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A compact hexapole state-selector for NO radicals
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Focusing of molecular beams using an electrostatic hexapole is a mature technique to produce sam-
ples of state-selected molecules. The ability to efficiently focus molecules depends on the properties
of the molecular species of interest, the length of the hexapole state selector, as well as on the maxi-
mum electric field strength that can be achieved in these devices. In particular for species with a small
effective dipole moment such as nitric oxide (NO), hexapole state selectors of several meters in length
are required to focus the beam. We report on a novel design for an electrostatic hexapole state-selector
that allows for a maximum electric field strength of 260 kV/cm, reducing significantly the length of
the hexapole that is required to focus the beam. We demonstrate the focusing of a molecular beam
of NO radicals (X *I1;5, v = 0, J = 1/2, f) using a hexapole of only 30 cm length. A beamstop is
integrated inside the hexapole at the geometric center of the device where the molecular trajectories
have the largest deviation from the beam axis, effectively blocking the carrier gas of the molecular
beam at minimum loss of NO density. The performance of the hexapole state-selector is investigated
by state-selective laser induced fluorescence detection, as well as by two-dimensional imaging of the
focused packet of NO radicals. The resulting packet of NO radicals has a density of 9 3 x 10'% cm™3
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and a state purity of 99%. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4812267]

. INTRODUCTION

The technique of state-selection and focusing of molecu-
lar beams using electrostatic hexapoles has been widely used
in molecular beam research over the last five decades, and
has found many applications.! It was already pioneered by the
groups of Bernstein and Brooks in the 1960s,”* who realized
that a hexapolar field geometry is advantageous for molecular
species with a linear Stark shift over the—at the time better
known—quadrupolar geometry. Originally, their work aimed
at observing and understanding steric effects in chemical re-
actions at the molecular level.> Over the years, electrostatic
as well as magnetic hexapoles®’ have been applied in various
experiments, producing molecular beams with almost perfect
state selection.®!?

An important application of hexapole state selection is
found in the investigation of inelastic or reactive collisions
of polar molecules with atoms or other molecules. In these
experiments, the preparation of molecules in a single quan-
tum state prior to the collision using a hexapole allows for the
measurement of state-to-state cross sections and steric effects.
Crossed molecular beam machines employing hexapole state
selectors have been implemented in many laboratories, and
the wealth of scattering studies that have been carried out has
lead to the understanding of propensity rules for rotational en-
ergy transfer,'? the stereodynamics of molecular collisions'*
and reactivity,'> as well as quantum interference effects.'¢ In
particular the open-shell radical species NO'"~!> and OH?0-23
have been frequently used in such experiments, benchmark-
ing our present understanding of how intermolecular poten-
tials govern molecular collision dynamics.>*?® Overview ar-
ticles about the state-selection of OH and NO radicals using
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electrostatic hexapoles are found in Hain et al.?° and Bichsel
et al.,> respectively.

Hexapoles have also been used extensively to study
the interactions between molecules and surfaces, which has
strongly influenced the field of surface science.’ The molecule
CF;H was state-selected and scattered from a Ag surface,’!
revealing a dependency of the orientation of the molecules
leaving the surface on the surface temperature. A strong ori-
entation dependency was shown when state-selected and ori-
ented NO molecules scatter with Ag(111),3>3% Pt(111),** and
Ru-H? surfaces. Steric effects in the scattering of oriented
CH;5F by graphite were measured,*® and propensities for in-
version symmetry change from antisymmetric to symmet-
ric have been observed for the scattering of hexapole state-
selected ND3 molecules with a graphite surface.’’” Wodtke
and co-workers combined hexapole focusing with stimulated
emission pumping to produce vibrationally highly excited NO
radicals, revealing the breakdown of the Born-Oppenheimer
approximation in molecule-surface interactions.*®3

Hexapolar field geometries have also been used
to confine molecules in molecular storage rings or
synchrotrons.*>* In such a storage ring, the six hexapole
rods are bent into a torus of typically half a meter diame-
ter. A packet of ammonia molecules, decelerated to a velocity
of about 100 m/s, can be injected into the ring and stored in
near-circular orbits for times up to seconds.*> Molecular syn-
chrotrons consisting of multiple hexapole segments separated
by a small gap have been engineered that allow for a complete
confinement of the molecules, both in the longitudinal and
transverse directions. Recently, Zieger et al.** demonstrated
a molecular synchrotron consisting of 40 straight hexapole
segments. Up to 19 packets of state-selected ND3 molecules

© 2013 AIP Publishing LLC
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were made to propagate through the ring over 1000 times,
corresponding to a flight distance for each packet of over a
mile.¥

The ability to efficiently manipulate molecular trajecto-
ries inside an electrostatic hexapole depends mainly on the
Stark effect and mass of the molecular species of interest and
the maximum electric field strength that can be obtained be-
tween the hexapole electrodes. The latter is in most hexapole
designs limited to about 100 kV/cm. In particular for species
with a small effective dipole moment such as nitric oxide
(NO), hexapole state selectors of several meters in length
are required to focus the beam, limiting the density of the
focused beam that can be obtained. Here, we report on a
novel mechanical design for an electrostatic hexapole state-
selector that allows for a maximum electric field strength of
260 kV/cm, reducing significantly the length of the hexapole
that is required to focus the beam. We demonstrate the fo-
cusing of a molecular beam of NO radicals (X 217, 2,0 =0,
J =1/2, f) using a hexapole of only 30 cm length. A beam-
stop is integrated inside the hexapole, effectively blocking the
carrier gas of the molecular beam at minimum loss of NO
density. The performance of the hexapole state-selector is in-
vestigated by state-selective laser induced fluorescence detec-
tion, as well as by two-dimensional imaging of the focused
packet of NO radicals. Our hexapole design has significant
advantages over commonly used designs, in particular in ex-
periments where state-selected molecular beams with optimal
density and minimum pollution due to carrier gas atoms are
required. These include, for instance, studies of rotational en-
ergy transfer between two state-selected molecular beams that
have recently become possible using the hexapole reported
here.**

This paper is organized as follows: in Sec. II we summa-
rize the operation principles of a hexapole state selector, and
derive the equations of motion for molecules travelling inside
a hexapole. In Sec. III we describe in detail our new hexapole
design, focusing on the mechanical details and construction.
In Secs. IV and V we describe experiments on the focusing of
NO radicals that were performed to characterize the perfor-
mance of the state selector.

Il. HEXAPOLE FOCUSING AND STATE SELECTION

In an inhomogeneous electric field, polar molecules ex-
perience a quantum state-specific force due to the Stark ef-
fect. Depending on their quantum state, the Stark energy
either increases or decreases as the electric field strength in-
creases. The former states are called low-field seeking states,
and molecules in these states are driven to regions in space
where the electric field strength is minimal. The latter states
are called high-field seeking, and molecules in these states ex-
perience a force towards regions of maximum electric field.

Focusing of molecules in low and high-field seeking
states requires an electrode geometry that produces a mini-
mum and maximum of electric field strength at the molecular
beam axis, respectively. Whereas focusing of high-field seek-
ing states is only possible using time-varying electric fields
(Maxwell’s equations forbid a global electric field maximum
with static field alone),*>! static electric fields created by
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straightforward electrode geometries can be used to focus
molecules in low-field seeking states.

Most focusing devices for molecules in low-field seek-
ing states consist of four (quadrupole geometry’>>*) or
six (hexapole geometry>™) electric field electrodes that are
placed symmetrically around and parallel to the molecular
beam axis. Adjacent electrodes are kept at a voltage difference
of several kilovolts, resulting in zero electric field strength at
the molecular beam axis, and at an increasing electric field
strength E as a function of the distance r from the beam axis.
For a quadrupole geometry E depends linearly on r, whereas
for a hexapole geometry E depends quadratically on r. The
force F experienced by the molecules inside the quadrupolar
or hexapolar field depends on the gradient of the Stark inter-
action energy Wik :

ﬁ = _%WStark- (1)

Harmonic restoring forces, resulting in sinusoidal trajecto-
ries, are therefore obtained for molecules with a predomi-
nantly quadratic and linear Stark shift using the quadrupole
and hexapole geometry, respectively.

The Stark shift of molecules like NO in a 2I1q, electronic
state is given by

Wour = B o [(EAY 4 (g M2\ )
Stark = ) 3 1% JJ+1) s

where E, is the zero-field energy splitting between the two
A-doublet components of the rotational state J, u is the elec-
tric dipole moment of the molecule (u = 0.16 D for NO),
and @ and M; are the projections of J onto the internuclear
and space-fixed axes, respectively. The plus and minus signs
in Eq. (2) apply to the upper and lower A-doublet compo-
nents, respectively. In Figure 1, the Stark energy diagram
for NO radicals in the X2H1/2, v =20, J = 1/2 rotational
ground state is shown. It is seen that for low electric fields
the Stark shift is quadratic due to the nonzero value for E,
of 318.6 MHz.% For electric fields above about 15 kV/cm,
however, the Stark shift becomes linear. As the majority of
the molecules follow trajectories inside the hexapole where
the electric field is large, a hexapole geometry is best suited
to focus a beam of NO radicals.

To create the ideal hexapole field, electrodes with hy-
perbolic shapes should be used.’® A good approximation to
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FIG. 1. Stark energy diagram for NO radicals in the X 21'11/2, v=0,
J = 1/2 rotational ground state. Below 15 kV/cm the Stark shift is quadratic
due to the nonzero value for E5 of 318.6 MHz. For electric fields above about
15 kV/cm, however, the Stark shift becomes linear.
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FIG. 2. (Left) Schematic representation of the six rods of a hexapole. The
voltage £Vp is applied to the rods in an alternating order. The inner ra-
dius ry of the hexapole spans from the center to the surface of the rods.
(Right) Schematic representation of the focusing curves of a hexapole, from
the source to the focus. The first free-flight region, the focusing region and
the second free-flight region are indicated by L;, Ly, and L3, respectively.

this ideal field can be achieved by using cylindrical elec-
trodes instead. The electrode geometry that is typically used
is schematically shown in Figure 2 and consists of six elec-
trodes, hereafter called rods, with a radius r,,; and a length
1,42 The six rods are placed at the outside of a circle with
radius ry. A voltage difference of 2V} is applied to adjacent
rods. The ideal hexapole field is approximated best when 7,4
=0.565 - rp.%®

An ideal hexapole acts as a perfect lens, imaging the
molecular packet from the source to the detection region. The
focusing properties of the hexapole depend on the electric
field strength, and on the time the molecules experience the
focusing force. In the hexapole reported here, the voltages
are applied to the rods using fast high voltage switches, al-
lowing for a variation of the focusing properties by switching
the hexapole field on and off at the appropriate times. Three
unique regions are defined along the molecular trajectory, as
is shown in Figure 2. In the first region with length L;, the
molecules progress in free flight from the source to the posi-
tion where the hexapole voltages are turned on. The second
with length L, is defined as the region inside the hexapole for
which the molecules experience the focusing force. Finally,
the molecules progress in free flight over a distance L3 before
they reach the detection region. Note that since the voltages
on the hexapole are switched, the distances L;, L, and L3
should not be confused with the physical dimensions of the
molecular beamline.

The relation between L;, L,, and L; that results in a fo-
cus in the detection region can be found in Refs. 24 and
59. Here, we derive this relation using the so-called matrix
method, which is extensively used in accelerator physics,®*¢!
and applied to manipulation elements for polar molecules by
Crompvoets®?> and Heiner.%® In this method, the evolution of
the phase-space coordinates of a particle, i.e., its position and
velocity, is calculated by transformation matrices. Each re-
gion along the trajectory, e.g., a free-flight region or focusing
region caused by a hexapole, is represented by a transforma-
tion matrix. The full trajectory of the particle is found by mul-
tiplying the transformation matrices of each individual region.

We define a coordinate system with its origin located in
the molecular beam source. We consider the position z and
velocity v, along the beam axis (the longitudinal motion),
and use cylindrical coordinates r and v, to denote the phase-
space coordinates perpendicular to the beam axis (the trans-
verse motion). For each region, the initial and final phase-
space coordinates are represented by the subscripts i and f,
respectively. Since the hexapole only acts on the radial coor-

Rev. Sci. Instrum. 84, 073113 (2013)

dinates, the transformation matrix for the longitudinal motion
is given for all three regions by

()G C) e

where v, = v, = vg and # represents the time the molecule
travels in each region, i.e., f; = Ly /vo for k =1, 2, 3. For the
transverse motion, a similar free-flight transformation matrix
applies to regions 1 and 3.

The transformation matrix My, for the transverse mo-
tion in region 2 involves the focusing force of the hexapole
field. For an ideal hexapole, the electric field strength inside
the hexapole is given by

<

~

2
E(r) = 3Vp—. )
o

For molecules with a linear Stark shift that is given by Eq. (2)
(neglecting the A-doublet splitting £ ), the radial equation of
motion follows from Eq. (1):

P+ w’r =0, 3)

with o the constant angular frequency

M Qe Vi
W= ﬁf—ff6_0’ (©6)
mIU+ 1)

where m is the mass of the focused molecule. The transforma-
tion matrix Mpy,, for the transverse motion in region 2 follows

from the motion of molecules in a harmonic potential:%>
cos wtp i sin wty
Mpex = . . (N
—wsinwt;  coswh

The transformation matrix that maps the radial coordi-
nates r and v from the source to the detection region is now
given by a matrix multiplication of the transformation matrix
for each region:

ry 1 L3/U0 Cos a)Lz/UQ
v,) \0 1 ) \—wsinwLyv
1 L]/vo ri
0 1 vy,

The relation between L;, L,, and L3 that results in a fo-
cus in the detection region follows from the condition r; = r¢
=0, i.e., assuming a point source for the molecules (see Stolte
et al.*):

l .
—sin sz/v())

coswLj /vy

L] + %tal’l(KLz)

= LT TR 9
7 Lictan(kLy) — 1 ©)
with
M;Q Vi
o= L [ PRt o 302' (10)
v mJ(J +1) ryy;

In Figure 3 the trajectories are shown that follow from Eq. (8)
for NO radicals %Iy, J = 1/2, f with a velocity of 280 m/s
that pass through a hexapole. The parameters that are used
in this simulation apply to our experimental conditions (vide
infra). The molecules originate from a single point with
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FIG. 3. Calculated focusing curves for NO molecules in the Mip, J=172,f
state that pass through a hexapole with a velocity of 280 m/s. The curves are
colored black in the first and in the second region of free-flight and red in the
focusing region, i.e., the hexapole is turned on/off when the molecules arrive
at the position where the curves change color. The simulations are performed
assuming (a) zero A-doublet splitting and zero longitudinal velocity spread;
(b) zero longitudinal velocity spread but the correct A-doublet splitting for
NO 2Myp, J = 172, fof 318.6 MHz is considered; (c) a longitudinal velocity
spread of 10%, together with the A-doublet splitting.

r; = 0, but ten different radial velocities ranging from 1 m/s
to 5 m/s are simulated. All molecules are seen to focus into a
point at a distance of 0.4 m from the source. It is noted that
for r; > O the size of the focus in relation to the size of the
source depends on the ratio between L, and L3 that is chosen.
A 1:1 image is obtained for L; = L3.

Equation (9) represents an idealized description of a
hexapole. In practice, however, the nozzle is never a point
source, and molecules will be produced with a distribution
of positions and velocities, blurring the focus. In addition, the
A-doublet splitting has been neglected thus far. Close to the
beam axis, where the hexapole fields are small, the A-doublet
splitting results in a nonlinear Stark effect causing aberrations
of the hexapole lens. This effect has been described and an-
alyzed before,’%% and results in a reduced transmission of
molecules close to the beam axis. In Figures 3(b) and 3(c),
the influence of the A-doublet splitting and molecular distri-
bution on the focusing properties of the hexapole is shown.
The focus is seen to blur when the correct A-doublet splitting
and in particular when also a longitudinal velocity spread is
assumed.

lll. MECHANICAL IMPLEMENTATION

The hexapole that is described in this paper is specifically
designed to focus a beam of NO X I1,,,, J = 1/2, fradicals,
and has recently been used to inelastically scatter the state-
selected packets of NO with packets of Stark-decelerated and
state-selected OH radicals.** Apart from focusing a beam of
NO into the interaction region, additional requirements exist
to the hexapole that has been essential to the success of the
fore mentioned scattering experiment:*

I. The hexapole needs to be as short as possible to main-
tain a particle density in the focused packet of NO that
is as high as possible;

II. The carrier gas atoms from the beam source should be
prevented from entering the interaction region;

III. The state purity of the packet of NO should be as high
as possible such that inelastic scattering signals are not
overshadowed or contaminated by initial population in
levels other than the X %IT;», J = 1/2, flevel.

Rev. Sci. Instrum. 84, 073113 (2013)

The most challenging part of these requirements is to de-
sign a hexapole with a length that is as short as possible. The
low dipole moment of NO of only 0.159 D requires high elec-
tric fields to focus a packet of NO radicals with a relatively
short hexapole. In the most frequently used mechanical design
for an electrostatic hexapole, the six rods are suspended by a
ceramic disk as illustrated in Figure 4(a). In this Figure, all el-
ements that are placed at high voltage of positive and negative
polarity are colored red and cyan, respectively, and all insu-
lating components are coloured orange. Although this design
allows for a vacuum gap between adjacent rods, and a rela-
tively large distance for the charge to creep from one rod to
the other via the ceramic surface, there is an important short-
coming in this design. As is well known in high voltage en-
gineering, electrical breakdown often initiates at the so-called
triple junction, i.e., at the interface between insulator, con-
ductor and vacuum. At these triple junctions, the electric field
strength is significantly increased compared to what would be
expected from the electrode geometry alone. As neighbour-
ing triple junctions are separated only by the shortest dis-
tance between adjacent hexapole rods, electrical breakdown
already occurs at relatively low electric field strengths inside
the hexapole.

Our hexapole design eliminates this bottle neck by sepa-
rating the suspensions of adjacent hexapole rods, as illustrated
in Figures 4(b) and 4(c). The set of three rods that shares the
same voltage polarity is mounted, via adjustable support rods,
to a stainless steel disk. This allows for the alignment of the
three rods with respect to each other. Both sets are separated
from each other by three long Macor insulators. Each insula-
tor is connected to the stainless steel disks in recessed mount-
ing holes with round edges of 6 mm radius of curvature, ef-
fectively shielding the triple junctions. The entire structure is
placed in two Macor feet that are mounted on a Macor base
plate. All insulators are sufficiently long to prevent electrical
discharges over the ceramic surface for voltages below 50 kV.
With this new hexapole design, electrical breakdown can only
occur in the vacuum gaps between the hexapole rods. The
maximum electric field strength that can be obtained in the
hexapole is limited only by the surface quality of the hexapole
rods. To ensure a high surface quality all stainless steel parts
are in a first step polished in an industrial surface polishing
machine. In a second step these parts are polished by hand
with an ultra fine polishing paper.

The hexapole reported here is 300 mm long and the rods
have a radius r,,y of 2 mm. The inner radius of the hexapole
is rp = 3.54 mm, following the relation r,,y = 0.565 - ry rec-
ommended by Anderson.’® The smallest vacuum distance be-
tween adjacent rods is 1.54 mm. A voltage difference of up to
36 kV is applied to adjacent rods by placing the two electrode
sets at a potential of =18 kV. A high voltage conditioning
procedure is applied to reach these voltages without electrical
breakdown. During this procedure, the voltage is applied to
the hexapole rods while a possible discharge current is lim-
ited by 0.5 GQ resistors. The hexapole is only used in the
experiments at the final voltage if the current has been less
than 10 nA during at least 10 min. The electric field distri-
bution inside the hexapole is simulated using the COMSOL
program,® and is shown in Figure 5(a). At the maximum
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FIG. 4. Technical drawings of hexapole designs. All elements that are placed
at high voltage of positive and negative polarity are colored red and cyan,
respectively, and all insulating components are coloured orange. (a) Most
frequently used mechanical design for an electrostatic hexapole, the six rods
are suspended by ceramic disks. (b) Our hexapole design, which separates
the suspensions of adjacent hexapole rods. (c) Three-dimensional view of the
whole hexapole (left, top), and of only three rods and their two suspensions
(left, center) and (left, bottom), respectively. The photograph (right) shows
the hexapole together with the two Macor feet and the Macor base plate,
which are described in the text.

applied voltage of 18 kV, a maximum electric field strength
at the rod’s surfaces of 260 kV/cm is obtained. In most ex-
periments reported here, however, voltages of £15 kV have
been used. These voltages are applied to the hexapole rods
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FIG. 5. Two-dimensional electric field distribution inside the hexapole at dif-
ferent positions along the molecular beam axis. (a) Field distribution at the
center of the hexapole without beamstop; (b) Field distribution at the center
of the hexapole with beamstop; (c) Electric field strength along the molecu-
lar beam axis. x = 0 is the position of the beamstop. Negative x-values are
before the beamstop and positive x-values are further downstream; (d) Field
distribution 5 mm further downstream from the center of the hexapole.

using two commercially available transistor based high volt-
age switches (BEHLKE GmbH).

To filter out the carrier gas atoms (requirement II) and
to achieve an almost perfect quantum-state purity of the fo-
cused NO packet (requirement III), a 2 mm diameter beam-
stop was installed on the molecular beam axis at the geo-
metric center of the hexapole. A 2 mm diameter diaphragm
was positioned between the exit of the hexapole and the inter-
action region. The molecular beam skimmer, beamstop, and
diaphragm combination allows no direct line of sight from
the source to the interaction region, effectively hindering the
carrier gas atoms from reaching the interaction zone. The
beamstop-diaphragm combination offers the additional ad-
vantage to greatly improve the state purity of the NO radical
beam. Only NO radicals in the X M, J = 1/2, f state can
effectively pass through the hexapole. This is illustrated in
Figure 6 that shows focusing curves for NO molecules in the
low-field-seeking X My, J = 172, f rotational ground state

=44

2 @) ©
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Bot . ; : . : -
£ 0 0.2 0.4 0 0.2 0.4
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FIG. 6. Calculated focusing curves for NO molecules in (a) the 2y,
J =172, f state, (b) the 2TT 5, J = 1/2, e state, and (c) the 2Ty, J = 3/2,
[state. In all calculations the molecules have a mean velocity of 280 m/s, the
correct A-doublet splittings are considered and a longitudinal velocity spread
of 10% is assumed. The molecules originate from a single point. Ten different
radial velocities from 1 m/s to 5 m/s are simulated. The curves are colored
black in the first and in the second region of free-flight and red in the focus-
ing region, i.e., the hexapole is turned on/off when the molecules arrive at
the position where the curves change color. The beamstop and diaphragm are
indicated by the shaded structures at the geometric center and downstream
from the exit of the hexapole, respectively.
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(panel (a)), the high-field seeking X M, J = 172, e state
(panel (b)), and the low-field seeking X *I13, J = 3/2, f ro-
tationally excited state (panel (c)). For the latter simulation,
molecules in both the MQ2 = —3/4 and MQ2 = —9/4 com-
ponents are used. It is seen that molecules in quantum states
other than the X 21y, J = 1/2, f state either hit the beamstop
or cannot pass through the diaphragm.

Hexapoles that include beamstops have frequently been
employed before.”> However, most often the beamstop is po-
sitioned either in the region between skimmer and entrance of
the hexapole, or in the region between the exit of the hexapole
and the interaction region. Although mechanically more chal-
lenging, the most ideal position of the beamstop for our ap-
plication is the geometric center of the hexapole. At this po-
sition, the molecular trajectories have the largest deviation
from the molecular beam axis, resulting in a minimum loss of
molecules in the X2I1p, J = 1/2, [ state. In addition, the A-
doublet splitting of the X 2ITy,, J = 1/2 rotational state results
in a reduced transmission for molecules travelling close to the
molecular beam axis. In our hexapole design, the beamstop is
attached to one of the rods, i.e., the beamstop is on high volt-
age causing locally an asymmetric field distribution. This is
illustrated in Figures 5(b) and 5(d) that shows the simulated
field distribution at the longitudinal center of the hexapole,
and 5 mm further downstream, respectively. It is seen that the
distortion of the electric field due to the presence of the beam-
stop is negligible for almost all sections of the hexapole. The
focusing properties of the hexapole are therefore expected to
be hardly affected by the presence of the beamstop. Alterna-
tively, the hexapole voltages can be temporarily switched off
when the molecular packet is close to the beamstop, effec-
tively producing two successive hexapoles with a grounded
beamstop in between.

IV. EXPERIMENT

The performance of the hexapole was characterized us-
ing the experimental setup that is schematically shown in
Figure 7. A pulsed molecular beam of NO radicals is pro-
duced by expanding a 5% NO in Xenon (Xe) gas mixture
through a 1 mm diameter commercially available valve (Gen-
eral valves, series 99), using a backing pressure of 2 bars. The
nozzle is cooled to —70°C, resulting in a mean velocity vy

hexapole @PMT %MCP
nozzle " camera
N WJbeam-stop Ml ______ /-
skimmer udiaphragm
22738 300 2026 730 mm

FIG. 7. Schematic representation of the experimental setup. A pulsed beam
of NO radicals is passed through a 30 cm long hexapole. A beamstop is
mounted in the geometric center of the hexapole, and a diaphragm is posi-
tioned halfway between the exit of the hexapole and the first detection re-
gion. The NO radicals are state-selectively detected via Laser Induced Fluo-
rescence in the first detection region (40 mm from the exit of the hexapole)
and via Resonance Enhanced Multi-Photon Ionization in the second detec-
tion region (730 mm from the first detection region). The detection laser (not
shown) intersects the molecular beam at an angle of 90°. The second detec-
tion area can be replaced by a charge-coupled device camera to record the
spatial distribution of the NO radicals exiting the hexapole.
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of approximately 300 m/s. The Gaussian velocity distribution
has a width of approximately 15% (full width at half maxi-
mum; FWHM). The NO radicals pass a 2 mm diameter skim-
mer that is positioned 22 mm from the nozzle.

Three different experimental configurations are used
to characterize the hexapole. In the first configuration the
hexapole is not installed, and the NO molecules are detected
after 378 mm of free flight from the skimmer to the detec-
tion region. In the second configuration, the 300 mm long
hexapole is installed 38 mm downstream from the skimmer,
leaving a 40 mm free flight section from the exit of the
hexapole to the detection region. In this configuration, the
beamstop and diaphragm are not installed yet. In the third
configuration, the 2 mm diameter beamstop is installed in the
center of the hexapole and the 2 mm diameter diaphragm is
installed 20 mm downstream from the exit of the hexapole. In
all experiments a voltage of 215 kV is applied to the hexapole
rods.

The NO radicals are state-selectively detected using satu-
rated laser-induced fluorescence (LIF) using the O — 0 band of
the A2X+ <« XTI transition around 226 nm using a pulsed
dye laser with a bandwidth of 0.06 cm~'. The fluorescence is
either mapped onto a PMT that is located above the detection
area, or imaged onto a charged-coupled device (CCD) cam-
era that is located further downstream from the detection area.
The PMT is used to record integral signal intensities, whereas
the CCD camera is used to record the spatial distribution of
the NO radicals exiting the hexapole. Optionally, the camera
can be replaced by a second detection area 730 mm further
downstream from the first detection area (see Figure 7). In this
second detection area, the pulsed dye laser is used to detect
NO radicals by (1 + 1) Resonance Enhanced Multi-Photon
Tonization (REMPI). Since the distance between the two de-
tection areas is well known, the velocity vy of the molecular
packet is determined from time of flight measurements.

V. RESULTS

Several experiments were performed to test the perfor-
mance of the hexapole, using NO (X 2T1,,,) radicals as a
model system. In particular, experiments were conducted to
characterize (i) the focusing behavior of the hexapole, (ii) the
state purity of the focused packet of NO radicals, and (iii) the
ability to eliminate the carrier gas atoms from the molecular
beam.

To characterize the focusing properties of the hexapole,
NO radicals in the X2y, J = 1/2, f state are detected in
the first and second detection area using LIF and REMPI, re-
spectively. In both detection regions, the time at which the
detection laser is fired is chosen to coincide with the peak
of the arrival time distribution, i.e., the most intense part of
the molecular beam is detected. The hexapole is switched on
at the time the molecular beam source is triggered, i.e., the
hexapole is already switched to high voltage before the NO
radicals arrive at the entrance of the hexapole. The LIF and
REMPI signals are recorded as a function of the time duration
of the high voltage pulse applied to the hexapole, i.e., the time
at which the hexapole is switched off is varied. The beamstop
and diaphragm are removed for these measurements in order
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FIG. 8. LIF and REMPI signal intensities of NO X2y, J = 172, fradicals
recorded in (a) the first and (b) the second detection region, respectively, as
a function of the time duration of the high voltage pulse that is applied to
the hexapole state selector. The times at which the detection laser is fired
are in (a) 1.6 ms after triggering the molecular beam source (first detection
zone) and in (b) 4.0 ms after triggering the molecular beam source (second
detection zone). The measured curves (black) are shown together with the
results from three-dimensional trajectory simulations (red curves).

to observe the inherent focusing properties of the hexapole.
The results are shown in Figure 8.

When the NO radicals are detected in the first detection
region, 40 mm from the exit of the hexapole, an increase in
signal is observed as a function of the time duration of the
high voltage pulse. The signal reaches a maximum just be-
fore the molecules are detected, i.e., the highest density of
NO radicals is obtained when the hexapole is switched on
during the entire passage of the molecular beam through the
hexapole. In this case, the hexapole length and focusing force
are just sufficient to focus NO X 2Ty, J = 1/2, fradicals in
the first detection region. When the NO radicals are detected
in the second detection region, 770 mm from the exit of the
hexapole, an over-focusing effect is observed. The signal in-
tensity reaches a maximum when the hexapole is switched on
during approximately 1 ms. When the voltages are applied for
longer times, the hexapole focuses too strong, and the NO rad-
icals are focused upstream from the detection region resulting
in a decrease in signal intensity.

The results that are obtained from three-dimensional nu-
merical trajectory simulations of the experiment are shown in
the red curves in Figure 8. In these simulations, the molec-
ular beam of NO radicals is assumed to have a mean veloc-
ity of vy = 300 m/s, and a longitudinal (Avy) and transver-
sal (Av,) Gaussian shaped velocity spread of 15% and 12%
(FWHM), respectively. The ideal electric field distribution in-
side the hexapole as given in Eq. (4) is assumed, and the A-
doublet splitting of the X 2IT/,, J = 1/2 state of NO is properly
taken into account. It is seen that the simulated curves over-
lap well with the experimentally obtained curves for both ex-
perimental configurations, indicating that the focusing prop-
erties of the hexapole are well understood. Similar focusing
curves were measured and simulated, using exclusively the
first detection region, after the beamstop and diaphragm were
installed (data not shown). These curves qualitatively resem-
ble the curves shown in Figure 8(a), and show again good
overlap with each other. The installation of beamstop and di-
aphragm resulted in a reduction in maximum signal intensity
of only about 10%—-20%.

The quantum state purity of the focused packet of NO
radicals is investigated spectroscopically. For this, the beam-
stop and diaphragm are installed, and the hexapole is oper-
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FIG. 9. Spectra of the A2X+ < X 2T transition of NO around 226 nm. The
black spectrum is taken before the hexapole is installed in the chamber; the
red spectrum is obtained with the hexapole, beamstop, and diaphragm in use.
The different rotational transitions are labeled using standard spectroscopic
nomenclature.

ated to focus the NO radicals optimally into the first detection
region. In Figure 9 two spectra of the A2X* <« X I transi-
tion of NO are shown. The black spectrum is taken before the
hexapole was installed in the chamber, revealing the original
rotational state distribution of the molecular beam, while the
red spectrum is recorded with the hexapole, beamstop, and di-
aphragm in place. The rotational lines are labeled using stan-
dard spectroscopic nomenclature. It is seen that the majority
of the NO radicals in the original molecular beam reside in the
J=1/2, fand J = 1/2, e levels, although a significant fraction
of the NO radicals are found in the J = 3/2, fand J = 3/2, ¢
rotationally excited levels. When the hexapole, beamstop, and
diaphragm assembly is put into use, only NO radicals that re-
side in the X *T11,, J = 1/2, f state arrive in the detection re-
gion. The spectrum consists of only two lines that both probe
the population in the J = 1/2, f state. It is noted that not only
the population in the high-field seeking states of e parity is
depleted; also molecules in the rotationally excited states of
f parity are effectively blocked by the beamstop-diaphragm
combination.

The rotational population distribution is calculated from
the measured spectra using the LIFBASE software package.®
The results are shown in Table I for both spectra. It is seen
that the hexapole-beamstop-diaphragm combination greatly
reduces the initial population in states other than the J = 1/2,
f state, resulting in a packet of NO X Mip, J = 172, f rad-
icals with a state purity approaching 99%. From calibrated

TABLE 1. Rotational population distribution corresponding to the spectra
shown in Figure 9. The populations are calculated from the measured spectra
using the LIFBASE program.®

State Without hexapole (%) With hexapole (%)
J=12,f (36.2£0.5) (98.8 £0.2)
J=1/2,¢ (36.2 £0.5) (0.3 £0.2)
J=3/2,f (124 £0.5) 0.8+£0.2)
J=312,e (12.4 £0.5) (0.1£0.2)
J=502,f (14 £0.5) (0.0 £0.2)
J=5/2,¢ (14 £0.5) (0.0 £0.2)
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1/2 f

FIG. 10. Fluorescence images of NO radicals in various quantum states that
are recorded with the charge-coupled device camera. In the images (a) to (d)
the hexapole, beamstop, and diaphragm are in use. In the images (e) to (h)
the beamstop is in place but the diaphragm is removed. The molecular state
that is used is indicated in each image. In the images (d) and (h) the hexapole
voltages are turned off.

LIF measurements, the peak density of the focused packet of
NO radicals was determined* to be 9 £ 3 x 10'% cm—3.

The transmission of NO radicals through the hexapole
is investigated further by recording two-dimensional fluores-
cence images of the NO radicals exiting the hexapole. For
this, an UV sensitive CCD camera is installed such that the
transverse distribution of the NO radicals in the first detection
zone is imaged. In Figure 10 several images are shown that
are taken for NO radicals in different quantum states. In the
images (a) to (d) the hexapole-beamstop-diaphragm combina-
tion is in use, whereas for the images (e) to (h) the diaphragm
was removed while the beamstop was kept in place.

Images (a) and (e) show the transverse distribution for
NO radicals in the low-field seeking J = 1/2, f rotational
ground state that is measured with and without the diaphragm,
respectively. It is seen that the packet of NO is focused
through the diaphragm resulting in a spherically symmetric
molecular distribution. The size of the distribution is slightly
larger when the diaphragm is removed, indicating that the
wings of the NO packet are clipped by the diaphragm. In
the images (b) and (f) the distributions are shown that are
recorded for NO radicals in the high-field seeking J = 1/2,
e state. Molecules in this state are deflected from the molec-
ular beam axis, as can clearly be seen in image (f) where the
fluorescence appears only on the side of the image. The di-
aphragm prevents these molecules from arriving in the detec-
tion region, leading to zero signal in image (b). In the images
(c) and (g) the distributions are shown for NO radicals in the
low-field seeking J = 3/2, f state. These molecules are fo-
cused towards the molecular beam axis, but the force acting
on the molecules is too weak to focus the molecules around
the beamstop and through the diaphragm. This is clearly visi-
ble in image (g) where a two-component distribution is shown
in which the shadow of the beamstop is clearly recognized.
Again, a properly positioned diaphragm will eliminate most
of these molecules from the beam, greatly improving the
quantum state purity of the transmitted packet of molecules.

Finally, we investigate the ability of the hexapole-
beamstop-diaphragm combination to eliminate the carrier gas
atoms from the beam. Unfortunately, the carrier gas atoms
cannot be detected and imaged directly, but we can use NO
J = 1/2, f radicals as a proxy for the carrier gas atoms if
we apply no voltages to the hexapole. The NO radicals then
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progress in a straight path from the nozzle to the detection,
i.e., they behave just like carrier gas atoms that experience
no forces in the hexapole. Images (d) and (h) in Figure 10
show the distributions that are recorded for NO radicals in the
J = 1/2, f state when the diaphragm is installed and re-
moved, respectively. Image (h) illustrates the blocking of
the carrier gas atoms by the beamstop. No fluorescence sig-
nal is recorded at the center of the image. The streak of
molecules that is detected on both sides of the beamstop’s
shadow originates from molecules that pass between neigh-
boring hexapole rods. When the diaphragm is in place (im-
age (d)), no molecules are detected, illustrating that the
beamstop-diaphragm combination effectively blocks all car-
rier gas atoms.

VL. CONCLUSION

We have presented a novel design for an electrostatic
hexapole state selector to focus polar molecules in a molec-
ular beam. The design allows for electric fields up to
260kV/cm, reducing the length of the hexapole that is needed
to focus the beam. A beamstop is integrated inside the
hexapole, effectively filtering out the carrier gas atoms from
the beam at minimum loss of beam density. The focusing of a
molecular beam of NO X IT,,,, J = 1/2, fradicals is demon-
strated using a hexapole of only 30 cm length. The focused
packet of NO is characterized by state-selective laser induced
fluorescence detection, as well as by two-dimensional imag-
ing using a UV sensitive CCD camera. The resulting packet of
NO radicals has a state purity approaching 99% and a density
of 9 £3 x 10" cm—3.

Our hexapole design has significant advantages over
commonly used designs in experiments where molecular
beams with optimal density and quantum state purity are re-
quired, in particular for molecular species with a small to
moderate Stark effect. The reduction of carrier gas atom den-
sity to insignificant values is essential in scattering exper-
iments where the carrier gas atoms may pollute the target
or induce unwanted scattering signals. Our hexapole is easy
to build and to implement, and is well suited for a variety
of molecular beam experiments ranging from crossed-beam
scattering studies to surface scattering experiments.
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