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A pedagogic review of technology used to orient polar molecules is presented to place in context the
report of a new approach to this problem. Laboratory frame orientation of polar molecules is achieved

by state-specific optical pumping in a region free of electric fields followed by adiabatic transport into
a static electric field. This approach overcomes some of the limitations of the more common hexapole
focusing method. In particular the method is nearly insensitive to the kinetic energy of the sample.
We demonstrate production of oriented samples of NO (= 0.15 D) with translational energies above
1 eV in both high- and low-field seeking states. The method can be extended to many other classes of
molecules, including near symmetric tops and ions.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The spatial configuration of atoms serves as well as any as a def-
inition for molecular identity, structure and, to a large extent, func-
tion. In direct analogy, how a molecule’s atoms are spatially
configured with respect to its surroundings helps to define its func-
tional interactions with its environment (see Figure 1). This state-
ment helps explain the long standing motivation to develop means
of controlling molecular orientation; that is to say: controlling how
a molecule points in real space.

Nowhere has the desire to understand orientational impacts on
function driven scientific investigation more than in the field of
surface chemical dynamics [1-6]. In addition to the following re-
views, to which the reader is directed [7,8], specific examples of
studies include orientational influences on rotational inelastic en-
ergy transfer in molecule-surface collisions [1,2]. In addition, ori-
entation influences sticking at surfaces. The sticking probability
of CHsCl on Si(100) was observed to be higher for a ‘Cl-end colli-
sion’ in comparison to a ‘CHs-end collision’ [3]. In other work, it
was seen that for an ‘N-end collision’ of NO on Si(111) (7 x 7), dis-
sociation is enhanced [4]. NO sticking on Ni(100) is similarly en-
hanced for ‘N-end collisions’ [5]. Electronically nonadiabatic
molecule-surface interactions [9-12] have also been reported to
exhibit orientational influences. Enhanced electron exoemission
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was observed for ‘O-end collisions’ of vibrationally excited N,O
on Cs adlayers on Pt(111) [6].

Orientational effects are also thought to be important in elec-
tron transfer chemistry. Indeed, the authors of Ref. [6] invoked
an orientational influence on harpooning [13-15] to explain their
observations. Recently, a new ab initio theory of electronically non-
adiabatic molecule-surface interactions [16,17] has predicted a
strong steric effect for the vibrational relaxation of highly vibra-
tionally excited NO. Specifically, experiments from our laboratory
employing un-oriented NO(v:>>0 molecules in collisions with
Au(111) reported multiquantum vibrational relaxation mediated
by electron transfer [18]. The ab initio theory predicted energy
transfer (and hence the electron transfer) is completely suppressed
for O-end collisions [19]. In order to test the assumptions underly-
ing this theory, we were led to consider means for producing ori-
ented samples of NO in high vibrational states using stimulated
emission pumping [20,21] with variable kinetic energies between
about 30 and 1000 meV. The reason we targeted this range of
translational energies of incidence - steering effects - is itself
informative to the consideration of orientation experiments. Steer-
ing effects describe a class of phenomena where oriented mole-
cules become reoriented on their approach to their collision
partner [3,22-25]. If one wishes to see the effect of orientation
on a collision, it is necessary that the molecules initial orientation
‘be remembered’ during the collision. Steering effects can erase
this memory. One way to overcome steering effects is to reduce
the time the molecules spend in the entrance channel to the colli-
sion partner, i.e. increase the translational energy of incidence.
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Figure 1. Influence over orientation is necessary to proper function, in this case
docking.

In the course of designing an orientation experiment to study
steric effects in molecule-surface collisions, we were confronted
with some of the limitations of established methods for orientation,
especially as they pertain to samples with high translational ener-
gies of incidence. We now explain some of the theory behind con-
ventional orientation methods to make these limitations clearer.

2. The basics of traditional orientation methods

For polar molecules, applying an external electric field exerts a
force that is capable of orienting the molecule with respect to the
direction of the field. Furthermore, by varying the direction of the
electric field with respect to a fixed direction in the laboratory
frame of reference, one may alter the direction the molecule points
in space. One of the most successful approaches to orienting polar
molecules has been to selectively focus specific rotational states
with quadrupole [26] and hexapole [27] lenses. These devices not
only select individual quantum states of molecules, but in addition,
those states are oriented (or aligned) and introduced to a subse-
quent orienting electric field. The orientation (or alignment pro-
duced by the state selecting lens) is preserved or redirected by
the orientation field for use in the experiment (see Figure 2).

2.1. Quadrupole lenses

Quadrupole lenses (see Figure 3a) are subject to the properties
of the (2nd order and higher) Stark effect for linear molecules in =
states.

WAEP 21 JJ+1)-3M?
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Here, 1t is the dipole moment of the molecule, E is the strength of
the electric field, I is the molecule’s moment of inertia, h is the re-
duced Planck’s constant, and J and M are rigid rotor quantum num-
bers. For effective focusing, we next discard terms higher than 2nd
order and consider only molecules with specific quantum numbers.
Namely, for J >0, M = 0, the equation simplifies to the following

AWStark‘E =
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Electric quadrupole fields have the property that E < r where r is
the distance from the symmetry axis of the quadrupole (see Figure
3a). Hence, if one passes a divergent molecular beam along the
symmetry axis of a quadrupole electric field, the molecules in the
states we are considering experience a parabolic transverse poten-
tial. This induces a sinusoidal - and naturally refocusing - trajec-
tory and the effect is that of a lens with a focal length, ¢.
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Here, V; is the potential applied to the quadrupole rods, ry is the
closest distance of the rod to the symmetry axis, m is the mass of
the molecule, and v is its velocity. By placing an aperture in the focal
plane of the lens, individual J states - all with M = 0, may be selec-
tively transmitted. At a fixed value of V; the focal length, ¢, scales
approximately linearly with J a fact that when combined with the
low rotational temperatures typical of molecular beams, often im-
poses a practical constraint in many experiments that only the
J=1,M =0 state can be usefully refocused.

It is possible to refocus states with |[M| > 0 — See for example Ref.
[28] - and a generalization to the focal length formula can be de-
rived (within second order in E).

1/2mv 1 [Jg+1)(2) = 1)(2] +3)
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It is important, however, to realize that most states with |M| > 0,
will be defocussed, i.e. 44, is imaginary. Additionally, orientation
cannot occur for the M =0 states that are easily refocused by the
quadrupole and even for the |M| > 0 states that can be refocused,
the quadrupole lens does not distinguish the sign of M. Thus in
practice the quadrupole is only useful for preparing aligned samples
of molecules.

Despite some of these limitations, the quadrupole has been
used extensively in molecular physics experiments. For example,
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Figure 2. An example of how multipole lenses are implement in orientation experiments: a molecular beam enters the multipole filter after being collimated by the skimmer.
Here, specific rotational states are focused. A guiding field between the exit of the multipole and the orientation electrode can be used to prevent changes of the focused pure
quantum state. The molecules are oriented between the orientation electrode and the surface.
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Figure 3. (a) Quadrupole field. Equipotential lines are calculated using ¢ = Ar? cos 20 [63]. The distance between the multipole axis and the rod is given by ro. For technical
reasons the equipotential lines are approximated by circular rod faces in the experiment (instead of hyperbola surfaces, which would cause arching at large distances). (b)
Hexapole field. Equipotential lines are calculated using ¢ = Ar® cos 30 [63]. Again, for technical reasons circular rods are commonly used.

it has been used to investigate the angular dependence of dipole-
induced dipole interactions between TIF and rare gases [29].

2.2. Hexapole lenses

The situation becomes more interesting for the case of hexapole
fields (see Figure 3b). Here the 1st order Stark effect for symmetric
top molecules with rotational quantum numbers J, K and M can be
exploited [27].
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A hexapole field produces an electric field E 2. In an analogous
fashion to the above discussion sinusoidal refocusing trajectories
can arise for specific states of symmetric top molecules passing
along the symmetry axis of the hexapole. The hexapole then acts
as a lens, with focal length, #pey.
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2.3. Symmetric top states within and without electric fields

In contrast to quadrupoles, hexapoles easily produce oriented
states of molecules. The rotational states of symmetric tops can
be written as follows [30].

ey =[P Dt 0.0 ®

Where Dj (%, 0. ¢) are the Wigner rotation matrices, 0 is the polar
angle with respect to the electric field, ¢ is the azimuthal angle and
x is the internal azimuthal angle describing the rotation about the
symmetric top axis. Eigenstates of parity relevant to experiments in
field free conditions are constructed thus.

1
V2

here, ¢=+1 defines the parity of the state and is labeled with
e(e=+1)) and fle = —1)). In a strong electric field of a hexapole, the
parity states mix producing orientation states.
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Here, the mixing coefficients, «(E), f(E) depend on the strength of
the electric field, E. In the limit of strong mixing, a(E) = (E) = %
the orientation states reduce to the following form.

P ==
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Such states are strongly oriented in the electric field created by the
hexapole; the degree of orientation being limited only by the Hei-
senberg uncertainty principle. The orientation angle can be accu-
rately estimated from Eq. (6), (COS Q)0 = J(;(TMI) Alternatively, the
wave functions can be integrated to find expectation values. For
example, strong field limited orientation states of the NO molecule
with J =1, K=1,M =1 have an average angle with respect to E of
67.5° and 112.5°, respectively [31]. One of these states is oriented
with pt, antiparallel to E; that is, energetically unfavorably and feels
a restoring force driving it back to the symmetry axis of the hexa-
pole, where E is minimum (low field seeking state). The other state
is oriented with || E; that is, energetically favorably and is defo-
cussed to regions of strong electric field (high field seeking states)
and is not delivered to the output of the hexapole.

(UL K|, M, +) £ 1], (K[, M, =) (11)

2.4. Limitations of the multipole lens approach

Despite the undisputed success of the multipole lens approach,
a conscientious student will already begin to see serious limita-
tions upon reflecting on some of the equations presented above.
To make this clearer, consider the case of hexapole focusing of a
polar symmetric top molecule. As shown above, the focal length
of hexapoles scales with the kinetic energy of the beam. This can
be rewritten as follows:

5 .
1/2my \/kmetlc energy (12)
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This has two major consequences. First, it means that perfect focus-
ing is only possible for molecules of a single kinetic energy. Hence,
the hexapole state resolving power is rapidly reduced by any veloc-
ity spread in the sample and may even require use of a velocity
selector [26,27]. Second, the Stark Energy is typically as small as
10% eV. Kinetic energies of molecular beams can easily be as large
as 1eV. Consequently, especially for molecules with small dipole
moments, only modest kinetic energies can be refocused [32-34].
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For example, the NO molecule has been commonly used for hexa-
pole-based orientation experiments, where a hexapole of 1m
length is used to refocus beams with 0.2 eV kinetic energy. Refocus-
ing beams with only 1 eV kinetic energy would require hexapoles of
more than twice this length. Yet, chemical studies of oriented mol-
ecules at high kinetic energy are especially interesting, since reori-
enting forces in chemical reactions, steering effects [3,22-25] can
be overcome.

The kinetic energy spread degraded rotational resolving power
of hexapoles also makes it nearly impossible to orient more com-
plex polyatomic molecules, especially if they are asymmetric tops.
See for example work on formaldehyde [35,36]. In this case the
molecular beam typically produces a sample with several popu-
lated rotational states that cannot be resolved by the hexapole
[37].

The fact that only certain choices of rotational quantum numbers
can be refocused represents another limitation of this approach.
First of all, states that are defocused by the hexapole - termed
high-field seekers — may be of interest to the experimentalist. Sec-
ondly, since only low field seekers can be refocused by the hexapole,
switching large electric orientation fields located after the hexapole
is needed to change the orientation of the low-field seeker in the
experiment.

3. Field-free optical pumping followed by adiabatic orientation:
a new approach

As described in the last section, traditional orientation experi-
ments consist of a state selector (quadrupole or hexapole) followed
by an orientation field that might also be used to re-orient the mol-
ecule before the experiment is carried out. Reorientation is possi-
ble if the electric field is large enough and varies slowly enough
that transitions between the Stark split levels are not induced. This
requirement is rather easy to meet under most realistic experi-
mental conditions.

It is fundamentally important to understanding this Letter that
one realizes that in many molecules, defined parity states are ener-
getically split in zero-field due to internal dynamical effects (see
Figure 4). An example is A-doubling in NO. This begs the question:
‘Can one use laser optical excitation to prepare single parity levels
in a field free region and let them fly adiabatically into an orienting
electric field?’ If so, these parity states will be mixed as they enter
the orientation field adiabatically correlating to orientation states.
Following a non-crossing rule, the low energy member of the field
free doublet will correlate to the high field seeking state and the
high energy member will transform to the low field seeking state.
This concept is similar to previous work where lasers were used to

Energy
i

Laser-Excitation:

optically excite individual M-states, whose degeneracy was broken
by an external electric field [38]. We take the idea of Ref. [38] one
step further, effectively lifting the M-state degeneracy via the
internal dynamics of the molecule itself.

In this Letter, we show that optical pumping is indeed an attrac-
tive alternative to hexapole state selection, offering solutions to
many of the problems of multipole lenses. Here, specific rotational
states prepared by laser excitation are directly injected into an ori-
entation field. Under the adiabatic condition, the laser prepared
states are transformed into quantum mechanically optimal orien-
tation states for use by the experimentalist. In contrast to the mul-
tipole lens approach, the methods demonstrated here are
essentially insensitive to the kinetic energy of the molecular sam-
ple. Not only may one work with samples with broad kinetic en-
ergy distributions, high kinetic energies are also easily oriented
even for molecules with small dipole moments. Another advantage
stems from the fact that the electrode needed for orientation is
small compared to a multipole lens. Thus, the distance from the
source to the experiment can be reduced, vastly simplifying the
apparatus. This method is also capable of orienting both low field
and high field seeking states. This allows rapid optical switching
between orientation states using a static orientation field. Finally,
theoretical analysis shows that this method is applicable to asym-
metric top molecules with complex rotational structure.

The remainder of the Letter is organized as follows. First, we de-
scribe our experimental apparatus and the results obtained for the
orientation of NO. Based on our theoretical understanding of the
NO case, we then elaborate upon how this technique can be ap-
plied more generally, including applications to linear molecules,
symmetric tops, asymmetric tops and even ions.

3.1. Experimental details

Specifically in this Letter, we demonstrate optical state selection
with adiabatic orientation. Using stimulated emission pumping
(SEP) of NO, we prepare single parity states (e or f) in the rotational
level of the X*T1; (¢ = 16,] = 1/2) state in a field free region. The
molecules then fly into an electric field and we follow the adiabatic
re-coupling producing oriented NO by laser induced fluorescence
spectroscopy as a function of the strength of the external electric
field.

The experiments are carried out in a molecular beam apparatus
similar to that described in previous papers [39,40]. A pulsed super-
sonic molecular beam of rotationally cold NO molecules (Tzor ~ 6K)
is produced by expanding either a 60% NO/Kr (KE = 0.035 eV)ora 1%
NO in H, (KE = 1.0 eV) mixture into the vacuum through a piezo-
electric valve (1 mm ¢ nozzle, 10 Hz, 3 Atm. stagnation pressure).
After passing a 2 mm electro-formed skimmer (Ni Model 2, Beam

Low field seeking

High field seeking

.
>

Electric field strength

Figure 4. Basic idea of optical state selection with adiabatic orientation. The splitting, A;, in the field free region is used to excite specifically either the low field seeking state
or the high field seeking state. These states evolve adiabatically into orientated states applying an electric field following Eq. (10) for the linear Stark effect. The red solid arrow
denotes the excitation in the field free region. If more splitting or a quantization axis is needed excitation can take place in the electric field (dotted arrow).
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dynamics, Inc.) 3 cm downstream, the beam enters a differentially
pumped region, where stimulated emission pumping [20,21]
(SEP) is carried out. Populations of NO inl/z(v” = 16)in single par-
ity levels of the J=1/2 state are produced by exciting the
BT 5(v = 3) « X*IL12(v" = 0)Ry1 (1) (PUMP) transition followed
by de-exciting the B*I1; (¢ = 3) — X*I1; (¢ = 16)Ry; (1) (DUMP)
transition. The PUMP step requires light at 206.15 nm, produced by
a narrow bandwidth homebuilt OPO-SFG laser system (250 MHz
resolution, 1 mJ/pulse) [41]. The PUMP step is carried out in a field
free region where parity selection rules are strongly obeyed. The
high resolution OPO-SFG light source is capable of resolving the
Ry1(3) A-doublet transitions (see Figure 5). This produces states of
defined parity (e or f). Stimulated emission transfers population to
the NO Xzﬂl/z(z/” = 16,] = 1) state, preserving the parity selected
in the PUMP step. This is carried out using the 458.1 nm output of
a Nd:YAG pumped (PRO-270, Spectra Physics) dye laser (PRSC-
DA-24, Sirah) with a pulse energy of 8 m] and a bandwidth of
3000 MHz. The SEP preparation is monitored by laser induced fluo-
rescence (LIF) and fluorescence depletion spectroscopy using a
quartz lens and a photomultiplier tube (PMT, Hamamatsu, R7154)
[42].

The state-specifically prepared NO molecules are in single par-
ity levels of X’I1;»(v" =16,] =1) and fly downstream in the
molecular beam into another differentially pumped vacuum cham-
ber and pass along the symmetry axis of a cylindrical (7 cm long)
stainless steel electrode positioned 1 cm in front of a flat grounded
Au(111) sample, which is used to apply electric fields up to 18 kV/
cm parallel to the propagation axis of the molecular beam (see Fig-
ure 6). The Au(111) surface is located 17 cm downstream from the
SEP state preparation zone. The 450 nm output of a Nd:YAG
pumped (Powerlite 7010, Continuum) dye laser (CSTR-DA-24, Sir-
ah) is used to detect the NO(v = 16) molecules in the orientation
field by resonantly exciting the molecules to the A>X(v = 2) state
and monitoring the LIF on a PMT (Hamamatsu, R7154). For detec-
tion of the PMT signals we utilize a digital oscilloscope (LT344, LeC-
roy) interfaced to a computer.

The strength of the orientation field averaged over the
(~1 mm?) probe volume located between the cylindrical electrode
and the gold surface is determined by measuring the Stark splitting
of the B’TTy »(v = 3) « X°TI12(¢" = 0)Ry; () PUMP transition as a
function of the electric field. Since all molecular constants needed

T T T T T T T T T
- e-parity state excitation

1

LIF signal (a.u.)

48508.05  48508.06  48508.07  48508.08  48508.09  48508.10

cm’
Figure 5. LIF spectrum of the B?ITy;(v=3)— X?I;2(v=0) Ry1(1/2) line. The
spectrum displays the A-doubling, which is used to excite different e or f - parity
states.

Molecular Beam

Grounded

1cm
Figure 6. Simple experiment: the orientation electrode is mounted 1 cm in front of

the surface, capable to produce fields up to 20 kV/cm. The probe laser excites the
NO molecules between electrode and surface.

to calculate these splitting are known [43], the observed splitting
can be used to derive the strength of the electric field.

3.2. Results

As explained above, we use SEP with a narrow bandwidth PUMP
laser to prepare a population of NO X*IT; (v = 16,] = 1) in a pure
parity state described by Eq. (9). This population adiabatically en-
ters a region with a large electric field, mixing the parity levels and
transforming the zero field state into one of the orientation states
described by Eq. (10). The degree of orientation in the electric field
can be deduced by spectroscopic methods following the work of de
Lange et al. [44]. This method relies on the parity selection rules

e«—e
fef
4+ —
e« f
+ >+

— > —

(13)

These selection rules give rise to strong and weak lines in the PROBE
spectrum under field free conditions. If the parity state purity is
perfect, weak lines are completely absent. As an electric field is ap-
plied, the parity states mix and the intensities of strong and weak
lines changes, where strong lines become weaker and weak lines
become stronger. By measuring intensity ratio’s, one may directly
extract the mixing coefficients:o(E) and p(E).

Figure 5 shows the LIF spectrum of the PUMP transition used in
this Letter: B’y o(¢/ = 3) < X’I1;2(¢" = 0)Ry; (3).The home-made
laser system is able to clearly resolve the A-doublets, which are
separated by about 600 MHz. However, due to the underlying
hyperfine structure and residual Doppler width, the parity state
selection is not perfect. We will presently show that there is a
15% contamination from the ‘wrong parity state’, which can easily
be accounted for in the analysis and has no substantive impact on
the meaning or interpretation of the experimental results. Further-
more, by tuning the PUMP laser one can easily switch between
states of opposite parity. This is made simpler by the fact that
the wavelength of our laser system is defined by a diode laser that
can be rapidly scanned with external electronic control.

The DUMP laser transfers population to the le'[]/z(u” =16, =

1) state. Despite its broad bandwidth, the parity selection



6 T. Schifer et al. / Chemical Physics Letters 535 (2012) 1-11

A’Y

Q,,(0.5)
R,,(0.5)
Q,(0.5)
R,,(0.5)

2.5 L8

_,‘
+

16 1.5 1

0.5 Iz
X 21_‘[11'2

Figure 7. Energy diagram and symmetry labels of the transition A2X(v =2) — le'I]/
2 (v=16) relevant to probe the degree of orientation in the electric field. When
preparing NO molecules in an e-parity state, the left arrows display the observed
transitions. When preparing NO molecules in a f-parity state the transitions on the
right side are observed.

rules - Eq. (13) - are obeyed, which means the DUMP step
switches the parity selected by the PUMP laser.

Figure 7 shows the energy diagram and symmetry labels of the
lowest rotational states of the X2H1/2(z/’ = 16) level and all possi-
ble transitions that can be seen via the PROBE band:
A’Z1 (v = 2) — X*T1 (" = 16). The parity of each level is also
shown in Figure 7. The doubling in the A’Z,, state - labeled
F1/F, - is extremely small due to the spin-rotation interaction
(y=2.718 103 cm™') [45]. Here, the parity changes only with the
N quantum number, meaning there are large (several cm™!) energy
differences between nearest states of opposite parity. In the ab-
sence of an electric field, the Azz:]/z(l/ =2) <—X2H1/2(v” =16)
LIF PROBE spectrum depends sensitively on the parity of the state
prepared by SEP. Specifically in the case of a pure parity state, one
observes either a single overlapped R;1(0.5)/Q21(0.5) line (in the
case of e parity state preparation) or two well-resolved lines sepa-
rated by nearly 10 cm™: R»;(0.5) and Q;4(0.5) (in the case of f par-
ity state preparation) (see Figure 7). Figure 8a and c show the
corresponding PROBE spectra in the absence of an external electric
field. Due to imperfections in the preparation method, one ob-
serves a small contribution from the unwanted parity state.

When turning on the electric field, zero field forbidden transi-
tions become allowed due to the mixing of the zero field wave
functions. These transitions increase in intensity with increasing
E. Similarly, the allowed transitions loose intensity. This is shown

in Figure 8b and d. Here, an electric field of 18 kV/cm is present
at the position where the PROBE laser crosses the molecular sam-
ple. The 2:1 intensity ratio of the Q;1(0.5) to the R»;(0.5) peak re-
flects the Honl-London factors of these transitions. It clearly
indicates, that the transitions are not saturated, a fundamental
condition necessary to deduce the degree of orientation from the
line intensities in the LIF spectrum [44].

The mixing coefficients, o(E) and B(E), are derived from the
experimental data by simulating the LIF-spectra with appropriate
Voigt profile functions. The spectral contributions of both parity
states are weighted according to the line intensities in the zero-
field spectra.

o(E) = (1 =1)01(E) + 102(E) (14)

Here, o(E) describes the overall LIF-spectrum, ¢+(E) is the contribu-
tion to the spectrum from the optically prepared parity states, g(E)
is the contribution from the other (impurity) parity state. A best fit
to the zero field spectrum is obtained for a value of 7 = 0.15, which
describes the magnitude of the impurity.

01(E) and o,(E) are modeled using fixed line positions with the
ratio of the intensities given by the known Hénl-London factors, so
that the mixing coefficient A(E)* remains the only fitting
parameter.

01(E) = (1 = B(E)*)ay + B(E)*ae
02(E) = B(E)* 07 + (1 - B(E)*)0e,

Here, oy and o, are the spectra originating from the e and f parity
state, respectively. Of course, «(E)? is obtained easily, since the mix-
ing coefficients are normalized.

Figure 9 shows the corresponding simulations for electric fields
of 0 and 18 kV/cm. In Figure 9 the data are given as solid points.
The fit to the data using an optimized value of S(E)? is shown as
a black solid line. The red line shows the contribution from the tar-
geted parity state and the blue line shows the contribution from
the impurity parity state.

Knowledge of the mixing coefficients allows us to calculate the
degree of orientation of the NO molecule achieved in this experi-
ment, since the mixing coefficients, «(E) and B(E), fully describe
the degree of orientation [44]. Specifically one may employ the fol-
lowing formula.

(cos 9) = 20(E) B(E){cos o)

(15)

(16)

max

Here, ¥ is the angle between the electric field and the molecular axis
of the NO molecule and ( cos ¥)max is defined by Eq. (6).

Systematically analyzing a series of spectra like this at many
different values of E provides the mixing as a function of applied
electric field. Figure 10 shows these results presented in two ways,
B(E)? and 2|o(E)B(E), as a function of field strength. The degree of
mixing at the maximum electric field (18 kV/cm) is nearly com-
plete. Furthermore the results are independent of the kinetic en-
ergy of the sample as can be seen in Figure 10, where data at 45
(black circles) and 1000 meV (red stars) is shown.

As further evidence of the validity of this analysis, one may cal-
culate B(E)? and 2|«(E)B(E)|, using the molecular constants of NO
for the vibrational state under consideration using the formulas
presented in Ref. [44].

OC(E)* 1_‘_;
2 21+ B, )
1 1
BE) = |5-—F—=
2
21/1+Ekq

Here, Egeq is the ratio of twice the Stark energy to the zero field A-

s 224wl
splitting: .
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Figure 8. Left panels: (a) LIF spectrum of the A2X(v =2) — X2H1,2 (v =16) transition in NO recorded with no voltage applied to the orientation electrode. e parity states have
been prepared using SEP. The corresponding energy levels equivalent to these transitions can be found in Figure 1. (b) The same spectrum recorded with 18 kV/cm applied to
orientation electrode. Due to mixing of the zero field wavefunctions contributions of the other parity state are observed. Right panels: (c) LIF spectrum of the
A?E(v=2) <—le'[1/2 (v =16) transition originating from the f-parity state. No voltage applied to the electrode. (d) The same spectrum recorded with 18 kV/cm applied to

orientation electrode.

The dipole moment of NO XIT;,(¢” = 16) has been measured
[46]; however, no experimental determination for the zero field
A-splitting is available for this vibrational state. Danielak et al.
have reported zero field A-splitting for vibrational states ranging
from v=0 to v=7 [45]. Within the precision of all known work
of this kind, there is no demonstrable vibrational dependence to
the A-splitting; therefore, we used a vibrationally averaged value
for the A-splitting: W, =0.012 cm™"! for this analysis. In this way
we may model the results of Figure 10 with no adjustable param-
eters. These simulations are plotted as solid lines in Figure 10. The
excellent agreement with the experimentally derived results gives
us confidence in the methods we have used in this Letter.

4. Future frontiers: advantages and characteristics of the new
approach

The method of optical pumping followed by adiabatic orienta-
tion provides a new approach to orienting polar molecules in
strong electric fields. In contrast to previous experiments of this

kind, we employ optical state selection using a high resolution
polarized laser instead of hexapole filtering in the first step of
the experiment. Several interesting experimental opportunities
are provided by this alternative approach.

4.1. Orientation can be optically flipped: High field seekers can be used

In contrast to multipole focusing, high field seeking states as
well as low field seeking states can be orientated employing the
present technique. Thus the orientation of the molecule can be
optically switched, employing a static electric field, by tuning the
laser back and forth between the transitions involved in parity
state selection. This is particularly interesting for applications,
where the electric field lines in the detection region are crucial
for the experimental success, e.g. detecting charged particles (pro-
duced for example by REMPI) that are influenced by the electric
field. Furthermore, shot-by-shot switching of the orientation is
straightforward if the excitation wavelengths are close to each
other as in this example, meaning that rapid signal averaging as
a function of orientation can easily be automated.
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Figure 9. Upper panel (a): Simulation of the LIF spectrum of the A?X(v =2) HXZH]/Z (v=16) transition in NO with no voltage applied to the orientation electrode for a
population of f-parity state prepared molecules. The red and blue spectra correspond to the contributions of the f-parity state (¢;) and e-parity state (o), respectively.
Experimental data are shown as scattered points. The contribution of the redundant e-parity state is v = 0.15. Lower panel (b): Simulation of the LIF spectrum corresponding
to the same transition with 18 kV/cm applied to the orientation electrode. The red spectrum is described by Eq. (8)(a), the blue spectra by Eq. (8)(b) and the overall spectra

(black line) by Eq. (7). Experimental data are again shown as scattered points.

4.2. The influence of sample velocity is limited

In this Letter we have shown orientation of NO at a kinetic en-
ergy of 1000 meV. We next consider a Massey Criterion argument
to understand the maximum kinetic energy that would be possible
with this approach. Under our conditions we induced a Stark shift
of about 0.07 cm™! over a time scale of 70 ps. This corresponds to
an energy ramp on the order of

dWStark _ 3 cm!
dt =100 =

exp

(18)

as the molecule flies from the field free region into the region of ori-
entation. The zero field A-splitting, W, =0.012cm™'=2.4 x 1072°]
of this state can be used to define an uncertainty time scale.

h  6.63x10*]s

0T ==
Wa  24x107%]

~2.8ns (19)
From this one can calculate an energy ramp rate induced by an exter-
nal electric field that is fast enough to induce optical (nonadiabatic)

transitions between the A-doublets. This will be on the order of
W,y 24x10%]x5x10% @t cm-!

_ 6
ot 2.8ns =4x10 s

dWStark
dt

nonadiabatic

(20)

This simple calculation serves only as an estimate; nevertheless,
it shows that the velocity of the beam must be on the order of 1000
times higher than the highest used in this Letter before one would
begin to detect nonadiabatic A-doublet transitions.

As long as we are within the adiabatic orientation limit, the
velocity of the oriented molecules is no longer a defining aspect
of the experiment. Hence, experiments can be carried out at high
kinetic energies. Therefore, as discussed in the introduction to this
Letter, potential steering effects of the colliding molecule in the ap-
proach to other molecules or to surfaces can be overcome. Further-
more, this suggests the astonishing possibility - to our knowledge
the first - to prepare samples of oriented beams of polar ions. For
example HF' possesses all of the necessary properties in its ground
state that if one could optically prepare individual parity levels in a
field free region, the states would adiabatically orient in a field of a
few kV/cm. We return to this topic below.

4.3. The experiment is smaller and simpler

Another interesting characteristic of the new approach is the
simplicity of the orientation electrode. One interested observer re-
marked that the complexity of the orientation has been transferred
to the laser system. While this is certainly true, (a standard hexa-
pole experiment needs no laser for preparing an oriented beam
of molecules) lasers have become so common place in physical
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Figure 10. Square of the mixing coefficient (E)*> and the degree of orientation
20(E)B(E) (as fraction of the maximum achievable degree of orientation) as a
function of the electric field strength. Black solid circles denote e-parity state
prepared molecules with 35 meV translational energy, black open circles denote f-
parity state prepared molecules with 35 meV translational energy, red solid stars
denote e-parity state prepared molecules with 1 eV translational energy and red
open stars denote f-parity state prepared molecules with 1 eV translational energy.
The solid lines show the calculated values following Eq. (5) and Eq. (9), respectively.

chemistry laboratories and optical pumping has become such a
ubiquitous method that many might be willing to ‘pay the price’
or find that they already have!

For anyone already pumping molecular beams with a laser, the
additional bother needed to implement this style of orientation is
minimal. Figure 6 shows an image of the electrode used for orien-
tation in this Letter, which was of course outfitted with a high volt-
age power supply and an appropriate HV feedthrough.

Moreover, the distance between the nozzle and the target can
be kept quite short increasing the flux of oriented molecules on
the sample. It is important to keep in mind that the method de-
scribed in this Letter does not remove the portion of the beam that
is not optically pumped. Unlike a hexapole, it does not physically
filter the orientation states.

4.4. Orientation achieved is limited only by Uncertainty principle

In contrast to other methods like brute force orientation [47]
and hexapole focusing of molecules with more complicated rota-
tional structure (e.g. asymmetric tops), this approach produces a
pure quantum state, so that more efficient orientation can be
reached at lower electric field strengths. This is a significant advan-
tage over the brute force method which has been theoretically
compared to hexapole orientation [47]. Brute force techniques
require much higher electric field strengths to achieve a similar
degree of orientation. Here, a molecular beam passes through a
pair of high electric field orientation electrodes without state selec-
tion. The high field mixes the rotational states, which leads to an

anisotropic orientational distribution. Since this method relies on
the second- and higher-order Stark effect, the dipole moment of
the molecule should be large and the rotation constant should be
small. Furthermore, state-to-state studies are excluded due to mix-
ing of the different rotational states. A major advantage of brute
force orientation over hexapole focusing, its relative generality, is
reduced in importance in comparison to optical excitation with
adiabatic orientation.

4.5. The method can be extended to other systems

The prospects for extending this approach to other molecules
appear quite promising. In this section we take the liberty to spec-
ulate a bit about what we think should be possible. Figure 4 shows
a schematic diagram of the basic idea behind this Letter. Here, an
idealized two level system moves adiabatically from zero field (at
the left) into a strong electric field (at the right). The molecule is
assumed to have a zero field splitting, A;, and a 1st order Stark ef-
fect resulting in an orientation field induced splitting, A, In the
case of the NO X21'I1,2 state, A; refers to the A-splitting. Other
quantum analogs include symmetric tops with inversion doubling
(NH3), linear molecules with bend mode vibrational excitation in-
duced [-type doubling, and asymmetric tops with K-type doubling.

In general, it will be possible to find conditions where one or the
other of these doublets can be optically pumped in a field free re-
gion, indicated by the solid red arrow. Under some conditions it
may be advantageous to optically prepare the molecules in an elec-
tric pre-field (red dashed arrow), where the splitting is larger.
Entering the electric field adiabatically, the states evolve into a
high-field and a low-field seeker, corresponding to different orien-
tations of the molecule with respect to the electric field lines.

We now outline the possibilities by describing conditions for
optical pumping with adiabatic orientation for a number of
examples.

4.6. CO(a’IT)

There are a number of molecules that are directly analogous to
the NO molecule. CO(a®I1 is one of them. Using a laser to directly
excite the Cameron bands, ground state CO can be pumped to
selectively produce states of defined parity [38,48]. The dipole mo-
ment of CO(a®II (1.3745 D) is substantially larger than that of NO
and the molecule exhibits a 1st order Stark effect [49]. Hence, low-
er electric field strengths are needed to achieve full orientation (ca.
4 kV/cm). However, since both zero field A-doublet states are
degenerate, each A-doublet correlates adiabatically to [M| =1 and
0. See for example Figure 2 of Ref. [50]. Excitation with application
of an external electric to lift this degeneracy or using circularly
polarized light are two solutions to this problem, the first which
has already been demonstrated in the laboratory [38].

4.7. OH(X’M o, v >0)

OH in its electronic ground state also bears great quantum
mechanical resemblance to NO. The A-splitting is resolvable [51]
and the dipole moment is large [52]. While nearly any scheme
for optical pumping is compatible with this orientation technique,
infrared pumping (including overtone pumping) appears to be a
particularly useful tool for extending this approach to other mole-
cules. Here, narrow bandwidth laser pulses of high intensity in the
IR are used to excite vibrational states with parity state selectivity.
To make the point clear, we point out that individual parity states
of NO X?T1yj; (v =2 and 3) have successfully been prepared using
this technique in our laboratory [53]. Due to the large A-splitting
of the OH radical, state selective excitation should even be easier
than for the NO molecule. Pesce et al. recently measured the
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fundamental vibrational band of the OH radical at 3 pm and easily
resolved the A-splitting, which was on the order of a few GHz [54].
Hence we are confident, that this approach will be an attractive
one for OH and many other molecules.

4.8. NHs(v > 0)

Consider for instance the symmetric top molecule NH3 with a
dipole moment of 1.5 D [55]. Here, the rovibrational states of the
electronic ground state exhibits inversion splitting due to the low
barrier of the umbrella vibration. This splitting is in the order of
1 cm~! in the vibrational ground state and 30 cm~! in the first ex-
cited umbrella mode and easily resolved, for example in IR over-
tone [56] excitation. Both states have opposite parity and
therefore behave like the e- and f-parity states of the NO molecule:
In an electric field the interaction of the dipole moment with the
field leads to a Stark shift of both states resulting in an orientation
of the molecule with respect to the electric field lines (2 cm™! at
50 kV/cm) [57]. Again, the prepared population of definite parity
evolves adiabatically into the oriented states entering the electric
field as depicted in Figure 4.

4.9.0CS (v>0)

All points discussed above for NO are quantum mechanically
transferable to linear molecules with bending vibrations. For
example OCS with one quantum of bending excitation exhibits I-
type doublets, which can be resolved with high resolution lasers
in IR overtone and combination bands [58]. The large dipole mo-
ment of OCS (0.7 D) [59] ensures orientation will be complete at
reasonable electric fields.

4.10. H>,CO

One of the most important implications of this Letter concerns
orientation of near symmetric tops (asymmetric rotors). For these
molecules the state selection of hexapole filters often becomes
impractical as rotational resolution might no longer be possible
[35-37]. The use of optical state selection again through infrared
fundamental overtone or combination band excitation can over-
come these difficulties. For at least one molecule, CH,O, SEP is also
possible [60].

Figure 11 show the rovibrational states of formaldehyde as a
function of the electric field. This is a calculated Stark splitting dia-
gram based on the work of Ref. [36] and may be compared to our
idealized view shown in Figure 4. The Stark effect matrix elements
are calculated in a prolate rotor basis set as demonstrated in Ref.
[61]. The zero field states are split by an easily resolved
~0.2 cm~!. Different M states can be distinguished using circular
polarized light for excitation. Alternatively one could excite the
molecule in the presence of an external electric field and spectrally
resolve the individual M-states similar to the method described in
Ref. [38]. As one can see, some states evolve adiabatically into pure
low field seekers and others into high field seekers, which means
the molecule becomes oriented.

4.11. HF'

Another interesting feature of this method is its possible appli-
cation to orient charged molecules in electronic I1-states. Due to its
charge, focusing an ion with multipole lenses is impossible, and
therefore no pure quantum state can be selected by means of a
hexapole filter. This obstacle can easily be overcome using optical
state selection methods; however, the orientation field in front of
the surface is still needed. All effects induced by this field like
acceleration and deflection should be carefully considered by the

0.8 T T T T T T
06| M=+1-
0.4 1

02 10 1
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Wcm™)
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Figure 11. Stark energy curves for the J =179 and J = 1;; states of the asymmetric
top molecule H,CO. Employing an elegant excitation scheme, populations of high
field seeking states/low field seeking states can be prepared. The red arrows assign
the position of the excitation laser to prepare different orientation states.

experimentalist, nevertheless we are confident that the technique
presented here offers a unique opportunity to orient even charged
molecules exhibiting a strong A-splitting like HF" in its electronic
ground state X°TI;, [62].

5. Conclusion

Highly vibrationally excited NO(v =16) molecules have been
oriented using the Stark effect of diatomic molecules. For the first
time, the arrangement of optical pumping in a region free of elec-
tric fields followed by adiabatic transport into a static electric field
has been applied to this kind of experiments. It is shown that al-
most full orientation is achieved at electric field strengths of
18 kV/cm and no kinetic energy dependence on the degree of ori-
entation is observed. We demonstrate that this approach is a
promising alternative to the commonly used hexapole filter tech-
nique for state selection, extendable to many other molecules.
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