dependent degree of orientation and alignment can
be calculated with

(cosO)(1) = (W(t)|cosO | W (1)) )
and
(cos?0) (1) = (¥ (t)|cos* 0| (1)), (10)

respectively. It is noteworthy that the solution of the time-
dependent Schrodinger equation given by Eq. (8) is a coherent
superposition of rotational states that depends on the laser
intensity, the polarizability, and the initial rotational state
|J KM) of the molecule and pronounced effects have been
observed for nonadiabatic orientation and alignment for
different initial rotational states of the molecule [12,33,34].

IV. RESULTS AND DISCUSSION

In the hexapole static electric field, an electric field mini-
mum is formed in the center and low-field-seeking molecules
experience a force towards this center [7,35-38]. Since the
Stark energy depends on the rotational states of the molecule
and the gradient of the electric field [7,35], the trajectories
of molecules can be controlled by varying the applied rod
voltage. For the molecules in a specific rotational state, spatial
focusing can be realized at the position where the molecule
interacts with the probe laser beam. The measured hexapole
focusing curve of CHj3Br is shown in Fig. 2, giving the
yield of the parent ion generated in the laser field (4 x 10'3
W /cm?) as a function of the applied voltage. The rotation
temperature of the molecular beam is estimated to be 5 K
according to a fit of the focusing curve (black line). Due to the
spatial focusing, an increase of the molecular beam density is
achieved that is typically four times in this experiment. The
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FIG. 2. (Color online) Focusing curve of the CH3;Br molecule
seeded in Ne obtained in the experiment from the hexapole focuser.
The black circles are the parent ion yield of CH;Br from a femtosec-

ond laser ionization with an intensity of 4 x 10> W/cm?, recorded
by the time-of-flight measurement in VMI by a photomultiplier.

specific rotational state that is selected can be identified with
the semiclassical trajectories simulation that is described in
previous papers [36—38]. The |111) state is selected at 3 kV,
which is the first peak in the focusing spectrum. The notation
used here actually gives the absolute value for each quantum
number (K and M), but the understanding is that the product
K M is negative, so the |111) state represents the |1-11) and
|11-1) states. Increasing the voltage, there are more and more
rotational states emerging in the focused molecular beam.
Thus, in order to investigate the influence of the quantum
wave packet formed from different initial rotational states
on orientation and alignment experimentally, we selected two
hexapole voltages, 3 and 4.25 kV. At 3 kV the rotational state
[111) is selected and at 4.25 kV a mixture of the states [111)
and |212) is selected.

We have measured the two-dimensional (2D) velocity
distribution of Br’*, produced by the probe laser beam, to
observe the revival of the orientation and alignment. The
degrees of molecular orientation (cosfpp) and alignment
(cos?6p) are defined by the relative intensity of Br’' at
different angles. The chosen geometry, where the pump and
probe laser polarizations are parallel and make an angle
o = 20° with respect to the direction of the electrostatic field,
avoids the overlap of the ions from opposite directions at the
ion imaging detector. Figures 3(a)-3(d) show the Br** ion
images that are recorded at different pump-probe delay times
in the revival for rotational-state-selected |111). Figure 3(a)
shows an ion image of the molecules in which the Br atom is
initially pointing in the direction of the static electric field.
Figure 3(b) shows the orientation of the parent molecule
with the Br atom pointing in the opposite direction. This
revival rotation continues periodically. The ion image shown in
Fig. 3(a) is obtained with a pump-probe delay time of —2 ps,
which means that the probe laser interacts with molecules
before the pump laser and only a static electric field orientation
for the molecules in the rotational state |111) is observed.
Increasing the delay time, the high-intensity spot in the Br**
ion image alternates between 180° and 0°. Figure 3(e) shows
the measured angular distribution P(6,p) of the Br’* jons
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FIG. 3. (Color online) Ton images of Br** at different delay
times (a) T = 2.0, (b) T =49.3, (¢) T =544, and (d) T = 68.6.
(e) Evolution of the measured angular distribution of the Br** ion
imaging given with different delay times and angle 6,p, with respect
to the polarization of the probe laser pulse project to the detector
plane shown in (a). Here the delay time # = O represents the instant
of time overlap for the pump and probe pulses. All images are taken
at rod voltage equal to 3 kV and the rotational state |111) is selected
through the hexapole.

as a function of the pump-probe delay time, where 6,p is
the ejection direction with respect to the polarization of the
probe laser projected onto the detector plane, as shown in
Fig. 3(a). The angular distribution displays a clear inversion
when the pump-probe delay time is varied from —4.3 to
112.3 ps. This periodic inversion of the asymmetry parameter
indicates that the pump pulse produces an orientational wave
packet of CH3;Br molecules. In the time-dependent angular
distribution shown in Fig. 3(e), the measured ion yield map
captures the revival features of the molecular orientation and
alignment. The revival features of Fig. 3(e) originate from a
unique rotational wave-packet excitation.

The degrees of orientation (cosfrp) and alignment
(cos?0yp) and their time evolution are extracted from the
measured data shown in Fig. 3(e) and are shown in Figs. 4(a)
and 4(b), respectively. These figures also show the TDSE simu-
lation (blue line) for a pump laser intensity of 6 x 10'2 W /cm?.
The rotational period of CH3;Br molecules is 7 = 1/2Bc¢ =
51.76 ps for a rotational constant B = 0.322 cm™!. For the
orientational revival [Fig. 4(a)] the measurement gives two full
revival periods at a delay time of 112.3 ps. The actual degree
of molecular orientation (cosf) can be obtained by matching
the revival features from the measured evolution to that from
the simulation obtained by adjusting the laser intensity. The
best agreement between the measured and the calculated
evolutions is obtained at the laser intensity of 6 x 1012w / cm?,
enabling us to get the value of (cosf) = —0.7 at r =53.0
ps, which corresponds to the measured maximum orientation
of (cosfp) = —0.425. The discrepancy from the values of
(cosbyp) and (cosf) may originate from the difference of the
laboratory and molecular frames, the dynamic and geometric
alignment and orientation created by the probe laser, the angle
between the pump and probe lasers [27], and the influence from
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FIG. 4. (Color online) Nonadiabatic evolution of (a) orientation
(cos Op)(¢) and (b) alignment (cos’@,p)(r) measured from the
rotational-state-selected molecular beam (|111) rotational state, black
circles). The theoretical results of the orientation (cosf)(t) and
alignment (cos?8)(¢) also are shown (blue lines), obtained by solving
the TDSE for a femtosecond laser with an intensity of 6 x 10'?
W /cm? and pulse duration of 300 fs.

the residual beam not selected by the hexapole field. Similarly,
from the measured evolution of the alignment (cos?6,p) shown
in Fig. 4(b), the actual value of (cos?d) = 0.7 for the degree
of alignment can be derived, by the same procedure described
above. Strong alignment revivals are observed experimentally
with a period of t =~ 52.0 ps. The maximum degree of
alignment occurs at 0, 1, and 2 times the rotational period.
Because the polarization of the probe laser is tilted at an angle
o = 20° with respect to the static electric field, the measured
(cos?@,p) is affected by the geometric alignment of the
molecules in the probe laser field, leading to a large difference
between the measured and the actual degrees of alignment.
The ability of preparing a molecular beam populated at
different rotational states allows us to study the influence of the
rotational state on the nonadiabatic orientation and alignment.
For a molecular beam populated with both [111) and [212)
states, the measured evolution of the orientation (cosf,p)
and alignment (cos’6,p) is shown in Fig. 5. Differences in
the revival characteristics and the degree of orientation and
alignment are observed compared to the revivals obtained for
the molecules populated in the initial |111) rotational state as
in Fig. 4. It is found that the maximum degree of orientation
in the case of the mixed quantum state molecular beam is
(cos 8) = —0.61 at t = 54.0 and 105.3 ps [see Fig. 5(a)].
This is lower than that in the case of the |111) state where
(cos 8) = —0.7 [see Fig. 4(a)]. Comparing the revival curves
shown in Figs. 5(b) and 4(b), the maximum degree obtained is
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FIG. 5. (Color online) Same as Fig. 4 but for a molecular beam
occupied in the mixed rotational states of [111) and [212) (equally
populated) for (a) the orientation and (b) the alignment.

(cos?0) = 0.7 for both situations, but the maximum degree of
alignment is obtained at t = 1/2 7,3/2 t for the mixed beam
and t = 7,2 7 for the |111) rotational state.

The theory for the formation of a rotational wave packet
from laser excitation has been discussed before [28-32] and
the effect of the initial rotational state on the formed wave
packet and the orientation and alignment dynamics has been
reported [12,33]. In the present experiment, the evolution of
the rotational wave packet shows a rapidly changing value of
the orientation and alignment during a few picoseconds (see
Figs. 4 and 5). For example, at the delay time of 49.3 ps the
value of the orientation (cosf;p) is positive, indicating that the
Br atom points in the opposite direction to the static electric
field, but at a delay time of 54.0 ps the value of the orientation
becomes negative and the Br atom points in the direction
of the static electric field. Rapid revivals are also observed
in the evolution of the alignment. These changes directly reflect
the molecular movement that is controlled by the rotational
wave packet formed during the pump laser excitation. It is
found that different revival structures appear when we measure
the evolutions of the orientation and alignment originating
from different initial states. A clear difference is observed at
t =1/27,3/27 for the orientation between the single and
mixed states [see Figs. 4(a) and 5(a)]. For the alignment,
at t=1/4t,3/41,5/4t,7/4t a difference is also observed
[see Figs. 4(b) and 5(b)]. The revival structures at quarters
of the revival period (1/4 7 and 3/4 t) are out of phase for
the odd and even rotational states [39—41]. Thus, with the
odd and even rotational states unequally populated, as in
Fig. 4(b) for the |111) initial state, a sharp alignment peak
is observed at these times. However, with equally or close to
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FIG. 6. (Color online) The TDSE calculation results of the evo-
lution for the (a) orientation and (b) alignment from different initial
populated states (red, |111) rotational state; blue, |212) state; green
line, a mixture of |111) and |212) rotational states).

equally populated even and odd rotational states, the revival
structures from the two parities superimpose destructively and
the revival structures at 1/4t and 3/4 v are suppressed, as
is evident from Fig. 5(b) for the |111)-|212) mixture. These
nonadiabatic revival features of the quantum rotational wave
packet observed are perfectly simulated by our numerical
TDSE calculation. It shows clearly the difference between the
evolution of the orientation and alignment from the molecules
populated in different rotational states |111) and |212) (red
and blue curves, respectively, in Fig. 6). We also plotted the
curve of the statistical average (green curve) in Fig. 6 by
assuming an equal population in both states |111) and [212),
which corresponds to the experimentally derived populations
at a hexapole voltage of 4.25 kV without including the
contribution of the direct beam. In Fig. 6(a) the evolutions
of the orientation from the initial states [111) (red) and |212)
(blue) show opposite behavior around 1/2 7 and 3/2 7, leading
to a destructive superposition in the total revival curve (green)
for the mixed beam. This effect is seen also in the alignment
[see Fig. 6(b)]. For example, the revival around 1 /4 r and3/4 ©
of the mixed beam is lower than that of the revival structure
of the |111) state because of destructive superposition. The
delay time 7 at which the maximum degree of alignment
is observed is different for the rotational states |111) and
|212), i.e., t &~ t for the maximum from the |111) state and
t ~ 1/2 t for that originating from the |212) state, which is in
agreement with the experimental observation. Consequently,
the differences in the evolution of the orientation and alignment
indicate the distinctions of the rotational wave packets formed
from femtosecond laser excitation of different initial rotational
states [111) and |212). This is experimental observation of
the influence of initial states on the evolution of nonadiabatic
orientation and alignment of CH3;Br molecules.
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V. CONCLUSION

A combined experimental and theoretical study of
nonadiabatic orientation and alignment of quantum-state-
selected symmetric top CH3Br molecules has been carried out
and the influence of the initial rotational-state populations is
investigated. The technique used in the present work enables us
to control the orientation and alignment of CH3;Br molecules.
A comparative study of the nonadiabatic evolution of the
orientation and alignment from different initial rotational
states, i.e., [111) and |212), has been presented. A maximum
degree of orientation (cos #) = —0.7 for CH3Br molecules
prepared in the |111) rotational state is obtained. It is found
that the degree and the evolutional behavior of the orientation
and alignment are strongly affected by the initial state
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population of the molecules. The nonadiabatic orientation
and alignment of quantum-state-selected molecules give deep
insight into the mechanisms of these processes in ultrafast
laser fields and provide an elaborate method to manipulate
the molecular orientation that can be used in a wide range of
molecular frame studies.
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