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A strong inhomogeneous static electric ﬁeld is used to spatially disperse a rotationally cold
supersonic beam of 2,6-diﬂuoroiodobenzene molecules according to their rotational quantum
state. The molecules in the lowest-lying rotational states are selected and used as targets for
3-dimensional alignment and orientation. The alignment is induced in the adiabatic regime with
an elliptically polarized, intense laser pulse and the orientation is induced by the combined action
of the laser pulse and a weak static electric ﬁeld. We show that the degree of 3-dimensional
alignment and orientation is strongly enhanced when rotational state-selected molecules, rather
than molecules in the original molecular beam, are used as targets.

I.

Introduction

The spatial orientation of a molecule is of crucial importance
for its interactions with other molecules, atoms, or electromagnetic radiation. Driven by the possibility of controlling or
enhancing molecular reactivity and interactions,1–3 as well as
by possibilities for new research directions in molecular
science, including imaging of molecular orbitals4 and photoelectron angular distribution from ﬁxed-in-space molecules,5,6
large eﬀorts have been devoted to developing methods that
enable control over the orientation or alignment of molecules.
Here, alignment refers to conﬁnement of molecule-ﬁxed axes
along laboratory-ﬁxed axes, and orientation refers to the
molecular dipole moments pointing in a particular direction.
In the gas phase, the electric ﬁelds from moderately intense,
nonresonant laser pulses have proven particularly useful and
versatile for manipulating the alignment of molecules.7 A laser
ﬁeld induces an electric dipole moment in any molecule with a
polarizability anisotropy, whether polar or not, and the interaction between the induced dipole and the laser ﬁeld itself
forces the molecule to align. In the case of a linearly polarized
laser ﬁeld, the most polarizable axis is aligned along the
polarization direction, which is suﬃcient to ensure strong
angular conﬁnement of the ﬁgure axis of the molecules and,
therefore, complete alignment control of linear and symmetric
top molecules. This is termed 1-dimensional (1D) alignment.
For asymmetric top molecules, 1D alignment does not
suﬃce to provide complete alignment control. Rather, all
three molecular axes of polarizability must be conﬁned to
laboratory-ﬁxed axes. Such 3-dimensional (3D) alignment has
been experimentally demonstrated through the use of an
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elliptically polarized laser ﬁeld8–11 or by combining two linearly
polarized laser pulses with orthogonal polarizations.12–15
In the case of polar molecules, conﬁnement of the molecular
axes is not suﬃcient to achieve full orientational control;
it is also necessary to control the direction of the permanent
dipole. As suggested by Friedrich and Herschbach a decade
ago,16,17 and later demonstrated experimentally,10,18–21
orientation can be added to alignment by combining the
strong laser ﬁeld with a weak static electric ﬁeld. Therefore,
we use 1D orientation to denote 1D alignment and,
simultaneously, a preferred direction of the permanent dipole
moment. Likewise, 3D orientation refers to 3D alignment
occurring together with a preferred direction of the permanent
dipole moment.
Any application of aligned or oriented molecules will
beneﬁt signiﬁcantly from, or simply requires, a strong
degree of alignment or orientation. One eﬃcient method to
optimize the degree of alignment or orientation is to ensure
that the molecular sample initially resides in the lowest-lying
rotational states. This is achieved by lowering the rotational
temperature as much as possible. In practice, strong cooling
can be obtained by supersonically expanding a small fraction
of the molecular gas of interest in an inert carrier gas.
Very strong degrees of alignment have been reported using
molecular beams with a rotational temperature around 1 K.22
However, optimizing the degree of orientation in the mixed
laser and static electric ﬁeld method imposes an even
stronger requirement on the initial rotational state distribution.
Recently, we showed that 1D orientation, using the mixedﬁeld method, can be strongly enhanced by using rotational
quantum state-selected molecules as targets.21,23 The state
selection is obtained by passing a cold molecular beam
through an electrostatic deﬂector that spatially disperses
molecules according to their rotational quantum state. The
purpose of the present work is to demonstrate that the use of
rotational state-selected molecules also enables signiﬁcant
improvement of laser induced 3D alignment and mixed-ﬁeld
3D orientation.
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The studies are carried out on 2,6-diﬂuoroiodobenzene
(DFIB) molecules in the adiabatic limit, where the alignment
laser pulse is turned on and oﬀ slowly compared to the
inherent rotational periods of the molecules.7 In this regime,
the degree of alignment and orientation will follow the
envelope of the 10 ns-long applied laser pulse. In particular,
the strongest degree of alignment occurs at the peak of the
pulse, which is the point in time where all measurements in this
work are recorded. From quantum chemistry calculations at
the B3LYP24,25/TZVPP26 level using linear response theory in
the TURBOMOLE 5.10 program suite,27 the polarizability
components of the DFIB molecules are determined to be
azz = 21.3 Å3, ayy = 14.5 Å3, and axx = 8.5 Å3, where the
z-axis is parallel to the C–I axis, the y-axis is perpendicular to
the z-axis but still in the molecular plane, and the x-axis is
perpendicular to the molecular plane. It is therefore expected
that a linearly polarized laser ﬁeld will align the C–I axis along
the polarization axis. With an elliptically polarized beam, the
largest polarizability axis of the molecule is expected to be
aligned along the major axis of the elliptical ﬁeld, and the
second most polarizable axis along the minor axis of the ﬁeld.
Therefore, it is expected that an elliptically polarized ﬁeld will
align the C–I axis along the major polarization axis and the
molecular plane to the polarization plane. In section IIIB
the case of such 1D and 3D alignment is discussed and the
alignment enhancement employing state-selected molecules is
demonstrated. The permanent electric dipole moment of
DFIB is 2.25 D. It is parallel to the C–I axis with the negative
end pointing in the direction of the iodine atom. Consequently,
it is expected that a static electric ﬁeld, collinear with the major
polarization axis of the alignment ﬁeld, will force the iodine
end of each molecule to point in the direction of the positive
electrode of the static ﬁeld. The case of 1D and 3D orientation
and the advantage of using state selected molecules is
discussed in section III C.

II.

Experimental setup

A schematic of the experimental setup, which is described in
detail elsewhere,23 is shown in Fig. 1. A mixture of a few mbar
of DFIB and 90 bar of helium is expanded into vacuum using
a pulsed Even–Lavie valve28 to produce a molecular beam
with a rotational temperature of approximately 1 K. After
passing through two 1 mm-diameter skimmers, the molecular
beam enters a 15 cm-long electrostatic beam deﬂector. The
deﬂector consists of a trough (at ground potential) with an
inner radius of curvature of 3.2 mm and a rod (at high voltage)
with a radius of 3.0 mm. The vertical separation of the two
electrodes across the molecular beam axis is 1.4 mm. This
electrode geometry creates a two-wire ﬁeld with a nearly
constant gradient over a large area around the molecular
beam axis.29 In the inset of Fig. 1, a cross sectional view
of the deﬂector with the created electric ﬁeld is given.
The deﬂector is mounted such that the deﬂection occurs
vertically, and molecules in high ﬁeld-seeking states are
deﬂected upwards.
After passing the deﬂector, the molecular beam enters the
target/detection area through a 1.5 mm-diameter skimmer
where it is crossed by one or two laser beams that are focused
This journal is
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Fig. 1 Scheme of the experimental setup. In the inset, a cut through
the deﬂector is shown and a contour plot of the electric ﬁeld strength is
given. b = 0 corresponds to the case of the major axis of laser
polarization oriented along the TOF axis.

by a spherical lens with a focal length of f = 300 mm. The lens
is mounted on a vertical translation stage so that the height of
the laser foci can be adjusted with high precision. One laser
beam, consisting of 30 fs-long pulses (800 nm, beam-waist of
o0 = 21 mm which corresponds to 4  1014 W cm2) is used to
probe the molecules. In the ﬁrst part of the experiment, this
laser beam is used to characterize the deﬂection by determining
the density, at a given height, of the molecular beam via
photoionization. Hereafter, this laser beam is used for Coulomb
exploding of the molecules to determine their alignment and
orientation by imaging the ionized fragments on the plane of
the microchannel plate (MCP) detector. The second laser
beam, consisting of 10 ns-long pulses from a Nd : YAG laser
(1064 nm, o0 = 36 mm), is used to align and orient the
molecules. Two intensity values of the pulses were applied:
1.2  1012 and 1.8  1011 W cm2, denoted hereafter as
IYAG,high and IYAG,low, respectively.
The probe pulse is electronically synchronized to the peak of
the YAG pulse. Positive ions produced by the probe pulses are
accelerated, in a velocity-focusing geometry, towards a MCP
detector backed by a phosphor screen. The 2D ion images are
recorded with a CCD camera. In particular, the I+ and F+
fragment ion distributions are useful experimental observables
since these ions recoil along the symmetry axis and in the
plane of the molecule, respectively. Thereby, they allow the
determination of the molecular orientation at the time of
the probe pulse. Also, the time-of-ﬂight (TOF) of the ions
from the laser interaction spot to the MCP is recorded. The
experiments are conducted at 20 Hz, limited by the repetition
rate of the YAG laser.

III.
A

Results and discussion

Deﬂection of the molecular beam

The eﬀect of the deﬂector on the molecular beam is illustrated
in Fig. 2 by the vertical intensity proﬁles, which are obtained
by recording the I+ signal from photoionization due to the
femtosecond probe laser as a function of the vertical position
of the laser focus. When the deﬂector is turned oﬀ, the
molecular beam extends over B1.7 mm, mainly determined
by the diameter of the last skimmer before the target area.
Phys. Chem. Chem. Phys., 2009, 11, 9912–9918 | 9913
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Fig. 2 Vertical proﬁles of the molecular beam measured by recording
the I+ signal as a function of the vertical position of the fs probe beam
focus. The experimental data are shown by black squares (deﬂector
oﬀ, 0 kV), red triangles (5 kV) and blue circles (10 kV). The arrow
denotes the position of the probe laser focus for acquiring images and
TOF spectra of deﬂected molecules. A model of the DFIB molecule is
shown as an inset.

When the deﬂector is turned on, the molecular beam proﬁle
shifts upwards (by 0.4 mm at 10 kV). The shift becomes more
pronounced as the voltage on the deﬂector is increased from
5 to 10 kV. Molecules in the lowest rotational quantum states
have the largest Stark shifts and are, therefore, deﬂected
the most, as shown in our recent work on iodobenzene
molecules.21,23 In the measurements described below, experiments
have been conducted on these quantum state-selected
molecules simply by positioning the laser foci close to the
upper cut-oﬀ region in the 10 kV proﬁle, as indicated by the
arrow in Fig. 2 (height = 1.2 mm).
B

1-Dimensional and 3-dimensional alignment

We start by showing that a linearly-polarized YAG pulse
induces 1D alignment of the DFIB molecules. We compare
I+ images recorded with and without the YAG pulse when the
deﬂector is turned oﬀ. In the absence of the YAG pulse, the I+
image is circularly symmetric (Fig. 3A) due to the circular
symmetry introduced by polarizing the probe pulse perpendicular
to the detector plane. When the YAG pulse, polarized parallel
to the detector plane, is applied, the I+ ions exhibit strong
angular localization about the polarization axis, as depicted in
Fig. 3B, showing that the C–I axis of the molecules is strongly
conﬁned along the YAG polarization, i.e., the DFIB molecules
are 1D adiabatically aligned. Consequently, images taken with
the YAG polarization in the detector plane can be regarded as
a ‘‘side-view’’ of the molecule. The degree of alignment is
quantiﬁed by hcos2y2Di = 0.94, where y2D is the angle between
the projection of the I+ recoil velocity on the detector plane
and the YAG polarization.22 The I+ ions appear as two sets of
angularly narrow rings. The innermost (and brightest) ring
results from I+ ions when DFIB is doubly ionized by the
probe pulse and fragments into an I+ + C6H3F2+ ion pair,
whereas the outermost ring results from I+ ions formed from
triple ionization and fragmentation into an I+ + C6H3F22+
ion pair.30 The value of hcos2y2Di is determined in the radial
9914 | Phys. Chem. Chem. Phys., 2009, 11, 9912–9918

Fig. 3 Alignment of DFIB molecules induced by a linearly polarized
YAG pulse, illustrated by velocity map images of the I+ ions. A, C: I+
images recorded without the YAG pulse for undeﬂected and deﬂected,
respectively. B, D: I+ images with the YAG included (vertical
polarization, IYAG,high) using undeﬂected and deﬂected molecules,
respectively.

range corresponding to the outermost ring. By comparison, in
the absence of the YAG pulse, hcos2y2Di = 0.50, as expected
for randomly oriented molecules. When the deﬂector is turned
on and the laser foci moved close to the upper cutoﬀ region in
the 10 kV proﬁle (height = 1.2 mm), corresponding to the
lowest lying rotational states of the DFIB molecules, the 1D
alignment sharpens. This is evident by comparing Fig. 3B
and D and noting that hcos2y2Di increases to 0.96. The
improved alignment is consistent with our recent experiments
on iodobenzene.21,23
Similarly, images taken with the YAG pulse polarized
perpendicular to the detector plane show ‘‘end-views’’ of the
molecules. All images in Fig. 4 are recorded in the end-view.
The tight conﬁnement of the I+ ions near the center (A2–A4
and C2–C4), compared to the I+ distribution without the
YAG pulse (Fig. 4 A1 and C1) is an alternative way to
visualize the 1D alignment. In order to quantify the angular
conﬁnement, the average distances hXi and hYi of I+ ions
along the horizontal (X) and vertical (Y) axes from the center
of the end-view images are calculated, see Fig. 4 (A1). Without
the YAG hXi = 37.4 pixels and hYi = 34.8 pixels. Including
the YAG hXi = 19.0 pixels and hYi = 19.0 pixels without
voltages applied to the deﬂector (image A2 in Fig. 4), and
hXi = 12.3 pixels and hYi = 12.2 pixels with 10 kV applied to
the deﬂector (Fig. 4, C2).
The 1D alignment is also visible in the F+ images. In the
absence of the YAG pulse, the F+ image, recorded in the
end-view, takes the form of a circularly symmetric ring
(Fig. 4 B1 and D1). This is caused by the fact that the linearly
polarized probe ﬁeld preferentially ionizes molecules with their
C–I axis along its polarization vector.30 When the linearly
polarized YAG pulse is applied, the circular symmetry is
conserved and the ring structure becomes more sharply
deﬁned to a localized radial area with no signal detected
in the central region (Fig. 4 B2 and D2). Such a ring structure
This journal is
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Fig. 4 Ion images of I+ and F+ fragments recorded in end-view and
at IYAG,high demonstrating 1D and 3D alignment. Columns: (1) probe
only; (2) YAG linearly polarized; (3), (4) YAG elliptically polarized
with an ellipticity intensity-ratio of 4 : 1 and 2 : 1, respectively.
Rows: (A) I+ images from undeﬂected molecules (0 kV); (B) F+
images from undeﬂected molecules; (C) I+ images from deﬂected
molecules (10 kV); (D) F+ images from deﬂected molecules.

is only compatible with the C–I axis being sharply aligned
perpendicular to the detector plane and with the rotation of
the molecular plane uniformly distributed around the C–I axis.
Next, we investigate the eﬀect on the molecular alignment
when the YAG polarization is changed from linear to
elliptical. The end-view of the F+ ions shows a dramatic
change (Fig. 4 B3, B4, D3, D4). The initial circular symmetry
is replaced by sharp localization along the minor axis (vertical
in Fig. 4) of the elliptically polarized YAG pulse. The angular
localization of the F+ ions, largest for the 2 : 1 ellipticity ratio
(B4 and D4), shows that the molecular plane is conﬁned to the
plane deﬁned by the elliptical polarization, and the conservation
of their radial conﬁnement shows that the C–I axis remains
localized around the major polarization axis. To quantify the
planar conﬁnement, the angular distributions of the F+ ions
were determined by radial integration of the images. The
results are displayed in Fig. 5. Focusing on panel (a), containing
the undeﬂected data, it is seen that, for the linearly polarized
YAG pulse, a uniform distribution emerges, whereas for
elliptical polarization, the angular distribution is localized.
For the 4 : 1 ellipticity ratio (meaning that the intensity along
the major axis is four times the intensity along the minor axis)
the full widths at half maximum (FWHM) of the peaks in the
angular distribution are 52.51, and for the 2 : 1 ratio they are
48.51. Regarding the localization of the C–I axis, more precise
insight is obtained by observing the I+ end-view images. It is
seen that the initial circular distribution (Fig. 4 A2) develops
into an elliptical shape when the YAG polarization is changed
from linear to elliptical. This shows that the C–I axis has
suﬀered a small distortion along the minor axis, but remains
tightly conﬁned. The distortion is largest for the 2 : 1 ellipticity
ratio. This is evident directly from the images as well as from
This journal is
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Fig. 5 Angular distributions of the F+ fragments for diﬀerent YAG
polarisations and intensitites (a is deﬁned pictorially in Fig. 4 B1).
(a) Undeﬂected molecules under IYAG,high; (b) deﬂected molecules
under IYAG,high; (c) comparison between the angular distributions
with IYAG,low and IYAG,high for deﬂected molecules, where all the
curves correspond to a 2 : 1 ellipticity ratio.

the X and Y values. With the 4 : 1 ratio (A3) hXi = 18.1 pixels
and hYi = 21.0 pixels, whereas for the 2 : 1 ratio (A4)
hXi = 18.2 pixels and hYi = 23.4 pixels. Returning to the
F+ images, the C–I axis distortion is actually visible by slightly
more radial smearing in the 2 : 1 image compared to the
4 : 1 image. Thus, we conclude that the elliptically-polarized
YAG pulse induces pronounced 3D alignment of the DFIB.
The conﬁnement of the molecular plane increases as the
polarization state is brought closer to circular polarization,
but also gives rise to a larger distortion of the linear conﬁnement
of the C–I axis. These ﬁndings are consistent with previous
observations on other molecules.8,9
When the deﬂector is turned on, the 3D alignment improves.
The F+ ion images show stronger conﬁnement for both the
2 : 1 and the 4 : 1 conﬁguration (Fig. 4 D3, D4) compared to
the corresponding undeﬂected data (Fig. 4 B3, B4). This is also
clear from the angular distributions in panel (b) of Fig. 5. For
the 4 : 1 ratio, the FWHM decreases from 52.5 to 43.01,
and for the 2 : 1 ratio, from 48.5 to 37.01. Turning to the I+
end-view images in row C, it is seen that although the C–I axis
is still distorted when an elliptically YAG pulse is employed,
the C–I axis conﬁnement is much improved compared to the
situation for undeﬂected molecules—compare Fig. 4 C3, C4 to
A3, A4. With the deﬂected molecules, hXi = 10.7 pixels and
hYi = 15.3 pixels for the 4 : 1 ratio, and hXi = 10.9 pixels and
hYi = 17.3 pixels for the 2 : 1 ratio. We conclude that both 1D
and 3D alignment are signiﬁcantly enhanced when using
quantum state-selected molecules.
Phys. Chem. Chem. Phys., 2009, 11, 9912–9918 | 9915

View Article Online

Published on 25 August 2009. Downloaded by Fritz Haber Institut der Max Planck Gesellschaft on 2/5/2021 8:51:46 AM.

C

1-Dimensional and 3-dimensional orientation

Our ﬁnal task is to prove that the molecules are oriented in
addition to being aligned. This is accomplished by supplementing
the ion images already presented by time of ﬂight measurements
of the I+ ions. The most optimal information is obtained by
using the end-view geometry. In this situation, the C–I axis is
aligned parallel to the static electric ﬁeld from the electrodes
(693 V cm1) in the ion spectrometer. The TOF spectra of the
I+ ions will now allow us to conclude that the permanent
dipole moment (directed from the carbon atom on the C2 axis
to the I atom) is preferentially pointing towards the repeller
plate (high electrostatic potential) as we expect.
The TOF spectra recorded with the probe pulse alone are
shown in Fig. 6(a) and (b). As mentioned in connection with
the F+ ion images, the linearly polarized pulse is preferentially
ionizing molecules with their axes along its polarization axis
which explains the appearance of a forward and a backward
peak31 centered around at 4.045 ms. A mild asymmetry in the
signal strength of the forward and the backward peak is
observed. For undeﬂected molecules, the asymmetry, deﬁned
+
as I+
b /If is 52/48. For the deﬂected molecules the asymmetry
increases to 59/41.
To get an insight into the origin of this asymmetry, we
calculate the molecular orientation due to the static electric
ﬁeld itself. First, the ensemble-averaged orientation cosine
hcos yi is calculated quantum mechanically, where y is the
polar angle between the molecular C–I axis and the static ﬁeld
direction. For an ensemble at a rotational temperature of 1 K,

hcos yi = 0.011, whereas for an ensemble corresponding to the
state-selected molecules after the deﬂector (height = 1.2 mm,
see Fig. 2) hcos yi = 0.079.37 To obtain the backward–forward
ratio, b/f, we approximate the orientational distribution
function32 by the truncated series n(y) = 1 + a1 P1(cosy) =
1 + 3hcosyi cosy. Higher order Legendre polynomials can be
neglected for the low electric ﬁeld strength employed here.
Furthermore, we assume that the molecules are probed with a
detection eﬃciency scaling as cos2 y to account for the alignment selectivity of the probe pulse. Using the calculated
values for hcos yi we get b/f = 52/48 for the 1 K ensemble
and b/f = 60/40 for the state-selected ensemble. Both numbers
agree well with the observations. We conclude that the
observed backward forward asymmetry in the time of ﬂight
spectra observed in the absence of the YAG pulse is due to
weak orientation induced by the static ﬁeld, as well as due to
alignment selectivity of the probe beam.
When the YAG pulse is included, two changes of the TOF
spectra occur. First, the forward and the backward peaks
become more separated. This results from the strong alignment
induced by the YAG pulse. All molecules are conﬁned near the
TOF axis, which will cause I+ ions to be ejected directly
towards or 1801 away from the detector, thus causing the
maximum separation between the forward peaks. Second,
the asymmetry increases. For the undeﬂected data (Fig. 6c)
the backward–forward ratio is 63/37 and for the deﬂected data
(Fig. 6d) it is 73/27. The TOF spectra for the ellipticallypolarized YAG (both 4 : 1 and 2 : 1 ratios) are essentially
identical to the ones for the linearly polarized YAG.
Therefore, we conclude that both strong 1D and strong 3D
orientations are achieved. The degree of alignment, as well as
the degree of orientation, improves considerably when the
deﬂected molecules are employed.
D

Fig. 6 Time-of-ﬂight spectra of the I+ ions recorded under conditions
of: probe pulse only (a)–(b); high intensity YAG pulse (IYAG,high)
(c)–(d); low intensity YAG pulse (IYAG,high) (e)–(f). In panels (c)–(f),
the YAG polarization is linear (solid red curves), 4 : 1 elliptical (dotted
blue curves) and 2 : 1 elliptical (dashed black curves). The data in the
left column are recorded for undeﬂected molecules and the data in the
right column for deﬂected molecules.

9916 | Phys. Chem. Chem. Phys., 2009, 11, 9912–9918

Alignment and orientation at low laser intensity

There are many applications that would beneﬁt strongly
from being conducted on samples of 3D oriented molecules,
e.g., photoelectron angular distribution measurements or
diﬀractive imaging. Some of these applications may also,
however, be negatively inﬂuenced by the (moderately) intense
ﬁeld from the YAG pulse—in the worst case a certain application
may not be possible at all when performed in the presence of
the intense YAG ﬁeld. The ideal situation is to obtain the 3D
orientation under ﬁeld-free conditions. This may be possible
by, for instance, using timed perpendicularly-polarized
short pulses13 or by turning oﬀ the long YAG pulse rapidly
compared to the inherent molecular rotation times. In the case
of 1D alignment and orientation, it has been shown that such a
conversion from adiabatic alignment/orientation to ﬁeld-free
alignment/orientation is possible by femtosecond truncation
of the YAG pulse.33–35 One consequence of the rapid turn-oﬀ
method, or of other short pulse nonadiabatic alignment or
orientation methods,36 is that the alignment/orientation becomes
transient, which could reduce the utility for several important
applications.
In the present work, we decided to test if strong 3D
alignment and orientation could be maintained as the intensity
of the YAG pulse was lowered, since a weaker alignment ﬁeld
This journal is
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Fig. 7 Ion images of I+ and F+ fragments recorded under IYAG,low.
Columns: (1) I+ side-view; (2) I+ end-view; (3) F+, ellipticity ratio of
2 : 1. Rows: (A) undeﬂected molecules; (B) deﬂected molecules.

also would reduce its inﬂuence in future applications. The ion
images obtained at low YAG intensities, shown in Fig. 7,
reveal the same tendency as the high intensity images shown in
Fig. 4. They show considerably stronger conﬁnement of the
C–I axis and of the molecular plane, i.e., better 1D and 3D
alignment, for deﬂected molecules relative to the undeﬂected
molecules. In detail, the side-view image of the I+ ions from
the deﬂected molecules (Fig. 7 B1) correspond to a value of
hcos2 y2Di = 0.922, and its end-view image (Fig. 7 B2) shows a
circular spot with hXi = 15.7, and hYi = 15.8, whereas for
the undeﬂected molecules hcos2 y2Di = 0.874 (Fig. 7 (A1)),
and hXi = 22.5, and hYi = 22.6 (Fig. 7 A2).
The images of the F+ ions (for a 2 : 1 ratio) exhibit stronger
angular conﬁnement when deﬂected molecules (Fig. 7 C2)
rather than undeﬂected molecules (Fig. 7 C1) are used. This
is also evident in the corresponding angular distributions in
Fig. 5(c) that show a peak with a FWHM of 55.51 for the
deﬂected molecules relative to more than 721 for the
undeﬂected molecules. Finally, the TOF spectra, which indicate
the degree of orientation, show a backward–forward
asymmetry of 58/42 (Fig. 7e) for the undeﬂected molecules,
which increases to 67/33 (Fig. 7f) for the deﬂected molecules.
In summary, even when the intensity of the YAG alignment
pulse is lowered by an order of magnitude a strong degree of
3D alignment and orientation is maintained, in accordance
with previous ﬁndings for 1D alignment and orientation.21,23

IV.

Conclusion

It was shown experimentally that 1-dimensional and 3dimensional alignment and orientation of an asymmetric top
molecule is signiﬁcantly improved by selecting those molecules
in a cold molecular beam that reside in the lowest rotational
states. Alignment was induced in the adiabatic regime, where
the turn-on and turn-oﬀ time of the linearly- (1D alignment)
or elliptically- (3D alignment) polarized laser ﬁeld occur
slowly compared to the inherent rotational periods of the
molecules. In addition, orientation is taking place in the
adiabatic regime, induced by the combined action of the laser
ﬁeld and a weak static electric ﬁeld.
This journal is
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The alignment and orientation were illustrated by studies on
2,6-diﬂuoroiodobenzene. Here, the major polarizability axis is
parallel to the direction of the permanent dipole moment.
Consequently, 3D orientation was achieved by positioning the
major polarization axis of the elliptically-polarized laser pulse
along the direction of the static electric ﬁeld. The case
of the permanent dipole moment being parallel to the major
polarizability axis occurs for a large number of molecules, and
we expect that the method will be generally applicable for that
case. Another possibility is that the major polarizability axis is
perpendicular to the dipole moment. We believe that the
elliptically polarized pulse should be sent such that the minor
polarization axis coincides with the direction of the static
electric ﬁeld.
Finally, in the most general case, occurring for the largest
range of molecules, the major polarizability axis and the
permanent dipole moment diﬀer by an angle that is neither
zero nor ninety degrees. Achieving 3D orientation for this
class of molecules attracts special interest, since examples
include important biomolecules such as amino acids and
nucleic acids. We believe that 3D orientation can be achieved
by turning the molecule; by rotating the axes of the elliptically
polarized laser pulse, such that the permanent dipole moment
coincides with the static ﬁeld direction.
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