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A quadrupole-octopole-quadrupole mass spectrometer has been constructed for comparing ion-molecule
reaction product intensities as both the internal excitation and the kinetic energy of the reactant ion are
varied. Such comparisons require an ion beam with a known kinetic energy distribution and, most
importantly, they require product intensity measurements made without significant bias in detection of
the different product channels. To assess the characteristics of our instrument, we have studied the
ion-molecule reaction N*+0O, that is known to yield three different product channels: N+O;,
NO*+0, and NO+O™*. Jon beam trajectory simulations combined with experimental measurements
show that the spread in the kinetic energy of the reagent ions has a fixed value in the range of 0.6 to 1.1
eV full width at half maximum in the center of mass (c.m.). Relative cross sections for the three different
product channels are reported as a function of c.m. collision energy. A comparison of the observed
product branching ratios with those determined previously by other workers shows that no serious
product discrimination occurs over the collision energy range of 1.5 to 10.0 eV c.m. Discrepancies in the
product branching ratios below 1.5 eV c.m. are believed to be caused by the overall collision energy
uncertainty that results from both the ion beam kinetic energy spread and the thermal motion of the O,

reactant.

I. INTRODUCTION

We have recently constructed a quadrupole-octopole-
quadrupole mass spectrometer to carry out state-selected
studies on ion-molecule reactions. The primary purpose of
the instrument is to measure product ion intensities as both
the vibrational excitation and kinetic energy of the reactant
ions are changed. In these studies, the reactant ions are to be
vibrationally state selected and mass selected before reaction
with a thermal, neutral gas at a fixed collision energy [1-10
eV center of mass (c.m.)]. Product and reactant ion intensi-
ties should be monitored free from discrimination caused by
their mass or relative scattering. From these intensities, the
product branching ratios and relative cross sections of the
reaction system are determined as the vibrational state and
kinetic energy of the reactant ion are varied, which will dem-
onstrate the role that vibrational motion plays in determining
the reaction outcome. These observations may also provide
insight into the nature of the reactive interaction leading to
product formation. An example of such a state-selected study
carried out with this instrument is presented in a companion
paper that investigates the ion-molecule reaction of
NH{ (»,) +ND;.!

Several key experimental questions become apparent
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when considering the studies outlined: (1) Can state-
selected ions be generated with sufficient flux and reacted
with state selectivity intact? (2) Can the reactant ion kinetic
energy be accurately controlled and have a narrow enough
spread to yield meaningful collision energies? (3) Most im-
portantly, can product intensities be measured without sig-
nificant channel-dependent discrimination? Answers to these
questions must precede rigorous interpretation of any ob-
served reaction system properties. The affirmative answer to
the first question is demonstrated in the following paper on
the state-selected ion-molecule reaction of NHf +ND;." The
answers to the second and third questions concerning instru-
ment performance are the focus of this report.

Because the collision energy is set by the easily con-
trolled kinetic energy of the reactant ion, the second question
concerning the collision energy is answered by examining
the energy characteristics of the reactant ion beam. These
characteristics are determined and discussed in Sec. II. A
comprehensive check on the many factors that may contrib-
ute to channel-dependent discrimination is to measure with
this instrument a reaction having a well-characterized prod-
uct branching ratio. The amount of channel-dependent dis-
crimination present in this instrument can be gauged by com-
paring the measured branching ratios to those obtained
previously and using the observed discrepancy to constrain
the interpretation of measurements made with this instru-
ment.

The system selected to test for product-dependent dis-
crimination should meet several criteria. The first two criteria
concern the reaction system itself. (1) The desired system
must have multiple product channels for which the branching
ratios have been measured over the collision energy range

© 1994 American Institute of Physics 3763

Downloaded 23 Feb 2012 to 171.64.124.19. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



3764 Guettler ef al.: Reaction N"+0,

ADJUSTABLE
PULSED NOZZLE

SKIMMER
COLLIMATOR

IONIZATION

FILAMENT .
DC QUADRUPOLE
TURNING ELEMENT

QMF2

© Mcp
DETECTOR
EXTRACTION OPTICS
“\\_ OCTOPOLE I1ON-GUIDE
{ COLLISION REGION
INJECTION OPTICS

FIG. 1. Schematic illustration of the quadrupole-octopole-quadrupole mass spectrometer employed to study ion-molecule reactions with electron impact
ionization or state-selective preparation of the reagent ions by resonance-enhanced multiphoton ionization. (QMF is the quadrupole mass filter; MCP is the

microchanne] plate.)

investigated with this instrument (0.5-10.0 eV c.m.). (2) It
should have product masses near those of the principal state-
selected system of interest, NHy +ND; (17-22 a.m.u.). The
final two criteria for the test system concern the methods
used in the measurements. (3) The reactant ion must be gen-
erated in a way that makes comparison to the state-selected
photoionization studies relevant. Because ion state selection
is accomplished by (2+1) resonance-enhanced multiphoton
ionization, we desired a test system for which photoioniza-
tion could be used to generate ions. Unfortunately, the
sparseness of reaction systems amenable to photoionization
that are well characterized at superthermal collision energies
has forced us instead to adopt the more conventional electron
impact ionization scheme for these characterization studies.
Yet even with electron impact ionization, the number of sys-
tems meeting the previous two criteria is small. (4) Because
our quadrupole-octopole-quadrupole instrument relies
heavily upon the use of radio-frequency (rf) devices, a com-
parison reaction system is sought that has been studied with
techniques that do not employ guided ion beams. In this
instrument, the rf octopole ion guide is used to direct the
reactant ions to the collision region and to guide all the prod-
uct ions, regardless of their reactive scattering and mass, to
the second quadrupole for subsequent mass analysis and de-
tection. As will be seen later, these rf devices have a signifi-
cant role in the answers to the questions concerning instru-
mental performance addressed herein. Therefore, this final
criterion will avoid any chance of duplication of discrimina-
tion factors resulting from experimental similarities. Prefer-
ably, the results for the test reaction system will have been

obtained by several different methods so that any method-
dependent discrimination is avoided.

The system that appears fo come closest to meeting all of
these criteria is the N*+0, ion-molecule system. The three
primary product channels of the N*+0, system are

N*+0,—N+0; (1a)
—NO"+0 (1b)
—NO+0™. (1c)

The reaction was studied by several techniques over a wide
range of collision energies.”® The highest collision energies
have been measured with a crossed-beam experiment?®
(1.5-40 eV cm.). Selected-ion flow-drift tube
measurements® have been made in the collision energy range
0.06-1.8 eV cam., between the several thermal
measurements*~® and the lowest energies of the crossed-
beam measurements. The two superthermal data sets com-
pletely span the range of collision energies to be investigated
with our quadrupole-octopole-quadrupole instrument and,
hence, form the basis of the present characterization study.

Il. EXPERIMENT

Figure 1 presents a schematic diagram of our
quadrupole-octopole-quadrupole . instrument. Tonization oc-
curs in a pulsed molecular beam by electron impact ioniza-
tion or photoionization. For the present study of the N*+0,
reaction system, the N¥ ions were formed exclusively by
electron impact. An example of photoionization work with
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this instrument is presented in the following paper on the
state-selected ion-molecule reactions of NHi +ND;.! The
reactant ions are extracted from the molecular beam and
passed through a quadrupole mass filter to ensure that only
ions of the desired mass enter the subsequent reaction region.
The ions are accelerated to the desired kinetic energy as they
enter the octopole ion guide. The ion guide passes through
the collision cell, thus serving to transport the reactant ions
to the collision cell, which contains the neutral reactant mol-
ecule, and to guide the product ions and remaining reactant
ions to the second quadrupole mass filter. This second mass
filter selects the ion mass to be detected, and from the prod-
uct and reactant intensities, product branching ratios and
relative cross sections are detérmined. A more detailed dis-
cussion of the instrument is provided in Secs. II A-II C, fol-
lowed by a characterization of the reactant ion beam kinetic
energy and a discussion of the overall collision energy
spread. )

A. lon beam source

The species to be ionized is introduced into the instru-
ment as a neat or seeded molecular beam. To generate N,
N, (Matheson, 99.999%) neat or 10% in He (Liquid Car-
bonic, 99.995%) was expanded from a pulsed valve (General
Valve #9-376-900, orifice diameter 0.15 mm). No significant
difference in the N intensity or energy characteristics was
observed when seeding in helium. The position of the pulsed
valve is externally adjustable in three dimensions. The mo-
lecular beam is formed by skimming (Beam Dynamics, Inc.,
0.49 mm diameter orifice) and collimating (2 mm diameter
orifice) the pulsed valve output. The skimmer is located 1-5
mm from the valve, and the collimator is ~5 cm from the
skimmer tip. In this study, the pulsed valve was operated at
frequencies of 10-30 Hz and stagnation pressures between
20 and 40 psi. The width of the valve pulse was adjusted so
that the pressure in the vacuum chamber containing the valve
did not exceed 5X 107° Torr. Pulse widths were typically 300
ps full width at half maximum (FWHM). The pressure in the
differential pumping chamber between the skimmer and the
collimator was typically 6X1077 Torr. With neutral reagent
gas flowing into the collision cell in the adjacent chamber,
the ionization chamber pressure was 3X 1077 Torr, slightly
higher than the base pressure of 2X107~7 Torr.

Electron impact ionization occurs at a distance ~0.5 cm
after the molecular beam collimating plate in a field-free re-
gion maintained at a controlled potential. The electron source
is a tungsten filament that is voltage biased to accelerate the
thermionic electrons to the desired kinetic energy in the
field-free ionization region. The electrons pass through a
triple layer of mesh as they enter the ionization region and
cross the molecular beam at right angles. For this work, N*
was generated by direct electron impact dissociative ioniza-
tion of N, using electron energies of ~50 eV and filament
emission currents of ~0.25 mA. After ionization, the ions
continue to travel with the molecular beam pulse for ~1.5
cm beyond the electron impact point, where they enter a dc
quadrupole turning element.””

The turning element extracts the ions from the molecular
beam, directing them down the ion beam axis at right angles
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to the molecular beam axis. The ions travel through ~8 cm
of electrostatic focusing optics (asymmetric lenses) before
entering the first quadrupole mass filter (Finnigan, rod diam-
eter 6.25 mm, length ~14 cm). The mass filter is driven by a
Finnigan Model 3200-1 spectrometer control module (fre-
quency 1.850 MHz, ion kinetic energy ~6 eV). One of the
lenses leading to the first quadrupole is a split lens element
that is pulsed to defiect the background N* ions formed by
the continuous electron impact current. This lens is set to
transmit ions throughout the duration of the molecular beam
pulse. The non-rf ion optics voltages in the instrument are set
by optimizing the N* signal intensity reaching the detector.
Chopping with the split lens ensures that it is the transmis-
sion of N* originating from the molecular beam that is op-
timized. i

The interface between the first quadrupole and the octo-
pole ion guide is a set of three thin lenses (0.64 mm thick,
1.1 mm spacing, 3.2 mm aperture). The final lens has a 1.9
mm extension that penetrates info the octopole ion guide to
help minimize fringing field effects from the ends of the
octopole rods. These injection lenses prepare the strongly
divergent ion beam exiting the quadrupole for entry into the
octopole. Their electrostatic focusing acts to collimate some
of the less divergent ions exiting the quadrupole, and these
lenses also act as physical collimators, their apertures clip-
ping the strongly divergent ions that have acquired signifi-
cant radial velocity components within the quadrupole mass
filter. These two purposes share a common objective: to
produce an ion beam that upon injection into the octopole
ion guide is well collimated, with radial velocity components
(perpendicular to the ion beam axis) significantly less than
the axial velocity components (parallel to the ion beam axis).
This objective is an integral part of the ion beam energy
characteristics discussed later.

B. Collision region

The collimated ion beam enters the octopole ion guide
(0.318 cm rod diameter, 0.476 cm inscribed radius, 27.9 cm
long), which has a dc voltage set to provide the ions with the
desired kinetic energy. Ervin'® has shown that the best ap-
proximation to a hyperbolic multipole that can be achieved
with cylindrical rods corresponds to a geometry in which the
ratio of the rod radius to inscribed radius, a/rg, is 0.37; for
our octopole a/ry=0.33. The octopole and driving electron-
ics are partially homebuilt, using an ICOM Transceiver (IC-
735) as the rf sine-wave source and amplifier, that feeds an
Extrel High Q-Head (Model 10) rf step-up transformer.
Resonance matching between the source and the transformer
was accomplished by an antenna matching device (MFI,
Model MFEJ-949C). The rf potential supplied to the ion guide
was typically 370 V peak rf voltage at a frequency of 4.70
MHz. The octopole ion guide functions as an “‘ion pipe,”
allowing nearly all the product ions to be transported from
their formation point to the second quadrupole mass filter
even when the product ions scattered from the reactive col-
lision have significant off-axis velocity components.

Previous work in this laboratory''~'* used a static colli-
sion cell to carry out ion-molecule reaction studies and,
hence, was susceptible to variations-in product collection ef-
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ficiencies that resulted from differences in product recoil en-
ergetics. The octopole ion-guide eliminates this discrimina-
tion in product ion detection, making it possible to compare
directly different product channels and determine product
branching ratios and relative reaction cross sections. The oc-
topole ion guide offers several advantages over the rf-only
quadrupole commonly used in analytical chemistry. These
advantages can be appreciated by examining the expression
for the time-averaged effective trapping potential, U, in a
hyperbolic multipole as a function of the radial distance r for
a particle of mass m and charge g (Refs. 10 and 16)

Uﬁ( )_nzq?.vﬁ f_ 2n—2+U (2)

where 2n is the number of poles, £V, is the peak rf voltage
of adjacent rods, w/27r is the frequency, ry is the inscribed
radius, and U, is the dc potential on the octopole, which
determines the beam energy. For a given inscribed radius, rf
amplitude, frequency, and ion mass, the trapping potential of
an octopole ion-guide, which has an r° dependence, is much
deeper than that of a quadrupole, which has an r? depen-
dence. In addition, the trapping potential of an octopole ion
guide more closely approximates a square well, resulting in
less perturbation of the ions as they move off axis. Further
details concerning the operation of rf ion guides are given
elsewhere, 101718

The collision cell is located ~16.5 cm beyond the octo-
pole ion-guide entrance. The walls of the collision cell are
formed by two ring electrodes that connect the sets of octo-
pole rods. Gas is introduced in the 1.6 mm gap between the
two electrodes, effusing between the ring electrodes and into
the center of the ion guide as a thermalized gas. The collision
cell walls do not penetrate into the circumscribed radius of
the octopole rods, leaving large holes (0.79 cm radius) at the
entrance and exit to the collision region. This open geometry
is the most significant problem in making meaningful assign-
ments to the collision region pressure and path length. The
product and unreacted reagent ions travel the remaining
length of the octopole heading toward the second quadrupole
mass filter.

Gas flow to the collision cell is controlled by regulating
the pressure backing a leak valve (Varian, Model 951-5100)
which leads to the collision cell. The pressure is monitored
on each side of the leak valve (14.8—15.1 psi and 0.9-1.1
Torr, respectively) and in the vacuum chamber containing the
collision cell (1.0-1.2X107° Torr, base pressure: 1X1077
Torr). The pressure between the leak valve and the vacuum
chamber is measured with a convectron pressure gauge
(Granville-Phillips Series 275), and the pressure in the
vacuum chamber is measured with an uncalibrated Bayard-
Alpert-type ion gauge (Granville-Phillips Series 307). The
convectron gauge leading to the vacuum chamber proved the
more sensitive measure of gas flow.

Near single-collision conditions were assured by moni-
toring the secondary products in the NH;' +ND; reaction sys-
tem, as described in the following article.! The N *+0, sys-
tem has no secondary products distinguishable based on
mass, whereas the NH; -+ND; system has an easily observed
secondary product that is formed by reaction of the charge
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transfer product (NDJ) with another ND5. The ND; charge
transfer product is expected to be moving with considerably
less velocity than the incident NHY reactant and, by com-
parison to the analogous NH, system,'®~2! these slower sec-
ondary collisions are expected to yield predominantly ND .
As with the NH; system, the cross section for ND; forma-
tion is expected to be nearly collisional,”"** and is therefore
taken to be a direct indication ot the extent to which second-
ary reactions are occurring. The pressure conditions of the
collision cell obtained with NH3 +ND; were also used for
the N¥+0, study. No correction was made for the differing
detection sensitivities of the pressure measuring devices to
NH; and O,. However, when the collision cell pressure was
increased to bring the collision chamber pressure to 31078
Torr, a factor of 3 change, no change in product branching
ratio was observed.

C. Detection and data collection

The ions are directed from the octopole ion-guide into
the second quadrupole mass filter (Extrel, pole diameter 15.9
mm, length 22 cm) by a set of three lenses (6.3 mm aperture,
1.6 mm spacing). The potential difference between the dc
offset of the second quadrupole and the octopole was kept
constant at approximately —15 V. The second mass filter was
driven by commercial electronics manufactured by Extrel
(Model 111-0 Power supply, ~3.2 MHz frequency; 525 V;
peak rf voltage at m/e=17). The objective of this
quadrupole-octopole interface is the opposite of the injection
interface at the octopole entrance. Ideally, all ions are to be
transported from the ion guide to the quadrupole mass filter;
the interface optics should obstruct no ions, This goal is
aided by making the lens apertures larger than the octopole
effective potential radius (effective potential, ~1 V at 2 mm,
lens aperture radius, ~3 mm). To ensure that the quadrupole
mass filter is operating with as high a detection sensitivity as
possible, the mass resolution was decreased to yield nearly
baseline resolution for peaks separated by one mass-to-
charge ratio.

Following the mass filter is a set of two lenses (12.7 mm
aperture, 1.6 mm spacing) that direct the ions to the detector
and act to isolate the detector from the oscillating rf fields of
the quadrupole mass filter. The ions are accelerated across a
~1.5 cm, —400-—2000 V voltage gradient that brings them
to the detector. The detector is a chevron microchannel plate
assembly (Galileo - Electro-Optics FTD-2003) that is con-
tained in a vacuum chamber at an operating pressure of
3%1077 Torr, with gas being supplied to the adjacent colli-
sion cell. Typical ion flight times for the entire instrument,
from ionization to detection, are 110 us at a collision energy
of 1.85 eV lab, corresponding to a total traversed distance of
~80 cm.

The output from the microchannel plates is fed to a dual-
output 10X preamplifier (LeCroy 612A). The two output
channels are used to drive two detection schemes, ion count-
ing and analog detection. This dual data treatment provides
the ability to detect a wide range of signal intensities. In the
present N +0, study, signal rates were never sufficient to
require the use of the analog detection scheme; all signal
intensities were determined by single ion counting. In the
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counting detection scheme, the output of the preamplifier
was fed into a 150 MHz discriminator (LeCroy 4608C). A
multichannel scalar (MCS) (homebuilt, with DSP QS-450
100 MHz quad scalar front end) receives the discriminator
output and stores the summed time-of-flight (TOF) profile.
The scalar is read out by a digital computer (486-33 MHz,
IBM compatible) via a CAMAC Crate (Kinetics Systems,
Model 1502). The computer sums the TOF profiles for the
various mass channels and controls the second quadrupole
mass setting. A typical data collection cycle involves (1) set-
ting the second quadrupole to the desired mass with the com-
puter; (2) letting the scalar sum for the desired number of
molecular beam pulses (50-400 pulses); (3) reading out the
MCS with the computer and adding this data to the previ-
ously stored TOF data; and (4) repeating this sequence for
the reactant and each of the product mass channels, which
results in a summed TOF profile for each mass. This data
collection cycle is repeated for typically 2-4 h (30-40
cycles) to generate a reactant and product set of TOF data for
a given collision energy.

The TOF profiles are integrated, and the resulting prod-
uct and reactant intensities are used to generate branching
ratios and relative cross sections. The branching ratios are
the fraction of summed product intensity in a particular prod-
uct channel, and the relative cross sections are simply the
ratio of the particular product intensity to the reactant inten-
sity. Reactant ion intensities are not corrected for product
formation because the fraction reacted is approximately
1 X 10™*. With typical reactant intensities ranging from 5-15
ions/molecular beam pulse, the largest product intensities
(NO™) were typically one ion for every 20-30 molecular
beam pulses. The weakest product channel intensity (0™),
one ion per 250 molecular beam pulses, was sufficiently
small to require a detector dark current correction. An esti-
mate of the dark current was obtained by monitoring blank
mass channels (m/e=23,28,29) simultaneously collected
with the reaction data. Typical dark currents were one count
in 350-400 molecular beam pulses. Each experimental ion
intensity was corrected by subtracting the dark current mea-
sured with that data set.

D. lon beam kinetic energy characterization

This section is rather technical and more details are
available elsewhere.?? The collision energy of the reaction
system is controlled by varying the kinetic energy of the
reactant ion in the collision region, which is determined in
large part by the potential difference between the ionization
region and the collision region. The exact kinetic energy of
the ion in the collision region will differ from this potential
difference by an additional energy offset and it will have
some characteristic spread. Determining these additional ion
beam characteristics is complicated by the nature of this in-
strument, primarily, its heavy reliance on rf devices to mass
select and then guide the ion beam to the collision region.
Several approaches have been undertaken to estimate the en-
ergy offset and spread that occur in conjunction with the
experimentally controlled potential difference kinetic energy.

The initial contribution to the ion beam kinetic energy is
from the molecular beam source, which provides the ions
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with their initial velocity and spread. Because the molecular
beam temperature is estimated to be tens of Kelvin, this ini-
tial contribution to the ion beam is small with respect to the
collision energies investigated in the present work and small
with respect to the measured energy spreads (see the follow-
ing). Hence, the ion beam energy spread results primarily
from subsequent instrumental effects.

When the reactant ion collides with the neutral reagent
in the cylindrical octopole ion guide, it will have an axial and
radial velocity component. The characteristics of the axial
velocity component are estimated from two experimental
techniques, a retarding potential analysis and a time-of-fight
analysis. Each method yields the axial kinetic energy offset
and spread of the ion beam. The radial velocity component is
more difficulf to assess. Although experimental methods ex-
ist for measuring the radial kinetic energy within an rf ion
guide,> the investment necessary to obtain meaningful mea-
surements is substantial. We have chosen instead to rely
upon trajectory simulations to estimate the radial energy
characteristics of the reactant ions inside the ion guide. The
combined axial and radial information allows rough esti-
mates to be made of the reactant ion kinetic energy magni-
tude and spread within the ion guide, from which the reac-
tion collision energy magnitude and spread can be
determined.

As the reactant jon beam enters the collision cell, it has
interacted with two rf devices, the first quadrupole mass filter
and the octopole ion guide. We have attempted with the op-
tics design at the octopole entrance to prevent the radially
energized ions of the quadrupole mass filter from entering
the octopole ion guide, ensuring that the radial kinetic energy
component of ions entering the octopole is an insignificant
amount of the total ion kinetic energy. The trajectory calcu-
lations used to check the performance of this design were
done with the commercial software program MacSimion.?

The two-dimensional nature of the trajectory software
and the differing symmetries of the ion optics along the ion
beam path forced the simulations to be carried out in three
stages: the first quadrupole mass filter, the octopole injec-
tion optics, and the octopole ion guide. In our apparatus (Fig.
1), the elements that direct the ion beam to the first quadru-
pole mass filter are static ion optics. Their contribution to the
radial velocity components is expected to be small relative to
those introduced in- the quadrupole mass filter, which
experimentally®® and theoretically?”’ > has been shown to
yield potentially divergent ion beams. Therefore, our ener-
getic analysis began with the first quadrupole mass filter.

With the known geometry and the fixed operating pa-
rameters of the first quadrupole, the dc and rf amplitudes
were found by varying both values until stable trajectories
for mass 17 (“*NH?) (Ref. 1) were obtained at a-“resolution”
of roughly 17. From the time-averaged radial position and
energetic profiles of these trajectories, reasonable ranges
were chosen for the initial conditions of the octopole injec-
tion optics trajectories.

The most challenging aspect of modeling the octopole
injection optics was to include to some degree the interaction
between the rf quadrupole fields and the static injection lens
fields. The true nature of the quadrupole-octopole interface
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FIG. 2. Octopole injection optics and sample trajectories from MacSimion
showing ion trajectories exiting the first quadrupole, passing through the
injection optics, and entering the octopole. Initial conditions: 0-1.5 mm
quadrupole radius; 1 eV radial energy; 5.9 eV axial energy. Electrodes at the
top center between the quadrupole rods are those added to approximate
quadrupole potential well (see text).

cannot be approximated without in some way accounting for
the interaction of the static extraction lenses with the time-
varying quadrupole potential, To accomplish this task within
the constraints of the simulation software, approximately 1
mm of a quadrupole rod pair were included in the x-z plane
of the injection optics electrode geometry (Fig. 2). A pseudo-
potential well was created between the two rods by locking
some of the center potential array points at a voltage that
mimics the nature of the quadrupole potential well while
leaving the protrusion and nature of the static lensing poten-
tials as unchanged as possible. This limited and artificial in-
clusion of the quadrupole mass filter in this work was suffi-
cient to demonstrate the large, and thereby crucial, difference
the presence of the rf field had on the resulting injection lens
trajectories. The octopole field was not included in the injec-
tion optics simulation because it has a much flatter and
broader potential well than that of the quadrupole and there-
fore does not interact as significantly with the lensing.

The three-lens injection optic yields a highly skimmed
and collimated ion beam that enters the octopole. When tra-
jectories were run at the experimental voltages for these op-
tics, most of the ions that exit the quadrupole struck aperture
walls (Fig. 2). Those that passed through the injection lenses
were highly collimated and had a small degree of divergence,
less than 0.1 eV lab radial kinetic energy. This result is con-
sistent with the experimentally observed intensity of the pho-
toionized reagent beam in our NH7 +NDj study.! Typical
NH reactant intensities were 100—150 ions per laser shot,
although approximately 10°—10° ions are produced in the
ionization volume of the laser. When the quadrupole poten-
tial well was not included in the simulation, nearly all the
ions were transported through the injection optics, which re-
sults in the incorrect picture of an intense but highly diver-
gent ion beam entering the octopole.

The completed trajectories from the injection optics pro-
vide the initial radial positions and energies for the octopole
trajectories. These initial radial positions and energies were
oriented at each of three angular coordinates, 8=0, 7/8, and
/4. The results at these angles were weighted by 1:2:1, re-
spectively, since the 7/8 and 37/8 angles are equivalent. The
trajectories were run for 7 us, a compromise between data
file size and the actual time required to arrive at the collision
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below that energy. Percents are based on time steps summed over a com-
plete set of octopole trajectories.

region. The energetics of these trajectories were analyzed by
combining all of their time steps into a radial kinetic energy
histogram and calculating a time-averaged radial energy dis-
tribution.

As expected, the average energy and the energy spread
showed a strong dependence on the radial injection position,
which indicates the lasting impact of the interaction between
the initial trajectory steps and the sharply rising potential
“wall” of the rf potential well. We find, however, that the
fraction of trajectory steps at anomalous kinetic energies is
small relative to the total number of time steps. This behav-
ior is apparent from an energy distribution histogram and
from the secondary analysis of this histogram presented in
Fig. 3. Figure 3 shows the fraction of total trajectory time
steps that fall below a given energy level. From this plot,
90% of the trajectory steps are below 0.5 eV lab, and 50%
are below 0.1 eV lab.

These trajectory sets were run under conditions corre-
sponding to a kinetic energy of 1.85 eV lab (1.0 eV c.m.,
NH{ +ND3), but no significant dependence of the energy
spread on an increasing kinetic energy was observed. The
geometry of the injection optics largely determines the radial
energy uncertainty of the ion beam in this instrument. Thus,
the uncertainty is somewhat fixed, which demonstrates the
importance of careful optics design. Although the accuracy
of these simulations is limited by their two-dimensional rep-
resentation of a three-dimensional geometry, the results are
used to indicate roughly how the configuration performs and
how much residual radial kinetic energy the ion beam has in
the collision region.

The experimental ion beam energy characterizations ad-
dress only the axial kinetic energy and employ two ap-
proaches, each of which determines the ion beam axial ki-
netic energy offset and spread. Yet both approaches are
sufficiently flawed as to require corroboration. The first ap-
proach uses the TOF analysis of a chopped ion beam. The
second uses the octopole ion-guide dc potential as a retarding
field to determine directly the energy profile of the ion beam.

The TOF experiments measure the arrival time of a short -
(~3 us) ion pulse at fast (~14 eV lab) and slow (~0.7 eV
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lab) octopole voltage settings, which correspond, respec-
tively, to short and long octopole residence times. To mini-
mize distortions, the pulsing setup was initially configured
by superimposing the chopping pulse onto NH; photoions
generated with a pulsed nanosecond laser (see the following
paper’). The unchopped photoions have a pulse width of a
few microseconds. The pulsing conditions were adjusted to
minimize both the temporal width and shift distortions im-
posed upon the photoion packet when the pulsing optic was
activated. The relative difference between the two arrival
times, keeping all other conditions constant, yielded an un-
derlying ion beam kinetic energy of 0.25 eV for the N* ions
formed by electron impact. The corresponding ion pulse
widths are used to extract the kinetic energy spread of the ion
pulse. The width of the fast ion pulse is slightly shorter than
the generating ion optic chopping pulse. The width of the
slow ion pulse is nearly seven times the chopping pulse
width. This change in width is used to determine a FWHM
kinetic energy spread for both the leading and trailing edges
of the ion pulse. The trailing edge energy spread shows a
significant distortion that is attributed to the chopping that
creates the ion pulse; the observed energy width of the trail-
ing edge half-maximum was 5 times smaller than that of the
leading edge. An estimated kinetic energy spread of 0.4 eV is
obtained by doubling the half-width energy spread needed to
reproduce the larger leading edge shift.

The octopole ion-guide ramping experiments are per-
formed by ramping the dc offset of the ion guide to yield an
energy cutoff profile that, when differentiated, is the energy
profile of the ion beam. The kinetic energy offset and spread
of the ion beam can be read directly from this profile. Am-
biguities are introduced into this method by the variable lens-
ing that results from the changing octopole potential. Al-
though the trajectory simulations described showed no
significant changes in the energy spread as the ion beam
kinetic energy was increased above 1.85 eV, these octopole
ramping experiments are expected to have a significant sen-
sitivity to the slight changes in focusing that accompany the
scanning octopole potential as the average kinetic energy ap-
proaches zero. Typical ion beam kinetic energy offsets ob-
served from these energy profiles were ~0.5 eV. The uncer-
tainties inherent in this method do not affect the relative
stability of the measurement, which when combined with the
ease of experimental use, was the motivation behind our se-
lection of this method to track the day-to-day kinetic energy
magnitude and spread of the ion beam. Reaction data for the
present N*+0, study were collected only when the labora-
tory frame energy uncertainty of the ion beam, as measured
by octopole ramping, was below 1.1 eV (0.77 eV c.m.)
FWHM but typically not less than 0.8 eV lab.

The ion beam kinetic energy characteristics observed
with the TOF analysis are systematically smaller than those
observed with the octopole ramping. The kinetic energy off-
set observed with the TOF analysis was 0.25 eV lab, com-
pared to ~0.5 eV with the octopole ramping. The kinetic
energy spread observed with the TOF analysis was 0.4 eV
lab, compared to 0.8—1.1 eV with the octopole ramping.
Each measurement method is sensitive to uncertainties, and
the true energy characteristics likely lie between these val-
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ues. We have slightly more confidence in the kinetic energy
offset measured with the TOF analysis because of the checks
we were able to perform and the rigor of the technique.
Hence, the 0.25 eV offset was used to correct all the reported
collision energies, but the absolute value of the collision en-
ergies may be larger as indicated by the octopole ramping
measurements. The overall kinetic energy spread is estimated
to be in the range of 0.9-1.6 eV lab (0.6-1.1 eV c.m.),
which results from summing the radial energy spread (0.5 eV
lab) with the TOF analysis and octopole ramping axial un-
certainties, respectively.

E. Collision energy spread

The center-of-mass collision energy, neglecting the ther-
mal motion of the neutral reagent, is given by

Ec.m.:Elab( m) =0.70E 3, (€)
where E,, is the kinetic energy of the reagent ion in the lab
frame, m is the mass of the reagent ion (m=14), and M is
the mass of the thermal neutral reagent (M =32). Using this
formula, the ion beam Kkinetic energy spread from above,
0.9-1.6 eV lab, corresponds to a center-of-mass collision
energy spread of 0.6-1.1 eV c.m.

Because the ion-molecule studies described in this paper
are carried out under beam-gas conditions, there can be an
additional sizable spread in the collision energy resulting
from the thermal motion of the neutral reagents
(E,,=3/2kT=0.039 eV). This thermal uncertainty may be
larger than the uncertainty resulting from the ion beam ki-
netic energy spread. The thermal motion of the neutral target
gas causes the collision energy distribution to have a full
width at half maximum of*

1/2
)kTEC_m_] =0.30(E.)',.

)
neglecting any spread in the ion beam energy. At collision
energies of 1.0 and 10.0 eV, the A Epwypy spreads are 0.3 and
0.9 eV, respectively. Note that this spread is comparable to
the width of the kinetic energy distribution of the reagent
ions, and at higher collision energies, it may exceed the
spread in the kinetic energy of the reagent ions.

m

lil. RESULTS AND DISCUSSION

Figure 4 presents our measured branching ratios for the
N*+0, reaction as a function of collision energy. For com-
parison, the branching ratio results of the crossed beam ex-
periments of Neymaber, Rutherford, and Vroom,” the drift
tube measurements of Howorka, Dotan, Fehsenfeld, and
Albritton,” and several thermal energy branching ratio
measurements*~® are also shown. At the higher collision en-
ergies (1.5-10 eV c.m.), the branching ratio trends and mag-
nitudes reported here are in good agreement with the existing
results. The ordering of the channel intensities is correctly
reproduced over this energy range, although a slight system-
atic shift independent of collision energy is observable in the
branching fractions. Our measured O, branching ratios are
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FIG. 4. Product branching ratios for the reaction N*+0, plotted as a func-
tion of center-of-mass collision energy (E. ) comparing the present work
with the measurements of Neynaber et al. (Ref. 2), Howorka et al. (Ref. 3),
and several thermal measurements (Refs. 4—6). Error bars are two stan-
dard deviations.

systematically ~0.15 lower than those observed by Ney-
naber et al., with a corresponding increase in the branching
ratio of the NO™ and O channels. At lower collision ener-
gies (less than 1.5 eV c.m.), our measurements do not repro-
duce the curvature observed in the drift tube measurements.

For a wide range of collision energies (1.5-10 eV c.m.),
the branching ratio comparisons demonstrate our
quadrupole-octopole-quadrupole instrument has no signifi-
cant bias in collecting the product channels of the N¥+0,
system. The slight discrepancy in the branching ratios is not
significantly energy dependent and therefore not strongly in-
dicative of channel-dependent discrimination. Likely it is the
result of a systematic error in one or both of the measure-
ment techniques. The nature of the processes leading to for-
mation of the three primary ion products is sufficiently dif-
ferent that the product ions are expected to cover a fairly
broad range of kinetic energies, although only the NO™ prod-
uct kinetic energy distribution has been measured above ther-
mal collision tanei‘gie:'.-*..3l'32 The agreement seen in the high
collision energy branching ratios indicates fairly uniform de-
tection efficiency for the three product channels, answering
affirmatively the third and remaining question put forth in
Sec. I: Can product intensities be measured without signifi-
cant channel-dependent discrimination? The favorable repro-
duction by our apparatus of the N* +0, branching ratios for
collision energies greater than 1.5 eV c.m. (2 eV lab) pro-
vides the basis upon.which can be built subsequent presen-
tation and interpretation of product ion intensities from state-
selected studies down to collision energies of at least 1.5 eV
c.m.

The primary cause of the discrepancy observed below
1.5 eV c.m. is believed to be the kinetic energy spread of the
reactant ion beam convoluted with the thermal spread of the
neutral reactant, and not a channel-dependent discrimination.
Simulated convolutions of model cross sections with an ion
beam having an energy width of 0.8 eV c.m. indicate that the
low collision energy curvature of the drift tube branching
ratios cannot be reproduced, and the resulting convolutions
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FIG. 5. Product relative cross sections and the total reaction cross section
for the reaction N*+0, plotted as a function of center-of-mass collision
energy (E..,). Error bars are two standard deviations.

closely reproduce our low collision energy branching ratios.
Given the agreement between our measurements and those
of Albritton and co-workers above 1.5 eV c.m.,? in combina-
tion with our experimentally estimated ion beam energy
spread of 0.8 eV c.m., we are confident that our measure-
ments above 1.5 eV c.m. (2.1 eV lab) are not significantly
affected by the collision energy spread inherent in our con-
figuration.

In Fig. 5 we present the product relative cross sections,
corresponding to the branching ratios in Fig. 4, as a function
of collision energy. The absolute cross section results of
Neynaber et al? are presented in Fig. 6 for comparison. Be-
cause the determination of a scaling factor to transform our
relative cross sections to absolute values has proven difficult,
the relative nature of our cross section measurements allows
only qualitative comparisons to the data of Neynaber et al.
The trends observed in each of the cross section meastire- -
ments agree closely. The minor product channel trends (O,
NO¥) observed by Neynaber et al. are well reproduced by
our measurements; the O cross section has a slow, steady
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FIG. 6. Product absolute cross sections and the total reaction cross section
of the Neynaber ef al. (Ref. 2) crossed beam experiments for the reaction
N* 40, plotted as a function of collision energy (E.,,).
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rise as collision energy is increased, and the NO™ cross sec-
tion steadily decreases. Both data sets have a crossover of the
two minor channel cross sections between 8 and 10 eV c.m.
The O; cross sections are more difficult and less favorable to
compare. The trend in the data of Neynaber ef al. is toward
higher cross sections with increasing collision energy,
whereas our Og'f' cross sections show a different dependence
on collision energy. Up to 5 eV c.m., the cross section de-
creases with increasing collision energy, paralleling the de-
crease observed in NO™. Above 5 eV c.m., a slight rise in the
O; cross section with collision energy may be detectable.
This discrepancy in the O3 cross sections may indicate that it
is the channel responsible for the systematic shifts in the
branching ratio measurements discussed above. Without an
objective way to scale our relative cross sections to absolute
values, no real comparison of cross section magnitudes can
be made.

IV. CONCLUSIONS

This paper addressed two questions regarding the experi-
mental performance of our quadrupole-octopole-quadrupole
instrument in studying ion-molecule reactions: (1) Can the
collision energy be accurately controlled and can the spread
be narrow enough to yield meaningful collision energies? (2)
Can product intensities be measured without significant
channel-dependent discrimination? The ion beam energy
characteristics outlined in Sec. II yield a kinetic energy width
of less than 1.6 eV lab (1.1 eV c.m.) and a kinetic energy
offset of ~0.25 eV lab. For the collision energies to be in-
vestigated with this instrument (1-20 eV lab), this energy
width and offset are sufficiently small to yield meaningful
collision energies. With the good agreement between our
measured branching ratios for the N*+0, system and the
measurements of both Neynaber et al? and Albritton and
co-workers,> we are confident that our measured product in-
tensities are not subject to significant channel-dependent dis-
crimination above collision energies of at least 1.5 eV c.m.
(2.1 eV lab), i.e., interpretation of the product ion intensity
variations measured with this instrument is valid above 1.5
eV c.m.
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