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Rotational State Selection and Orientation of OH and OD Radicals by Electric Hexapole
Beam-Focusing
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An electrostatic hexapole was used to state-select OH and OD radicals in single, lowd$ny| Totational

states. The radicals were produced in a corona discharge, supersonic molecular beam source by dissociating
H.O (D;O) seeded in Ar or He. Beam velocities ranged from 650 to 1850'mard translational temperatures

were less than 10 K for all expansion conditions. Measured beam flux densities, J, of selected states were
high (e.g., > 103 radicals cm? s™* for the |3/, +3, F3/,Ostates of OH seeded in He). Classical trajectory
simulations reproduced the well-resolved rotational state structure of experimental beam-focusing spectra.
Simulations were based on a Stark energy analysis of the rotational energy levels, including significant effects
due toA-doubling and spir-orbit coupling. Orientational probability distribution functions were calculated

in the high-field limit for all selectable states and demonstrate exceptional experimental control over collision
geometry for scattering experiments.

1. Introduction Our purpose was to develop the optimal radical beam source
for advanced experimental studies in gas phase and surface
molecular dynamics. Radicals are state-selected and oriented,
and the radical beam is purified and intensified by the unique
focusing properties of an electrostatic hexapole. In this paper
we fully describe measurements and trajectory simulations that
characterize our new hydroxyl radical source.

The rest of this paper is divided into five sections. In the
next section, the molecular beam apparatus is fully described
for the first time. The experimental determination of beam
intensities and velocities is also given. An exposition of electric
field deflection, Stark energy calculations, and the computer
algorithms used for trajectory simulations is provided in section
3. The fourth section presents experimental and simulated
results of beam-focusing studies. In section 5, we discuss the
orientational character of state-selected OH/OD beams. Finally,
we close with a summary of the preceding sections.

The hydroxyl radical plays a major role in many chemistries
including atmospheric, combustion, catalytic, and interstellar.
In combustion, it is involved in the conversion of CO to £0
among many other hydrocarbon oxidation stgépsin the
atmosphere, hydrogen abstraction by hydroxyl radicals is
ubiquitous. In the troposphere, hydrogen abstraction by OH is
the primary removal process for alkafesd partially halogen-
ated hydrocarbofisas well as the main route to hydrocarbon
radical formatiorf The OH reaction with dimethyl sulfide
(DMS) is the principal sulfur loss mechanism in marine
boundary layerg. In the stratosphere, the OH radical is a key
participant in a catalytic cycle responsible for-320% of G;
losse$ The hydroxyl radical’s role in the catalytic oxidation
of hydrogen to form HO on transition metal surfaces has been
the focus of recent intere%t!2 It has also been suggested that
OH is an important plasma-surface species for hydrogen
terminated surface’$. The OH radical has been one of the most
well-studied radicals in the investigation of interstellar maders.
Beyond the arena of masers, interstellar OH, reacting with H ~ The design of our molecular beam machine has been briefly
is responsible for cosmic water formatiéh. outlined in previous publicatiod$?3 and will now be fully

In recent years, the reaction dynamics of the four-atom OH described. Figure 1 shows a scale drawing of the apparatus,
+ H; — HO + H reaction has also been the subject of and Table 1 provides critical dimensions.
experimental studié®é and extensive theoretical scattering The beam line consists of four regions (source, chopper,
dynamics investigations. Of particular interest in the context  hexapole, and detection) separately pumped by diffusion pumps.
of the orientational control we have over collision geometry The source region contains a corona discharge beam s#urce.
are the time-dependent wave-packet studies of Zhang andThe source nozzle is fabricated from a 12 mm o.d. heavy-walled
Zhang!® These suggest that strong steric effects should be seemjuartz tube that is drawn down and sealed off. The sealed end
for this system. Also the subject of recent scattering calculations is cut off and sanded back until a5Q00xm diameter aperture
have been studies of Ot CHs — H>0 + CHs,° OH + HCI is created. The anode of the discharge consists of a sharpened
— H0 + Cl,? and OH + NH3 — HO + NH.2! No 0.5 mm diameter platinum wire that terminates approximately
experimental reactive scattering dynamics studies for the latter 1 mm from the nozzle aperture. A rare gas/water vapor mixture
three systems have been undertaken. is produced by bubbling the rare gas through liquid water at

Due to the broad ranging importance of OH radical reactions room temperature at a total pressure of approximately 1600 Torr.
and the growing theoretical attention being given to them, we The resulting gas mixture (ca. 1% water) expands out of the
have developed an exceptional beam source of hydroxyl radicals.nozzle, and electron current counterpropagates through the
expanding gas from the grounded skimmer to the positively

2. Experimental Section
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Figure 1. Diagram drawn to scale of the hexapole beam machine. The hexapoles and hexapole chamber have been shortened to accommodate the
entire machine in the frame. Argon gas is bubbled through a bath of water to create a gas mixture sf@hvapbr. This mixture expands out of

the nozzle (NZ) into the source region. Electrons from the grounded skimmer (SK) are accelerated through the gas, generating a glow discharge.
The beam is modulated with a rotating chopper wheel (CH) in the chopper region before passing through the first collimator (C1) into the hexapole
region. An electrostatic hexapole focuses OH radicals around a beam stop (BS) located near the center of the beam line. Nonfocused species are
removed by the beam stop while focused OH enters the QMS detector region through the second collimator (C2). OH radicals are further collimated
with a large diameter collimator on the QMS (C3). lons formed in the ionizer of the QMS are turned with a turning quadrupole and mass selected
with another quadrupole. Beam fluxes are measured with an ion gauge accumulation detector, which is separated from the QMS region with a
fourth collimator (C4).

TABLE 1: Instrumental Parameters? (up to Vo = £30 kV) with respect to the grounded chamber

distance from nozzle aperture distance (cm) radius (mm) ~ USiNg programmable power supplies. A 2.54 mm diameter
electrically grounded beam-stop, located approximately halfway

gli)iznf:ﬁe(??:p:teurﬁe) 2'0 %g:; along thg machine length a_nd in the center of the hexapole, is
chopper wheel 7.0 0.8176° used to intercept nonfocusing beam components (e.g. atoms,
C1 (source side face) 9.0 3.40 nonpolar molecules) as well as focused radicals with trajectories
start of hexapole 9.6 9'6 that have a node at the beam-stop position. The beam-stop
beam stop 110.0 1.27 position can be manipulatéd situ to optimize its interception

end of hexapole 202.7 96 .

C2 (source side face) 203.6 0.76 of the direct beam.

C3 _ 211.7 2.38 A 1.5 mm diameter aperture (collimator C2) separates the
'82'2” filaments 22313253 1\‘/7'; detector chamber from the hexapole chamber. The detector

chamber houses a custom-made electron impact quadrupole
a Distances from the nozzle aperture and various parts of the beammass spectrometer (EI-QMS) that measures the number densities

machine as well as radii of the components are tabulated. Note of different components of the molecular beam. The axial
collimators C1 and C2 have finite thicknesses with the distance meaured; i i

- X f > W ‘ ionizer is followed by an electrostatic quadrugéléhat turns
as notated in parentheséslime-of-flight slit width. ¢ Radius from y d

centerd See ref 25, the ion beam by 90with respect to the molecular beam axis.

This enables the un-ionized portion of the molecular beam to
pass through the ionizer unobstructed. The ion beam is focused
measurements. The 15.2 cm diameter wheel was etched withiN© @ radio frequency (rf) quadrupole mass filter (rod diameter
photolithography (Fotofabrication Corp., Chicago) to produce — 19 Mm; length= 219 mm) powered by an rf power supply.
five separate hole patterns that can access the beam b The ionizer cqntroller was custom-built and typically opgraf[es
translating the chopper. The two patterns used in the studiest® ionizer with an electron energy of 70 eV and emission
described here were a 50%-eaff pattern for beam detection ~ cUrrent of 2 mA. The analog ion current transmitted by the
using a lock-in amplifier and a pattern with two 0.81 mm wide Mass filter is amplified by a discrete dynode chain multiplier
slits 180 apart on the wheel for time-of-flight measurements. and current preamplifier. The output of the preamplifier is
The wheel speed was typically 100 Hz, and the period of rotation directed to either a lock-in amplifier for phase-sensitive detection
was constant to within 0.2%. Velocity measurements are O to @ digital oscilloscope for time-of-flight measurements. The
described below. lock-in amplifier output is digitized by a PC computer-based
A 3.4 mm diameter aperture (collimator C1) separates the data acquisition board. The data acquisition board is also used
hexapole chamber from the chopper chamber. The hexapolel® Program the mass setting on the EI-QMS detector and the
region houses an electrostatic hexapole. The hexapole assembl{}€xapole rod voltage.
consists of six highly polished cylindrical stainless steel rods, The significant experimental results reported in this paper
each 12.68t 0.03 mm in diameter and 1930 0.03 cm long correspond to what is termed focusing spectra (see, for example,
with hemispherical ends. Mounting yokes hold the rods in a Figure 4). These are measured by monitoring the flux density
hexagonal array with an internal radiug,= 9.6 & 0.1 mm of hydroxyl radicals transmitted through the hexapole exit
(distance from center axis to pole face; the error indicates collimator (C2) as a function of the hexapole voltayg, The
variations inro along the entire length of the hexapote). flux density is measured with the EI-QMS detector in the
Alternating rods are biased at positive and negative potentials configuration employing the lock-in amplifier and phase-

for phase-sensitive detection and for time-of-flight velocity
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sensitive detection. The following provides details on calibrat-
ing the lock-in amplifier output to provide estimates of absolute
flux densities.

The absolute rare gas atom beam flux is measured with an
ion gauge accumulation type detector. The fleXin particles
s71), is given by’

F = APCKT 1)

whereAP is the pressure rise measured in the ion gauge due to
the beamC is the conductance of the beam gas through the
3.4 mm diameter aperture (collimator C4) to the ion gadge,
is Boltzmann’s constant, andis the temperature of the gauge.
An intense Ar atom beam produced\® = 1 x 10~7 Torr that
corresponds to a beam flux of 59 10'2 Ar atoms s1. We
calibrate the EI-QMS detector against the ion gauge flux
detector. The absolute beam flu, is converted to number
density 6) in the EI-QMS detector by dividing by the stream
velocity, vs (see below), and the area of the collimator that limits
the beam diameter, in this case C2. At a given masthe
electron current from the EI-QMS multipliek;, is given by

I, = Vzaijni (2

wherey is a calibration constanty; is the partial ionization
cross section for making an ion of mgssom neutrali, andn;

is the number density of neutral In a series of calibration
experiments using fluorocarbon compounds with complex
cracking patterns, we have determined that nearly inde-
pendent of mass in our mass spectrometer. For an Ar atom
beam, we measurath, = 4.3 x 10° Ar atoms cm@ (for the

OH seeded in Ar data, see section 4) using the ion gauge flux
detector withoa, 40 = 2.57 A28 This determined the calibration
constanty. We can determine the number density of any
component in the beam provided we know the corresponding
partial ionization cross-section. Becker and co-workers have

Hain et al.
TABLE 2: Molecular Constants of SelectedIl, Radicals
molecule Ao(cm™) Bo(cm™?) u(D) wa(MHz) |IQO
OH —139.2 18.8 1.667 1667 13/28/,0
OH —139.2 18.% 1.667 6034 1%/2 3,0
oD —139.2 9.9 1.653 310 132 3,0
oD —139.2 9.9 1.652 1190 1%/2 3,0
NO 123.2 1.7 0.159 356 |42 Y,0
CF 77.11 1.4 0.645" 257 Y2 4,0
CH 28.1 14.2 1.40 3349 |2 4,0
SH —376.& 9.5 0.758 111 132 3,0

aReference 40 Reference 41¢Reference 42¢ Reference 43.
e Reference 44" Reference 45¢ Reference 46" Reference 47.Ref-
erence 48 Reference 4% Reference 50.Reference 51™ Reference
52.

radial force exerted on the molecule by the inhomogeneous
electric field of the hexapole. Given an accurate theoretical
expression for the radial forcé;,, one can easily integrate
Newton’s equations of motion, either numerically or analytically,
and determine the classical molecular trajectory through the
field. The radial force is given by

ow
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where W, is the molecular energy which will depend on the
electric field strengthe, anduer = —dW./0e is the effective
dipole moment. The radial field gradient is assumed to be that
of an ideal hexapole, that #:

delar = (BVyrd)r (5)
whereV, is the hexapole voltagey is the radial distance from
the central axis of the hexapole to a hexapole face rasdhe
radial coordinate with the constraint< ro. The task is to
determine the gradient in the field-dependent rotational energy
levels with respect to the electric fieldW./oe.

recently measured the absolute partial ionization cross-section Past trajectory simulations of focusing spectra for symmetric

for the hydroxyl radical at an electron energy of 70 @17
= oop1s = 1.75 A?).2930 The absolute hydroxyl radical flux
densities reported in this paper were determined by applying

top molecules have relied on first-ord&#>and, more recently,
second-ordéf-37 perturbation theory. Similar first-order treat-
ments have been used to simulate focusing spectra of the linear

the above methodology to determine the number densities andspecies MO vibrationally excited in the, bending mod# as

then multiplying the number densities by the stream velocity
(i.e., J= njvg). In the experiments reported herein, achieving
the maximum possible hydroxyl radical beam intensity was not
always our paramount objective. Conditions were optimized
for rotational state resolution, as well, particularly for the OD
spectra.

The distribution of velocities of particles in the beam is
determined using standard time-of-flight technigélesThe
velocity distributions are deconvolved from measured time-of-
flight distributions using an instrument response function
measured by applying a step potential to one of the ion lenses
in the EI-QMS ionizer. Velocity distributions are characterized
by fitting them to the following standard forf:

n(v) 0 v? exp[—(v — v)¥o ] (3)
wheren(v) is the number density speed distribution,is the
stream velocity, andas = (2kT/m)Y2 with Ts being the
translational temperatureythe mass-weighted mass of the gas
mixture, andk Boltzmann’s constant.

3. Focusing Theory and Molecular Trajectory
Simulations

Calculating the trajectories of polar molecules traversing an

electrostatic hexapole requires a detailed understanding of the

well as diatomic molecules ifllg electronic states. The latter
case of thell diatomics is directly relevant to OH/OD focusing.
Kuwata and Kasai assumed a pseudo-symmetric top approxima-
tion to simulate focusing spectra for CH and SH radié&iEhis
approximation ignores effects due fo-doubling, spin-orbit
coupling, and hyperfine interactions. We have found that the
first two effects significantly influence the focusing behavior
of CF22 OH, and OD. On the basis of the magnitudes of their
A-doubling constants and sptorbit coupling constants, we
would expect these effects to be manifested in the focusing
behavior of CH and, to a lesser extent, SH, as well. See Table
2 for a comparison of molecular constants listed for OH, OD,
NO, CH, SH, and CF. We incorporate a more rigorous
treatment of the Stark effect in our focusing simulations that
includesA-doubling and spirrorbit coupling effects. Results

of trajectory simulations for CF radicals using these methods
have been reported.

We approach the task of calculating the Stark shifts in the
rotational energy levels by constructing an effective Hamiltonian
for the system. It is straightforward to incorporatedoubling
and spin-orbit coupling effects into the treatment of the Stark
effect by incorporating these terms into the unperturbed
rotational HamiltonianHg:>3

H,=B()(@ — L — 9+ A(r)L-S (6)
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wherel, L, andS are angular momentum operators correspond-
ing the total angular momentum, the total electronic orbital
angular momentum, and the total electronic spin angular
momentum, respectively. The first term in eq 6 corresponds
to the nuclear end-over-end rotational Hamiltonian and the
second term to a phenomenological spambit Hamiltonian.
Our basis functions arg?IlgvIMOwhich may be separated
into electronic orbital, electronic spin, rotational, and vibrational
component$nAJSEOIQRMOwL Parity-labeled eigenfunctions
[n2lIguIMp=Omay be formed from symmetric and antisym-
metric combinations of the basis functions (see ref 53). The
p* parity is but one type of parity, total parity. The two other
major parity labeling schemes are rotationlesh) (and (A/
A'") parity. The A/A"% labeling corresponds to the electron
cloud orientation in théIl molecule. For théllz, rotational
manifold of OH and OD, théstates are labeled’Aande-states
are A (see previous reference).

By expandingHo and excluding contributions frof(L 2 +
L,?, one obtains an effective Hamiltoniades = HY +
HE + HY. Hey is composed of vibrational level-dependent
(v) rotational Hiet), spin—orbit (Hsg), and A-doubling H,)
contributions. The energy levels bfs are given as?

W(IPT1L, 0 IMA"/A'D = B [(J = 1)(J + §) = 1x] + v
v 2 2] 2 2
(7
with the A" states associated with the upper sign on the right
of eq 7, the A states associated with the lower sign, and
hv,
2.
(8)

with the A’ states associated with the upper sign on the right of
eg 8 and the A states associated with the lower sign. The
other parameters in eqs 7 and 8 are defined below:

W(IPT 0 IMA A" ) = Bv[(J - %)(J + g) + %x] +

1\2 1/2
X = [4(3 + E) +Y(Y - 4)] ©)
whereY = A,/B, (A, andB, are thevth-level vibrational spir

orbit and rotational constants, respectively)s the rotational
quantum numberh is Planck’s constant, and, is the

A-doubling frequency. The intermediate Hund's case a/b wave

functions are given by

|W(F,)O= ay| I, JMH by|*T1,,,JMO

|W(F,) (= —b,|T1, , JMH a,°Tl;,JMO  (10)
where
B [x + (Y- 2)]1/2
3T 2X
X = (Y= 2)]v2
0= [T D)

andF; corresponds to energy levels calculated for states with
predominately|Q = 3/, character andF; to levels calculated
with predominately|Q2 = 1/, character. All wave functions
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An electric field will modify the rotational energies by
introducing an additional term into the Hamiltonian, namely,

H =— Z/"geq)Fg (12)
g

whereF represents the laboratory frame coordinaey, or Z
andg represents the molecule-fixed frame coordinateg or

The permanent electric dipole moment defines the
molecularz axis. In OH(OD),u is directed along the inter-
nuclear axis with no orthogonal components; theand y
magnitudes of the dipole moment are zero. Also, we just
consider the radial, homogeneous component of the electric
hexapole field and choose this as the quantization Zxisth
no other electric fields alon¥ or Y. Under these conditions,
eq 12 simplifies to the following:

He = _/"gq)Zz (13)

The ®z, are the direction cosiné8. H. does not connect
differentQ or M; (i.e., AQ = AM; = 0) but does connect states
of different parity (i.e., Aand A’ states with the sam@ and
M;), and the interaction is simplJQMA'| Dz |IQRMA" 0=
OQMA" | P2]IJQMA' 0= [@,[0= QM/[I(J + 1)]. The 2x 2
secular determinant is

[JQMA" O [JQMA'O
DOMA"|  Wosouar — We  —te —
¢ JI+1)
LOQMA'| —ue QM we =W, (14)
J(J + 1) JQMA €

The secular determinant has up to second-order corrections for
the nondegenerate states. Solving thisx22 yields the
eigenvalues for the Stark energies.

 Weiopar + Wosgua

W, 5

[(VVOJQMA” - VVO.JQMA’)Z
4

+

2|12

QM (15)

JI+1)

22
ue

This leads to the proper derivative for the radially-dependent
force:

. 8W€_ oW, ¢
o de or
WP oniar — WP o)
::F( JQMA JQMA) +
4
21-1/2 2
22 QM ] QM de
=V ) % (16
“o+nl| “ba+p o 1O

The Stark energy calculated using eq 15 is shown in Figure
2 for several low-lying rotational states of OH and OD. Notice
the Stark energy curves are largely linear for the characteristic
field strengths of our instrument (i.eE< 100 kV cnt1). The
spin—orbit interaction affects these Stark energies by chang-
ing the slopes of these curves slightly. As an example, the
|5/, 43/, F5,0rotational state of Figure 2 has a slope that is
95% of the slope for the same state excluding-spirbit mixing.

are linear combinations of Hund’s case a basis functions and One would expect OH and OD to have a dominant first-order

will be denoted with theJQMA'Cor |[JQMA" Crepresentation
for further considerations; however, we will label the corre-
sponding rotational eigenstates fin= 0 of X?I1g) with the |J
+Q +MUOor |J £Q FMOdesignations.

Stark effect and focus much like polar symmetric top molecules,
as well they do, but early in the energy curves there is a slight
curvature due to thé-doubling interaction. The curvature is
better seen in a derivative plot of the Stark energgW./d¢
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. ) ) Figure 3. Effective dipole moment plots for the spiorbit mixed,
Figure 2. Stark energy dlagrsams for the StWO low¢d€2[rotational focused states of OH and OD. The circles denote 90% of the high-
levels of OH and OD, thé¥/, +%,[and|%> + J2LTotational states. The  field saturation limit for the effective dipole of the spiorbit mixed
nonlinearity in the energy levels, particularly in tf#& +%.Ostates of  rotational states. The triangles indicate the maximum radial field
OH, |s_caused by\-doubling and leads to th_e deviation in the focusing strengths at = r at values ol corresponding to resonance. Closed
behavior for these two molecules. The field strengthshown are triangles represent Ar seeded beams, while open triangles represent
characteristic of our hexapole instrument. He seeded beams. For tif& +3%, F3/,0Orotational state in the high-

versuse (from eq 4,uer = -0W/3¢), as shown in Figure 3.  field limit, uer ~ 0.97 D for OH anduer ~ 0.98 D for OD.

Recall thatuest is proportional to the radial force felt by the

molecule in the hexapole field (eq 4). One sees in Figure 3 motion and simulate focusing spectra. Our treatment does
that the magnitude of the radial force increases from zero to aignore two subtleties that in some cases lead to effects as
limiting, high-field value, namelyued™ = uQM/JIJ + 1), dramatic as thé\-doubling effect observed in OH/OD focusing,
whereQ is weighted by spirrorbit mixing. The field necessary ~ hamely, hyperfine and rotational state interactions. The first
to produce this limit depends on the rotational state. The open excited rotational state of OH is some 88 Crabove the ground
circles shown in Figure 3 are located at points wheggis at and 46 cm* for OD. Consequently, the mixing of states with
90% of the high-field limit, and the triangles indicate field differentd quantum numbers by the electric field is negligible
strengths near the polesrat r, for values ofV, corresponding  for these systems. We could easily incorpotateixing effects

to the resonance features in the measured focusing spectrdy expanding the Z 2 secular determinant shown in eq 14 to

discussed below. The effect caused by Mhdoubling interac-  include states of different). The hyperfine problem is
tion can significantly increase the resonance voltage for stateunimportant in OH since there are no nuclear spink?®!
selection at low field strengths. however, hyperfine may occur in OD (deuterium nuclear spin

The treatment used here for calculating the energies of thel = 1). Hyperfine effects can be incorporated by including an
A-doubled levels (eqs 7 and 8 for the field-free case) is additional hyperfine term in the effective Hamiltonidtes. In
analogous to that developed for nearly degenerate energy levelgractice, this is complicated since the electric field decouples
of asymmetric rotor857 |-doubling in linear polyatomic the nuclear spin angular momentum (momenta) from the other
molecules owing to excited bending modé&’inversion levels ~ angular momenta in the molecule. We have neglected hyperfine
of symmetric top$® and hindered rotations (as ins€— effects in our treatment of OD.

CHj3).56:57 The radial force equation developed in eq 16 can  In our trajectory program, we assume straight line trajectories
easily be applied in trajectory simulations of the focusing in all field-free regions and use an ideal hexapole potential in
behavior of these molecules as well. Experimental focusing the field regions. We perform a numerical integration of
spectra for many of these types of molecules have beenNewton'’s third law force equation to calculate trajectories. The

reported: asymmetric tops, $8 CH,Cl,,585° CH3NO,, and initial conditions used are rotational state, radial position, radial
CD3;0D;* excitedv,-bending states in linear triatomics, 38 and axial velocities, hexapole voltage, and axial position step
0OCS:60and BrCN®° and inverting molecules, Ng&-59.60and size. The trajectory of a single rotational state is initiated at
ND3.60 the entry of the hexapole. The ultimate radial position at the

With the force equation in hand, one can now calculate end of the hexapole is determined after traversing the hexapole
trajectories through the hexapole field using Newton’s laws of length, and a straight line trajectory is taken from that position
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Under the conditions reported here for OH, only two states
were appreciably populated, the energetically lowest
[3/2 3/, F3/,0and |3/, +3/, FY/,[rotational states. Assuming a
thermal distribution from the source, these two states should
be equally populated. Such was assumed for the simulations.
If we assume that the rotational temperature is comparable to
the translational temperature, then we would expect a thermal
population ratio for states in th&, 3/, FM;Cmanifold to the
13/, £3/, FM,0states of less than 16 However, nonthermal
distributions are suggested by population distributions seen in
the OD focusing spectra discussed below. On the basis of our
ability to resolve and simulate rotational features in Figure 4,
we estimate the populations of thfé 43/, FM;Ostates to be
less than 4% of th¢’/, +3/, FM;0states.

Several observations from Figure 4 are worth noting. The
general structure of the focusing spectra can easily be understood
from the nearly linear dependence of the Stark energy on field
strength (see Figure 2). Molecules exhibiting a linear, first-

Vo (kV) order Stark effect execute purely sinusoidal radial trajectories
Figure 4. Focusing spectra of OH seeded in Ar (top panel) and OH in a hexapole field® Therefore, a given rotational state will
seeded in He (bottom panel). For both panels, the open circles arefirst appear after undergoing a half-wave trajectany={ the
experimental datas, wr;ile t3he dotted 3{;md 3das?ed lines are trajectory nymber of half-wave sine loops 1) and then will reappear
S|mulat|_ons for the /24:/2_¢/_2Eand the lzj:/_ziF/ZE_rotatlonal states, from full-wave ( = 2), three-halves-waven(= 3), etc.,
respectively. The solid line is the sum of simulations for both states. . . . .
trajectories. Moreover, the solution to the first-order force

until the final collimator C2 is reached. The radial position €guation shows that the resonance voltage is proportional to
must be within the radius of C2, or the trajectory is terminated. "> We see just this approx;matg behavior in the Ar seeded
If within C2, the trajectory continues with a constant slope until SPectrum in Figure 4: thg/, +3, F3/;[states focused at 2, 8,

the detector aperture is reached (corresponding to our EI-QMSand 16 kV corresponding to= 1, 2, and 3, respectively, while
collimator C3). If within C3, the trajectory is counted as the|¥2 3> F!/.[states focused at 6 and 23 kV corresponding

successful, and a new trajectory calculation begins. ton=1and 2, respectively. Enhancement in the focused OH
We approximate our beam source as a point and obtain thebeam intensity over the direct, unfocused OH beam intensity

starting position at the hexapole with the constraint that the was difficult to quantify because the direct beam contained both

trajectory from the source must be within the radii of the OH and HO, and each contributed to the EI-QMS signal at

skimmer and C1. Furthermore, the limiting angle of entry into nVe = 17. Enhancements in the totale = 17 signal for the

the hexapole is defined by the angle between the hexapole axish = 1 trajectory of the®, +3, F3/ [state were typically~13.

and a ray extending from the point source to the edge of C1. This gives a lower bound on the focusing enhancement for the

With this maximum angle of deflection given, we start a0 ~ OH in the beam.

rinial < 1.82 mm for the initial radial position at the hexapole The agreement between the simulated and experimental

entrance withAriniiar = 0.085 mm. The allowed slopes (and  focusing spectra is generally go&tdparticularly at low hexapole

OH Flux Density (x10' OH radicals cm? s)

thus radial velocities) are therefore defined by this value.gf. voltages. Achieving such good agreemegduiresthe incor-
The velocity distribution used is that of eq 3 willy, vs, and poration of theA-doubling effect into the trajectory calculations.
Av (velocity step size) the input parameters. The step size of The calculated and measured peak positions forrthe 1
the axial length of the hexapole and hexapole voltageiiex trajectory of the|%, +£3%/, F3/,[state occur a¥y = 2.05 and

=1mm andAVo= 0.1 kV. The ultimate output of the program  12.0 kV for OH seeded in Ar and He, respectively (see Figure
is an array of numbers composed of the voltage of the hexapole4). The same peak positions calculated using the psuedo-
and the corresponding enhancement. The calculations ofsymmetric top approximation that ignores tie-doubling
enhancements are algorithms developed by Chakravorty?&t al. interactions would occur ato = 1.69 and 10.6 kV for Ar and
and previously used by Chet al3>62 We scaled the outputto  He, respectively. This difference highlights the impAetiou-

our experimental data while conserving relative state enhance-pling has on peak position, particularly at low field strengths.

ments. The effect is even more dramatic for other states (see Figures
2 and 3). The apparent “noise” in the simulated spectra at high
4. Results voltages is an artifact of the simulations due to numerical

Focusing spectra measured for OH seeded in Ar (upper panel)integration using a finite step size.
and He (lower panel) are shown by the open circles in Figure The rotational state resolution is good, and the absolute beam
4. The Ar seeded beam was characterized by a stream velocityflux densities are high. These attributes are due to the dramatic
vs = 702 m s'1, and translational temperatu,= 8 K. The collisional cooling achieved in the supersonic corona discharge
backing pressure was 1700 Torr. The discharge source condi-source. As mentioned previously, very few rotational states are
tions used were-3.3 kV bias potential and 0.7 mA discharge populated, and the velocity distributions are narrow. Ideally,
current. For the He seeded beamand Ts were 1850 m st we would like to isolate specific rotational states for detailed
and 3 K, respectively. The discharge was operated at 4 kV molecular dynamics scattering experiments. One sees from
and 0.8 mA at a backing pressure of 1700 Torr. Also shown Figure 4 that isolation of thé¢®¥/, 43/, F3/,0state with better
in Figure 4 are corresponding trajectory simulations. The broken than 99% purity was easily achieved by fixing the hexapole
lines correspond to simulated spectra for individual rotational voltage to the peak position of the= 1 trajectory (e.g.Vo =
states, and the solid lines correspond to the sum of all states2.05 for OH in Ar). However, then = 1 trajectory of the
contributing to the total hydroxyl radical flux. 13/, 3/, F1/,state was “contaminated” by tme= 2 trajectory
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Figure 5. Focusing spectra taken with and without the beam stop a
intercepting the direct, unfocused beam and ewdrgjectories (see E -

text for details). The solid line is data for OH/Ar without the beam ‘5

stop imposed in the beam line. The dotted line is an experimantal 1S

focusing spectrum for OH/Ar with the beam stop in the beam line.

The dashed curve is the difference of the beamstop and no beam stop L

data sets and indicates the parts of the focusing spectrum frormeven
trajectories that are eliminated from the beam with the beam stop in
place. Vo (kV)

of the |3, +3, F3/,0state. One can discriminate against the _Figure 6. Focusing spectra for OD seeded in Ar (?op panel) and s_eeded
in He (bottom panel). For both panels, the open circles are experimental

latter by inserting a beam stop at the center of the hexapole y,, while the dotted and dashed lines are trajectory simulations for
wheren = even-numbered trajectories have a node and are the 3, £3/, F3,0and the%, £, FY,[rotational states, respectively.
blocked. Figure 5 shows the effect a beam stop had on theFor the lower panel, the inset is a truncation of the simulated focusing
focusing spectrum of OH/Ar. The solid curve was measured spectra for theg%, £+, F°/,0(dotted-dashed line) and the/, +%,
without the beam stop (same data as in Figure 4), the dotted T*/20(dotted-dotted-dashed line) rotational states. The solid line is
curved was measured with the beam stop, and the dashed curvée sum of all simulations.

is the difference. By comparing the difference curve in Figure . .

5 with the simulated spectrum for thi#, +3/, F%,Ostate shown states, we can estimate a rotational temperature of 130 K, a
in the upper panel of Figure 4, one can immediately see that value substantially greater than the translational temperature.

the n = 2 trajectory of the|3, £%, F3,Ostate was largely Typically, th.e rotationa! and trapslationa] temperatures are
eliminated by the beam stop, enabling us to better isolate the COMparable in supersonic expansions. This suggests we do not
13, +3, FY,[state. We estimate that the rotational state have a Bo_ltzmann rotational state distribution, an observation
composition using the beam stop was 84 +3, FY,Cand seen previously by ter Muelen and co-workgts.
19% |3/, +3/, F3,Cat Vo= 6.4 kV. As will be discussed below, Finally, a few observations on the operation of the corona
these two states have dramatically different orientational prob- discharge source and its effects on focusing are appropriate.
ability distributions. Our ability to isolate them enhances our More aggressive discharge conditions reduce the rotational state
capability of exploring steric effects in chemical reactivity. ~ resolution in the focusing spectra. This effect is due to an
The focusing spectrum of OD seeded Ar (upper panel) and increased velocity dispersion. However, under these conditions
He (lower panel) were also measured and are shown in Figurehigher flux densities of OH (OD) radicals were observed. As
6 along with the corresponding trajectory simulations. The one increases the discharge current, the source also becomes
beam characteristics for the Ar seeded beam were similar toless stable, and over extended periods (days}>at mA
those used for OH in Ar. The Ar seeded beam was character-discharge current, the nozzle orifice becomes larger and
ized by a stream velocityys = 650 m s, and translational irregularly shaped. These tradeoffs are demonstrated in Figure
temperatureTs = 8 K. The backing pressure was 1650 Torr. 6, where the low beam intensities seen in the OD/He spectrum
The discharge source conditions used wer8.8 kV bias reflect our effort to resolve the additional rotational states present
potential and 0.8 mA discharge current. The upper panel of by working at a relatively low discharge current of 0.15 mA.
Figure 6 shows that for OD seeded in Ar we were able to clearly
resolve then = 1 trajectory of thgl®, 43/, FY,0at Vo = 4.3
kV from the n = 2 trajectory of theg®/, 3/, F3/,(state atVy
= 5.7 kV. This observation once again highlights thedou-
bling effect. TheA-doubling constant is five times smaller for Several groups have used electric field deflection methods
OD than OH (see Figures 2 and 3). Consequently, the Starkto focus and state-select molecules for studies of stereodynamical
energy saturates to the high-field limit at lower field strengths effects in molecular scatterif**®" The utility of the
for oD, resu|ting in more narrow focusing peaks_ Because the deflection method derives from rotational state-selection and
rotational state energy level spacing for OD is only half that of the highly anisotropic spatial distributions of molecules populat-
OH, we found that expansions of OD seeded in He populated ing specific rotational states. The orientational behavior of
states in the%/, +3/, TM,Crotational manifold as well as the ~ Symmetric top molecules has been described by Choi and
3/, +3/, FM;Omanifold. The OD/He beam was characterized Bernsteir?® For the diatomic case, Stolte has analyzed the
by vs= 1710 m s* andTs = 6 K with the discharge operated orientational behavior of NO in several of its lowest rotational
at 0.15 mA and 1600 Torr backing pressure. The lower panel States? We extend this work to include OH and OD by making
of Figure 6 shows evidence for focusing two new states, the Minor adjustments to account for the spirbit mixing pertinent
5/, +3/, F5/,0state at 13.5 kV and thg/, £3/», F3/,0state at  to the hydroxyl radical.
23 kV. The simulated focusing spectra for these two states have We describe the probability distribution function (pdf) for
been offset for the sake of clarity. From the apparent population the orientation of the molecular axis relative to the local electric
ratio between the¢®, +3/, FM;Ostates and the/, £3/, FM;0 field vector with a Legendre polynomial expansi®n:

30

5. Discussion
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TABLE 3: Orientational Probability Distribution Function Coefficients @

molecule state a2 b;2 Co C C; Cs Cy Cs

OH 132 £3/, F3/,0 0.97 0.03 0.500 0.882 0.470 0.088 0.000 0.000
OH 132 £31, FY,0 0.97 0.03 0.500 0.294 —0.470 —0.264 0.000 0.000
OH 155 £3/, F3/,0 0.93 0.07 0.500 0.613 —0.216 —0.566 —0.284 —0.047
OH 15 £31, F3/,00 0.93 0.07 0.500 0.368 0.043 0.792 0.851 0.235
OH 15 31, FY,0 0.93 0.07 0.500 0.122 0.173 0.453 —0.568 —0.470
oD 132 31, F3/,0 0.99 0.01 0.500 0.893 0.489 0.096 0.000 0.000
oD 13/, £3/, F4,0 0.99 0.01 0.500 0.298 —0.489 —0.286 0.000 0.000
oD 12 31, F5/,0 0.97 0.03 0.500 0.631 —0.194 —0.576 —0.306 —0.054
oD 5/, 8/, F3/,0 0.97 0.03 0.500 0.378 0.039 0.807 0.919 0.272
oD 12 +31, FY,0 0.97 0.03 0.500 0.126 0.155 0.461 —0.612 —0.545
case a 132 31, F3/,0 1.00 0.00 0.500 0.900 0.500 0.100 0.000 0.000
case a 132 +31, FY,0 1.00 0.00 0.500 0.300 —0.500 —0.300 0.000 0.000
case a |5 31, F5/,0 1.00 0.00 0.500 0.643 -0.178 —-0.583 -0.321 —0.060
case a 152 +31, F3/,0 1.00 0.00 0.500 0.386 0.036 0.817 0.964 0.298
case a 155 31, FY,0 1.00 0.00 0.500 0.128 0.143 0.467 —0.643 —-0.595

a Expansion coeeficients for spitorbit mixed orientational probablility distribution functions for OH and OD in particular rotational states
|JRML The bottom five entries are non-spiorbit-mixed, Hund’s case a orientational probabilities in the high-field limit. Note: €aamntry has
been multiplied by (2 + 1).

21+1)2 o
P(cosf) = TZ)C"(JQM) P,(cos®)  (17)

1313 £315 735)

where theP,(cos #) are Legendre polynomials arttl corre-
sponds to the angle between the permanent electric dipole
moment vectou and the local electric field vectar. The
expansion coefficient,, are determined by projecting the
rotational state wave function onto the Legendre polynomials.
In the limit of high field, the pure Hund’s case a wave functions
for 2[1g diatomics are given by the Wigner rotation matrices
Dyo. and the expansion coefficients are conveniently ex-
pressed in terms of Bsymbols®3

3y £3h THy)

- T y T ] -
151y 31y £50) 1515 £34y 331y)

P(cos g)

ciomm=en (g 2o ol 2 o)

(18) o.o—J 0.0

v
513 230 311y

T
[y £1y 51 F

In contrast to NO, neither OH nor OD are good Hund'’s case
a molecules, particularly a3 increases. To incorporate the
mixing of Q = 3/, andQ = 1/, spin—orbit states of OH (OD),
linear combinations of th€, expansion coefficients were taken
using coefficients for the mixed cases from Table 3 as shown
below:

CQ=%M=a’C(@Q=%M)+ 0 - : 0
-1 1 -1 0 1
b’C,(JQ =", M) (19) cos 6
1 ) 1 Figure 7. Orientational probability distribution fucntions (pdf's) in
CAR=7,M=a"CQA=",M)+ the high-field limit for spin-orbit mixed rotational states of OH (solid

lines) and OD (dotted lines). The pdf for ti, +/, F%,Orotational
state is pure Hund’s case a, and no difference in the pdf for this state
exists for OH or OD.

b,’C,(3 Q =%, M) (20)

where the coefficients; andb; are determined from eq 11.

The orientational pdf's produced by this treatment are shown A-doublet splittings differ for any value of the two with the
in Figure 7 for several low-lying rotational states of OH and J = |Q| = 3/, A-doublet splitting being 5.4 times greater in
OD. OH than OD.

A problem that remains is to calculate the orientational pdf's ~ The two selectable states with the greatest beam intensities
at lower field strengths wheré-doubling effects manifest  are the|®/, 3/, F3/,0and |3, +3/, F/,Ostates. It is clear from
themselves. In general, the Legendre polynomial expansionFigure 7 that OH/OD radicals selected in tf& £3/, F3/,0
coefficientsCy(e) will be functions of the field strength. This  state are strongly oriented parallel to the local electric field with
involves the more difficult task of projecting théQMA'Cand cos 6 values neart-1 dominating the distributionl¢os 60~
[JQMA""Owave functions onto the Legendre polynomials, a 0.6). Imagine a bimolecular scattering experiment where the
problem we will not address here. It is very straightforward, local electric field vector is directed along the relative velocity
however, to calculate thegos 60to get a feeling for how the  vector. Beautiful “heads” (oxygen end) versus “tails” (hydrogen
orientational pdf's depend on the field strength. In fact, we end) steric effect measurements can be made by simply changing
have already done this (see Figure 3) sipgg = ulcos 601 the direction of the local electric field vector. TH¥cos 6)
Notice the saturation values for OH and OD are different since distribution for the|%, 3%/, F/,[state is qualitatively very
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different. For this state there is a node at 6os +1, and the

rotational motion of the molecular axis is localized around cos

0 values near zerddos 00~ 0.2). This indicates “side-on”
collisions rather than “heads-on” or “tails-on” collisions will

Hain et al.

(11) Fridell, E.; Elg, A.-P.; Rosg A.; Kasemo, BJ. Chem. Physl1995
102, 5827.

(12) Backstrand, K. M.; Hain, T. D.; Weibel, M. A.; Curtiss, T.Surf.
Sci, submitted for publication.

(13) Fisher, E. R.; Ho, P.; Breiland, W. G.; Buss, RJJPhys. Chem.

dominate. Our ability to isolate these two states provides us 1993 97, 10287.

with exceptional control over the collision geometry in such
scattering experiments.
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that incorporated effects due t-doubling and spirorbit
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potentials. TheA-doubling effect was shown to significantly
affect the peak positions and widths.
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Beam flux densities for both exceededd@m=—=2 s™1. The
kinetic energy of the hydroxyl radical beams was varied from

This occurs for simple symmetric tops (e.g., £ CHzF, and CEH) as
well as for the more complicated hydroxyl radical spectra reported here.
Due to the sensitivity of the focusing on the hexapole radiusee eq 5)
and the inherent difficulty in alignimma 2 mlong hexapole, this discrepancy
is most easily corrected by adopting an “effective” valug@of 9.9 mm,
a strategy adopted previously by Bernstein and co-workers (see, for example,
refs 60 and 62). We used = 9.9 mm in our simulations. However, it is
also possible the methodology of Chakravaetyal. (see ref 34) and Choi
(ref 62) that we have used here as well has some defect we do not
understand. We are currently working to resolve this issue.

(26) Zeman, H. DRev. Sci. Instrum1977, 48, 1079.

(27) Bickes, R. W., Jr.; Newton, K. R.; Herrman, J. M.; Bernstein, R.

0.05 to 0.31 eV by seeding in Ar and He, respectively. The p._J. Chem. Physl976 64, 3648.

terminal beam velocity was determined by the nozzle temper-
ature. A broader range of energies can be accessed by heatin

(28) This value is an average of references: Ma, C.; Sporleder, C. R.;
onham, R. ARev. Sci. Instrum.1991 62, 909. Stephan, K.; Helm, H.;
ark, T. D. J. Chem. Phys198Q 73, 3763. Wetzel, R. C.; Baiocchi, F.

and cooling the nozzle. The orientational probability distribution 5 -'Hayes, T. R.; Freund, R. ®hys. Re. A 1987, 35, 559.
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