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1. INTRODUCTION

From an experimental point of view, electron-impact dissociation of molecules is clearly
the least unders:ood of the basic collision processes. Yet this interaction can play a critical role
in the chemistry of gas phase systems involving electrons with energies above several electron
volts. In this range, the electrons can induce transitions to excited states in a molecule, which
dissociate to produce fragments having high translational energies:

AB+e- —AB"+e 3 A+B+W+e )

Apart from destroying the original molecule, the dissociation provides an efficient mechanism
for the conversion of electron kinetic energy into the translational energy (W) of heavier species.
In many cases the dissociation fragments are highly reactive and generate new chemical species
in the gas. These effects are of particular concern for the control of plasma processes and in
various pulsed power systems.

Progress in measuring reaction (1) for various molecules has been reviewed by Zipf! and
by Compton and Bardsley.2 Virtually all measurements have been of partial cross sections for
the production of highly excited products that can be detected by spontaneous fluorescence, field
ionization, or secondary emission at a surface. Ground state atomic or molecular fragments,
which constitute the lowest energy and generally the most probable dissociation products, are not
accessible with these techniques. Nevertheless, several important electron-impact dissociation
measurements have been made that give access to ground state fragments. Corrigan3 derived the
cross section for the dissociation of Hz from observations of the pressure rise in a closed volume
of this gas subjected to electron bombardment. Winters obtained the dissociation cross sections
of N»,4 CH,,3 and several fluoroatkane compounds® by measuring the pumping speed produced
by the gettering of their dissociation fragments by metal surfaces. Niehaus’ obtained relative
dissociation cross sections of N; and several organic compounds using a dual-filament mass
spectrometer ion source. This concept of using two adjacent ionization volumes and mass
spectrometer detection was recently used by Nakano, Toyoda, and Sugai8 to measure absolute
cross sections for the electron-impact dissociation of CH3 and CHj radicals.

The purpose of the research described here was to develop a new and generally applicable
technique for the quantitative observation of electron dissociation reactions. In our approach,
the reactant molecules are present as a fast neutral beam that is intersected by an electron beam.
Because of the high beam velocity, the dissociation products are constrained to a narrow cone




and can be detected through secondary emission at an electron multiplier. At keV energies, the
secondary emission efficiency of the multiplier is relatively insensitive to electronic excitation
in the fragments, allowing near-uniform detection sensitivity to both ground and excited state
products. Position and time-sensitive detection at the multiplier of the two correlated products
from a single dissociating molecule permits accurate definition of the center-of-mass transla-
tional energy release (W) in the dissociation and the angular distribution of the fragments.
Charged particles produced by the electron interaction are collected by an electric field such
that dissociative ionization cannot contribute to the correlated product signal.




2. EXPERIMENTAL TECHNIQUE

Our technique consists of four distinct steps that must operate in concert to quantitatively
observe electron-impact dissociation. These steps are (1) production of a molecular ion beam,
(2) charge-transfer neutralization of this beam to produce the fast molecular beam, (3) inter-
section of the molecular beam by an electron beam, and (4) detection of the dissociation frag-
ments using an unique position-sensitive detector for correlated fragments (PSD-C). Each of
these steps is delineated in Figure 1, which gives an overall diagram of the experimental
apparatus.

ION BEAM PRODUCTION

An ion beam, accelerated to several keV energy, provides the base for production of the
fast neutral beam. Molecular ions are produced in an ion source, accelerated to a selected energy
of 3000 to 5000 eV, focused, mass selected by a Wien filter or magnetic sector, and collimated
into a beam of low angular divergence in preparation for its ncutralization. The stability,
intensity, purity, collimation, and internal state distribution in the ion beam intimately affect the
quality of the neutral beam that is produced. These qualities are determined primarily by the ion
source used to create the ions from a precursor gas.

During this research, three ion sources were used. Initially, a hot filament discharge ion
source® was used. This source allowed the preparation of intense ion beams of simple molecular
ions such as H3 and N3. However, the tungsten filament of this source was contained within the
high pressure region of the discharge. Hence, the source could not be used with oxidizing or
reactive gases. Furthermore, we found that the rovibrational energy distribution of the ions
produced by this source was extremely hot (>1000 K) and that excited electronic states of the
ions were generally not quenched within the discharge. The use of this ion source was
discontinued in favor of two other ion sources: a Nier-type electron impact ion source and a
hollow-cathode discharge ion source.

The electron-impact ion source is a relatively simple design that we have used extensively
in earlier research,; its characteristics were recently described in detail.!0 This source is by far the
most flexible in its ability to produce any given ion species. However, this flexibility stems from
the relatively low pressure of the gas present in the source (<5 x 10-2 Torr), which makes the
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Figure 1. Diagram of the electron-impact dissociation apparatus.
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1on production insensitive to small impurities in the gas sample. However, this low pressure also
allows little opportunity to relax electronic or vibrational excitation created in the ionization

process.

The third ion source is a water-cooled hollow-cathode discharge source!! operated at
pressures of 0.2 to 1 Torr. The high pressure within the source volume allows a very effective
quenching of the internal energy produced during ion production. Intense, relaxed beams of such
species as CO*, O3, N3, and H3 have been produced with this source. However, the discharge
operation is erratic when corrosive gases such as NO are used, and production of a desired ion
species is highly susceptible to competing ion-molecule reactions within the source.

The internal state composition of an ion beam can be inferred indirectly from known
radiative properties of the molecular ions, photodissociation of the ion beam, or photodissocia-
tion of the neutral beam. In addition, we have found that translational spectroscopy of the
products of dissociative charge transfer (DCT) is especially useful. We recently applied DCT
of 03 in Cs vapor to obtain detailed distributions of both the electronic and rovibrational distri-
butions of O3 produced in our electron impact ion source under various conditions. !0 Initial
tests showed this technique to be applicable also to N3, CG*, and NO*, and it is probably
generally applicable to most diatomic molecular ions. However, a detailed correlation between
ion state and dissociation channel has thus far been completed only for Of .

NEUTRAL BEAM PRODUCTION

The collimated ion beam is passed through a 10-cm-long cell containing the charge
transfer gas. The pressure in this cell is adjusted such that attenuation of the ion beam by the
gas is <10%. Ions that pass through the cell are deflected by an electrostatic field at its exit
and colle~ted. Fast neutrals created in the cell are collimated by a 0.5 x 3 mm slit positioned
typically 39-cm downstream of the cell. The function of the slit is to (1) produce a wel!-defined
neutral beam with an angular divergence of 1.2 mrad, (2) in combination with the beam flag,
mask the PSD-C from observing both fragme=:s from a dissociation event occurring upstream
of the slit, and (3) preferentially pass the products of near-resonant charge transfer, which are
predominantly forward-scattered with little angular divergence, while greatly attenuating
contributions from other scattering processes, such as collision-induced dissociation and
dissociative charge transfer.




Neutral Flux Measurement

The neutral beam “lux passing through the slit is monitored by measuring the apparent
current generated b: .ae neutral beam in a Faraday cup centered on the PSD-C. The Faraday cup
consists of a stainless steel tube terminated by an insulatea stainless steel collector. A potenual
difference of 80 V DC between the collector and the tube and a length/diameter ratio of 40 for
th rube facilitates the consistent removal from the collector of the secondary electrons that are
produced by the impact of the fast neutral bearn. The neutral beam flux N is related to the
measured current at the Faraday cup Ic by the relation:

N=l 2

n

where n is the effective secondary emission coefficient.

Absolute calibration of the neutral beam flux was made with a pyroelectric bolometer!2.1%
constructed from a 0.5-in.-diameter x 0.1-inch disk of lead zirconate-titanate with silver electrodes
deposited on the circular surfaces.14 The neutral beam was modulated at 5 Hz (by modulating the
ion beam before charge transfer neutralization), and the pyroelectric signal, which is proportional
to the power deposited by the fast beam, was detected by a lock-in amplifier. The absolute neutral
beam flux was determined by comparison with the pyroelectric signal produced by an ion beam,
whose flux was known from measurement of its current with a calibrated electrometer:

N= g;‘l , 3)
where N is the neutral beam flux, I is the current of the ion beam of equal energy, e is the
clectron charge, and Vg and V; are the bolometer outputs produced by the neutral and ion beam,
respectively. Comparison of these two measurements of the neutral beam flux provides a direct
measurement of the effective secondary emission coefficient 1} at the Faraday cup for routine
beam monitoring, with an accuracy of approximately 6%. This coefficient was found to be
stable to within this calibration accuracy over extended periods (months). Maintaining the entire
detector region under a clean (ion-pumped) high vacuum (<! x 10-8 Tomr) probably contributed
to this stability.

State Composition of the Neutral Beam

The molecular ion beam is converted to the neutral beam by near-resonant charge
transfer:



A*+B - A+ B+ (4)

where A* represents the fast ion species and B represents the thermal neutralizing gas. The cross
sections for reaction (4) are largest when the product A is formed in a single electron transfer
and when there is no net transfer of energy between the reactants and products, i.e., when the
recombination energy of A+ equals the ionization potential of B. In addition to the initial state
distribution in the reactant ion beam A*, the vibrational overlap integrals in both the recombi-
nation (A+—A) and ionization (B—B*) channels also play a significant role in determining the
vibrational distribution of fast neutral A.15

Besides theoretical calculations, there have been very few experimental measurements of
the actual state distributions of the fast neutral products formed by molecular charge transfer at
keV energies. Yet the state distribution in this beam is important for understanding its electron
dissociation reaction. Ding and Richter!6 observed the products of the N3/N2 reaction using
laser-induced fluorescence, but could probe only a few vibrational levels in the ground electronic
state. Detailed studies of the products of H} charge transfer in alkali metal vapor have also
been made, 17 but the products there are Rydberg states of the ion, so vibrational overlap in the
recombination is diagonal, a situation rarely found in the production of ground state molecules.

We made two studies during the present work to probe the final states formed in the
charge transfer. In the first of these, Cl molecules produced by the charge transfer of CH in Cly
were photodissociated at 11 laser wavelengths between 7993 A and 3507 A, exciting DT, «
X1Z; transitions at the blue wavelengths and 1311 « B3], transitions at the red wavelengths.
By measuring the discrete vibrational contributions to the translational energy spectrum of the
photofragments, we obtained a detailed vibrational distribution and relative populations for both
the X and B states.!8

In the second study, we detected the fast neutral product O3 in the charge transfer
reactions:

03@1,) + X 5 03 + X* (X = 0y, NO) (5)

Here we specifically use an electronically excited reactant ion so that products can be observed
with dissociation techniques. For both the O and NO neutralizing gases, a significant fraction
of the product O} populates vibrational leveis in the B3Z; state, which predissociates:

02(B3%4,v) = OCP) + OCP) + Wy (6)




to atoms with discrete releases of translational energy, which were measured with the PSD-C
detector.

The product translational energy spectra observed for Oz and NO targets are shown in
Figure 2 where the discrete energy releases associated with reaction (6) appear as structure in the
two spectra with an intensity proportional to vibrational population. The spectra are appreciably
different for the two target gases, with B(v = 0-6) populated with charge transfer in O2 and
B(v = 0-22) populated by charge transfer in NO. Since the Franck-Condon factors for ionization
are essentially the same in both these molecules, the essential difference in the product distri-
butions arises from their different ionization potentials, 12.06 eV for Oz and 9.25 eV for NO.
Considering the initial vibrational distribution in the reactant O3 a%Tl, state, which is
independently measured, and the Franck-Condon factors for the 2411, —B3Z, recombination,
we found that the charge transfer produces a Gaussian distribution of final states centered on
the resonant energy and with a full-width-at-half-maximum of ~1 eV. This same propensity
also described the products of the CI3/Cl; reaction.

Resonant capture in the OE(a)/NO reaction should also produce high vibrational levels
in the O3 ground electronic state X32§, which of course do not dissociate. We probed these by
photodissociation of the O} beam:

O§(X3Eé,v) +hv = 0x(B3Z,.v) N

which is followed immediately by dissociation (6). Initial measurements using fixed-frequency
lasers are described in Appendix A. These measurements detected population in the higher
vibrational levels, but did not allow a population distribution to be determined. Later measure-
ments using a tunable dye laser yielded the resuits shown in Figure 3. This figure shows the
fragment intensity of reaction (6) dispersed both in ranges of Wy, and continuously in exciting
photon energy, hv, of reaction (7). Bands appearing in the spectrum can be precisely identified
and are labeled by the vibrational quantum numbers (v',v") of the B state and the X state,
respectively. Analysis of the band intensities yielded the relative vibrational populations in
X3Eé(v = 27-34). These populations are found to be consistent with the Gaussian distribution
of product states described above.

In all these studies, the propensity of the neutralization reaction to form near-resonant
product channels is found to hold. However, this does not prevent the population of product
channels far from resonance to some extent. Although only a tiny fraction of the charge ransfer
reactions lead to production of nonresonant product states (indeed a negligible fraction from the
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standpoint of neutral beam purity), those molecules produced in long-lived dissociative states
that survive the transit time between the charge transfer cell and the electron beam interaction
region are found to produce the dominant dissociation background when observing electron-
impact dissociation products. This background constitutes the single greatest impediment to the
present measurements. For N2 and NO beams, identification of the spontaneously dissociating
states has been considered in some detail, as discussed in Appendices B and C, respectively.

Species Composition of the Neutral Beam

Contamination of the desired neutral beam by other atomic or molecular species can arise
either in the ion source or in the charge transfer cell. Mass selection of the ion beam with unit
mass resolution excludes the products of dissociative ionization or of ion-molecule reactions in
the ion source from entering the charge transfer cell. The second source of contamination is
collisional dissociation or dissociative charge transfer of the CO* beam in the charge transfer
cell. In general, these contributions will be small, reflecting the size of their cross sections (<1
A2) in comparison with that for symmetric resonance exchange (20 A2). In addition, significant
scattering accompanies these processes with small cross sections, so many of these fragments are
excluded by the slit entrance to the interaction region, with an acceptance of 1.3 mrad vertical
and 5.1 mrad horizontal. By comparison, a dissociation occurring in the charge transfer cell
with an energy release of W = 1 eV will produce the fragments dispersed over 21 mrad in the
laboratory frame. Nevertheless, it is important to confirm the beam purity.

We have two techniques for determining beam purity. The first is to use the electron
beam to ionize the molecular beam and observe the ionization products. Fragments produced in
the charge transfer cell will arrive at the electron interaction region with very nearly the same
laboratory velocity as the molecular ion precursor and with an angular divergence established by
the entrance slit. If we position a pair of vertical electrostatic deflector plates in the region
between the electron beam and the beam flag (see Figure 1), fast charged species produced by
direct ionization of the molecular beam will be deflected by an amount inversely proportional to
their mass. This deflection, projected over a distance of approximately 94 cm, is observed on
one of the position-sensitive anodes of the PSD-C.

Figure 4 shows the integrated counts observed on the anode for one deflection voltage
(175 V) following 50-eV electron impact on the CO beam. The abscissa in this figure gives
the distance of ion impact vertically with respect to the projected point of impact of the neutral
beam on the detector. The large peak is produced by CO*, formed by direct ionization of CO.
Fragments due to dissociative ionization are distributed over a range of distances on the detector

I




e N S ' v e v " A e s S J "’ L A a4 ""_' ey v e vy
3000 | .
h co*

RELATIVE COUNTS

1.0 15 20 25 3.0 35 4.0
ANODE POSITION (cm)

Figure 4. Composition of the CO beam. The relative fiux of noncoincident events detected
oh ohe anode of the PSD-C is shown as a function of radial distance from the CO
beam following 50-eV etectron impact and deflection of the charged fragments.

The expected location of O produced from the ionization of O contaminants in the
beam is indicated by the amow. The underlying background in the spectrum is due
to siow metastables produced by electron impact on the residual gas in the electron
gun that drift unimpeded {0 the PSD-C.

12




and do not appear as a discrete peak under these conditions. The width of this peak reflects the
angular divergence in the neutral beam (1.2 mrad) and tl.e vertical slit width (0.05 cm).

The position of the peak (2.02 cm) on the detector reflects the specific deflection voltage
chosen. If the molecular beam were contaminated by O atoms, for example, a peak of compar-
able width should be observed near 3.54 cm in this spectrum with a height reflecting the
concentration (and relative ionization cross section) of this species. A series of such spectra
obtained for a range of deflection voltages and at electron energies up to 200 eV showed no
definitive evidence of contamination by either C or O, leading to the conclusion that CO
constitutes 295% of the molecular beam.

The second technique for assaying beam purity is observation of the electron-impact
dissociation fragments itself. As discussed in the section on Fragment Detection below, the
separation R of the fragments at the detector surface is measured as the sum of the radial
distances of the two fragments from the center of the detector: R = R; + Rp. Since the two
fragments were necessarily ejected with equal momenta in the center-of-mass frame and the
difference in the fragment arrival times at the detector is small relative to their flight time after
dissociation:

= &)

where m and M denote the masses of the light and heavy fragments, respectively. Thatis, the
ratio of these distances is inversely proportional to the ratio of the fragment masses. Figure 5
shows the distance ratio observed for the fragments produced by electron-impact dissociation of
a fast CO beam by 40-eV electrons. The dashed line in this figure denotes the mass ratio for C +
O fragments. Although the distance ratio distribution is rather broad, reflecting both the angular
divergence of the CO beam and the approximate nature of Eq. (8), the distribution clearly
confirms the expected products and, therefore, the precursor neutral beam.

ELECTRON IMPACT

The rectangular electron beam used for the neutral beam dissociation and ionization
measurements is produced in a simple pentode gun from a directly heated thoria-coated (ThO3)
irridium filament of rectangular geometry (0.07 x 2.8 cm). The structure of this gun is shown
in Figure 6. The fourth lens, with an open area of 0.3 x 2.6 cm, provides the smallest geometric
constraint to the electron beam, whose width is otherwise determined by the accelerating
voltages applied to the first four lens elements. The fifth lens, with an open area of 0.95 x
3.8 cm, is maintained at ground potential and is covered with 95% transmission tungsten mesh to
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Figure 5. Distribution of the ratio of radial distances at the detector for the correlated
neutral products of 38.5 eV electron impact on CO. The mass ratio of C and
O fragments is shown by the dashed line.
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minimize field penetration into the region of electron beam-neutral beam interaction. This lens
defines one side of the interaction region, with an identical element terminating the 0.89-cm-
wide interaction region. A potential of 1.5 V DC is maintained between these two elements to
minimize trapping of slow electrons or ions in this region. The nominal electron energy is
selected by the potential difference between the filament and the entrance to the interaction
region.

The electrons that pass through the interaction region are collected by a two-element,
1-cm-deep Faraday cup. The potential of the cup, typically -20 V DC with respect to the inter-
action region (lens 5), is adjusted to approximately 2 V above the onset of the plateau for a
constant current of collected electrons (dI/dV = 0). No magnetic field is used for collimation
of the electron beam, to facilitate transmission of an ion beam through the gun to the detector.
Electron currents at the Faraday cup range from 0.1 mA for a nominal 10-eV electron beam to
1 mA for nominal beam energies 250 eV. Retarding potential difference measurements at the
Faraday cup show a triangular electron energy spread with a full-width-at-half-maximum of
1.5 eV, independent of beam energy over the range 15-200 eV. This width roughly corresponds
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to the voltage drop across the directly heated filament. The gun assembly is maintained at a
vacuum of <3 x 10-8 Torr during operation.

The explicit spatial overlap of the electron beam and the fast neutral beam is one of
several critical elements required for determining the absolute dissociation cross section. To
facilitate the measurement and optimization of this overlap, the entire electron gun assembly is
mounted on a micrometer-adjusted translation stage. For reference, consider an orthogonal x,y,z
coordinate system with the neutral beam propagating along the y axis with its slit dimensions of
0.05 x 0.2 cmin the z,x plane. The electron beam propagates along the x axis with its narrow
and long dimensions in the z,y plane, and the gun assembly can be translated along the z-axis
with a precision and reproducibility of < 7 x 10~ cm.

The relative overlap of the two beams is determined by observing the products of the
electron impact interaction (dissociation or, more easily, ionization) as a function of electron gun
translation. Figure 7a shows the number of CO* ions (the summation of the counts in the CO*
peak in Figure 4) formed by electron-impact ionization of the CO beam at 40 eV as the electron
gun position is translated over a distance of 0.6 cm. The 0.128-cm FWHM of the near-Gaussian
ionization signal represents the convolution of a 0.07-cm-wide neutral beam (at the electron
beam, considering angular divergence) with the spatial distribution of the electron beam at this
energy. As mentioned above, the spatial distribution of the electron beam is highly dependent on
the accelerating voltage.

Figure 7b shows the variation in the FWHM of the ionization products with nominal
electron energy. These values are also a good representation of the effective electron beam
width; explicit deconvolution of the 0.07-cm neutral beam width decreases these values by
<0.007 cm. The electron beam energy is calibrated with respect to the nominal acceleration
voltage by comparing the apparent electron energy dependence of the measured cross sections
for ionization of Ar and other species in the first 20 ¢V above threshold with literature values.

In addition to providing a mechanism for defining the overlap of the electron and neutral
beam, translation of the electron gun allows phase-sensitive detection of the electron-impact
dissociation signal from various other dissociation processes that can occur in the fast beam.

To appreciate how very minor effects can mask the dissociation signal, consider the relative
densities of the electron beam and the neutral beam in the interaction region. For typical
conditions of a 3000-eV neutral beam flux of 3 x 1010 5-1 and a current of 0.5 mA for 20-eV
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electrons, their respective beam densities amount to only 1.4 x 105 molecules/cm3 and 3.6 x 107
electrons/cm3. These are small in comparison with the density of residual gas of 9.6 x 108 cm-3
in the interaction region at a pressure of 3 x 10-8 Torr.

Thus the main product of electron impact will be the ionization and excitation of the
residual gas. These products are easily distinguished because they are translationally slow;
however, the impact of slow metastables that drift from the electron beam region contribute a
significant, but noncoincident, background at the PSD-C. Similarly, collisions of the fast neutral
beam with the residual gas in the region between the slit and the beam flag can produce fast
products. For example, collision-induced dissociation with a cross section of order 1 x 10-18 cm?
can produce a product flux comparable to electron-impact dissociation with a cross section of 1 x
10-16 cm2.

Our initial approach to distinguishing electron-impact dissociation products from other
dissociation events was simple electrical modulation of the electron flux and phase-sensitive
detection of the dissociation products. However, this approach was found to have a very serious
drawback in that the residual gas rapidly adsorbs on all surfaces in the electron gun in the
momentary absence of electron bombardment degassing. The repetitive adsorption/degassing
cycle that accompanies modulation of the electron current also modulates the neutral gas density
within the electron interaction region (thus producing a collision-induced dissociation back-
ground) in phase with the electron beam. Translation of the electron gun assembly, with the
electron beam operating at constant current and continuously striking the same surfaces, allows
modulation of the electron beam/neutral beam interaction without affecting other variables.19

Further details of our techniques for electron-impact dissociation are given in
Appendix D.

FRAGMENT DETECTION

The single most important element in the measurement of electron-impact dissociation is
the unique position-sensitive detector for correlated fragments PSD-C. This detector20 makes
use of the fact that, when a molecule dissoc.ates, its fragments are imparted equal, but opposite,
momenta with respect to its center of mass, which is traveling at the velocity of the molecule
before dissociation. The components of the fragment momenta, both parallel with and perpen-
dicular to the center of mass velocity, produce a spatial separation of the two fragments that
is linearly proportional to the distance over which the fragment trajectories are allowed to
propagate unimpeded.2!
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This separation is shown by the Newton velocity diagram for the dissociation of CO in
Figure 8. The function of the PSD-C, positioned a distance L from the point of dissociation, is
to measure this separation of the two fragments resolved into its two components: R, the radial
separation of the fragme- ts in the direction perpendicular to the center of mass velocity (the
beam direction) and the separation parallel to the beam, as manifested by the difference in the
fragment arrival times At. The PSD-C detector explicitly measures these two quantities for each
pair of fragments, from which we determine both the center-of-mass translational energy release
with which the molecule ejected the fragments:

2(m - M)vAt

W= E‘z’ [&%] [R2 + (van?] [1 + m——] 9)

and we calculate the center-of-mass angle (with respect to the beam direction) © at which they
were ejected:

8 = tan"(R/vA1) (10)

In these equations, m and M are the masses of the light and heavy fragments, respectvely,
produced by the dissociating molecule of mass m + M, Eg = (M + m)v2/2 is the kinetic energy
of the molecule (i.e., the kinetic energy of the molecular ion charge transfer precursor), v is its
velocity, and L, R, and At are defined above.

Although this concept of dissociation product measurement is quite simple, the
implementation of a practical detector required considerable care and was one of the major
accomplishments under this contract. A detailed description of the physical detector is given in
Appendix E. The accuracy of the detector is found to be better than 100 pm in the determination
of R and better than 1 ns for At. The beam energy is specified to within £5 eV. For cases, such
as photodissociation with a well-defined laser beam, where the distance L can be precisely
specified to within 0.2 cm for photodissociation events, W can be determined with an absolute
accuracy of better than + 0.020 eV. For the present case of electron-impact dissociation, the
uncertainty in L, AL, is specified by the length of the electron beam, neutral beam interaction
(AL = 2.6 cm), producing a resolution in W of AW/W = 2A1/L = 0.052. If a molecule were to
dissociate by some mechanism other than electron impact, such as spontaneous dissociation or
collision-induced dissociation, AL can be even larger, with a maximum value of AL = 18 cm,
as limited by the spacing between the beam defining slit and the beam terminating flag (see
Figure 1). The W resolution for such processes is substantially degraded: AW/W < 0.38.
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The correlation between fragment separation and arrival time difference exists only when
both fragments arise from a single dissociating molecule. In fact, this constraint is easily satis-
fied at the datector. For a worst case event, where the fragments from 3000-eV neutral beam are
ejected with W = 4 eV parallel to the beam, both fragments arrive within At = 0.52 pus. This
interval is yet smaller for larger Eg, smaller W, and other ejection angles. Count rates of several
thousand per second on either anode of the detector can be maintained with negligible false
coincidence events and negligible dead-time losses for the dissociation fragments. Even when
a false coincidence is detected, the lack of correlation between R and At produces a constant
background that can easily be distinguished. However, this practical count rate limitation
becomes a serious impediment to observing the electron-impact dissociation of molecular species
for which the charge-transfer neutralization has produced a very high spontaneous dissociation
background.

The fact that the two correlated fragments are detected allows effective discrimination
against competing electron-impact dissociation processes such as dissociative ionization:

AB +e - A+ +B +2e (1)
— A +Bt+2e.

Application of a weak electric field in the region between the beam flag and the detector prevents
the charged fragment from arriving at the detector. Of course, the neutral product can impact on
one-half of the detector, but is not interpreted as a correlated event.

A critical consideration in the quantitative measurement of electron-impact dissociation
is that not all dissociation products can be detected. This loss of fragments arises both in the
projection of the fragments onto the active surface of the detector and in the detector's ability
to generate a useful electrical signal registering the fragment impact. We account for these two
sources of fragment loss by a collection efficiency term  and a coincidence efficiency term §.

Collection Efficiency

The present fragment detection technique has a significant advanwage in that the Jacobian
for the transformation from the center-of-mass frame of the molecule to the laboratory frame of
the detector is unity, provided the active area of the detector is large enough to collect all
fragments.2! However, a practical implementation of this technique places several geometric
constraints on the fragment trajectories that can actually strike the detector. These constraints,
which arise from the beam flag and the finite active area of the detector, produce a collection
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efficiency that is an explicit function of beam energy Eg, translational energy release W, and the
center-of-mass fragment ejection angles 6, defined above, and @, the radial angle in the plane
orthogonal to the beam velocity: ¥(Eq,W.6,9).

Given explicit values for these variables and the physical dimensions of the apparatus,
X can be explicitly calculated for linear trajectories. To realistically reproduce the angular
divergence of the fast neutral beam, the extended dimensions of the electron beam/neutral beam
overlap region, and the radial asymmetry of the beam flag, we use Monte Carlo sampling 10
compute x. For the experiments described here, Eg is the selected value of the ion beam energy
(3000-5000 eV), W is defined by the explicitly observed values for the dissociation fragments,
Eq. (9), and 8,® are drawn from the observed center-of-mass angular distribution.

As shown in Eq. (10), the angle of fragment ejection relative to the velocity vector of
the beam is given « - the ratio of the fragments' spatial and temporal separations. Since the
molecules are (presumably) randomly oriented in the beam, spontaneous dissociation of the
molecule produces a fragment pair for which © can assume any value between 0 and /2. The
electron beam provides an orientation reference between the center-of-mass distribution of the
electron-impact dissociation fragments and the laboratory direction defined by the neutral beam
velocity.

More specifically, the momentum transfer vector K, the difference between the momenta
of the incident and scattered electron that induced the electronic transition, provides
the symmetry axis for the collision.22.23 At electron energies substantially above the transition
threshold, the direction of K is effectively orthogonal to the incident electron velocity. At
threshold energies, K can assume any direction with respect to the incident velocity; the actual
distribution of angles is given by the differential cross section,2# such as is measured by electron
energy loss spectroscopy. Alignment of the molecular axis of a diatomic molecule with respect
to K is well defined by group theory for any pair of initial and final states in the molecule and
can be described as either perpendicular (1.5 sin20) or parallel (3 cos20) with respect to K and
with cylindrical symmetry about K. Presuming axial ejection (along the bond axis), this
alignment also describes the molecular fragments.

For the orientation of the electron bearn with respect to the active area of the PSD-C
shown in Figure 9, observation of the fragment angular distribution with cylindrical symmetry
about the neutral beam direction gives little information with regard to fragment alignment with
respect to K. Indeed, for an electron-induced perpendicular transition at high electron energies,
most of the fragments would actually fall outside the active area of the PSD-C. However, with
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the electron beam direction oriented along the direction of the PSD-C active area, a preferential
collection of the fragments from this transition is expected. Measurements are made for
electron-impact dissociation with both oricntations of the electron beam.

An unexpected outcome of the present research has been that, for all molecules thus far
studied, the fragments appear with a ©-distribution characteristic of an isotropic distribution in
the center-of-mass frame. Furthermore, the total electron disscciation cross sections obtained
from the two electron beam orientations are found to be equal to within their nominal accuracy
(20%-30%), as would be expected from an isotropic fragment distribution. These results suggest
that the electron velocity vectors are not orthogonal to the neutral beam velocity. While there
is a geometric constraint along the narrow width of the beam that would limit linear electron
trajectories to a maximum deviation from orthogonality of approximately 12° at beam inter-
section, the very long length of the electron beam along the neutral beam direction (2.6 cm)
provides effectively no angular constraint in the plane of the neutral beam. In view of these
findings, we interpret the collection of dissociation fragments as arising from an isotropic
distribution in the center-of-mass frame of the molecule, but we acknowledge the possibility
of undetected anisotropies in assessing the absolute errors in the measurement.

Coincidence Efficiency

Fast neutrals striking an active area of the detector create secondary electrons that are
amplified by the microchannel plates and provide both a fast timing signal and a position-
dependent signal that must be detected and interpreted. The efficiency in converting a neutral
impact into a detected electrical signal is an independent characteristic of each half of the
detector.2! For the case of a molecular dissociation producing a flux of D fragment pairs striking
an active region of the detector, the apparent fluxes of detected fragments on the two detector
halves are:

Ci1=D*p (12)
C2=D*p2

where p; and p; are the efficiencies on each half of the detector for converting fragment impacts
to detected events. The apparent coincidence flux, where both fragments from the same
molecule have produced detectable signals, is:

C =D*pi*p2. (13)
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Taking the ratio of the apparent coincidence flux to the apparent fragment flux on ecach half of
the detector yields a direct measure of the individual efficiencies:

p2 =C/Cy (14)
p1=C/Ca.

This measurement can be made with any well-defined source of dissociation events. In practice,
we use molecular photodissociation as the source because of the ease with which a substantial
flux of fragments can be generated and modulated. The coincidence efficiency £ = py*p2 is
explicitly dependent on fragment velocity (which is effectively the same as that of the parent
mo'ecule). However, we operate at sufficiently high velocities that fragment mass, charge, and
electronic excitation have little effect on &, which can generally be determined to within 5%
accuracy.

DISSOCIATION CROSS SECTION DETERMINATION

The cross section G for electron-impact dissociation occurring in a crossed molecular and
jon beam is given23 by the equation:

RF

O ReN, M (4>

where R, Ne, and Ny, are the flux of products, electrons, and neutral molecules, respectively, M is
a velocity factor:

_ \/ Ve2 + vp2 - 2VevnCcos8
= - ,
VeVnSlne

M

(16)

where ve and vy, are the velocities of the electron and neutral beams and 0 is their angle of
intersection. For orthogonal beams where ve > vy, as in the present experiment, M ~ vy1. The
form factor F describing the overlap of the two beams is given by:

F,_..__EEN__D____' (17)

I ne(z)np(z)dz
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where ne(z) and nq(z) are the differential fluxes of the electron and neutral beams along the
direction mutually orthogonal to both beams, z. Since the profile of the electron beam can be
determined directly, as discussed above, and the neutral beam profile can be accurately
calculated from the slit dimensions and measured angular divergence, the cross section could be
calculated directly from Eq. (15). However, small changes in the profile of the electron beam
can introduce large errors in the cross section through the form factor F. Defrance et al.26 and
Miiller et al.1? have shown that the ability to accurately translate the electron beam completely
through the region of intersection allows the uncertainties introduced by F to be completely
avoided in the cross section measurement. From their derivation, if the total number of
dissociation fragments N is accumulated as the position of the electron beam is moved at a
constant velocity u along the z direction through the region of intersection of the two beams,
then the dissociation cross section is given by:

G= Nu Nuwv
"MNeNn  NeNp’

(18)

provided the starting and ending positions of the electron beam are totally beyond the range

of overlap. In terms of the experimental observables, i.c., the number of detected dissociation
fragment pairs (N*), the neutral current at the Faraday cup If, and the electron beam current I,
the cross section © is:

N‘UVnne

c= , (19)
Exlek

where ¢ is the electron charge and the other symbols have been defined above. In practice,
the electron beam position is scanned in a series of m discrete steps, with the N* dissociation
products accumulated for a selected time interval 1 at each position z. To exclude electron-
independent dissociation products from the accumulated total fragments, the (position
independent) background dissociation flux Npkg is accumulated during the scan for a period
of 5t with the electron beam positioned at the scan starting position zg, ending position zy, or
alternately at zg and zp, after each five steps of the electron gun:

N*= 2| JN*(zx.1) - N'big(z0.57)|. (20)

m/s [sm
=5k

k=0

The significance of modulo 5 in the summation is only as a compromise between minimizing
the rather significant period of time required to reposition the electron gun to its starting or
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ending location with the micrometer drive (1-2 s) and maintaining an accurate sample of the
dissociation background flux throughout the scan. Typically, 500 < m <3000, 1s St S 3s, Iz - 2
20.48 cm and u = Iz - zg/mt < 9.8 x 104 cmys.

A typical accumulation of N* as a function of electron gun position is shown in Figure 10
for CO interacting with 48.5 eV electrons. The data points in this figure are the values of the
argument of the summation over k in Eq. (20), i.c., after each background subtraction. Error bars
associated with the data points in Figure 10 represent the statistical error arising from the
background subtraction, and they increase in both relative and absolute value with increasing
scan distance after the electron beam has completely passed through the neutral beam. The value
of N* for the cross section calculation is determined from the onset of the linear region after the
electron beam has passed completely through the neutral beam,
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3. RESULTS AND DISCUSSION

CARBON MONOXIDE

The electron-impact dissociation of CO to form C and O atoms was observed at electron
energies between the dissociation threshold (14 eV) and 198.5 eV. The center-of-mass energy
released in the dissociation of individual molecules was explicitly measured. The observed
energy release distribution was found to be highly structured, reflecting electron-impact
excitation to Rydberg states converging to CO*(X2X+), which predissociate to ground state
atoms. Little or no dissociation is observed from states above the first ionization limit or from
continuum states. We measured total-electron impact dissociation cross sections, exclusive of
dissociative ionization contributions, and partial cross sections for the dissociative excitation of
specific CO electronic states.

These results are discussed in detail in the manuscript attached to this report as
Appendix D, which has been accepted for publication in The Journal of Chemical Physics.

NITROGEN

The electron-impact dissociation of N3 to form two nitrogen atoms was observed at
electron energies between 18.5 eV and 148.5 eV. The observed translational energy releases
in the N dissociation are consistent with predissociation to N(2D) + N(4S) fragments as the
primary dissociation mechanism. Little or no dissociation is observed from states above the first
dissociation limit or from continuum states. This was also found to be the case for the
isoelectronic CO molecule. Absolute cross sections for the electron-impact dissociation were
measured and compared with previous measurements. Recommended values of this cross
section are given for electron-impact energies between 10 eV and 200 eV.

These results are presented in the manuscript attached to this report as Appendix F, which
has been submitted for publication in The Journal of Chemical Physics.

OXYGEN

The electron-impact dissociation of 07 to form two oxygen atoms was observed at
electron enr rgies between 13.5 eV and 198.5 eV. The observed translational energy releases in
the O dissociation are consistent with production of O(!D) + O(P) fragments following
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electron impact excitation to the B3Xy, B3X;, and 2311, states and production of OCP) + O(3P)
fragments from excitation to the (unresolved) c1Zy, A3A,, and A3Z] states. Absolute cross
sections for the electron-impact dissociation of O3 were measured.

These results are presented in the manuscript attached to this report as Appendix G,
which has been submitted for publication in The Journal of Chemical Physics.

CHLORINE

Measurements were made for the electron-impact dissociation of Cl molecules. These
molecules were produced in a fast beam by the charge-transfer neutralization of C13 in Clz gas.
Because of the highly reactive nature of Cl; gas, use of the hollow-cathode ion source to produce
a ground state Cl}' beam was not feasible. Rather, the ions were formed in the electron-impact
source, and photofragment spectroscopy was used to assay the composition of the fast Cl; beam.

The center-of-mass translational energy (W) distribution of the fragments from the
reaction:

Ch+e->Cl+Cl+W 2n

is shown in Figure 11 for three electron energies, 12.4 eV, 17.4 eV, and 48 eV. The low energy
spectrum is characterized by a broad fragment energy release peaking near W ~ 1 eV and
extending to approximately W = 4 eV. The higher energy spectra yield a similar broad energy
release, but also contain substantial additional contributions in the W = 5-9 eV region and at
W<leV.

Interpretation of the energy release spectra is best understood in terms of the electronic
states of Clj that are accessible in the electron impact. These are shown schematically in Figure
12, together with the 17.4-eV fragment energy release spectrum. Only the lowest separated atom
limit, CI(2P) + C1(2P), is shown in the figure; higher dissociation limits in the molecule lie above
the ionization limit. Figure 12 shows that vertical excitations from the xlz‘g ground electronic
state to the dissociative DII1,, state and to the repulsive wall of the weakly-bound A,A',B3I],
states give rise to the broad fragment energy release at 0 S W S 4 eV that is the principle
dissociation mechanism at all electron energies. The fragment energy release from the D state
should peak near W = 1 eV, while that from the A,A', B3I, state should peak near W ~ 0, as
indicated by the arrows in this figure. Explicit deconvolution of these two contributions finds
equal contributions from these two states in the 12.4-¢V spectrum, with a substantially smailer
contribution from the triplet state in the 17.4-eV spectrum.
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Significant fragmentation also arises from excitation to higher lying Iz} and 1, states.
These states in Cly are characterized by strong Rydberg-ion pair-valence state interactions.
The ab initio curves of Peyerimhoff and Buenker? in this region are shown in Figure 12 for
reference. Electron-impact excitation followed by rapid predissociation of two or more states
in this region likely accounts for the W = 7.0 and 8.2 eV energy releases. No bound states are
expected in the region of the W = 5.7 eV energy release. However, the 1 13} state exhibits
Condon oscillations in its fluorescence spectrum,28 suggesting radiation into a continuum. The
W = 5.7 eV energy release could reflect electron-impact excitation of the 1 13¥ followed by 11Z3
— 1111, fluorescence. The ab inifio potential energy curve?! of the dissociative 1'Tlg state is
given by the dashed curve in the figure.

A comparison of the fragment distributions in Figure 11 for 17.4 eV and 48-eV electron-
impact energies shows a relative increase in the number of very low W energy fragments with
the higher electron-impact energy. It is unlikely that these arise from direct excitation to the
triplet continua, since the cross section for this spin-exchange process should rapidly decrease
with increasing electron energy above threshold. More likely, these fragments arise from the
radiative decay of electron-excited Rydberg and ion pair states into the lower dissociative
continua. This explanation would be consistent with the fact that the increase in low W
fragments is roughly proportional to those features in the energy release spectrum that are
attributed to predissociated Rydberg states.

Of particular note, negligible fragment energy releases are found from regions above the
lowest ionization energy of Cla, which is indicated by the dashed horizontal line in Figure 12.
This is also found explicitly in the electron-impact dissociation of CO and of 02.2% This suggests
that highly excited molecular states, produced by electron impact, autoionize more rapidly than
they dissociate. The autoionization products or dissociative autoionization products are
specifically excluded from the detector because they are charged.

The absolute cross section for electron-impact dissociation of Cly, Reaction (21), is
shown in Figure 13 as a function of electron energy. The error bars in this figure give the total
estimated error (absolute and relative) in the cross-section measurements. The electron energy
dependence of the cross section is unusual in two respects. First, the cross section remains quite
large at very small electron energies. The present measurements could be reliably extended only
as low as 8 eV before the width of the electron beam exceeded our ability to fully integrate its
form factor. We can state only that the dissociation threshold is below this value. A low
dissociation threshold is, of course, consistent with the relatively low dissociation energy of the
Cl; molecuie (Dg = 2.48 eV) relative to other molecules studied. The second unusual feature is
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that the cross section peaks abruptly at electron energies near 15 eV, and this behavior is repro-
ducible. Although considerable effort has been made to detect an asymmetry in the fragment
angular distribution that might account for such a feature, no such asymmetry has been found.

A manuscript detailing the measurements of photodissociation and electron-impact
dissociation of Cl is in preparation.

CARBON DIOXIDE

Electron-impact dissociation of CO» was studied over the electron energy range of
12.4 ¢V 10 200 eV. The molecule was formed by charge transfer neutralization of CO3 ions in
CO3 gas. Production of the CO3 precursor with the hollow-cathode ion source was found to be
too unstable to allow the extended period of beam operation required for the measurements;
consequently, all measurements were made with COE formed in the electron-impact ion source.
The fast neutral beam produced by charge transfer was probed by electron-impact ionization
(see Section 2), demonstrating that the beam consisted of only a single component (CO3).
Observation of the distance ratio of the electron dissociation products, Eq. (8), further
demonstrated that the primary (>95%) dissociation reaction is:

COr4+e—-CO+0+W. (22)

The fragment energy relcase distribution (W) observed for Reaction (22) at 50-eV
electron impact is shown at the top of Figure 14. This distribution maximizes below the
minimum energy release (W = 0.2 eV) observable by the PSD-C. The dashed line in this
figure represents the presumed propagation of the fragment distribution within the unobserved
0 <W <0.2 eV energy range. With this extrapolation, the mean energy release observed for
the CO + O dissociation fragments is W = 0.73 eV and 90% of the fragments are produced with
W<1.71eV.

The dissociation energy of CO; is 5.349 eV, but production of ground state products
CO(X1Z+) + OCP) is spin-forbidden from the singlet electronic states in this molecule.
Although electronic excitation of CO; by electron impact has an onset near 7 eV, the strongest
excitation channels occur to those excited states lying between 11 eV and the ionization limit
at 13.77 eV above the ground electronic state, as evidenced by electron energy loss
spectroscopy.30-31 Statcs in this region have access to the higher dissociation channels of CO»:
CO(X) + O(1S) at 9.539 eV and CO(a3IT) + O(3P) at 11.385 eV. Photoexcitation studies indeed
find that O(!S) and CO(a) are the dominant photodissociation products.32:33 If the energy-
dependent quantum yields for production of these two excited species are folded with the CO;
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Figure 14.
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The top spectrum is that observed in the present work for the production of CO + O
fragments following 50-eV electron impact. The center spectrum is that observed by
Freund (Ref. 34) for the production of CO(a3I1,,) following electron impact. The bottom
spectrum is that observed tor the production ot O(!S) fragments by Welge and Gilpin (Ret.
35) foliowing photon impact.
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electron-impact excitation spectrum, O(!S) and CO(a) are predicted to represent 73% and 27%,
respectively, of the dissociation products from CO3 electronic states with mean excitation
energies of 11.87 eV and 13.25 eV. Subtracting the respective dissociation thresholds from these
values yields total average energies for the products:

CO3(11.87 eV) = CO(X) + O(!S) + 2.33 eV (23)

C03(13.25 eV) — CO(a) + OCP) + 1.87 eV. (24)

These average product energies (2.33 eV and 1.87 eV) must be partitioned between translational
energy and rovibrational energy of the CO fragment in its respective electronic state. From the
fragment translational energy spectrum (top of Figure 14), the average translational energy is
0.73 eV. If the partitioning between translational and rovibrational energy is equal in reactions
(23) and (24), this value would suggest that the CO(X) and CO(a) products are produced with
average internal energies of 1.6 eV (X13*+, v ~ 5) and 1.14 eV (a3I1,, v ~ 4), respectively.

Freund34 observed the time-of-flight velocity distribution of CO(a) products from the
electron-impact dissociation of CO2. For comparison, his velocity distribution transformed into
a W distribution is shown at the center of Figure 14, This energy release distribution in the
CO(a) channel is somewhat narrower than that observed for all product channels (top of Figure
14), with a mean energy release of 0.56 eV and 90% of the products formed with energy releases
£1.63 eV. If we presume that CO(a) does indeed constitute 27% of the dissociation products, as
discussed above, and we normalize these two distributions accordingly and subtract them, the
resulting "O(1S)" distribution yields a mean translational energy release of 0.86 eV, with 90%
of the fragmentation occurring with W < 1.82 eV. Welge and Gilpin35 obtained a velocity
distribution for an O atom fragment, believed to be O(1S), produced in the photodissociation
of CO; at photon energies estimated to lie in the range 10.68-11.80 ¢V. Their distribution,
transformed to W and shown at the bottom of Figure 14, is somewhat narrower than the
difference spectrum, with a mean translational energy release of 0.64 eV, but is generally in
accord with the above presumptions.

The absolute cross section measured for the dissociation of CO3, Reaction (22), is shown
by the solid points in Figure 15. The error bars in this figure reflect the statistical uncenaintes in
the cross section. The total absolute uncertainty is £30%, which includes the presumed error in
extrapolating the fragment energy distribution into the unobserved 0 < W < 0.2 eV region. The
dissociation cross section rises rapidly with electron energy from a threshold near 12.0+ 0.8 eV
to a maximum value of 0.94 A2 near 25 eV. Both the energy dependence of the cross section
and its magnitude are considerably different from those derived from early discharge
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observations.3637 If we apply the above estimates of 73% and 27% for the partitioning of the
CO;, dissociation between Reactions (23) and (24), then we can derive partial cross sections from
the total dissociation cross section given in Figure 15. Using this procedure, we would expect a
partial dissociation cross section in the range of 18-33 Mb for the production of CO(a3I1)
following 27-eV electron impact. This value compares favorably with the estimated cross
section of 40 Mb reported by Freund34 for the production of CO(a) at this electron energy. Thus
the presumption that the dissociation dynamics of CO2 are similar following electron-impact
excitation and photoexcitation appears to be largely justified. A paper describing this work is in
preparation.

NITROGEN DIOXIDE

Electron-impact dissociation of NO; was observed over the electron energy range of
12.5 eV to 100 eV. The NO2 molecules were created by charge transfer neutralization of NO$
in NO gas, furan (C4H40) vapor, or mesitylene (1,3,5-trimethylbenzene) vapor. The latter two
compounds were found to yield a substantially higher (>3) flux of charge transfer products than
the NO7 gas target. Ionization measurements of the neutral beam indicated that only one species,
>95% NOg, constituted the fast neutral beam. All measurements were made with the NO§
precursor fornsed by electron-impact ionization of NO2 gas. Efforts to produce a stable beam of
this ion with the hollow-cathode ion source were unsuccessful.

Figure 16 shows fragment energy release spectrum observed for 48.5-eV electron impact
on the NO; beam. This distribution is also characteristic of electron impact at other electron
energies in the range of 25-100 eV. Although the energy distribution of spontaneous dissociation
fragments varied somewhat with the choice of charge-transfer target, the fragment energy
distribution was found to be independent of whether the charge transfer neutralization occurred
in NO2, furan, or mesitylene. The fragment distribution maximizes at low energy releases. If we
presume that this distribution extrapolates smoothly into the unobserved 0 < W <0.3 eV region,
the average translational energy release is found to be W ~ 0.84 eV.

The electron-impact energy loss spectrum of NO; was studied by Rianda et al.38 Their
spectrum shows several broad features at excitation energies between approximately 3 eV and
the ionization limit at 9.78 eV, which are assigned to various electronic states of NO,. If we
integrate this excitation spectrum over states lying between the lowest dissociation limit of NO>,
production of NO(X2I1) + O(3P) at 3.13 eV, and the ionization limit, we obtain an average
excitation energy of 7.94 ¢V for electron impact substantially above threshold. Given this
excitation energy, the following dissociation channels of NO3 are accessible:
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Figure 16.

Fragment energy releases observed in the dissociation of NQ2 foliowing
50-eV electron impact.




NOJ — NO(X) + O(3P) D=3.13eV (25)

— N@S) + 02(X) D=451ev (26)
— NO(X) + O(D) D=509eV Q27
— NO(X) + O(S) D=1732eV. (28)

Figure 17 shows the distribution of mass ratios observed in the electron-impact dissociation of
NOa. The dominant flux of fragments peaks at a ratio near 1.875, corresponding to the
production of NO + O products. The distribution is broad and overlaps the region in which the
ratio of 2.286, corresponding to the production of N + O3, would appear. However, ther: is
clearly no explicit contribution to the mass ratio distribution in this region, suggesting that
reaction (26), if it occurs at all, will account for <10% of the electron dissociation products.

Neither the mass ratio distribution nor the fragment energy distribution can explicitly
identify the electronic states of the dissociation products. However, state-specific photofragment
studies39 following excitation of NO2 by 157-nm (7.87-eV) photons have set limits on the
production of O(1D) and O(!S) fragments at <10% and <1%, respectively. Thus the dominant
dissociation channel appears to be reaction (25). Given the mean excitation energy of 7.94 eV
and the dissociation energy in reaction (25), the NO(X) + O(3P) fragments would be produced
with a mean excess energy of 4.81 eV, of which only 0.84 eV is found to appear as translational
energy. Thus ~83% of the excess energy, on average, must be accounted for as vibrational and
rotational excitation of the NO(X2[T) product. This is consistent with the finding in the
photodissociation study39 that the NO X2[1 state is strongly populated in vibrational levels up to
the thermodynamic limit.

Figure 18 shows the cross section measured for electron-impact dissociation of NO; as a
function of electron impact energy. The error bars associated with the points in this figure
indicate the total absolute error estimated for the measurements.

A manuscript describing this work is in preparation.

OTHER MOLECULES

Measurement of the electron-impact dissociation of Hz, NO, CF, CF>, CF3, NF, and NF;
was attempted during the present studies. However, no useful information was obtained for any
of these species. The predominant difficulty in their measurement arises from a very high flux of
spontaneous dissociation products that are encountered in the fast beam. Under these conditions,
a statistically significant measurement of the electron-impact dissociation products cannot be
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achieved within a time period (~24 hours) in which other experimental variables, such as neutral
beam flux and direction, remain relatively constant.

For the case of Hj, the spontaneous fragmentation is found to occur from leve!s of the
311, state that decay with a lifetime in the range of 100 ps to 1 ms by both predissociation4?
and radiation into dissociative states.4! Production of this state, which is populated only in
trace quantities within the produv<ts of H} charge transfer neuiralization, could not be reduced
to acceptable levels by varying either the choice of neutralizing gas or the method of H‘{
production. Furthermore, electrostatic quenching?? of the state is not practical for a beam at keV
energies. Further measurements with this species would require a highly accurate compensation
for detector dead time.

Spontaneous dissociation of NO is discussed briefly in Appendix C. The spontaneous
dissociation appears to occur from NO states that would be formed by charge-transfer
neutralization of metastable NO* states, rather than from the ion ground electronic state.
Production of the NO+ from the high pressure hollow-cathode discharge is, therefore, likely to
eliminate much of the spontaneous dissociation. However, we have been unable to produce a
stable NO*+ beam with this source. NO* was generated with electron impact on NO gas, NO;
gas, and N2O gas. In each case, substantially the same spontaneous fragmentation was observed
from the neutralized beam. Preliminary investigation of the dissociative charge transfer products
from neutralization of these NO* beams in Cs vapor, a technique we have applied successfully in
the diagnostics of O3 beams, 10 seems to confirm that similar NO* state distributions are formed
in the ionization of each of these gases. It is probable that modification of the electron impact
source for higher pressure operation would allow production of an electronically relaxed NO*
precursor.

Further studies of CFy, and NF;, are also predicated on the ability to produce the parent
ion beams under conditions of minimal electronic excitation.
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Photofragment spectroscopy of O,: Excitation of the Schumann-Runge band

system
P.C. Cosby and H. Heim
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(Received 9 May 1988; accepted 26 October 1988)

Photodissociation of O, is observed by direct detection of coincident neutral photofragments
following laser excitation of a fast mclecular beam. The O, beam was prepared by charge-
transfer neutralization of keV energy O,* and irradiated by a linearly polarized, line selected
Kr* ion laser. Kinetic-energy resolved photofragments were observed at eight laser lines
between 752.5 and 476.2 nm. Correlation of the observed fragment kinetic energies with laser
wavelength shows that the observed photodissociations arise from

0,82, (v = 1~18) ~ X °Z, (v* = 22-37) Schumann-Runge transitions.

INTRODUCTION

The B°X-X32 “Schumann-Runge” (SR) system
of O, has been the subject of a great many spectroscopic
studies over the last 84 years.! The importance of this system
arises from the fact that it accounts for the effective absorp-
tion of solar flux at wavelengths of > 176 am.? Moreover,
the upper state in this system is predissociated, allowing effi-
cient conversion of solar photons into energetic O atoms in
the mesosphere and thermosphere.? Accurate modeling of
the O atom production rate requires a precise knowledge of
both line positions and linewidths in the SR absorption
bands, but the unfortunate combination of poor Franck-
Condon factors for absorptions from X(v” = 0) and rapid
predissociation of the B state relative to emission has frus-
trated the achievement of these goals.

The availability of an intense laboratory source of vibra-
tionally excited O, would allow the observation of SR ab-
sorptions at visible wavelengths using narrow linewidth la-
sers and sub-Doppler techniques. This goal was partially
achieved in the recent observation* of SR absorption by la-
ser-induced fluorescence in a flame. However, the resolution
there was limited by the large Doppler and collisional
linewidths associated with an atmospheric pressure flame.

We report here the production of vibrationally excited
O, in its ground electronic state by the charge transfer of keV
energy O;* in various target gases. The excited O, molecules
are produced in a highly collimated fast beam allowing® opti-
cal excitations with linewidths as narrow as 0.01 cm ~*. Pho-
tofragment spectroscopy of the coincident O atom dissocia-
tion products formed in the predissociation of the B state is
used both to detect the absorption and to identify the predis-
sociating B state level. In these initial experiments to demon-
strate the feasibility of this technique, only Kr* laser lines
are used in the optical excitation step.

EXPERIMENTAL TECHNIQUE

The experiments were performed using the SRI fast
neutral beam photofragment spectrometer, which has been
recently described.® The O;" ions were formed by the impact
of 180 eV clectrons on O, gas in a Nier-type electron impact
ion source of a design used in earlier studies’ of O, . The ions
are accelerated to an energy in the range of 2500 to 4000 ¢V,
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velocity {mass) selected by a Wien filter, and pass through
an 8 cm long cell filled with the charge transfer reactant gas.
as shown schematically in Fig. 1. A variety of pure reactant
gases: O,, N;, D,, Xe, and He, were used in the present ex-
periments. The (unknown) gas pressure in the cell was ad-
justed to allow a total attenuation of the O, beam by ap-
proximately 30%.

Fast neutrals are formed by charge transfer with the
reactant gas:

0 +M-0, +M", &)

where the underline denotes the species with hyperthermal
translational energy. Unreacted ions exiting the charge
transfer cell are deflected by an electric field and collected.
The fast O, beam is collimated over a distance of 50 cm and
passes through a 0.03 0.2 cm slit before being intersected at
right angles by the 0.3 cm diameter intracavity beam of a line
selected, linearly polarized Kr* laser. For specific lines in
the wavelength range of 752.5-476.2 nm, the laser power
varied between 20-200 W. Experiments were performed
with the electric vector of the laser oriented either perpendic-
ular to the molecufar beam velocity vactor or coilinear with
it. The molecular beam flux passing through the laser is esti-
mated to be of order 10°s~".

res Cherge
2 Exchongy
cmn

F1G. 1. Schematic diagram of the experimental spparatus. Charge transfer
neutralization ofakeV O," beam produces the fast O, beam. Photodissocia-
tion of the O, by a linearly polarized laser creates correlated pairs of O-atom
{ragments. whose arrival time difference and separation 18 explicitly mes-
sured by the detector.

© 1989 Amarican institute of Physics
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The pair of O atoms arising from the dissociation of
single O, molecules are detected using a position-sensitive
detector for correiated particles (PSD-C). This detector,
which we have recently descnibed in detail,® explicitly mea-
sures both the spatial separation (R) and temporal separa-
tion (7) of the two correlated fragment atoms. From these
two measured quantities,® both the center-of-mass kinetic
energy of the fragments ( ) and the orientation of the dis-
sociating molecule with respect to the molecular beam veloc-
ity are completely specified for each dissociation event.

The value of W observed for a given dissociation speci-
fies the energy of the dissociating molecular state E' with
respect to the energy of its constituent atoms at infinite sepa-
ration, i.e., a molecular dissociation limit. Since the photon
energy (Av) used to produce the photodissociation is
known, the energy of the absorbing molecular level £ rela-
tive to this same dissociation limit is also specified:

E"=W—hv (2)

The absolute accuracy of W (and therefore £’ and E * ) mea-
sured by the detector is estimated® to be better than 0.02 eV.
The angular distribution of fragments which is explicitly
measured also for the observed photodissociation provides
additional information® on the relative symmetries of the
absorbing and dissociating molecular states.

OBSERVED PHOTOFRAGMENT SPECTRA

The O, beam was irradiated by eight lines of the Kr™*
laser over the wavelength range of 752.5-476.2 nm. At each
wavelength, discrete releases of kinetic energy in the range
W = 1-2 eV were observed to result from the photodissocia-
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FIG. 2. Kinetic energy spectrum of O-atom photofrag.nents observed at
three exciting krypton-ion laser lines. Msjor peaks are identified by the up-
per and lower vibrational quantum numbers {v',u") of the relevant Schu-
mann-Runge absorption band.

tion. The intensity of the fragments varied with energy re-
leasc and excitation energy over a range of 2 orders of magni-
tude. The stronger photodissociation rates were gencrally
observed at the shorter wavelengths. Kinetic energy releases
less than 1 eV or greater than 2 eV were not produced by
photodissociation of O, at any of the examined wavelengths.
Representative O-atom photofragment energy release spec-
tra obtained at the 476.2, 520.8, and 530.9 nm Kr™* laser
lines are shown in Fig. 2. The abscissa in this figure is the

TABLE 1. Photofragment energy releases observed in the photodissociation of O,. Assignments are given for

absorption in the B~X Schumann-Runge bands.

Excitation Photon Assignment
wavelength energy W, =E’ E* W — W
(nm) (eV) (eV)* (eV)* (v,e") h (eV)®
7528 1.6471 1.260 - 0.387 (2,31 30 - 0.002
676.4 1.8324 1.439 —-0.393 (5,32) 18 0.007
1.724 —~0.108 (10,37) 12 0.002
647.1 1.9158 1.834 - 0.082 (12,37 22 - 0.002
568.2 21818 1.788 - 0.394 (11,32) 18 0.004
1.911 - 0274 (15,34) 12 0.007
5309 2.3349 1.580 —0.755 (7,28) 2 - 0.001
1.607 -0.728 (7.28) 28 - 0.000
1.681 —0.654 9.29) 18 — 0.004
1.801 —~0.534 (11,30) 24 -~ 0.002
1.832 - 0.503 (11,30) 30 0.006
1.919 — 0416 (16,32) 6 -~ 0.000
1.954 -~ 0.381 (18,32) 18 — 0.008
5208 2.3799 1.654 - 0726 {8,28) 24 0.005
1.676 - 0.704 (8.28) 30 - 0.00t
484.7 2.5575 1.184 - 1.374 (2.23) 14 ~ 0.008
1.531 - 1.027 (7.26) 4 - 0.008
1.919 - 0.639 (15.29) 22 - 0.005
476.2 2.6027 1113 - 1.490 {1.22) 16 - 0.004
1.137 - 1.466 (1.22) 22 - 0.003
1.156 — 1.466 {1.22) 26 - 0.004
1.340 ~ 1.263 (4,24) 10 0.002

* Absolute uncertainty in energy is + 0.02 eV.
*Energy calculated relative t6 O(’2;) + O(°P;).
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fragment kinetic energy W. The fragment intensities are only
relative within each gpectrum.

A single, discrete energy release is expected to appear in
the W spectrum as a peak of approximately Gaussian shape
with a width of order 0.010 eV. As can be seen in Fig. 2, some
of the observed features appear as nearly discrete energy re-
leases, while others consist of groups of closely spaced ener-
gies, some of which are partially resolved. The observed en-
ergy releases were found to be invariant with kinetic energy
of the O, beam and with laser power. Changing the species of
target gas to form the O, beam by charge transfer also pro-
duced no detectable changes in the observed energy releases,
aithough the relative intensities of the subsidiary structure
associated with the major peaks could be varied by as much
as 50% with choice of charge-transfer reactant. The use of
O, as the charge-transfer gas produced the highest photodis-
sociation rates.

The kinetic energy releases measured for the prominent
peaks in the photofragment spectra are given in Table 1.
These values of W represent the energy of the dissociating
state (E') with respect to the separated atom limit of the
fragments. Subtracting the photon energy specifies the ener-
gy of the absorbing state (£ ") with respect to this same limit,
At first glanee, the pattern of energy releases appears quite
random. For example, an energy reiease of 1.260 eV is ob-
served at 752.5 nm, whereas increasing the photon energy by
nearly 1 eV to 476.2 nm produced a still lower release of
1.113 eV.

The quasidiscrete nature of the observed fragment ener-
gy releases and their apparent random distribution with ex-
citing photon energy is consistent with photodissociation in
a bound-bound absorption, where the upper bound stateis &
quasi-continuum due to rapid predissociation. In this case,
only selected rovibrational levels in the upper state can be
pumped at a given laser wavelength, each giving rise to a
discrete kinetic energy release. In the following two sections,
we discuss the identification of the upper and lower elec-
tromic states of O, that participate in this process, the B*S -
and X >3, states.

IDENTIFICATION OF THE DISSOCIATING ELECTRONIC
STATE

A compelling feature of the photofragment spectra is
the restricted range of W over which the quasidiscrete ener-
gy releases are observed. The lowest energy fragments are
observed with W = 1.113 eV and the highest with #'=1.954
¢V. This highest value of W corresponds very closely to the
energy of O('D) above O(*P), 1.967 38 ¢V. This suggests
that the predissociated upper state correiaiss to an O, disso-
cation limit in which at least one of the atoms is O( ' D), with
the dissociation continuum arising from the next lower limit
in which one of the atoms is O(*P).

The lowest vibrational level of the B3X. state lies
1.0043 4 0.0004 eV above the O(*P) + O(*P) dissociation
limit and this state correlates to the O('D) + O('P) limit.
Predissociation of all levels in this state by the 32" and
13371 states arising from the 2 O(*P) limit is known to
occur, with lifetimes ranging from 1.5-53 ps.'? Transitions
into this state should give rise to photofragments with

P C. Cosby and H Heim Photofragment spectoscopy of O,

S 3k
: 0D 03P
g
4 03,007
w 0 >
w
w :
e 3 F i
% 1 it J
[ 1 2 3 4 H

INTERNUCLEAR DISTANCE (A)

FIG. 3. Potential energy curves for the O, states observed in the phoiodisso-
ciation. Photoabsorption occurs from high vibrauona! tevels of the ground
clectronic suste mto vanous rovibrational levels of the B*I state The &
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sured in the experiment. The B siate predussocaation s believed 1o oceur by
coupling to the repulsive ‘2 ', 1., and *11, states anung from the
lowest dissociation limit. Only the lstter state is shown in the gure.
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1.0043< W< 1.97 eV. Thus the B siste meets all criteria for
being the upper electronic state in the observed photodisso-
ciation. The energy levels of the B state are rather accurately
2nd completely known.'>** It is shown below that the opti-
cal excitation into these levels is fully consistent with the
energy releases observed in the photofragment spectra. The
potential energy curves of the relevant states of O, are shown
in Fig. 3.

IDENTIFICATION OF THE ABSORBING ELECTRONIC
STATE

The absorbing O, state must be formed by charge trans-
fer of O;", and must survive the 3-5 gs transit time between
the charge-transfer cell and irradiation by the laser. In fact,
these constraints are not very restrictive. Fractional popula-
tions in the O, beam of order 20 ppm would account for the
observed photodissociation rateif an allowed transition were
pumnped by the laser. Furthermore, all of the expenimentally
known valence and Rydberg states in O, can be formed from
the addition of a single electron to an O X 11, or ¢ ‘N,
core. These two states are known’ to be the major constiiu-
ents in an O," ion beam produced by =200 eV electron
impact. However, we must further require that the candi-
date absorbing state access the predissociated upper state at
visible wavelengths. This restriction categorically eliminates
all of the known electronic states in O, with the exception of
the X *1 ground electronic state.

The photofragment energy releases require that the ab-
sorbing energy levels in the lower state lic at energies
between 0.082 and 1.490 + 0.012 eV below the dissociation
limit. For the X state, these energies correspond to highly
excited vibrational levels between v = 22 and the conver-
gence limit. Such levels can indeed be formed in vertical
transitions by charge transfer of the O," a *T1, state For the
choice of an O, target gas, which we found to most efficiently
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produce the absorbing levels, the charge transfer into high
vibrational levels of the ground state is nearly resonant in
energy. Furthermors, the X state is optically connected to
the candidate predissociating state B>X_ via the strongest
transitions known in Q,, the Schumann-Runge bands.

Accurate prediction of the energies in the high vibra-
tional levels of O,.X is problematic. The region above v® = 22
is well beyond the expected range of vahdity of published
Dunham coefficients and RKR potentials are available'
only in the range below v = 21. Vibrational energy levels of
X have been caiculated for the range v* = 0-32 by Guber-
man'® from an ab initio potential energy curve. Agreement
between the theoretical and experimental values was found
to be within 20 cm ™! (1 eV = 8065479 cm ™ ") for v <22,
where comparison could be made. However, this potential
energy curve predicts an O, dissociation energy®'* nearly
1800 cm™' smaller than the currently accepted value.
Hence, higher vibrational encrgies computer from the curve
will lie increasingly too low in energy.

A considerable volume of spectroscopic data exists on
the SR bands that access levels in the X state to v == 28 that
allows a more accurate prediction of the requisite vibrational
and rotational levels to be made. Early determinations of
band origins in the SR system,' together with the more re-
cent observations of Creek and Nicholls,'"® Cheung ef al.,"®
and Copeland er al.* define an interconnected set of vibra-
tional levels of the B and X states extended from v* =0 to
v" = 28. We have performed a correlated least squares fit of
these origins following the “term value approach™ of As-
lund'”!® to obtain the relative vibrational energies of the X
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state. The precision of the level energies obtained in the fitis
found torange from + 0.02cm™'at0° =010 + 0.94cm ™!
atuy” = 18. The absolute accuracy of the energies of the high-
er levels is, of course, unknown. It depends quite critically on
the accuracy* of Creek and Nicholls’*® data.

Extrapolation of the vibrational level energies and rota-
tional constants above v” = 28 was accomplished by nu-
merical solution'® of the Schridinger equation for a model
potential describing the X state. The potential was derived
from an RKR? potential describing the vibrational and ro-
tational constants in the range ¢ = 0-28 (the data of Ref. 16
provide nearly the sole source of information on rotational
constants for v” > 2) and smoothly extended to the dissocia-
tion limit by the relation

V(R) = D, — 1.467 18 X 10°/R® — 1.076 79 x 10°/R ',
(3}

where the units of energy and distance are cm ™' and 10™*
cm, respec: ~2ly. The energy levels generated by the poten-
tial reproduced the experimental values to within + 0.5
cm ™" for all vibrational levels and the computed rotational
constants were within < 0.001 cm ™' of those given by Ref.
16 for all levels except v” = 28, where the difference between
the calculated and observed constants was — 0.0022 cm™".
The calculated energy levels, in eV relative to the dissocia-
tion limit, as well as the rotational and first order centrifugal
distortion constants for v = 20-26 are given in Table IL
Also provided in this table are the similarly computed vibra-

TABLE II. Computed energies and rotational constants of the O,X 'Z, and B 'L states. Energies are ex-

pressed in eV relative 10 the O(°P,) + O(’2,) separsted atom lLimit.

X state B suate

E(v") B(v") D(v*) E(v") Blv") DV

o (eV) (em=")  (107'em~") ¥ (eV) (em=")  (107*cm™")
Q - 51154

20 - 1.7981 1.122 59 0.5333 ] 1.0043 08124, 0.4456
21 - 1.6627 1,105 83 0.5448 1 1.0895 0.800 12 0.4622
22 ~ 1.5308 1.088 73 0.5583 2 1.1720 0.785 64 0.4806
23 - 14015 1.07119 0.5742 3 1.2515 0.77022 0.4990
24 - 1.2759 1.053 12 0.5928 4 1.3279 0.753 8! 0.5253
25 -~ 1.1537 1.034 38 0.6151 5 1.4011 0.736 68 0.5627
26 -~ 1.0352 1.014 81 0.6426 6 1.4709 0.718 48 0.6070
27 - 0.9206 0.994 12 0.6806 7 1.5370 0.698 76 0.6636
28 - 0.8101 0.971 69 0.7420 8 1.5992 0.67708 0.7339
29 — 0.7042 0.946 28 0.8450 9 1.6570 0.652 90 0.8223
3o — 0.6038 0.916 27 0.9945 10 1.7102 0.62575 0.9359
3 - 0.5099 088075 1.1608 1t 1.7583 0.595 31 1.0806
3 - 04235 0.840 82 1.2923 12 1.8011 0.561 35 1.2622
33 —0.3452 0.797 67 1.4652 13 1.83383 0.523 85 1.4870
34 — 02753 0.749 64 1.6658 14 1.8699 0.483 07 1.7589
35 -~ (.2141 0.698 48 1.8976 15 1.8960 043962 2.0749
Je* - 0.1619 0.643 21 21334 i6 1.9169 0.394 57 24207
3 —~ 01184 0.584 92 24619 ¥ {.9332 0.349 45 2.7700
38 ~00833% 052443 28313 18 1.9457 0.305 74 3.1250
@ 0.0 @ 19674

* Exirapolated energies and rotstional constants (see the text).
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tional energies of the B state, referenced to this same disso-
ciation limit, and its rotational constants.

The vibrational wave functions computed from the X
state potential energy curve were further used to generate
Franck-Condon factors®® for the B-X transitions. Where
comparisons could be made (v” <20), the stronger
(> 107?) Franck-Condon factors agreed with previous cal-
culations' to within 0.5% and weaker (=1073) ones to
within 1.4%. The consistent agreement of vibrational energy
levels, rotational constants, and Franck-Condon factors
with existing experimental data and calculations suggests
the model potential used here provides a reasonably accurate
descniption of the ground state potential energy curve over at
least a significant portion of the energy regime accessed in
the present experiment.

ASSIGNMENT OF THE PHOTOFRAGMENT ENERGY
RELEASES

The proposed assignment is based on the direct corre-
spondence of the observed photofragment center-of-mass ki-
neticenergies W totheknown predissociated energy levels of
the B state relative to the O(*P) + O(*P) dissociation limit.
In addition, subtraction of the energy of the exciting photons
simultaneously vields the energy of the initial X state level
from which the photoabsorption was initiated. Despite the
fact that only odd rotational levels N “ are populated in the
ground state of this homonuclear, zero nuclear spin mole-
cule and only even ¥’ are accessed in the B state, the =100
cm ™! uncertainty of the measured W values rarely allows
singlev’, N' orv”, N * Jevels to be uniquely identified solelyon
the basis of kinetic energy release. However, with the addi-
tional restrictionN' = N ” 4+ 1imposedby the optical transi-
tion between these two X states, discrete sets of upper and
lower state quantum numbers can generally be established.

The assignments derived for the major photofragment
energy releases are given in Table L In those cases where no
unique distinction could be made between assignment to a
low rotational level in a given vibrational level and assign-
ment to a high rotational level in a lower vibrational level,
the lower rotational assignment was made to be consistent
with the expected rotational temperature in the O, of < 500
K. unless the Franck-Condon factor computed for the tran-
sition was unusually poor.

Given the 0.05 cm ~! linewidth of the exciting laser, one
would hope to obtain a very precise assignment of the vibra-
tional, rotational, and even fine structure quantum numbers
in both the upper and lower electronic states, apart from any
consideration of photofragment energy. Several complica-
tions frustrate this goal in the present experiment. Since the
laser frequencies are fixed, there is no way of knowing o
priori how far its frequency is removed from tbe center of an
abs’ rption line. The B state is predissociated, hence the B-X
absorption lines are characterized by & Lorentzian line shape
whose full-width at half-maximum varies over the range of
0.02-3.5 cm ™! as a function of B state vibrational and rota-
tional quantum number.'? This Lorentzian line shape can
effectively extend over a considerable frequency range. As-
suming even a narrow Lorentzian linewidth (0.) cm™"), a
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strong transition whose line center was 20 ¢cm ™' removed
from the laser frequency would produce a photofragment
intensity comparable to that produced by a 120 000 umes
weaker transition coincident with the laser frequency. These
considerations are further complicated by the fact that each
rotational level of the X'and B states can be split by spin-spin
and spin-orbit couplings into three fine-structure compo-
nents. These splittings have been characterized in the B
state,'>!* but are completely unknown for higher vibrational
levels of the ground electronic state. For these reasons, the
validity of the assignments made in Table I for ¢" > 28 1s
intimately dependent on the accuracy of the extrapolated
energies and rotational constants for the ground state given
tn Table [I. The fact that consistent assignments can be made
for these levels does not confirm the accuracy of the extrapo-
lation.

The rotational structure in several of the B-X vibration-
al bands encountered here has been explicitly observed,'
albeit at relatively low resolution. It can be used to verify
some of the vibrational assignments in Table 1. Two of the
previously observed bands, the (1,22) and (8,28) appear as
features in the photofragment spectra shown in Fig. 2. We
will consider a more detailed assignment of these features in
the following.

In the photofragment spectrum excited at 520.8 nm two
components corresponding to energy releases of 1.654 and
1.676 ¢V appear. Comparison of these energies with those of
the B state in Table I indicates that the predissociated levels
lie 0.055 and 0.077 eV, respectively, above the ongin of
v' = 8. These energies correspond to rotational quantum
numbers N'=24 and N'~30 in v’ = 8. Subtracting the
2.3799 eV photon energy from the energy releases yields
lower state energy levels lying 0.0842 ¢V and 0.106 ¢V above
v” =28 in the X state. These correspond to N " =25 and
N " =29, respectively. Comparison of the laser frequency
(19 194.7 cm™ ') with the line positions in the (8,28) cnus-
sion spectrum observed by Creek and Nicholls'® finds no
transition occurring precisely at this frequency. However,
the P25 (N’ = 24) isreported 9.36cm ~ ' to higher frequency
and the R 31 (V' = 32) line 12.25 cm ™' to lower frequency.
The next closest line (R 29, N’ = 30) lies 25 cm ™' from the
laser frequency. Indeed, excitation of the P25 and R 31 tran-
sitions in the (8,28) band shouild produce photofragments
with energies of 1.646 and 1.676 ¢V, in agreement with the
observed energies. The fact that the lines are excited so far
from their line centers suggests that orders of magnitude
higher photofragment fluxes will be achieved using a tunable
laser for the excitation.

The other band for which a comparison can be made is
the (1,22) emission band, also reported by Creek and Ni-
cholls.'® Transitions in this band are assigned to the lowest
energy photofragments observed in the 476.2 nm spectrum.
These fragments appears as three discrete, but only partially
resolved energy releases of 1.113, 1.137, and 1.156 ¢V, sug-
gesting rotational quantum numbers in B (v =1) of
N'=16,22, and 26, respectively. Subtraction of the photon
energy (2.6027 ¢V) from these three W values yields lower
state energies corresponding to X (v™ = 22), N "= 17,21, 25,
respectively. Of the line positions in the {1,22) band report-
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ed by Creek and Nicholls, the P 19(N ' = 18) appears nearly
coincident ( —~0.1 em™') with the laser frequency of
20991.8 cm ™", with two other lines, the R 25 (N’ = 26) at
—63cm~'andR23(N' = 24)at + 18.8cm™', occurnng
within an interval of + 20 cm ™' about this frequency. The
energy releases associated with excitation of these three tran-
sitions are consistent with the observed photofragment ener-
gies. However, the very near coincidence of the P 19 line with
the laser frequency leads one to expect a photofragment
spectrum dominated by a single energy release of 1.123 eV,
correspondingtoy’ = 1, N’ = 18. This is not consistent with
the three or more energy releases observed by experiment.

In viewing this apparent discrepancy, one must consider
that the lines reported by Creek and Nicholls were observed
in a high pressure, high temperature discharge and exhibited
collisional and Doppler broadening of order | cm ™. Only
lines separated by 2 cm ™' or more were resolved sufficiently
toreport other than asingle line position. Below & “ = 39, the
components of the Pand R branches, which are each expect-
cd to consist of three distinct transitions of comparable in-
tensity, are observed as single lines. Thus the apparent coin-
cidence of the laser frequency with the P19 line need not
occur when the actual frequencies of its P,, P, and P, com-
ponents are considered. Furthermore, it is possible that one
or more lines in the satellite branches associated with the
33, -*Z; transition,' with absorption strengths estimated
to be =107 of those in the main branches, are in much
closer coincidence with the laser frequency. Considering the
properties of a Lorentzian line shape, such an occurrence
would more easily give rise to multiple energy releases of
comparable intensity.

A final confirmation of the assignment of the photofrag-
ment spectra to the Schumann—Runge system are the ob-
served photofragment angular distributions. Such distribu-
tions are normally characterized® by a parameter £, which
can assume values in the range — 1<0<2 to describe molec-
ular dissociations that occur “perpendicular,” isotropic, or
“parallel” with respect to the laser polarization. With a sin-
gle exception, the peak labeled (7,28) in the 530.9 nm spec-
trum, all of the observed features in the photofragment spec-
tra exhibited £>0.5. This is consistent® with the dominant
transitions in the 2-2 absorption arising from the exictation
of Por R branch lines with other than very small rotational
quantum numbers.

CONCLUSIONS

The present experiment has demonstrated not only that
laser photofragment spectroscopy of O, is possible, but also
that under the proper conditions rotational resolution in the
predissociating state can be achieved in the kinetic energy
analysis of the dissociation fragments. The observed photo-
dissociation is assigned to photoabsorption from high vibra-
tional levels of the X *X~ state into the predissociated
B*3, demonstrating that vibrationaily excited O, can be
produced in observable concentrations by charge transfer of
Q" 1ons.

The present technique offers unique capabilities for a
detailed study of absorptions in the Schumann-Runge
bands. The complete dispersion of B state vibrational levels

along the photofragment energy coordinate permits ingivid-
ual bands 10 be observed without interference from other
vibrational sequences overlapping the same wavelength
range. From the high vibrational levels of the O, ground
electronic state observed here, 1t is possible to access all lev-
els of the B*Z with a tunable laser at visible wavelengths
under nearly Doppler-free absorption conditions.

Note added in proof: Since this article was submitted, we
have extended the measurements using a tunable dye laser
and observed 17 bands of the SR system with rotational reso-
lution. These measurements, which allow complete spectro-
scopic identification of the photodissociation, accurately lo-
cate O, X’ levels in the v" =27-34 region. The
measured vibrational term energies confirm the accuracy of
Table II up to v” = 28, but reveal a divergence, increasing
with v”, between the calculated term energies in the extrapo-
lated region of the ground state potential energy curve and
the measured values. At v” = 34, the measured term energy
lies 0.0207 eV higher than the extrapolated value in Table I1.
This reemphasizes the fact that the detailed transition as-
signments of Table I are only suggestive.
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ABSTRACT

We have used a position sensitive detector for correlated fragments to
determine absolute energies of very-slowly predissociating states of molecular
nitrogen. At lifetimes in the ps range a number of new Rydberg states are
observed with dissociation channels which efficlently compete with radiative

decay into bound states of N,. An assignment of the observed states to

-+

triplet nsog Rydberg series converging to vibrational limits of N2+ xzzg

and N2+ Aznu is given.
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INTRODUCTION

Spectroscopically, nitrogen is one of the most thoroughly studied
diatomic molecules.l'2 While the complexity of electronic states in this
molecule is now basically well understood and the absolute bond energies of
both the neutral and ion are determined with a reasonable degree of certainty,
numerous details remain to be worked out. Specifically the complex energy
level patterns in the energy region near the first fonization limit have yet
to be mapped out in detail.l The complexity of states in this region arises
from the interaction of Rydberg series with quantum numbers n = 3 which
converge to the ground and first excited state of the ion in both singlet and
triplet manifolds. Previous studies of Rydberg states have i{nvolved the
excitation of valence states of the N, molecule. Our present spproach is
unique in that we form the Rydberg states by adding an electron to the N2+
core using charge transfer reactions.

We have recently begun a study of this region by forming excited nitrogen
in charge-exchange collisions of mass selected N2+ ions in cestum.> When
charge transfer occurs in cesium the dominant populations of N, are in the
E3E * and 1‘12 * states. Photoionizing these molecules we have observed the

g g
triplet np and nf Rydberg series converging to v = 1 of N2+ x?c * and measured

g
the lifetime of the v = 1 level of the E state. The population of the high-
lying E and a® states (respectively 11.875 eV and 12.255 eV above the ground
state) in charge transfer with cesium {s not unexpected since near-resonance
is favoured in electron transfer collisions.

In order to populate lower-lying metastable states of the nitrogen mole-

cule as well as the ground state we investigated charge transfer gases with

56




higher ionization potential, namely NO, Xe, H2 and N,. The charge transfer
reactions of some of these gases are known and expected to favor transitions
to the lower-lying states in the electronic manifold of the nitrogen

4,5

molecule. Surprisingly we found that also in these cases high-lying stactes

of the N, molecule were populated, albeit with very small abundance. The
experiment which we describe below is sensitive to fractional populations in
the neutral beam as low as 1 part in 107. At this level, not unexpectedly,
practically all excited states of N, which can be formed by addition of an
electron to Nz+ are conceivably formed. A series of experimental tricks is
then used to select from the large variety of states those molecules which
decay by unimolecular dissociation on the us time scale and the absolute
molecular energy of each dissociating state is measured with respect to its
dissociation limit. A tentative assignment of the new levels is attempted by
monitoring the populations as & function of time after formation, nsature of

the charge transfer gas and ion source conditions.

EXPERIMENTAL

The parent ions for the charge transfer reaction are extracted from a

discharge ion source’

at energies between 1.4 and 3.6 keV. The source is
either operated in pure nitrogen or in a mixture of nitrogen and argon. The
mass-selected ion beam can be charge-exchanged in either an 8-cm long cell
operated at a presssure of typically 10°3 Torr or at the intersection of the
ion beam with a supersonic gas beam. A schematic drawing of the experimental

setup is given in Figure 1. All but one of the experimental results given in

this paper were obtained with neutral molecules formed in the gas cell. In
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this case residual ions are purged from the neutral beam emerging from the
cell using deflection plates. The neutral beam then enters the UHV section of
the apparatus which is kept at 10-8 Torr, through an aperture. After a flight
distance of 58 cm from the exit of the cell, the bean is spatially selected by
a 250 ym high and 3 mm wide slit formed by razor blades. Seven cm downstreanm
from the slit the neutral beam is collected in interchangable 20 mm wide, V-
shaped flags which are 1.2 and 1.6 mm high respectively.

Fragment atoms formed by unimolecular dissociation in the region between
the slit and the flag can reach a position sensitive detector’ which is
located 90 cm from the slit, provided they clear the flag dimensions., This
requirement restricts the range of dissociation energies and angles of
fragments detectad. The effective path length from which spontaneous
dissociation in the beam is detected by the PSD-C is a function of beam
energy, center-of-mass energy release, W, ejection angle, 8, and the flag size
used. For example, at 3 keV beam energy and W = 1 eV, fragments emerging per-
pendicular to the parent flight path are detected from the first 15 (20) mm
past the slit when the large (small) flag is inserted. The remaining path to
the flag is effectively shadowed by the flags. Correspondingly smaller
dissocfation lengths are permitted for fragments appearing at center-of-mass
angles less than 90°.

The position sensitive detector has been described in detail in a pre-
vious publication.7 it is operated to detect only coincident fragments from
single dissoclation events. In most of the work reported here we restrict
detection to fragment pairs emerging perpendicular to the parent beam direc-
tion. These fragments arrive coincident in time at the detector surface and

the spatial separation between the fragments at the detector surface, R, is
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related to the center-of-mass energy release ,W , by the relation
v - E, RY/ 412, (1)

where L is the flight distance from the dissociation region to the detector
surface, and R is the sum of separations of individual fragments from the
detector center, R = Ry+Rp. Due to the finite length, AL, of the dissociation

region in our case (which is a complex function of E_, W, and flag height) the

o’
resolution in W (when monitoring the effective distance R) is diminished by an

amount AW:
AW = W.2AL/L. (2)

Since the dissociation length is of the order of 1 to 3% of the length L,
discrete energy releases will appear broadened at the level of 2 to 6% of W.
At 1 eV energy release this broadening is only slightly above the best energy
resolution we obtained so far with our PSD-C (18 meV) using crossed-beam
photodissociation. In these experiments a spatially well defined dissociation
length (the width of the laser beam) could be established.

The slit, flags, and the detector assembly are all mounted on individual
translation stages to facilitate alignment of the beam. Under typical opera-
ting conditions a parent beam current of 1078 0 1077 A of N2+ is used and
aligned to propagate into a 2.5 mm diameter Farad;y cup at the center of the
detector (with the slit and flag removed from the beam). The cell is then
filled with gas to neutralize up to a few percent of the parent beam. At this

level of charge transfer with the permanent gases mentioned above up to 80% of
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the parent beam may be attenuated following elastic and inelastic collisfons
in the cell. During this alignment the neutral beam formed in the parent beam
direction is monitored by secondary emission at the Faraday cup, residual ions
being deflected and monitored at the aperture. Upon insertion of the slit the
current arising from neutrals hitting the Faraday cup drops by a factor of
about 10 due to the spatial confinement of the beam. The flag is then
inserted. It efficiently blocks all the parent neutral beam from the drifc
region and the datector.

Under these conditions we find typically 10 to 103 coincidences per
second at the PSD-C, this count rate being a sensitive function of fon source
conditions, parent beam energy and the type of charge transfer gas used. The
absolute position of each fragment with respect to the detector center, R, and
Ry, is measured, and the arrival time difference between fragments is
monitored using a dedicated computer system. The total separation between
correlatad fragments, R = R, + Ry is computed and used in equation (1) to
deternine the energy release W. The precision in the R measurement is of the
order of 50 um, the precision of the measured arrival time difference is
better than 1 ns. Spectra are accumulated while operating the beam
continuously for times ranging from 10 minutes to two hours, depending on the
signal level.

Due to the very low pressure in the dissociation region and the spatial
confinement of the neutral beam by the slit and the flag, the observed disso-
ciation events arise solely from spontaneous decay of excited N, states within
a few centimeters from the slit. This {mplies that the states involved had
already had ample time (58 cm from the cell to the slit) to dissociate. Any

species remaining in appreciable quantity beyond the slit must therefore have
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lifetimes in the range of the flight time from the cell to the slit or
longer. This time is S us at 1400 eV decreasing to 3 us at 3600 eV.

The role of collisional dissociation was checked by deliberately raising
the pressure in the region past the slit. While an increase in the rate of
fragment production was observed we also found that collision induced
dissociation did not, due to the inherent momentum transfer to the molecule,
give rise to well defined correlated fragment positions (Ry/Rg = 1). It
remains to discuss the role of the slit in the observed dissociation
processes. We expect that dissociation induced by grazing incidence on the
slit would also severely affect the position ratio R,/Ry. More importantly,
slit induced dissociation can hardly be expected to be sensitive to the
conditions used in the ion source and charge exchange cell, and certainly not
depend on the size of the flag used as will be shown below. We therefore
confidently assign the observed dissociation features to spontaneous disso-
ciation at times of 3 to 5 uws after the neutral species were formed. The
dependence of specific fragment intensities in the flight time between the
cell and the slit allows an estimate of the spontaneocus dissociation

lifetimes.

RESULTS

In Figures 2 through 5 we show typical spectra selected from over 50
spectra recorded for the nitrogen system. All energy distributions, except
those shown in Figure 2, were obtained by restricting the accumulated
coincidence counts to those from dissociation events which lead to fragments

falling within about 10 perpendicular to the parent beam flight path. Similar
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spectra with higher count rate are obtained using all fragment pairs, and
computing both the angle of ejection and energy release [using the full
transformation equation (4) of Reference (7)]. However these spectra were of
slightly lower resolution, due to errors in our precise knowledge of the
absolute neutral beam energy and its velocity component along the beam axis.
The relacively high degree of resolution in the spectra shown in Figure 2 to 5
is introduced by the fact that the geometrical arrangement of slit and flag
relative to the charge-transfer cell preselects from all dissociative charge

trangsfer” esvents

Ny* + X - N* 4+ x* (3
*
N > N+N+W (4)

only those Nz* intermediates with a long predissociation lifetime. When
dissociative charge exchange of N2+ vas accomplished using the neutral
supersonic beam at a position just past the slit (with the advantage of having
a well defined dissociation region) such a dense population of predissociating
states was observed that resolution of band-like structure in the fragment
energies was 1mpoasib1¢.9 Hence, all spectra shown here were obtained using
Nz* formed in the charge-transfer cell.

In this configuration the slit, in conjunction with the exit aperture of
the charge transfer cell and the flag beam, selects only those neutral
molecules that are formed within a 4 mrad forward cone during the charge
exchange process (3). This is significant because all the charge transfer

gases used here (NO, Xe, H,y and Nj) have ionization potentials very much
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larger than the ionization potential of the dissociating neutrals that we
observe in dissoclation (see below). Consequently the slowly predissoclating
Nz* we observe in (4) must constitute highlf nonresonant product channels of
reaction (3). It is likely that the dominant charge transfer channels in (3)
(with near resonance) remain undetected (since bound) in the present
experiment. Indeed the count rates observed in Figures 2-5 suggest that we
are dealing here with a total population of < J.O'5 of all neutrals (N, and N)
emerging from the charge-transfer cell.

The top trace in Figure 2 is obtained using N2+ ions produced in a pure
nitrogen discharge. The spectrum reveals at least eight discrete energy
releases which are identified by the letters A-H at the top of the figure.
When adding argon to the discharge, the spectrum is significantly modified.
The lower trace is obtained with a nitrogen-argon mixture of about 1:2. The
spectra are normalized to the neutral beam current and hence ths absolute
variation of the level population of dissociating Nz* states is revealed. Ve
see that while peak F remains approximately constant in height, all other
peaks decrease in intensity by a factor of about 2 when argon is added to the
discharge. We conclude from this that different N2+ precursors are involved
in the formation of peak F and the remaining peaks, and that the precursor
concentration is severely modified by the presence of argon in the discharge
source.

The gas pressure in a pure nitrogen discharge was found to have only
little effect on the observed distributions. Increasing the N, pressure from
0.8 to 1.6 Torr we observed a minor decrease in intensity of fragments at
energies hicher than those marked by a peak H in Figure 2, and no detectable
changes in the other peaks.

Figure 3 depicts the effect of the charge transfer gas on the population
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of Nz* dissoclating states. The gases from which electron transfer occurs
have increasing ifonization potential ranging from 9.5 eV in the top (NO)
spectrum to 15.5 eV in the bottom spectrum of this figure. While the basic
features marked in Figure 2 are again all present for each charge-transfer
gas, their population varies significantly. The most notable effects are the
increased relative contibutions of fragments with energies near 0.6 and 2.4 eV
as the ionization potential of the transfer gas is incresased and the
prominance of feature F near 1.4 eV as the ionization potential is lowered.
The spectra in Figure 3 are approximately normalized to the parent ion bean
current. The top two spectra (NO, Xe) are shown with their actual relative
intensities, but the intensity in the lower two traces (Hy, Ny) has been
multiplied by a factor of three.

Figure 4 shows the effect of the size of the flag on the energy reso-
lution. It is evident that as the size of the flag is increased the reso-
lution incieases. This is associated with the concomitant decrease in the
effective length of the dissociation path that is monitored (see equation 2
and associated discussion).

Finally Figure 5 gives the depzndence of the observed populations on beam
energy. All spectra in Figure 5 were obtained from N2+ charge exchanged in
NO. Similar observations were made using N, as charge transfer gas. It is
evident from this figure that a mumber of electronic states participate in the
spontaneous dissociation and that their lifetimes are significantly
different. The significantly poorer signal observed a%= 1400 eV reflects in
vact the decreased efficiency of the channel multiplier plates for detecting

low energy neutral fragments.



In the following we attempt to condense the diverse pieces of information
obtained from these spectra, and associate the observed features with a
pattern of high-lying, long-lived states of N, for which predissociation

dominates over radiation into lower lying bound states.

DISCUSSION

1 in the

Aprroximately one hundred bound vibrational states are known
region above the first dissociation limit of the nitrogen molecule,
N(aS)+N(&S). A large number of these are described in terms of Rydbergs
converging to the ground and excited states of N2+. In our experiment the
time of flight from the ion source to the charge transfer cell ( 10 us),
restricts the candidate parent ions which can participate in the charge ex-
change process to ions in the ground state, x228+, and in the lowest excited
state, Aznu. The lifetime of the A-state is 14 us for v = 1, long enough for
a significant fraction of A state ions to survive passage from the ion source
to the charge exchange cell. Hence, we should first of all seek to identify
the observed states as electronic states of N, that can be formed by simple
addition of a Rydberg electron to the X or A state ionic core. The process of
one-electron-transfer without concurrent core excitation, restricts the choice
of N, states accessible to the singlet and triplet manifolds. Of those only
long-lived levels have to be considered hera, since we observe them in pre-
dissociation, microseconds after they were formed. This requirement practi-
cally excludes the singlet Rydberg series converging to N2+ X of the type npo,
npx (the members of the Worley-Jenkins series) which will efficiently radiate

to the ground electronic state of Ny. By similar reasoning the triplet npo
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and npr series converging to N2+ X can also be excluded, since these connect

in dipole-allowed transitions to the B3IIg state.
No rapid radiative channels exist however for most of the states formed

by addition of an nsc_, electron to either N2+ X and N2+ A:

g
The lowest members of the singlet and triplet states formed by addition
of an nsog elesctron to the lonic ground state core have been observed to be
metastable.1 These are a'lzs+ and 2328+. For the latter, lifetimes of 190 us
have been found for v = 0 (Reference 1) and 6 us for v « 1 (Reference 3). The
long lifetime of the E-state 1is due to the necessity of a two-electron
rearrangement for it to connect in optical dipole radiation to the allowed
lower state A3Euf. The lifetime for the a" state has not yet been measured,
but is expected to be at least in the us range to permit observation in our

3 The transition moment for the allowed

previous photoionization experiment
transition n'*c‘12u+ has been calculatad to be large, but this transition lies
in the far infrared and is therefore consistent with a long radiative lifetime
of the a" state. It appears unlikely that fast radiative channels would apen

for the higher members of the nso, series hence they are potential candidates

g
for the observed predissociations.
A second group of candidate levels are members of the fine structure

manifold of Rydberg levels which appear by addition of an nso, electron to
N2+A2nu. Two members of this manifold (03111u and F3Hu for n = 3) and
correspondingly higher members in the series up to n = 45 have been identified
as part of Worley’'s Rydberg series converging to the Aznu (0 =1/2) and (O =
3/2) cores respectively. The total manifold that arises from addition of the

nso_, electron {s shown schematically in Figure 6 for a low and a high value of

4
the principal quantum number n. At high principal quantum numbers, where the

singlet-triplet splitting is small or comparable to the spin-orbit coupling of
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the A-state core (-80 cm'l),

the series members may be labelled by a total
electronic angular momentum quantum number that is the sum of the core §° and
the Rydberg electron angular momentum, § = at ]f} This arrangement leads
to two groups of Rydberg states separated roughly by the fine structure
splitting of the ionic core. Of these, the states with Q = 0+, 0-, and 2 are
pure triplet in character and they are of the type 3nu0 and 3Hu2. By
contrast, the two states of @ = 1 mix by spin-orbit interaction and end up as
mixture of 1nul and 3nul’ This mixing between the 0 = 1 states makes both
components accessible from the ground state of N,. These are the members
observed! in the two Worley series from the ground state. On the other hand,
at low principal quantum numbers the singlet-triplet splitting will dominate
the distribution within the manifold, the 1nu member being isolated from the
familiar 3IIu components which in turn display fine-structure splitting at the
level of the A-state core.

From the above considerations, we expect that the nitrogen molecule
exhibits, in addition to the 3nul component previously observed in absorption
from the ground state, Rydberg members with quantum numbers O = 0%, 07, and 2,
vhich at high n lie within about 80 cm'l of the I, levels, and are long-

lived. At low n values these levels will group around the previously observed
3Hu1 levels. The longevity is implied from the fact that the allowed optical

transitions from these states must connect in a core transition to the E3zg+

state and to correspondingly higher members of the series (nsc_ + 82+X225*).

g
Their lifetime will hence be comparable to the A state of N2+, which is in the
microsecond range.

The list of possibly long-lived Rydberg states could be extended to in-

clude members built from higher angular momentum electrens. Little is known

about these and since our observations, with exception of one, can be
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consistently explained in terms of the nso, states and their expected quantun
defects we conclude that higher angular momentum states do not strongly
participate in our observations.

A first assignment of the observed predissociations proceeded quite
independent of the above orbital considerations and was based on the measured
values of W and the dependence of the corresponding fragment intensity on
experimental parameters. We briefly discuss part of this assignment to
demonstrate the consistency of the energy levels derived thereby with the
expected location of long-lived nsog states.

The assignment of the general features of the cpectra proceeds most
easily from low resolution spectra such as shown in Figure 2. At least eight
distinet groups of energy releases can be identified which we have labeled A-H
at the top of the figures. The breadth of each group 1s primarily given by the
range of rotational levels that participate in the predissociation, and each
group reflects primarily a single vibrational Rydberg level. 1In Table 1 we
have ordered these eight groups according to their W value. A key in the
assigmment is the observation that the energy releases for groups A and G, and
for groups C and H, are each separated by about 1.20 eV. The significance
here is that this energy is similar to the energy separation between the

nitrogen dissociation limits #s+2D° and “5+2P° (1.193 eV) and %s+2P° and
2D°+2D° (1.191 eV). Since the four groups observed in dissociation show

common response to variables in our experimnt (such as addition of argon to
the discharge, variation of flight-time, etc.) we conclude that two separate
molecular states are involved here which branch in dissociation among two
separated atom limits to produce features A and G, and C and H respectively.
The experimental precision does not permit us to decide which of the two

pairs of dissociation limits are involved. However another piece of
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infomation allows this decision: The observation that all four groups are
quenched when argon is added to the ion source (measured relative to the
height of peak F) suggests that the parent levels involved in the formation of
these N, states 1lie higher in energy than the lowest vibrational state of
N2+X22 *, the only ionic nitrogen level with energy less than the fonization
potential of argon. This, and the fact that the energy spacings between A and
C and between G and H are each about 240 meV, suggests that the dissociating
Ny states which give rise to the four groups of energy releases are two
adjacent vibrational levels of a Rydberg state belonging to the Azﬂu core
(which has a vibrational spacing of 232 meV). Adding the measured value of W
to the respective dissociation limits the absolute molecular energy of these
Rydberg states can be calculated. The resulting level energies are so well
separated from the series limit (N2+A) that an unique identification can be
made for the dissociating N, levels of the groups AC, GH. They belong to the
two lowest vibrational levels of n = 4 in the 3nu series and they branch
during dissociation into the *s+2P°® and 20%+2D° separated atom limits
respectively. We indicate in Figure 7 the absolute energy location of these
levels as well as their measured energy releases.

By a similar reasoning, peak F can be assigned. Its refusal to respond
to addition of argon in the source suggests that its parent derives from
charge exchange of the lowest vibrational state of the ground state ion. Only
an assignment to n = 4 and dissociation to 4542p0 produces a meaningful
quantum defect for this dissociating state. Similar reasons apply to the
assignment of the dissociation limits of the remaining features, B, and D.

On the left hand side of Figure 7 we show the sxpected pattern of Rydberg
states formed with nso_ orbitals. Previously observed energy levels are shown

g
by full lines, theoretical predictions are represented by dashed lines in this
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figure. For the 3nu0'2 case we "expect" energies close to those of the
observed 3nu1 levels, which are the energy levels marked in the series
converging to the N, (A) state in Figure 7. The association with our observed
energy levels is obvious, and the respective assignments are included in
Table 1.

The rather intense feature E does not appear to fall into the pattern of
nsog levels. We suggest that these fragments may arise from a level about 1
eV above the lowest dissociation limit as indicated in Figure 7 and in Table
1. At this energy two long-lived states are predicted: the GBAB and 128+
state shown in Figures 3 of Reference 1.

It remains to discuss observed flighc time effects as well as the origin
of the oscillatory features observed in the higher r;solution spectra (Figures
3-5).

Three effects can interplay to change the relative state populations of
dissociating Nz* when the energy of the parent Nz+ beam is varied. Firstly,
the flight time of the N2+ ions from the source to the charge transfer cell
decreases as the acceleration voltage increases. Changing the beam energy
from 1400 eV to 3500 eV reduces the time required for N2+ to reach the charge
transfer cell from 10 us to 6 us. The radiative lifetimes of the N2+ A state

1 from 14 us inv el to 6 ys in v = 10. Hence, the relative

are known to vary
population of vibrationally excited N2+ A state levels participating in the
charge transfer reaction will be slightly greater at the higher beam energies.
A second possible effect of beam energy is the velocity dependence of the
charge-exchange process itself. An assoclated consideration here is that the
range of scattering angles for product NZ* molecules that are accepted into

the dissociation region is beam energy dependent. Since the charge exchange

processes observed here are all highly nonresonant (the energy defects are > 3
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eV), and the collision velocity varies by only a factor of 1.5 from the
highest beam energy (3600 eV) to the lowest (1400 eV), it seems unlikely that
the charge-transfer reaction alone can produce the observed spectral changes.

The third, and in our opinion the most significant, effect arising from a
change in ion beam energy, is the variation in flight time for the Nz* between
its point of formation in the charge transfer cell and its observed
dissociation in the region between the slit and flag. If we attribute all
changes in the fragment energy release spectra observed as a function of beam
ene Jy, to changeslin Nz* state populations produced by predissociation during
this transit time, predigssociation lifetimes of the Nz* levels can be
derived. These are given in Table 1 and their magnitudes should be valid
within a factor of about 2. Most notable is the long lifetime of the groups F
and B. Using these lifetimes and the observed relative intensity of each peak
we can roughly estimate the population of individual states formed in charge
transfer. These values turn out to be of the order of 5 * 10™% to 106 of the
parent beam intensity. Io deduce the fractional population on the neutral
beam we have assumed a channel plate detection efficiency for coincidences of
lt and a geometrical detection efficiency of 18% (based on an isotopic
distribution of the fragments in the center of the mass frame and the size of
the detector and slit).

It remains for us to discuss the fine, oscillatory structure that appears
superimposed on the gross vibrational features in the energy release
spectra. It is tempting to attribute this structure to the predissociation of
individual rotational levels in the electronic states discussed above.
However, we have thus far not been able to model these features assuming
Tcasonablc sctitional constants for these states (1.0 - 1.2 cn'l) and

population of the levels in a Maxwell-Boltzman distribution. In a recent
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study, we observed that the H, c3nu state formed by nonresonant charge
transfer of Hz+ in Xe at keV energies ylelded a rotational distribution in the

Hy product comparable to that of the H2+ reactant (T ~ 1400K). However,

rot
other studies, for example the charge transfer of Ar* in HBr at 3 keV, have

observedi® very high rotational excitation (T ~ 3000K) in the product

rot
molecular ion. Consequently, we do not know what the rotational temperature
of the N, product in the present reaction is, and for that matter, do not know
if the product rotational distribution can even be characterized by a
temperature. Nor do we know if the Nz* rotational distributions produced in
the charge transfer process have been wodified by differential predissociation
rates during the flight into the dissociation region. 1In addition to these
uncertainties regarding the rotational distribution(s), the incomplete
resolution of the fine structure, and the extent to which the fine structure
appears to overrun that of adjacent vibrational features greatly complicate
its interpretation.

As an alternative sxplanation, we must also consider that within the very
same energy range to which we have assigned the major predissociated levels,
there exist a range of Rydberg states of the ion-pair type at larger
internuclear separations, such as the radfatively identified b and b’ states
(see Figure 4 of Reference 1). The small vibrational spacings expected in
these states is consistent with the observed oberlaying oscillatory
features. Consequently, we choose not to present even a qualitative analysis
of the oscillatory structure here. It i{s clear nonetheless, that such
structure is not an artifact introduced by the detector. For example, this
structure does not appear in the spectra of fragments obtained using the

supersonic nozzle, nor does it appear in the spectra of fragments from the
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photodissociation or unimolecular dissociation processes we have observed with

this detector in such species as H2+' Hy, NO, and O,.
CONCLUSIONS

By observing the spontaneous fragmentation of metastable N, molecules
produced by charge transfer of Ny in various gases, we have discovered several
new Rydberg members of this molecule. The fact that the new states are all
predominantly of the type nse, + N2+ likely reflects the selectivity of the
experiment on the basis of lifetime rather than a preference for populating
this orbital in the charge exchange process. Absolute energies of these
states are obtained by measuring the energy imparted to their neutral
dissociation fragments, and branching among dissociation limits is observed.
The precision at which the molecular energies are determined is solely

governed by the unknown rotational populations.

We have not yet addressed the origin of the observed predissociations. To
permit the observed long lifetimes, highly unfavourable conditions for the
interaction of bound and continuum states must exist. This is not unexpected
for Rydberg states since their configurations are clearly distinct from the

repulsive states arising from the lowest four dissociation limits of NZ'
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Figure 1.

Figure 2.

Figure 3.

FIGURE CAPTIONS

Schematic diagram for the experimental arrangement. A mass-
selected Nz+ ion beam, accelerated to several keV energy, is
neutralized in the charge-exchange cell. Fast neutrals formed by
charge transfer propagate through the aperature and slit and are
intercepted by the beam flag. Coincident fragments produced by
unimolecular dissociation of N, in the region between the slit and
flag impinge on the PSD-C detector. In selected experiments, the

N2+ beam is neutralized by gas introduced through the nozzle heam.

Center-of-mass kinetic energy release spectra observed from the
unimolecular dissociation of Nj,. 1In the upper spectrum, the
precursor N2+ ions were formed in & pure N, discharge, accelerated
to 2 keV and neutralized in NO gas. The lower spectrum was
obtained under identical conditions except that the precursor N2+
ions were formed in a mixture of 30% N, and 70% Ar. Features in

the spectra are labeled by letters A - H.

Center-of-mass kinetic energy release spectra for the unimolecular
dissociation of N, formed by charge transfer of Nz+ (N, discharge)

at 3 keV Iin four different gases.




Figure 4.

Figure 5.

Figure 6.

Figure 7.

Center-of-mass kinetic energy release spectra for the unimolecular
dissociation of N, formed by charge transfer of Nz+ (N, discharge)
at 2 keV in NO gas. The two spectra show the effect on the

spectral features of the flag size used to intercept undissociated

molecules.

Center-of-mass kinetic energy release spectra for the unimolecular
dissociation of Ny formed by charge transfer of N2+ (N, discharge)
at the three labeled acceleration voltages in NO gas using the
small beam flag to intercept the undissociated neutral molecules.

Schematic diagram of the nso_ Rydberg manifold converging to the

g
N2+ Aznu core. Energy values indicated are taken from Reference 1.

Energies of the predissociating levels observed in N, relstive to
the separated atom limits of N + N. These levels are labeled by
letters A-H, corresponding to the features labeled in the kinetic
energy release spectra. Known Rydberg levels of N, converging to
the N2+ X and A states are shown in this figure by solid lines.
Expected, but previously unobserved levels converging to these

cores are given by the dashed lines.

78




Nozzle Beam

Deflection Plates

Fig. 1

79

Helm and Cosby




FRAGMENT INTENSITY

0
| | I | N R N | 1
Q.0 08 1.2 1.8 2.4 3.0
ENERGY RELEASE (eV)
RA-3309583-113
%0 Fig. 2

Helm and Cosby




FRAGMENT INTENSITY

0.6 1.2 1.8
ENERGY RELEASE (eV)
81

RA-3309583-114

Fig. 3
Helm and Cosby




FRAGMENT INTENSITY

>

O

‘..--——-m-m

("]
.

-0

|

e

\/\ MW\ Large Flag

0.7

1.1 1.5 1.9 23
ENERGY RELEASE (eV)
RA-3309583-115
82

Fig. &
Helm and Cosby




FRAGMENT INTENSITY

._J

e

il

DE FG H
|
i |
A%M\ 3000 eV 3
Ml%’!w \\\
2ooo eV (
g \ *
’l M L, 1400 eV

1.8 3.0
ENERGY RELEASE (eV)

RA-3309583-116

83

Fig. 5
Helm and Cosby




£qso) pue wyay
9 *314

L11-£9S60EC- VY

U0 G2y

yd
=0 en :w( + abmc

i
e

111

84




17
2 200,20
A ”ugc? pO.2p
x2zs L
16 — 91 5 0 2p0,2p0 ]
5 L1
s 1|4
o9l clla i
n=5 vy 2p9%,2p9
- 0 F [H|G
; 14'—' n=4 -.O et —4
2
G boed 4s+%p°
i 1
a 13f — ~
all.
’n, BlD
1 9 1 ‘s+2p°
— 1=+
- a 'z -
12 nzaTO_ 9
Y
E%s;
11} ~
E
10 45,45 —
RA-X30583-112
85 Fig. 7

Helm and Cosby

o T ——




Appendix C

UNIMOLECULAR DISSOCIATION OF NO
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UNIMOLECULAR DISSOCIATION OF NO

Philip C. Cosby and Hanspeter Helm

Molecular Physics Department
SRI International
Menlo Park, CA 94025

We have observed the spontaneous unimolecular dissociation of NO molecules
formed by charge-transfer neutralization of NO* ions. The dissociations are observed 3 ps
after formation of the neutral molecule. Analysis of the fragment kinetic energy releases
that accompany the dissociations locates the energy of the predissociating levels.
Preliminary identification suggests that the L' 2 state is efficiently populated in the charge-
transfer reaction and that a number of vibrational levels of the L' state are sufficiently

perturbed by the B2A to allow predissociation with lifetimes of >lO ps.

With the exception of the molecular species, the present experiments were
performed in a manner identical to that employed in our previous study of N2 (see
Appendix B). Explicit account was taken of the heteronuclear character of NO in detection
of the dissociation fragments. The NO* ions were produced by 180 eV electron-impact
ionization of low pressure NO gas and were neutralized in NO gas at energies in the range
of 2 - 4keV. The fragmentation was observed under a variety of experimental conditions
allowing variations in beam energy, distance from the charge wransfer cell to the

dissociation region, and detector geometry. No change in either fragment energy release or
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dissociation rate was observed under these conditions, allowing us to establish a lower
limit on the dissociation lifetime of the metastable levels as >10 ps. Furthermore, neither
collision-induced dissociation of the fast (keV) NO molecules nor dissociative
autoionization was found to play a role in the observed dissociations. A dissociation rate of
6 x 103 s-lcm-! was observed from an NO beam of 8 x 108 s-1, suggesting that the

dissociating levels account for more than 0.04% of the population in the NO beam.

A typical fragment energy release (W) spectrum observed from NO 3 ps after its
production by charge transfer is shown at the top of Figure 1. This spectrum is the raw
data acquired by the detector and includes not only the fragment energies produced by the
molecule, but also W-dependent energy shifts and broadening due to the finite distance
over which the fragments are collected. These apparatus effects, however, can be assessed
using Monte-Carlo trajectory studies that explicitly incorporate the variety of apparatus
geometries employed in the measurements. The simulation of the experimental spectrum is
shown at the center of Figure 1. A satisfactory fit was achieved for all the spectra by
assuming the predissociation of six vibrational levels, each with a rotational populaticn
distribution of 400 K. The approwriate level energies and intensities are shown at the
bottom of Figure 1. A listing of the energy of these vibrational levels, their approximate
relative intensity contributions to the dissociation, and the rotational constants employed in
the fits is given in Table I. With the possible exception of the very weak feature at
W =2.010 eV, the listed energies are expected to have a relative accuracy of £0.005 eV

and an absolute accuracy of 10.020 eV.

The fragment energy releases, W, in Table I specify the energy of the dissociating
level above one of the dissociation limits in the NO molecule. The dissociation limit
observed here is almost certainly the lowest NO dissociation limit N(4S) + O(3P). Levels
>1 eV above any of the higher dissociation limits would lie in the ionization continuum and

be subject to autoionization at a rate rapid compared to the slow dissociation observed here.
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A very large number of NO electronic states, both Rydberg and valence, have
bound levels in the region 1 - 2 eV above the lowest dissociation limit! and the situation is
further complicated by numerous strong homogeneous Rydberg-valence perturbations.24
Nevertheless, the Rydberg states and valence state levels strongly perturbed by them are
known to have radiative and/or predissociation lifetimes of order 10 ns,.5 and can thus not
directly participate the the observed dissociations. Bound valence states known! or
expectedS 1o lie in this region are the B2I1, L'2®, B2A, b4%- , G2Z-, L2[1, and I2Z*. Of
these, only the L’ state is without a dipole-allowed radiative cascade channel into a lower

electronic state.

The L'2® is the lowest energy NO electronic state with A > 1, and thus has no
radiative channels accessible below v =7. As a result, this state has only recently been
observed in the gas phase, using the technique of stimulated emission pumping from the B’
state.” The potential energy curve for the L' state derived by those measurements is shown
in Figure. 2, together with that of the B' state. Energy levels in L' above v =9 are
obtained only by extrapolation and the extrapolated potential energy curve was used to
estimate the rotational constants listed in Table I. The horizontal bars in this Figure
represent the ohserved fragment energies and intensities from Table 1. It can be seen that
there is reasonable correspondence between the observed energy releases and specific

vibrational levels in the L' state.

It remains for us to explain why dissociation of all levels in the L' state would not
be observed, or perhaps more appropriately, why predissociation of any of the L' levels
should occur, since only states with A < 1 arise from N(48) + O(3P). It is known? that
L'(v=9) heterogeneously perturbs the rotational levels of B2A(v=1) with an Q-dependent
perturbation matrix element in the range of 4.3 - 0.3 cm-!. This relatively weak interaction
produces detectable (~I cm-!) shifts in the rotational levels only where the B' and L' levels

are nearly degenerate in energy. However, a dissociation lifetime of order 10 us implies an
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equivalent level shift of only 5 x 10-7 cm-1! Levels separated in energy by as much as one

vibrational interval could readily produce such a weak perturbation.

Granted an appropriate admixture of 2A character, the L' state could be
predissociated by spin-orbit coupling to the continuum of the a%I1 or another state to
produce the unimolecular dissociation. Vibrational factors associated with both the L'-B’
and B'-a interactions would establish the relative predissociation rates and thus the presence
or absence of vibrational features in the fragment spectrum. It is not known whether the
unobserved vibrational levels have substantially longer or shorter lifetimes than those levels
that appear in the fragment spectrum. A quantitative treatment of the proposed
predissociation mechanism is not appropriate at the present time. However, given both the
agreement of fragment energy with L' vibrational level energy and with the onset of the B'-
L’ interaction, we are reasonably confident that the observed fragments arise from the L'

state.

Due 10 its (30g)2 (Iry)3 (Ing*)2 electron configuration,S the L' state cannot be
directly produced from the ground state NO* in a single electron transfer. However it could
be formed from either the NO* 23X+ or w3A states. Such metastable excited states are
known8.9 to account for more than 30% of the NO* ions formed by high energy electron
impact. Moreover, the L' state can be fon 1ed in vertical, near-resonant transitions from
a(v27) or w(v0), suggesting that its fractional population in the fast NO beam may be

significant.
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Table 1.

Fragment energles observed In the unimolecular dissociation of NO. The
fragmentation is observed -3 us after formation of the molecule. Approx-
imate relative intensities of the fragments and the rotational constants used
In the spectral simulations are also given.

Fragment Fragment Rotatlonal
Energy Relative Constant
{eV) Intensity {em-1)
0.998 0.49 0.97317
1.090 1.00 0.95605
1.490 0.26 0.87695
1.624 0.36 0.83058
1.872 0.06 0.75265
2.010 0.02 0.69536
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Figure 1

Figure 2

Figure Captions

Fragment energy releases observed in the unimolecular dissociation of NO after
a 3 us delay following charge transfer neutralization of NO* in NO gas at

3 keV. The experimental spectrum is shown at top. The Monte Carlo
simulation of the spectrum is shown at center. Energy levels and intensities
used in the simulation are shown at bottom.

Potential cnerg;' curves of the NO L' 20 and B’ 2A states relative in energy 1o

the N(4S) + O(3P) dissociation limit. Observed fragment energies and
intensities are shown by the horizontal lines to the night in the figure.
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ELECTRON-IMPACT DISSOCIATION OF CARBON MONOXIDE

P. C. Cosby
Molecular Physics Laboratory

SRI International
Menio Park, CA 94025

ABSTRACT

The electron-impact dissociation of CO to form C and O atoms is observed in a crossed
beam experiment at electron energies between the dissociatior. threshold (14 eV) and 198.5¢eV.
The center-of-mass energy released in the dissociation of individual molecules is explicitly
measured using a position and time sensitive detector for the correlated neutral fragments. The
observed energy release distribution is found to be highly structured, reflecting electron-impact
excitation to Rydberg states converging to CO*(X2Z+) which predissociate to ground state
atoms. Little or no dissociation is observed from states above the first ionization limit. Total
electron impact dissociation cross sections, exclusive of dissociative ionization contributions,
and partial cross sections for the dissociative excitation of specific CO electronic states are

presented.

MP 92-086
January 27, 1993
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INTRODUCTION

The interaction of electrons with molecules is widely recognized as a critical process
in the physics of ionized gases. Not only can excited molecular states or charged species be
produced by the interaction, but the gas composition can be directly modified by electron
induced dissociation. In this latter process, -2 the electron excites an electronic state of the
molecule that subsequently dissociates. The excitation step is believed to be well-described
above threshold by theory,3:4 and has been the subject of numerous experiments.> However,
the fate of the molecule in this excited state is determined by the relative rates of the competing
processes of dissociation, photoemission, and ionization, the quantitative calculation of which
can be extremely difficult. Experimental characterization of the dissociation channel has also
been difficult. With few exceptions,5-9 observations have relied upon the detection of highly
excited fragments,10-14 which generally represent only a small subset of the accessible product
channels. No technique has allowed a direct distinction between products arising from
dissociative ionization, i.e. dissociation of the ionized molecule, and those from dissociation

of the neutral molecule.

We report here a new technique for the quantitative observation of electron dissociation
reactions. The reactant molecules are present as a fast neutral beam that is intersected by an
electron beam. Therefore, the dissociation products are constrained to a narrow cone and can be
detected through secondary emission at an electron multiplier. At keV energies, the secondary
emission efficiency of the multiplier is relatively insensitive to electronic excitation of the
fragments, allowing near-uniform detection sensitivity to either ground or excited state products.
Position and time-sensitive detection at the multiplier of the two correlated products from a
single dissociating molecule permits accurate definition of the center-of-mass translational
energy release (W) in the dissociation and the angular distribution of the fragments. Charged
particles produced by the electron interaction are collected by an electric field such that

dissociative ionization cannot contribute to the correlated product signal.

98




We apply this technique to electron impact on carbon monoxide and observe for the first

time the reaction:
COX)+e - CO* +¢ (1a)

CO* - CA3P) +OCP) + W, (1b)

where CO* signifies a dissociative electronic state of the molecule. Since the excited state
necessarily lies above a molecular dissociation limit, the fragments in (1b) are produced with
translational energy, W, corresponding to the energetic difference between the dissociating state
and the internal energy of the products at infinite separation. Explicit measurement of the
translational energy release W allows identification of the intermediate CO" and the atomic states

of the products.

Total absolute cross sections for Reaction (1) are reported here for electron impact
energies in the range of 13-200 eV. In addition, detailed product distributions are determined
over much of this range, allowing the assignment of partial dissociation cross sections for the
more important dissociative states in the CO molecule. Since the present experimental technique
is new, it is discussed here in some detail. Application of this technique to the electron-impact

dissociation of other molecules such as N3, O3, CO», and NO7 will be reported separately.

EXPERIMENT

A schematic representation of the major features of the dissociation apparatus is shown
in Figure 1. A fast (3-5 keV) CO* ion beam is neutralized by resonant charge transfer in CO
gas to produce a fast CO beam, which is collimated by a narrow slit and intercepted by the beam
flag. Dissociation fragments produced in the region between the slit and the flag with sufficient
transverse velocity to escape collection by the beam flag travel an extended distance (~1 m)
where they are detected by a pair of position and time sensitive detectors. A weak (5 V/cm)

ransverse electric field, not shown in Fig. 1, in the region between the beam flag and the detector
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prevents charged particles from arriving at the detector. The construction and functional
description of the detector has been described elsewhere!5 and will not be repeated here. The
principle parts of the apparatus as they relate to the electron dissociation measurements are

described below.

Neutral Beam

CO* ions, produced from CO gas in an ion source, are accelerated to a selected energy in
the range 3 - S keV, mass selected, collimated, and passed through a 10 cm long charge transfer
cell containing CO gas. The pressure of CO gas in the cell was adjusted to produce approxi-
mately 10% attenuation of the ion beam. Charged particles exiting the cell are swept Hut of
~ the beam by electrostatic deflection and collected. Neutrals leaving the cell are collimated by
a 0.5 x 3 mm slit positioned 39 cm downstream of the charge transfer ce!l. Neutrals passing
through the slit are intercepted by & 1.8 mm wide beam flag positioned 13.8 cm downstream of
the slit. The function of the slit is threefold: (1) it produces a well defined neutral beam with an
angular divergence of 1.2 mrad, (2) in combination with the beam flag, it masks the PSD-C from
observing both fragments from a dissociation event occurring upstream of the slit, and (3) it
preferentially passes the products of symmetric charge transfer, which are predominantly forward
scattered with little angular divergence and greatly attenuates contributions from other scattering

processes, such as collision induced dissociation and dissociative charge transfer.

Neutral Beam Flux. The neutral beam flux passing through the electron impact
ionization region was monitored by displacing the beam flag and measuring the apparent current
generated by the neutral beam in a Faraday cup centered on the PSD-C. The Faraday cup
consisted of a stainless steel tube terminated by an insulated stainless steel collector. A potential
difference of 80 VDC between the collector and the tube and a length/diameter ratio of 40 for the
tube facilitated the consistent removal of the secondary electrons from the collector that were
produced by the impact of the fast neutral beam. The neutral beam flux N is related to the

measured current at the Faraday cup I¢ by the relation:
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N=le )
n

where 1 is the effective secondary emission coefficient. Absolute calibration of the neutral beam
flux was made with a pyroelectric bolometer16.17 constructed from a 0.5"diameter x 0.1" disk of
Lead Zirconate-Titanate with silver electrodes deposited on the circular surfaces.!8 The neutral
beam was modulated at 5 Hz (by modulating the CO* beam prior to charge transfer
neutralization) and the pyroelectric signal, which is proportional to the power deposited by the
fast beam, was detected by a lock-in amplifier. The absolute neutral beam flux was determined
by comparison with the pyroelectric signal produced by an ion beam, whose flux was known

from the measurement of its current with a calibrated electrometer:

v
AN | |
N-ch ’ (3)

where N is the neutral beam flux, I is the current of the ion beam of equal erergy, e is the
electron charge and V, and V; are the bolometer outputs produced by the neutral and ion beam,
respectively. Intercomparison of these two measurements of the neutral beam flux provides a
direct measurement of the effective secondary emission coefficient at the Faraday cup for routine
beam monitoring with an accuracy of approximately 6%. (For 3000 eV CO, 1y = 0.31). This
coefficient was found to be stable to within this calibration accuracy over extended periods

of time (months). Maintaining the entire detector region in a clean (ion pumped) high vacuum

(<1 x 10-8 Torr) probably contributed to this stability.

Internal Energy Distribution in the Fast Beam. The composition of the neutral beam
is determined by the state composition of the precursor ion beam and the neutralization condi-
tions. The present measurements were made with CO* ion beams produced by two different ion
sources: a low pressure (Nier-type) electron impact ion source and a high pressure hollow
cathode ion source, with research grade CO gas used in each. In the Nier-type source, 100 eV

electron impact produces the ions in a vertical excitation process in thermal (400K), low pressure
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(10-3 Torr) CO gas and these ions are extracted by a weak repeller field in the absence of
collisions. Vertical ionization of CO X(v=0) produces CO* in three electronic states: X2L*,
A2I1, and B2X+, for which the partial ionization cross sections (64,0p) are known.19-2! The B
state is extremely short-lived (55 ns)22 and radiatively cascades predominantly into the lower
vibrational levels of the X2X+ before the ions leave the ion source. The A state is longer-lived,
with radiative lifetimes2! (144) of 4.0-2.4 us in v=0-6, but almost completcly radiates, pre-
dominantly into the X state, during the 27 ps flight time (1) between the ion source and the
charge transfer cell. Using the partial ionization cross sections and vibrational overlap
integrals23 and energies computed from the RKR potential energy curves of the CO ground
state24 and the CO* X,A, and B states,22 the pc ulation distribution of CO* X(v) entering the

charge transfer cell can be estimated with some confidence from:

q(X*,X=0) +

o -0
p(X*) = _T'_%é__ﬁ

Oa 5 qATX=0) gA*X") Viarxt (V)
ST A+ §+ q (A+.X*) V3A*.X+

OB q(B*.X=0) q(B*.X*) v3g*.x*

oT Bs §+Q(B*.X+)V38+.X+

(4)

where X*, A+, and B+ refer to vibrational levels in the CO* states, OT is the cross section25-27
for the production of CO* from CO, G4 and op are the partial ionization cross sections, and q(i.j)
is the Franck-Condon factor and vijj is the photon energy connecting the levels 1 and j. The usual
assumption is made in (4) that the transition moments vary negligibly with internuclear distance.
For a 3000 eV beam energy, Eqn. (4) yields an ion population distribution of 0.6328, 0.1445,
0.0805, 0.0512, and 0.0343 in v=0-4 of the CO* X state when the ions arrive at the charge
transfer cell. In addition, 5.7% of the ion beam remains in the A2[1 state, predominantly in its

lowest vibrational levels due to their longer relative lifetimes.
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Even at the relative high beam energies employed here (3-5 keV), the cross section for

the symmetric, resonant charge transfer reaction in the neutralization cell
CO+(X,v;) + CO(X,v=0) — CO(X,vp) + COHX,v) &)

is rather large (approx 20A2);28 hence the electron transfer takes place at large intermolecular
separations with minimal perturbation of the electronic structure of the isolated molecules and
little transfe. of momentum. Calculations of this charge exchange reaction have shown that the
selection of product states at these higher energies is dominated by the Franck Condon factors
for ionization/recombination transitions in the isolated species.28 In fact, this propensity is
observed even in asymmetric charge transfer reactions.29 For the case of CO*/CO, the Franck
Condon factors are nearly diagonal, leading to a nearly vibrationally adiabatic transfer of
population from the fast ion beam to the fast neutral beam. Taking the vibrational overlaps
explicitly into account, the predicted population distribution in CO X1Z+(v=0-3) is 0.565, 0.193,
0.091, and 0.054, accounting for >90% of the population. As mentioned above, approximately
5.7% of the ion beam arriving at the charge transfer cell populates the A2]T state. This state has

both symmetric and asymmetric product channels

CO+(AV) + COX,v") — CO(X,v) + CO*A,v) (6)
— CO(X,v) + CO*(X,v)

accessible to it. However, the Franck Condon factors for either of these channels are quite small
re'ative to those from CO+(X) reactants; hence the charge transfer cross sections for CO*(A) are
undoubtedly smaller than from CO+(X), with the result that the contribution of this state to the
product distribution in the fast neutral beam will be cv~n smaller than its 5.7% concentration in

the reactant ion beam and can be neglected.

The CO* ion beam produced by the hollow cathode ion source is subject to a large

number of low energy collisions with relatively high pressure (0.2-1 Torr) CO gas within the
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source volume. We would expect the electronic and vibrational excitation in these 1ons to be
almost completely quenched by low energy charge exchange reactions prior to their extraction.
This has indeed been found for other species30 (H3, O3) produced with this ion source. Charge
transfer neutralization of a CO*(X,v=0) ion beam should produce a neutral CO(X) beam almost

entirely (>90%) in its ground vibrational level.

The basis for the rotational distribution in the neutral beam is the thermal (300-400K)
rotational distribution of the source gas. This distribution is expected to be largely unchanged by
ionization or by radiative cascade among the ion states (AJ = (), £1) that accompanies beam
production with the electron impact source. In the hollow cathode source, the rotational
distribution will be a thermal distribution in the ion at the temperature of the bath (source) gas.
Since the CO and CO* ground states have nearly the same rotational con:tants,2? the rotational
population distribution of the ions produced by each source will be nearly identical. There is
very little information on rotational propensities in the charge transfer reaction. Clearly, if the
electron exchange occurs at sufficiently large intermolecular separations, the product rotational
distributions will largely reproduce those of the reactant ion beam, i.e. differ by at most a few
quanta from that of the thermal source gas. Thus is supported by the LIF study by Ding and
Richter3! of the analogous N§IN2 reaction at 800 eV. Other studies have found that the degree
of rotational excitation in the products scales with increasing energy defect in the neutralization

reaction.32

Species Composition of the Fast Beam. Contamination of the CO neutral beam by
other atomic or molecular species can arise either in the ion source or in the charge transfer cell.
Mass selection of the ion beam with unit mass resolution excludes the products of dissociative
ionization or of ion molecule reactions in the ion source from entering the charge transfer cell.
Unfortunately, the main contaminant of the CO source gas is N7, whose charged product N3 has
the same nominal mass as CO* at our level of resolution. The use of high purity CO source gas

(total impurities < 0.003%) and frcquent monitoring of the N+ current produced by the ion source
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insured that NE charge transfer products made negligible contributions to the neutral beam
purity. (This species at the ppm level does, however, provide the dominant contribution to the
background encountered in measuring the electron-impact dissociation products, as will be

described below).

The second source of contamination is collisional dissociation or dissociative charge
transfer of the CO* beam in the charge transfer cell. In general, these contributions will be
small, reflecting the size of their cross sections (< 1 A2)in comparison with that for symmetric
resonance exchange (20 A2). In addition, significant scattering accompanies these processes
with small cross sections, so many of these fragments are excluded by the slit entrance to the
interaction region, with an acceptance of 1.3 mrad vertical and 5.1 mrad horizontal. By
comparison, a dissociation occurring in the charge transfer cell with an energy release of W=1
eV will produce the fragments dispersed over 21 mrad. Nevertheless, it is important to confirm
the beam purity. For this we use the electron beam to ionize the molecular beam and observe the
ionization products. Fragments produced in the charge transfer cell will arrive at the electron
interaction region with very nearly the same laboratory velocity as the CO* precursor and with
an angular divergence established by the entrance slit (1.3 mrad in the vertical direction, 5.1
mrad horizontal, in the sense of Figure 1). By positioning a pair of vertical electrostatic deflector
plates in the region between the electron beam and the beamn flag, fast charged species produced
by direct ionization of the molecular beam will be deflected by an amount inversely proportional
to their mass. This deflection, projected over a distance of approximately 94 cm, is observed on
one of the position sensitive anodes of the PSD-C. The integrated counts observed on the anode
for one deflection voltage (175 v) following 50 eV electron impact on the CO beam is shown in
Fig. 2. The abscissa in th:- figure gives the distance of ion impact vertically with respect to the
projected point of impact of the neutral beam on the detector. The large peak is produced by
CO+, formed by direct ionization of CO. The width of this peak reflects the angular divergence

in the neutral beam (1.2 mrad) and the vertical slit width (0.05 cm). The position of the peak
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(2.02 cm) on the detector reflects the specific deflection voliage chosen. If the molecular beam
were contaminated by O atoms, for example, a peak of comparable width should be observed
near 3.54 cm in this spectrum with a height reflecting the concentration (and relative ionization
cross section) of this species. A series of such spectra obtained for a range of deflection voltages
and at electron energies up to 200 eV showed no definitive evidence of contamination by either

C or O, leading to the conclusion that CO constitutes 295% of the molecular beam.

ELECTRON GUN

The rectangular electron beam utilized for the neutral beam dissociation and ionization
measurements is produced 1n a simple pentode gun from a directly heated Thoria (ThO2) coated
irridium filament of rectangular (0.07 x 2.8 cm) geometry. The third lens, with an open area of
0.3 x 2.6 cm, provides the smallest geometric constraint to the electron beam, whose width is
otherwise determined by the accelerating voltages applied to the first four lens elements. The
fifth lens, with an open area of 0.95 x 3.8 cm, is maintained at ground potential and is covered
with 95% transmission tungsten mesh to minimize field penetration into the electron beam-
neutral beam interaction region. This lens defines one side of the interaction region, with an
identical element terminating the 0.89 cm wide interaction region. A potential of 1.5 VDC is
maintained between these two elements to minimize trapping of slow electrons or ions in this
region. The nominal electron energy is selected by the potential difference between the filament
and the entrance to the interaction region. Collection of the electrons that pass through the
interaction region is accomplished by a two element, 1 cm deep Faraday cup. The potential of
the cup, typically -20VDC with respect to the interaction region (lens 5) is adjusted to approxi-
mately 2 volts above the onset of the plateau for a constant current of collected electrons (dl/dV
= (). No magnetic field is used for collimation of the electron beam, to facilitate transmission of
an ion beam through the gun to the detector. Electron currents at the Faraday cup range from 0.1
mA for a nominal 10 eV electron beam to 1 mA for nominal beam energics 2 50 eV. Retarding

potential difference measurements at the Faraday cup show a triangular electron energy spread
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with a full width at half maximum of 1.5 eV, independent of beam energy over the range of 15 -
200 eV. This width roughly corresponds to the voltage drop across the directly heated filament.

The gun assembly is maintained at a vacuum of <3 x 10-8 Torr during operation.

The explicit spatial overlap of the electron beam and the fast neutral beam is one of
several critical elements required for a determination of the dissociation cross sections. To
facilitate the measurement and optimization of this overlap, the entire electron gun assembly is
mounted on a micrometer adjusted translation stage. For reference, consider an orthogonal x,y,z
coordinate system with the neutral beam propagating along the y axis with its slit dimensions of
0.05 % 0.2 cm in the z,x plane. The electron beam propagates along the x axis with its narrow
and long dimensions in the z,y plane and the gun assembly can be translated along the z-axis
with a precision and reproducibility of < 7 x 104 cm. The relative overlap of the two beams is
determined by observing the products of the electron impact interaction (dissociation or, more
easily, ionization) as a function of electron gun translation. Figure 3a shows the number of CO*
ions (the summation of the counts in the CO* peak in Fig. 2) formed by electron impact
ionization of the CO beam at 40 eV as the electron gun position is translated over a distance of
0.6 cm. The 0.128 cm FWHM of the near-gaussian ionization signal represents the convolution
of 0.07 cm wide neutral beam (at the electron beam, considering angular divergence) with the
spatial distribution of the electron beam at this energy. As mentioned above, the spatial
distribution of the electron beam is highly dependent on the accelerating voltage. Figure 3b
shows the variation in the FWHM of the ionization products with nominal electron energy.
These values are also a good representation of the effective electron beam width; explicit
deconvolution of the 0.07 cm neutral beam width decreases these values by <0.007 cm.
Calibration of the electron beam energy with respect to the nominal acceleration voltage was
accomplished by comparing the apparent electron energy dependence of the measured cross

sections for ionization of Ar and of CO in the first 20 eV above threshold with the reported
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values.33.27 The mean correction thus obtained is 1.5 1.5 eV with respect to the nominal

acceleration voltage. This correction is incorporated in the data reported here.

In addition to providing a mechanism for defining the overlap of the electron and neutral
beam, translation of the electron gun allows phase sensitive detection of the electron impact
dissociation signal from various other dissociation processes that can occur in the fast beam.

To appreciate how very minor effects can mask the dissociation signal, consider the relative
densities of the electron beam, the neutral beam and the residual gas in the interaction region.
For typical conditions of a neutral beam flux of 3 x 1010 s-! for 3000 eV CO and a current of

0.5 mA for 20 eV electrons, their respective beam densities amount to only 1.4 x 105
molecules/cm3 and 3.6 x 107 electrons/cm3, respectively. These are quite small in comparison
with the density of residual gas of 9.6 x 108 cm-3 in the interaction region at a pressure of 3 x
10-8 Torr. Thus the main product of electron impact will be the ionization and excitation of the
residual gas, though these products are easily distinguished because they are transiationally slow
(the impact of slow metastables that drift from the electron beam region constitute the primary,
but noncoincident, background at the PSD-C (see Fig. 2)). Similarly, collisions of the fast CO
beam with the residual gas in the region between the slit and the beam flag can produce fast
products. For example, collision induced dissociation with a cross section of order 1 x 10-13 cm?
can produce a product flux comparable to electron impact dissociation with a cross section of 1 x
10-16 cm2. Simple electrical modulation of the electron flux and phase sensitive detection of the
dissociation products is one obvious approach to distinguishing the electron/neutral beam
products. But this approach has a very serious drawback in that the residual gas rapidly adsorbs
on all surfaces in the electron gun in the momentary absence of electron bombardment degassing.
The repetitive adsorption/degassing cycle that accompanies modulation of the electron current
serves to also modulate the neutral gas density within the electron interaction region (and thus a
collision induced dissociation background) in phase with the electron beam. Translation of the

electron gun assembly with the electron beam operating at constant current and continuously
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striking the same surfaces, allows modulation of the electron beam /neutral beam interaction

without affecting other variables.34

Dissociation Fragment Detection

Another key element in the measurement of electron dissociation cross sections is the
sensitive and exclusive detection of the dissociation fragments. This is accomplished by the
position sensitive detector for correlated particles (PSD-C), which has been used previously for
the observation of photodissociation15:30.35-37 and dissociative charge transfer32.38 products.
This detector39.15 makes use of the fact that when a molecule dissociates, its fragments are
imparted equal, but opposite, momenta with respect to its center of mass, which is travelling with
the velocity of the molecule prior to dissociation. The components of the fragment momenta
both parallel with and perpendicular to the center of mass velocity produce a spatial separation of
the two fragments that is linearly proportional to the distance over which the fragment
trajectories are allowed to propagate unimpeded. This is shown schematically by the Newton
velocity diagram for the dissociation of CO in Figure 4. The function of the PSD-C, positioned
a distance L from the point of dissociation, is to measure this separation of the two fragments
resolved into its two components: R, the radial separation of the fragments in the direction
perpendicular to the center of mass velocity (the beam direction) and the separation parallel to
the beam, as manifested by the difference in the fragment arrival times At. The PSD-C detector
explicitly measures these two quantities for each pair of fragments from which both the center-

of-mass translational energy release with which the molecule ejected the fragments:

_E 2(m - M)vAt]

=12 [(M + )2] [R? + (var?] [' * M+mL 7

is determined, as well as the center-of-mass argle (with respect to the beam direction) © at which

they were ejected:

© = tan-1(R/vAI) (8)
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are calculated. In these equations, m and M are the masses of the light (C) and heavy (O)
fragments, respectively, produced by the dissociating molecule of mass m + M,

Eg = (M + m)v2/2 is the kinetic energy of the CO molecule (i.e. the kinetic energy of the CO*
charge transfer precursor), v is its velocity, and L, R, and At are defined above. The accuracy
of the detector is better than 100 um in the determination of R and better than 1 ns for At. The
beam energy is specified to within 10 eV. For cases, such as photodissociation with a well-
defined laser beam, where the distance L can be precisely specified to within 0.2 cm for
photodissociation events, W can be determined with an absolute accuracy of better than + 0.020
eV. For the present case of electron impact dissociation, the uncertainty in L, AL, is specified by
the length of the electron beam, neutral beam interaction (AL = 2.6 cm), producing a resolution
in W of AW/W = 2AL/L = 0.052. If a molecule were to dissociate by some mechanism other
than electron impact, such as spontaneous dissociation or collision induced dissociation, AL
can be even larger, with a maximum value of AL = 18 cm, as limited by the spacing between
the beam defining slit and the beam terminating flag. The W resolution for such processes is

substantially degraded: AW/W £0.38.

The correlation between fragment separation and arrival time difference exists only when
both fragments arise from a single dissociating molecule. In fact, this constraint is easily
satisfied at the detector. For a worst case event, where the fragments from 3000 eV CO are
ejected with W = 4eV parallel to the beam, both fragments arrive within At = 0.52 ps. This
interval is yet smaller for larger Eq, smaller W, and other ejection angles. Count rates on either
anode of the detector of several thousand per second can be maintained with negligible false
coincidence events. Even when a false coincidence is detected, the lack of correlation between R

and At produces a constant background that can easily be distinguished.
The fact that the two correlated fragments are detected allows effective discrimination
against competing electron-impact dissociation processes such as dissociative ionization:
CO+ec -5 C++0+2 )
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— 2+ 0t + 2e.

Application of a weak electric field in the region between the beam flag and the detector prevents
the charged fragment from arriving at the detector. The neutral product of course can impact on

one half of the detector, but is not interpreted as a correlated event.

Fragment Angular Distribution

As shown in Eq. (8), the angle of fragment ejection relative to the velocity vector of
the beam is given by the ratio of the fragments' spatial and temporal separations. Since the
molecules are (presumably) randomly oriented in the beam, spontaneous dissociation of the
molecule produces a fragment pair for which © can assume any value between 0 and n/2. The
electron beam provides an orientation reference between the center of mass distribution of the
electron impact dissociation fragments and the laboratory direction defined by the neutral beam
velocity. More specifically, the momentum transfer vector K, the difference between the
momenta of the incident and scattered electron that induced the electronic transition, provides
the symmetry axis for the collision.4041 At electron energies substantially above the transition
threshold, the direction of K is effectively orthogonal to the incident electron velocity. At
threshold energies, K can assume any direction with respect to the incident velocity; the actual
distribution of angles is given by the differential cross sectionS, such as is measured by electron
energy loss spectroscopy. The alignment of the molecular axis of a diatomic molecule with
respect to K is well defined by group theory for any pair of initial and final states in the molecule
and can be described as either perpendicular (1.5sin20) or parallel (3cos20) with respect to K and
with cylindrical symmetry about K. Presuming axial ejection (along the bond axis), this

alignment also describes the molecular fragments.

For an orientation of the electron beam with respect to the active area of the PSD-C, such
as is shown in Figure 1, the observation of the fragment angular distribution with cylindrical

symmetry about the neutral beam direction gives little information with regard to fragment
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alignment with respect to K. Indeed, for an electron induced perpendicular transition at high
clectron energies, most of the fragments would actually fall outside the active area of the PSD-C.
On the other hand, with the electron beam direction oriented along the direction of the PSD-C
active area (vertical in Fig. 1) a preferential collection of the fragments from this transition is
expected. Measurements were made for the electron impact dissociation of CO for both
orientations of the electron beam at 30 and 100 eV. In each case, the fragment distribution with
© was characteristic of an isotropic distribution. A more sensitive test is a comparison of the
total electron dissociation cross sections obtained from the two orientations, but these were found

to be equal to within their nominal accuracy (20%).

A near-isotopic fragment distribution can certainly be rationalized for the case of CO
since the energy distribution of the fragments very clearly demonstrates that the predominant
source of dissociation is via the excitation to predissociated electronic statcs. These states live
for more than one rotational period before dissociating such that discrete rotational levels within
these states are well defined. In the case of photodissociation, the fragment angular distribution
depends little on the electronic symmetry of the predissociated state, but rather on the change in
rotational angular momentum that accompanies its excitation. Even when excited with linearly
polarized light, the distributions42:43 accompanying photon induced AJ=t1 transitions are much
closer tc being isotropic than either parallel or perpendicular, except at very low rotational
quantum numbers, which constitute only a small fraction of the total thermal population. Since
high electron energies approach the case of unpolarized light and particular rotational branches
are not resolved by electron excitation, full randomization of predissociation fragment

anisotropies is not unreasonable.

While predissociation provides a rationale for isotropic fragment distributions in CO,
precisely the same results have been obtained for electron impact dissociation of other molecules,
particularly Oy. In the case of Oy, fragments that can be uniquely attributed to direct dissociation

in a Z-X transition, exhibited no anisotropy in © in cither orientations of the electron beam, nor
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in the magnitudes of the collected fragment flux. In contrast, the anisotropies arising froma Z-X
transition have been well characterized by both experiment#4 and theory45:46 in the case of the
dissociative ionization of Hy. Given that none is observed with the present experimental
arrangement, we must suspect that the electron velocity vectors are not orthogonal to the neutral
beam velocity. While there is a geometric constraint along the narrow width of the beam that
would limit linear electron trajectories to a maximum deviation from orthogonality of
approximately 12° at beam intersection, the very long length of the electron beam along the
neutral beam direction (2.6 cm) provides effectively no angular constraint in the plane of the
neutral beam. In view of these findings, we interpret the collection of dissociation fragments

as arising from an isotropic distribution in the center of mass frame of the molecule, but
acknowledge the possibility of undetected anisotropies in assessing the absolute errors in the

measurement.

Fragment Mass Ratio

The separation R of the fragments at the detector surface is the sum of the individually
measured radial distances of the two fragments from the center of the detector: R =R, + Ry, as
illustrated in Fig. 4. These two radial distances allow distinction between the light and heavy
mass particles to establish the proper sign of At in Eq. (7). Since the two fragments were ejected
with equal momenta in the center-of-mass frame and the difference in the fragment arrival times
at the detector is small relative to their flight time after dissociation,

Rp M

Ry ~m (10)

That is, the ratio of these distances is inversely proportional to the ratio of the fragment masses.
Figure 5 shows the distance ratio observed for the fragments produced by electron impact
dissociation of the fast neutral (CO) beam by 40 eV electrons. The dashed line in this figure

denotes the mass ratio for C + O fragments. While the distance ratio distribution is rather broad,

113




reflecting both the angular divergence of the CO beam and the approximate nature of Eqn. (5),

the distribution clearly confirms the expected products of reaction (1).

Quantitative Fragment Detection

A critical consideration in the quantitative measurement of electron impact dissociation
is that not all dissociation products can be detected. This loss of fragments arises both in the
projection of the fragments onto the active surface of the detector and in the detector's ability
to generate a useful electrical signal registering the fragment impact. We account for these two

sources of fragment loss by a collection efficiency term ¥ and a coincidence efficiency term §.

Collection Efficiency. The present fragment detection technique has a significant
advantage in that the Jacobian for the transformation from the center of mass frame of the
molecule to the laboratory frame of the detector is unity, provided the active area of the detector
were sufficiently large to collect all fragments.3¥ However, a practical implementation of this
technique places several geometric constraints on the fragment trajectories that can actually
strike the detector. These constraints, which arise from the beam flag and the finite active area
of the detector, produce a collection efficiency that is an explicit function of beam energy Eo,
translational energy release W, and the center of mass fragment ejection angles 8, defined above,
and @, the radial angle in the plane orthogonal to the beam velocity: x(Eq;.W,0,®). Given
explicit values for these variables and the physical dimensions of the apparatus, % can be
explicitly calculated for linear trajectories. In order to realistically reproduce the angular
divergence of the fast neutral beam, the extended dimensions of the electron beam/neutral beam
overlap region, and the radial asymmetry of the beam flag, Monte Carlo sampling is used to
compute %. For the experiments described here, Ej is the selected value of the ion beam energy
(3000 - 5000 ¢V), W is defined by the explicitly observed values for the dissociation fragments
(Eqn. (7)), and ©,® are drawn from an isotropic center of mass distribution, as discussed above.
The values of 7 for CO dissociation, computed as a function of W at two beam energies are

shown in Figure 6.
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Coincidence Efficiency. Fast neutrals striking an active area of the detector create
secondary electrons that are amplified by the microchannel plates and provide both a fast timing
signal and position dependent signal that must be detected and interpreted. The efficiency in
converting a neutral impact into a detected electrical signal is an independent characteristic of
each half of the detector. For the case of a molecular dissociation producing a flux of D
fragment pairs striking an active region of the detector, the apparent flux of detected fragments

on the two detector halves are:

Cy =D*p; (an
C2=D*p2

where p; and p» are the efficiencies on each half of the detector for converting fragment impacts
to detected events. The apparent coincidence flux, where both fragments from the same

molecule have produced detectable signals, is

C =D*p1*p2. (12)

Taking the ratio of the apparent coincidence flux to the apparent fragment flux on each half of

the detector yields a direct measure of the individual efficiencies:

p2=C/ICy (13)
p1=C/Ca.

This measurement can be made with any wei! defined source of dissociation events. In practice,
we use molecular photodissociation as the source because of the ease with which a substantial
flux of fragments can be generated and modulated. The coincidence efficiency E=p1*p2 is
explicitly dependent on fragment velocity (which is effectively the same as that of the parent
molecule). However, we operate at sufficiently high velocities that fragment mass, charge, and

electronic excitation have little effect on &, which can generally be determined to within 5%
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accuracy. For the fragment velocity appropriate for 3000 eV CO dissociation, § is measured to

be 0.0442.

DISSOCIATION CROSS SECTION DETERMINATION

The cross section © for electron impact dissociation occurring in a crossed molecular and

ion beam is given47 by the equation:

RF

O=NeNa M a4

where R, Ne, and Nn are the flux of products, electrons, and neutral molecules, respectively, M is

a velocity factor:

M= j VeZ + vp2 .'2vev,,cose’ (15)
VcVnSlne

where v, and vy, are the velocities of the electron and neutral beams and 8 is their angle of
intersection. For ~rthogonal beams where v, > vy, as in the present experiment, M ~ v,'1. The

form factor F describing the overlap of the two beams is given by:

p..__HQEn____ (1(,)

[ne(@Iny(z)dz

where n.(z) and n,(z) are the differential fluxes of the electron and neutral beams along the
direction mutually orthogonal to both beams, z. Since the profile of the electron beam can be
determined directly, as discussed above, and the neutral beam profile can be accurately
calculated from the slit dimensions and measured angular divergence, the cross section could be
calculated directly from Eqn. (14). However, small changes in the profile of the electron beam
can introduce large errors in the cross section through the form factor F. Defrance, et al.48 and
Miiller, et al.34 have shown that the ability to accurately translate the electron beam completely

through the region of iniersection allows the uncertainties introduced by F to be completely
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avoided in the cross section measurement. From their derivation, if the total number of
dsssociation fragments N is accumulated as the position of the electron beam is moved at a
constant velocity u along the z direction through the region of intersection of the two beams,

then the dissociation cross section is given by:

__Nu_ Nuwy
C=MN,N; ~ NNy’

a7

provided the starting and ending positions of the electron beam are totally beyond the range of
overlap. In terms of the experimental observables: the number of detected dissociation fragment
pairs (N*), the neutral current at the Faraday cup Ifc, and the electron beam current I¢:

_N'uwvpme

= , (18)
° Exlelc

where e is the electron charge and the other symbols have been defined above. In practice, the
scan of the electron beam position is accomplished in a series of m discrete steps, with the N

dissociation products accumulated for a selected time interval T at each position z. In order to
exclude electron-independent dissociation products from the accumulated total fragments, the

(position independent) background dissociation flux Nbkg is accumulated during the course of
the scan for a period of St with the electron beam positioned at the scan starting position zg,

ending position zpy, or alternately at zg and zy, after each five steps of the electron gun:

5k+4
D N(z.,1) - Npig(z0,50). (19)
k=0 i=5k

m/5
N* = (

The significance of modulo 5 in the summation is only as a compromise between minimizing
the rather significant period of time required to reposition the electron gun to its starting or
ending location with the micrometer drive (1-2 sec) and maintaining an accurate sample of the

dissociation background flux throughout the scan. Typically, 500 < m < 3000, 1s <t < 3s,
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lzm-zg) 20.48 cmand u = lzy-zgl/mT.< 9.8 x 104 cmy/s. A typical accumulation of N* as a
function of electron gun position is shown in Fig. 7 for CO interacting with 48.5 eV electrons.
The data points in this figure are the values of the argument of the summation over k in Egn.
(19), i.e., after each background subtraction. The error bars in this Figure represent the statistical
error associated with the background subtraction and they increase in both relative and absolute
value with increasing scan distance after the electron beam has completely passed through the
neutral beam. The value of N* for the cross section calculation is determined from the onset of

the linear region after the electron beam has passed completely through the neutral beam.
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RESULTS AND DISCUSSION

CO DISSOCIATION CROSS SECTION

The total dissociation cross section measured for the reaction (1) is shown by the data
points in Figure 8 and listed in Table I as a function of electron impact energy in the range of
13.5- 198.5 eV. The cross section rises steeply from zero to a maximum of 7.6 x 10-!7 cr? at
electron energies in the range of 40-50 eV, slowly decreasing at higher electron energies. A
linear regression of the cross section determined at the four lowest electron energies yields an
onset for the dissociation at 11.2 eV, which is fortuitously close to the CO dissociation energy22
D0 = 11.092 eV, considering the * 1.5 eV accuracy of the electron energy determination. The
cross sections in this Figure presume an isotropic distribution of fragments with respect to the
electron momentum transfer vector, which as discussed above, appears to be consistent with the
present observations. The error bars given for the cross section values in the figure primarily
reflect the statistical error in determining the apparent fragment flux N*, with smaller contribu-
tions due to variations in electron flux and neutral flux during the determinations. Considering
the root-mean-square contributions of the individual absolute uncertainties of each term in Eqn.
(18) except ) yields an absolute uncertainty in the cross section of 11.7%. Cross sections
remeasured after substantial periods of time (months) or with the fast neutral beam generated
with the two different ion sources fall within this range of uncertainty. Cross sections measured
with the two orthogonal orientations of the ¢lectron beam with respect to the detector fall within
1 20% of each other, though statistical errors contribute appreciably to this range. If we also
consider the 23% uncertainty in the fragment collection efficiency factor x that can arise from
undetected deviations from a purely isotropic fragment angular distribution, the rms estimate for
the absolute uncertainty in the dissociation cross sections increases to 25.8%. Since variations
in the measured cross section of this order are not specifically excluded by the present measure-

ments, this value of 25.8% appears to be the more appropriate estimate of the true absolute
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uncertainty of the dissociation cross section. Both the relative errors and the absolute errors in
the measured cross section are listed in Table 1. As indicated in Eqn. (1), this cross section refers
only to the production of two neutral dissociation fragments and include no contribution from

dissociative ionization products.

Other measurements of the CO total electron impact dissociation cross section are not
available for comparison. However, Kanik, Trajmar, and Nickel49 have recently reported total
electronic state excitation cross sections for electron impact on CO at energies between 1 eV and
1 keV. These cross sections, shown by the solid line in Fig. 8, were deduced from the difference
between the total electron scattering cross section and the sum of the integral cross sections for
elastic scattering, vibrational excitation, and ionization at each electron energy. As can be seen
from Fig. 9, the total excitation cross section is typically 4 to 5 times larger than the measured
dissociation cross section. This cross section ratio is roughly the ratio of the energy difference
between CO X1Z+(v=0) and the first ionization limit (14.0 eV) to the energy difference between
the lowest dissociation limit of CO and the first ionization limit (2.9 eV), reflecting the fact
that only electronic excitation to states above the dissociation limit can produce dissociation.
Information on the identity of the dissociating CO states is given by the observed fragment

energy distribution, discussed below.

FRAGMENT ENERGY DISTRIBUTION

Apart from providing a mechanism for detecting correlated dissociation fragment pairs,
the PSD-C detector further labels each detected dissociation with the spatial and temporal
separation of the two fragments, which via Eqn. (7) specifies the center-of-mass translational
energy release (W) with which they are produced. In accumulating this spectrum, the value of W
is calculated from the measured R and At of each detected dissociation fragment pair, assuming
a fixed value for L corresponding to the distance from the center of the electron beam to the
detector and presuming the fragment masses are 12 and 16. Based on this calculated value of

W, the event is binned into the one of 1024 equally spaced W intervals in the range 0 S W <6
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eV. The raw (uncorrected) fragment distribution observed for 58.5 eV electron impact on a
3000 eV fast neutral (CO) beamn is shown in Figure 9 for W in the range of 0-3.5 eV. Essentially
no fragmentation is observed at W > 3.5 eV. The spectrum was acquired at two positions of the
electron beam: the upper trace with the electron beam intersecting the fast neutral beam and the
lower trace with the electron beam positioned outside the region of overlap. The electron gun
location was alternated between these two positions every 30s during the 9.5 hours required

to acquire this spectrum. The upper spectrum includes both the electron impact dissociation
products as well as those arising from other (background) dissociation processes. The lower
trace has contributions from only the background dissociation processes. Given the collection
and coincidence efficiencies of the detector, the observed background fragments represent a

fractional dissociation of 6.7 x 10-8 of the neutral beam flux.

From tne fragment energy distribution in this background spectrum and the distance ratio
of these fragments at the detector R,/Rp, we can identify the fragments arising from electron
beam independent processes in this spectrum as being predominantly due to the unimolecular

reaction:

N; - N+N+W, (20)

occurring in the 18.3 cm region between the slit and the beam flag, with a small contribution due
to collision induced dissociation of CO. This identification is supported by the distance ratio of
the fragments, which is found to be centered about unity, and by the fragment energy distribution
observed from spontaneous dissociation of Ny, produced by charge transfer neutralization of NE
in a variety of gasses.50 Comparison of the fragment flux observed from a pure N2 beam with
the background flux observed here implies an N contamination of the CO beam in the range

of 1 x 103 to 1 x 10-4. The spectrum in Fig. 9 was acquired from a CO beam produced with

the electron-impact ion source and with the electron beam/neutral beam interaction region

thoroughly degassed. Production of the CO beam using the hollow cathode ion source invariably
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lead to an order of magnitude higher concentration of Ny contamination. Poorer vacuum in the
electron gun region produces a high contribution to the background dissociation from collision-
induced dissociation of the fast neutral beam and yields a very broad, unstructured W spectrum

in the background channel.

The fragment snergy release spectrum characteristic of electron-impact dissociation alonce
is obtained by direct subtraction of the two spectra in Fig.9. The resulting difference spectrum,
now binned into one-half as many intervals to reduce the statistical noise introduced by the
subtraction, is shown in Fig. 10. This difference spectrum has also been divided by the
collection efficiency function shown in Fig.6, to provide a better visual representation of the
relative fragment intensities.3! As shown in Fig. 9, fragments are observed with W > 0.23 eV.
However, the collection efficiency for these very low energy fragments depends on the alignment
of the beam flag with the neutral beam to micron precision, which cannot in practice be achieved
with a reasonable degree of reproducibility. For this reason, the spectrum shown in Fig. 10 is for
W 2 0.3 eV. Detailed fragment energy distributions were obtained at electron impact energies
ranging from 28.5 - 98.5 eV. They show precisely the same features and relative intensities as in
the 58.5 eV spectrum given in Fig. 10. Well defined distributions could only be obtained with
the CO beam produced by the electron-impact ion source; the much higher background in beams
generated from the hollow-cathode source precluded quantitative comparisons of the effect of

(anticipated) different vibrational distributions in the CO beams.

It can be seen from Fig. 10 that the fragment intensity is grouped into regions (peaks)
with specific values of W. The width of these peaks increases with increasing W, reflecting the
resolution function of the apparatus, AW = .052W. A quasi-discrete energy release spectrum
is characteristic of the predissociation of bound energy states in the molecule as opposed to
dissociation from nonbonding or antibonding (repulsive) states, that would give rise to a
continuous range of energy release values. In either case, the energy release W specifies the

energy of the dissociating molecular state relative to that of its dissociation products at infinite
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separation. For a given state with an energy E; relative to CO X1Z+(v=0) dissociating to ground
state fragments C(3P) + O(3P), the translational energy release produced by dissociation of state i

is:
Wi=E;-D 2n

where D is the CO dissociation energy22 (Do = 11.092 eV) if ground state fragments are
produced, or an appropriately higher, discrete value if one or both of the atomic fragments is
produced in an excited state. CO is rather unique in that its first ionization limit22 CO* 2Z+ lies
only 2.906 eV above its lowest dissociation limit. The energetically accessible excited atomic
products>2 in this region are C(1D), O(ID), and C(!S), with values of D=12.356, 13.059, and

13.776 eV, respectively.

The electronic states of CO lying above the first dissociation limit have been extensively
studied using both inelastic electron scattering33 (EELS) and by optical photoabsorption.34-58
Both techniques define the energies of excited states relative to the CO X1Z+(v=0), which can
be compared to the W spectrum through Eqn. (21). Our spectrum, Fig. 10 (top) is compared
with the EELS spectrum observed by Skerbele, Dillon, and Lassettre33 from the forward
scattered electrons produced by 45 eV electron impact on CO. This EELS spectrum is shown in
Fig. 10 (center) and assumes the value of D for the production of ground state fragments. It can
be seen that essentially all of the features in the EELS excitation spectrum have corresponding
features in the fragment translational energy (dissociation) spectrum. This supports the
presumption that ground state fragments are predominantly produced in the dissociation. If
excited atomic products were produced, the EELS spectrum would be shifted lower in W by at
least 1.2637 eV from its position in Fig. 10 and no such correspondence would be possible. This

does not, however, exclude the production of excited fragments as a minor dissociation channel.

The EELS spectrum reflects only the excitation step in reaction (1), i.e., the excited state

could radiate or autoionize rather than dissociate and still appear in the EELS spectrum, whereas
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only dissociative channels can contribute to the fragment spectrum. The fact that the excitaton
spectrum continues to encrgies well above the ionization limit (W = 2.9 V), whereas the
dissociation spectrum abruptly terminates suggests that autoionization rather effectively
competes with dissociation in states above this limit. At lower energies, the similarity between
the excitation and dissociation spectrum suggests that predissociation effectively competes with
radiation in nearly all of the CO excited states produced above the first dissociation limit. There
is however one notable exception: the C1E+(v=0) level, with a maximum at W =0.32 ¢V, has
no comparable analog in the fragment spectrum. This level appears as the lowest energy peak in
the EELS spectrum. The energy of this state is just above the low energy cut-off of the fragment
detector, yet little evidence is found for its contribution to the dissociation spectrum. This is
consistent with the observation by Lee and Guest4 that the fluorescence intensity from the
ClZ+(v=0) level is much stronger than that from the E111 state, the next higher energy feature in
the scattering spectrum, even though the cross sections for photo-excitation of these two states
are comparable. It is further consistent with the predissociation probability of zero that has been
assigned to this state by Viala, et al.55 based on the linewidth and pressure dependence of its

optical absorption spectrum.

A detailed analysis of the states contributing to the dissociation spectrum must take into
account the fact that each of the spectral peaks is an unresolved envelope of rotational levels
and the overlap of the rotational envelopes of adjacent states. Recent high resolution absorption
measurements have identified 53 vibrational bands lying above the lowest CO dissociation limit
and extending nearly to the ionization limit and provide energies, rotational constants, and
absorption oscillator strengths for nearly all of them.56 Given these energies and rotational
constants for these optically accessible states, and assuming a -Boltzmann distribution for the
rotational populations characterized by a single temperature T, the relative intensities of the
individual states can be adjusted in a Monte Carlo simulation of the apparatus transmission

function to approximate the observed dissociation spectrum. Early stages of the simulation made
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it clear that a continuum dissociation background also must contribute to the experimental
dissociation spectrum to account for the lack of resolution at the base of the peaks. With the
present resolution it is impossible to uniquely determine the form of this continuum, but one that
linearly decreases with W between the fragment intensity at 0.3 ¢V and that at W = 3.3 eV seems
to be indicated. Such a continuum would represent 28% of the observed dissociation, which
seems rather high considering that no prominent continua have been observed in either the EELS
or photoabsorption measurements nor is one expected by theory39.60 near the dissociation
threshold. Vibrational excitation in the CO beamn may give more facile access here, particularly
if the continuum dissociation products are not ground state atoms. Alternate explanations for the
apparently wide base of the peaks would require a non-Boltzmann rotational distribution in the
CO beam or predissociation lifetimes in excess of 10 ns. This latter possibility seems unlikely
given the estimated lifetimes36 for the electronic states, and while the former possibility cannot

be excluded, neither can it be accurately modeled at the present experimental resolution.

The final simulated spectrum for T = 700K is shown at the bottom of Figure 10,
superimposed on this continuum. While this temperature is somewhat hotter than anticipated for
the charge transfer, it provides a reasonable representation of the major features in the observed
spectrum. The level positions, intensities and identifications used in the simulation are given in
Table II. Also given in this table is the band index number, originally assigned to the features in
the CO absorption spectrum by Letzelter, et al.,37 which has found rather widespread use33.36.61
as a definitive label for the CO states above the dissociation limit. The stick spectrum locates the
vibrational origins and relative intensities of these levels in Figure 10. The rotational constants
used for the simulation were taken directly from Ref. 56; those for the six highest energy levels
are assigned the rotational constants?2 of CO* X2Z+. The intensities in the table are expressed
as partial dissociation cross sections in Mb, using 72% of the total cross section of Fig. 8 as
attributable to predissociation. These cross sections are of course influenced by the specific

vibrational distribution in the present CO beam, with estimated relative populations in v"=0-3 of
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0.565,0.193,0.091, and 0.054, respectively. Apart from the uncertainty introduced by the
approximate partitioning of the fragment distribution between predissociation and continuum
contributions, the individual partial cross sections given in the Table are clearly only estimates in
those regions where several states fall within the apparatus resolution. However, the summation
of the individual contributions within the congested regions should give a realistic assessment of

the dissociation magnitude.

The lower energy features in the fragment energy distribution are well separated and their
partial dissociation cross sections may hold some quantitative significance. It should be noted in
Table I that the variation in the partial dissociation cross section with vibration in the C1Z* and
EI1 states does not resemble the estimated populations for these vibrational levels in the CO
X1Z+ state. Because of the diagonal nature of the Franck-Condon factors for the C«X and
E«X transitions, as evidenced by their photoabsorption cross sections,36 a close correspondence
between the relative cross sections and vibrational populations Qould be expected if the relative
rates for predissociation and radiation in the C and E states were independent of vibration. In
fact, there is strong evidence for a strong vibrational dependence in the branching ratios. From
photoabsorption measurements, Viala, et al.55 have estimated dissociation probabilities of
0,0.60,1.0 for C1£+(v=0,1,2) and 0.89,0.98,1.0 for E3I1(v=0,1,2). Lee and Guest34 have
obtained qualitative information for this same behavior from measurement of the
photoabsorption and fluorescence cross sections of these states. Dividing the partial cross
sections in Table I by the estimated beam population for the corresponding vibrational level and
assuming a unit dissociation probability for the highest vibrational level in each state yields
dissociation probabilities of 0,0.4,0.9,1.0 for C!Z+(v=0-3) and 0.5,0.5,1.0 for EITI(v=0-2), but
their accuracies are predicated on weak dissociation features, viz. C(3) and E(2). These

probabilities are qualitatively consistent with those of the optical measurements.

A second comparison which can be made is to average the partial cross sections,

weighted by predissociation probability and ground state vibrational population, over the
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vibrational contributions in the C and E states. This yields an estimate for the electron impact
excitation cross sections for the C and E states of 17.2 Mb and 10.3 Mb, respectively. These
compare quite well with the values of 19.9 Mb and 12.9 Mb that have been calculated for 60 eV
electron impact excitation of the C and E states by Chung and Lin.3 James, et al.62 have recently
determined the emission cross section of E(0) for electron impact at 20 and 200 eV, reporting
cross sections of 0.535 and 0.417 Mb at these energies, respectively. Comparing the average of
these two emission cross sections with the sum of the partial dissociation cross sections for
E(v=0-2) (1» account for the ground state population distribution) in Table I yields a dissociation
probability for E(0) of 0.91. This compares very well with the dissociation probability of 0.89
obtained from the absorption study, but is considerably larger than the above estimate based on

expected vibrational populations .

Of particular note in Figure 10 is that the rapid decrease in fragment intensity near W = 3
eV is represented almost exactly in the simulation. Since the level energies in Table II extend to
within 0.083 eV of the ionization limit, the high degree with which the simulation reproduces
the observed fragment distribution strongly supports the above contention that no significant
dissociation is observed above this limit. This is further supported by the fact that members of
the nso Rydberg series converging to CO* A2[1, identified by the asterisk in Table I, appear
to be strongly excited by the electron impact, as evidenced by their relatively large partial
dissociation cross sections. However, the higher members of this or other series are not observed
above the ionization limit with comparable dissociation cross sections. Nevertheless, some
dissociative processes do occur above this limit, as evidenced by the detection of translationally

hot high Rydberg atoms10.13 and O(3S)!2 following electron impact excitation of CO.

The present simulation is deficient in that only optically accessible states have been
included. Nineteen 3Z+ and 3IT members of the nlo and nin Rydberg series converging to the
CO* X state have been identified by EELS.63 The energies for most of these states correspond

to W > 1.2 eV, where the fragment spectrum is quite blended, and could not necessarily be
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distinguished from optically accessible states of comparable energy. However, the v=0,1 levels
of the 3po Rydberg state should appear at W = 0.323, 0.601 eV, respectively, and be easily
distinguishable, but are not observed in the experimental spectrum with an intensity comparable
to the optically allowed states in this region. On the other hand, the experimental feature near W
= 1.2 eV is significantly broader than can be simulated with the states in Table I alone. The
breadth of this feature may indicate that predissociation of the 3Z+ 3do (v=0), with an origin at

W =1.243 ¢V, is making an observable contribution to the dissociation.

The partial cross sections in Table II explicitly refer to 58.5 eV electron impact, but can
be expected to scale with the electron energy dependence of the total cross section (Table I) over
the electron energy range of 28.5 and 98.5 eV based on the observed product distributions. At
lower electron energies, however, spin-exchange collisions become relatively more important;62
hence significant departures in the energy dependence of specific partial dissociation cross

sections from that of the total cross section can be anticipated.
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CONCLUSIONS

A new technique is presented for the measurement of electron impact dissociation that
allows observation of all important product channels and explicitly distinguishes them from the
products of dissociative ionization, a process that can be independently measured. Absolute
cross sections for the electron impact dissociation of the CO molecule are reported for electron
energies extending from the dissociation threshold to 198.5 eV. The magnitude of the cross
section, which rises to 0.75 A2 for electron energies near 50 eV, is small in comparison with
other electron induced processes such as excitation and ionization. Nevertheless, the dissociation
channel produces profound chemical changes by converting a relatively inert, strongly bound
molecule into translationally hot atoms. Analysis of the fragment energies that accompany CO
dissociation show that electron induced transitions into predissociated Rydberg states converging
to the ground state of the ion is the predominant source of the dissociation and that C(3P) and
O(3P) atoms, with kinetic energies in the range of 0-1.66 ¢V and 0-1.24 eV, respectively, are the

predominant dissociation products.

The CO molecule is the second most abundant molecular species in the interstellar
medium and in comets. However, a quantitative understanding of its abundance in terms of
chemical models of these environments has yet to be achieved. The recent availability of
accurate photodissociation cross sections has produced a significant advance toward this goal
for the case of interstellar CO.6! Woods, et al.64:65 have found evidence for electron impact
processes in recent observations of comet Halley, but have thus far included only ionization and
dissociative recombination channels in their model. It is hoped that cross sections presented here
will allow the useful inclusion of the electron impact dissociation channel to the models of these

two media.
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Table |

ELECTRON IMPACT DISSOCIATION CROSS SECTION OF CO

Electron Energy Cross Section Relative Error Absolute Error

(eV) (Mb)® (Mb) (Mb)
13.5 10.8 1.8 12.1
18.5 284 58 9.3
21.0 48.0 8.5 15.0
235 52.0 47 14.2
285 658 45 176
335 65.6 7.9 18.7
38.5 75.0 3.7 19.7
48.5 75.6 2.2 19.6
58.5 75.0 43 19.8
735 69.5 35 183
98.5 65.8 3.0 17.2
1235 64.7 4.0 17.2
1485 58.6 39 156
198.5 43.6 35 118




Table t

PARTIAL ELECTRON IMPACT DISSOCIATION CROSS SECTIONS OF CO

wb Partial Cross Section
Band index® State® (eV) {(Mb)*
39 €3px (0 0.4122 3.02
38 Ci3ps &+ 0.5543 1.24
a7 E3pn 1(V) 0.6804 1.02
. C3ps 1+ 0.8161 1.38
36 Edpr M) 0.9372 0.94
35 Caps 'z*(9) 1.0724 0.93
34 Visa 3noy 1.1556 0.76
33 Fado 12*(0) 1.2586 3.45
. G3ss 3n(y 1.3706 0.73
32 G3dx N(O) 1.4180 0.09
a1 Jasa 1Z+(0) 1.4712 2.19
30 F3do 1'I*(1) 1.5097 0.09
29 Wise dny 1.5765 0.58
28 Wi3ses 'n{o)y 1.6380 1.61
27 Kdps 1z*(0) 1.6687 0.90
26 Ladr N 1.6882 0.96
25 Lapr  1(0) 1.6956 0.59
24 Jass  1ZH(1) 1.7477 0.22
23 H3ss n(3) 1.8026 0.04
22 Wiass 'n{y° 1.8574 2.76
21 Héps 1Z+(1) 1.9419 2.62
20 Lapr  11(1) 1.9602 0.46
19 4ds  1I+(0) 1.9937 1.25
18 Wi3ses 'nE) 2.0650 233
17 I'sss  12+(0) 2.0786 241
18 13+ 21425 0.48
15C Sps  1I+(0) 21795 1.09
158 5pn '11(0)? 2.1995 1.09
15A S5pn  '11(0)? 2.2077 0.35
14 M) 2.2222 0.35
13 nE 2.2425 0.74
12 Wise 'Q3) 2.2834 1.42
1 1£4(1) 2.3006 0.45
10 Sdo  1I*{0) 2.3280 0.77
9C Sso  1It(1) 2.3660 0.29
98 6sa 1x*(0) 2.3796 0.29
9A ) 2.4080 1.05
88 6pc 1L (0) 24273 0.57
7D 1242 2.4615 0.56
7C spr '11(1) 2.4650 0.56
78 Spc  'E*(1) 2.4654 0.56
7A n(o) 24758 0.56
6 2.5226 1.51
5 2.5704 0.76
4 2.5902 1.18
3 2.6586 1.45
2 2.7180 2.01
1 2.8229 2.75
*Reference 56.

®Band origin of Ref. 56 refurenced to ground state C + O.

C{Mb~ 1 x 108 em?
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Figure 1.

Figure 2.

Figure 3.

FIGURE CAPTIONS

Schematic diagram of the electron-impact dissociation apparatus. A fast (keV) CO
beam, produced by charge transfer neutralization of CO?, is intersected by an
clectron beam. The correlated fragments C and O from dissociation of individual
CO molecules are spatially and temporally detected at the position sensitive
detector for correlated fragments (PSD-C). Undissociated molecules are intercepted
by the beam flag. The bolometer, Faraday cup, and charged particle deflection

plates in the region downstream of the electron beam are not shown.

Composition of the CO beam. The relative flux of noncoincident events detected
on one anode of the PSD-C is shown as a function of radial distance from the CO
beam following 50 eV electron impact and deflection of the charged fragments.
The expected location of O* produced from the ionization of O contaminants in the
beam is indicated by the arrow. The underlying background in the spectrum is due
to slow metastables produced by electron impact on the residual gas in the electron

gun that drift unimpeded to the PSD-C.

Characteristics of the electron beam. The upper spectrum shows the apparent flux
of CO* ionization products arriving at the PSD-C as the electron gun is translated a
distance of 0.6 cm across the 0.07 cm wide CO beam. The peak essentially reflects
the spatial distribution in the electron beam along the direction of translation. The
lower figure shows the variation in this spatial distribution with electron beam

energy, expressed in terms of its full width at half maximum.
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Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Newton velocity diagram showing the mapping of the CO center of mass energy

release onto the position sensitive detector as a radial (R) and temporal (At)

separation of the C and O fragments.

Distribution of the ratio of radial distances at the detector for the corre'ated neutral
products of 38.5 eV electron impact on CO. The mass ratio of C and O fragments is
shown by the dashed line.

The geometric collection efficiency ) of the detector for the CO dissociation
products as a function of center of mass energy release W for beam energies of
3000 eV and 5000 eV. The eificiencies refer to an isotropic distribution of the

fragments in the center of mass frame.

Accumulation of C + O electron-impact dissociation products (N*) as the electron
gun is translated across the across the CO beam at a constant velocity. The data
points refer to N* evaluated after 5 successive positions of the electron gun. The

electron beam energy is 48.5 eV. The error bars refer to the statistical error in N*.

The total cross section, in units of 10-18 cm?2, for the reaction CO+e = C+ O +¢
as a function of incident electron energy is shown by the open squares. The error

bars refer to relative errors in the measurement. The solid line connects the values
of Ref. 49 for the total electronic excitation cross section of CO and is scaled here

by a factor of 5.
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Figure 9.

Figure 10.

Center of mass encrgy release W observed for electron impact dissociation of CO.
The upper spectrum is observed with 58.5 eV electron beam intersecting the CO
beam. The lower spectrum, observed with no overlap of the electron and neutral
beams, is primarily due to spontaneous dissociation of an N;* contaminant in the

CO beam. The spectra are uncorrected for collection efficiency.

Center of mass energy release in the electron impact dissociation of CO. The upper
spectrum is the center of mass energy release (W) observed for 58.5 eV electron
impact on CO. Amplitudes in the spectrum have been corrected for geometric
collection efficiency. The center spectrum is the electron energy loss spectrum of
Ref. 53 for forward scattered electrons, shifted by 11.092 eV to reference the energy
loss to the lowest dissociation limit of CO. Features in this spectrum locate the
energies of CO states excited by 45 eV electron impact. The lower spectrum is a
simulation of fragment energy release expected from predissociation of known
electronic states of CO. Vertical lines at the bottom of the spectrum locate the
origins of the electronic states included in the simulation. The dashed line locates

the energy of the CO*X2E+ state relative to the lowest CO dissociation limit.
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Photodissociation measurement of rovibrational energies and populations

of molecules in fast beams
Manspeter Helm and Philip C. Cosby

Molecular Physics Department, SRI International, Menlo Park, California 94025

{Received 11 February 1987; accepted 10 March 1987)

Using as examples H; and H;", we show that position- and time-sensitive detection of the two
correlated photofragments can be used to determine the rovibrational energies and populations
of molecules in a fast beam by observing the product distribution from bound—free

photodissociation.

i. INTRODUCTION

Fast beams of ionic and neutral molecules are increas-
ingly used in spectroscopy, ' electron-impact ionization,? dis-
sociation,’ and photoionization* studies. Specifically, in the
case where absolute dissociation or dissociative recombina-
tion cross sections are to be measured, the internal energy
content of the molecules is of major significance for the inter-
pretation of the results. Low-pressure ion sources commonly
deliver molecular ions in strong nonegquilibrium popula-
tions. When the molecular ion M™ is formed by electron
impact on the corresponding molecule M, it is generally as-
sumed that, for electron energies substantially above thresh-
old, the vibrational distribution in M can be estimated by
the Franck-Condon factors for a vertical ionization transi-
tion® (corrected for radiative cascade from excited elec-
tronic states of the ion) with a rotational population charac-
teristic of the equilibrium gas temperature of M, as is
observed in photoionization. However, when M™ is pro-
duced from the dissociative ionization of a larger molecule,
there can be little @ priori knowledge of its rovibrational dis-
tribution. Indeed, evidence indicates that such ions can be
extremely hot.® Clearly a commonly usable tool to assess the
rovibrational energy content of molecules in fast beams
would be of great benefit.

In the current paper we explore such a scheme which is
based on bound-free photodissociation. When viewed from
the standpoint of wavelength dependence, the bound-free
photodissociation process appears to contain little potential
for determining discrete molecular structure. In spectro-
scopic studies the bound-free process often accompanies the
acclaimed fingerprint of discrete molecular transitions as
weak, nearly structureless background. We will show below
that bound-free photodissociation offers itself as a useful
tool to determine bond energies and molecular state popula-
tions when we experimentally examine the distcibution of
continuum energies generated in bound—free absorption.

In a Born-Oppenheimer picture of a diatomic molecule,
the cross section for photodissociation of a bound level speci-
fied by the vibrational quantum number v and rotational
quantum number N is given by’

O, nlv) = (4‘”#)2(6/2#)IIZV/(:”'JC)Q:‘N- 18]
where
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Qv =J. Xon (P Yen(r)Q, (r)dr. 2)
o

Here i is the reduced mass of the molecule, € the contingum
energy of the dissociating fragments. v the photon frequen-
cy, and Q, the transition moment: The quantity € 1s related
to the photon energy Av by the relation

€=hv"‘Dy.Nr (3)

with D, , being the dissociation energy of the photodisso-
ciated level with respect to the dissociation limit to which the
continuum energy is referenced. In Eq. (2), y, v is the nor-
rnalized bound state wave function and y, » is the contin-
uum wavefunction normalized at large R to a unit modulus
sine function. In Eq. (1) several simplifications have been
introduced in addition to the standard Born~Oppenheimer
picture; the cross section o is averaged over the angle
between the photon polarization and an isotropic distribu-
tion of orientations of the molecular axis. and it has beenr
assurmned that the continuum wave function varies only slow-
ly with ¥, such that the continuum wave functions y, . ,,
which are accessed in P- and R-branch type transitions, be
setequal to y, v, which is accessed in the @ branch. Equation
(1) describes the cross section as a function of wavelength
for a single molecular energy level with quantum numbers
v.N. In general, this cross section is a slowly varying function
on the scale of the photon energy; it is characterized by slow
oscillations (in general, on the scale of hundreds of inverse
centimeters}, which reflect the varying overlap of the bound
state wave function with the continuum state. In the case of a
conventional absorption experiment, the total cross section
is measured. It is given by the weighted sum of individual
oy, N partial cross sections,

O(V) = z Zpu,Nau,N(v)- (4)
v N

where the weight p,  is the rovibrational population of each
initial level. The summed cross section is even less structured
on the wavelength scale since the oscillations of individual
a,n's are out of phase in photon energy as are the bound
state vibrational wave functions in internuclear distance.

In terms of the above discussion it may appear that
bound-free photodissociation bears littie potential for ob-
taining precise information on the level structure of mole-
cules. The bound-free photodissociation process in a di-
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FIG. 1. Photodissoctation of H,.™ at visible wavelengths. The potential ener-
gy curves of H;" wn the region of its lowest dissociation limit {H = + H(15))
are shown. The verticai dashed arrow represents the electronic transition
into the conunuum from one rovibranional level (v =8, ¥ = 0) of the
X 1T state when pumped by photons at 6471 A. The transition produces
fragments with a discrete release of translational energy €.

atomic molecule, however, inherently contains very precise
information, equivalent to that obtainable in photoelectron
spectroscopy.® This potential is recognized when we rewrite
Eq. (4) in terms of the energy distribution of the flux ¢ of
photodissociation fragments produced by discrete energy
photons of intensity 7(v):

dq?(f,v)/dé=1(V)hvp,‘~0,,_,v. (5)

Since the energy balance (3) has to be obeyed, the distribu-
tion of photofragment kinetic energies d®(¢)/de will also be
discrete when a monochromatic light source is used for the
excitation. In this case, the energy distribution appears as an
image of the bond energies of the dissociated levels, shifted
into the continuum by the photon energy. Figure 1 shows, as
an example, the energy balance for photodissociation of a
single molecular level of Hy' . The distribution of intensities
in the energy distribution of the photofragments reflects the
respective (v,J¥) population, weighted by the partiai cross
section o, . The energetic width of the discrete continuum
energies generated in the bound-free transition is solely de-
termined by the lifetime of the lower molecular state that is
excited to the continuum and the bandwidth of the photon
source.

The recognition of this application of bound-free photo-
dissociation is by no means new. Vibrational resolution in
bound-free photodissociation was first achieved by Ozenne
et al® and by Van Asselt er al.'® Their experiments were
followed by a series of others''~'* which demonstrated both
the capabilities of bound-free photofragment spectroscopy,
as well as its limitations. These limitations were imposed by
the finite resolution of conventional electrostatic or magnet-
ic analyzers with which the photofragment kinetic energies
or momenta were determined in the laboratory frame, and
by the unavoidable energy spread and angular divergence in
the molecular beam. More recently, a position-sensitive de-
tector for the two correlated particles (PSD-C) that are pro-
duced in the dissociation of a diatomic molecule was devel-

153

oped at FOM'%!” and applied in photodissociation of meta-
stable neutral molecular hydrogen.'* A main advantage of
the correlated two-particle detection scheme is that no com-
promise of resolution is associated with spatial filtering of
the fragment laboratory distribution, such as that which oc-
curs when the fragments enter a conventional energy analyz-
er. The PSD-C scheme allows the detection of very nearly all
fragments with a sensitivity that is, to first order, indepen-
dent of the kinetic energy release and the ejection angle in the
center-of-mass frame, and establishes the dissociation ener-
gy and angle for each detected fragment pair.

The underlying principle of the PSD-C technigue is un-
derstood with the help of the velocity diagram in Fig. 2. The
mutual separation in space and time of the two fragments
that arise from a single photodissociation event is related to
the center-of-mass energy release € and angle 6 by the equa-
tions (written here for the homonuclear case)

e=Ey/(AL?) [(vyr)* + R?), (6)
@ = arctan (R /(vem) ], 7N

where v, = (2E,/M)"'? is the veiocity of the parent mole-
cule of mass M and kinetic energy £,. The spatial separation
of the fragments R is measured in a plane perpendicular to
the parent beam propagation located atadistance L from the
photodissociation region. The two fragments of the parent
molecule cross this plane in a time interval 7. Since only
arrival time differences between the coincident fragments
have to be measured, the laser and the molecular beam can
be operated continuously. The position and time-sensitive
detector permits both quantities, R and 7, 1o be determined
with high accuracy. In our current apparatus, we achieve a
resolution for ¢ at the level of 10 to 20 meV for values of € in
the range of eV. This is sufficient to resolve rotational and

ot AS

fi
¥ L
DISSOCIATION

-
OETECTOR

FIG. 2. Veloaity vector { Newton) diagram for the photodissociation of a
homonuclear molecule { AB). The laboratory velocity vectors are drawn at
~ 39 of their actual relative magnitudes. Projection of the fragments, cep-
resented by the dashed arrows, onto the PSD-C detector yields the expeni-
mental observables: the separations of the correlated fragments in both dis-
tance R and in arnval ume r,
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FU1G. 1. Schematic diagram of the photodissociation apparatus. For the case
of H,” photodissociation, no gas is added to the charge transfer cell and the
ions are allowed to pass undefiected through the aperture.

vibrational structure in the distribution function (5) of a
hydrogenic molecule. The resolution achieved here is by no
means the ultimately achievable one. We estimate that with
the proper choice of beam energy and flight distance Z, a
resolution of below 1 meV should be obtainable with current
position-sensitive detectors.

In the following, we first describe the fast-beam appara-
tus, followed by a description of the position and time-sensi-
tive detector, which we built at SR, and finally, the applica-
tion of this detector to diagnose fast beams of both H;* and
neutral molecular hydrogen in the ¢ I state formed by
charge exchange of H," . The latter casein particular demon-
strates the capability of the method to explore, in addition to
the level structure of the bound molecule, quasidiscrete
structure in the continuum which modifies the bound-free
photodissociation intensity.

. EXPERIMENTAL
A, Fast-beam apparatus

A schematic drawing of the fast beam apparatus is
shown in Fig. 3. Ions from a low pressure, hot filament ion
source'® are extracted at energies of several keV, mass select-
ed in a Wien filter, and, in the case of the neutral beam study,
neutralized in a charge exchange cell before entering the de-
tector chamber through a 1.5 mm aperture. A distance 200
mm into the detector chamber the beam passes through a
narrow (0.3 mm) slit. Adjacent to the slit, the fast beam is
crossed at right angles by the intracavity beam of a cw-argon
or -krypton ion laser. Typically, 30 W of radiation are avail-
able for photodissociation over the ~ 2 mm laser beam diam-
eter. At 3 keV beam energy, the residence time of hydrogen
molecules in the laser beam is of the order of 4 ns. Hence the
excitation probability for a molecule with cross section
o =10~ "% cm® is of the order of 10™>. At beam current of
10° molecules/s, this would result in a photodissociation
rate of 10#s™".

These fragments spread along the parent beam direction
in a cone within which the intensity distribution is governed
by the angular distribution of fragments in the center-of-
mass {(c.m.) frame. For a given initial molecular level, the
laboratory frame opening angle of this cone is defined by
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those fragments that dissociate at 90" with respect to the
beam line. the opening half-angle of the cone being
arctan(e/E,}'"*. For the present experiments the polanza-
tion of the laser was chosen perpendicular to the parent
beam direction. Since the dominant photodissociation pro-
cesses investigated here are charactenrized by a parailel tran-
sition moment, this choice of orientation in the laser polar-
1zation  tesuits tn the most effective detection of
photofragments by a detector aligned parallel to the laser
polanization.

B. Detector

The front face of our position and time sensitive detector
1s placed L = 1043 mm (rom the dissociation region. The
detector consists of two pairs of 5 ¢cm diam microchannel
plates which are shielded from the beam except for two op-
posing sectors of opening angle of 15°, permitting the sepa-
rate detection of a photofragment pair that falls within the
sector area. The sectors extend from 7 to 35 mm measured
radially from the parent beam line allowing fragment pair
separations which fall within the range ISmm <R <70 mm
to be monitored. For fragment energies ¢<i.13x 1077? £,
approximately 17% of the fragments formed in a paralle!
transition fall within the open area of the detector and can be
recorded. The remaining 83% of the photofragments fall
outside the 15° sector angle, and photofragments with ener-
gies €<5.17 X 1072 E, fall entirely inside the dead area at the
center of the detector.

The detector and its associated electronics permit mea-
surement of the spatial separation of photofragments with a
precision of typically 100 ;um by measuring on a multianode
structure the position of the electron cloud emitted by the
microchannel plates, using the charge division method. s’
A cross section of the detector is shown in Fig. 4(a). The
multianode structure is generated by photolithography of a
copper-clad printed circuit board using the computer gener-
ated layout that is shown in Fig. 4(b). The active detection
areas are confined to the two circular portions above which
the two pairs of microchannel plates are mounted. Each area
consists of 35 concentric ring segments with electrical con-
nections extending to the edge of the board where they are
interconnected with the resistors and capacitors as required
for the charge division method. The resistor/capacitor chain
was -built from 10 k) monolithic resistors and 4.7 nF
( 4 0.5%) ceramic chip capacitors which are electrically
contacted on the board with Cu~Be springs. The charge de-
posited on an anode array is amplified by a charge~sensitive
preamplifier (Canberra 2004)-linear amplifier (Canberra
2012) combination connected to each end of that anode’s
RC chain.

Situated between the end face of the microchannel
plates and the anode are two grids (33% transmission ) that
pick up the transit of each electron cloud produced by a
fragment. The ~ | ns transit time of the cloud from the end
face of the final microchannel plate to the anode (a distance
of 5 mm) produces a voltagc pulse on the respective grid
with a typical rise time of 400 ps.

The voltage pulse from each timing grid is amplified by a
preamplifier (Comlinear E103) and detected by a constant-
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fraction disciminator ( Tennelec TC-455). After a fixed ca-
ble delay time, these pulses provide the start and stop inputs
to a time-to-amplitude converter (Canberra 2143) to estab-
lish the value of = for the fragment pair. The four charge
pulses and the TAC output pulse are digitized by five analog-
to-digital converters (Canberra 8077) and input to a micro-
computer (PDP-11/73) through a CAMAC interface. The
entire process from the impact of the fragment pair on the
detector to storage in computer memory of the radial posi-
tions of the two fragments and their arrival time difference
requires ~40 us.

The dead area in the center of the detector is shielded
from the photodissociation region by a ¥-shaped beam flag,
which serves as a beam stop for the parent molecular beam.
The size of this flag must be chosen sufficiently large that
nearly all the undissociated molecules are collected, but not
so large that its shadow from the dissociation region falls on
an active area of the detector. In connection with the slit, the
beam flag significantly reduces the background of fragments
that arise from unimolecular and collision-induced dissocia-
tion of beam molecules. Since the pressure in the detector

chamber is of the order of 10~? Torr, collision-induced dis-

sociation in the region between the slit and the flag contrib-
utes only a minor background.

C. Detector accuracy

A extensive discussion of the uncertainties inherent in
the use of the position and time-sensitive detection technique
to measure the energy and angle of the dissociation event has
been presented in two papers published by the FOM
group.'®"” Briefly, the limiting factors for the precision are
set by the linearity of the capacitor chains for the charge
division, and the linearity of the amplifiers and analog-to-
digital converters used to measure the output of the capaci-
tor chain. We note here an additional source of error inher-
ent in all position-sensitive detection schemes that are based
on the measurement of a purely radial coordinate (rather
than a two-dimensional measurement). This error is asso-
ciated with the fact that the anode strips are curved. Hencea
cylindrically symmetric electron charge cloud whose diame-
ter is larger than the width of an individual strip will be
divided among the strips in an asymmetric way; the strips at
shorter R will receive more charge than those at larger R,
thereby shifting the measured center of the charge cloud to
shorter distance. Although this position error could be eli-
minated by keeping the size of the electron cloud smail com-
pared to the anode strip widths (1 mm), such a procedure
would eliminate the obvious improvement in position reso-
lution that is achieved by having the cloud distributed overa
number of anode strips.

For strip radii that are large compared to the electron
cloud diameter, the error in the distance measurement is
fairly small. At small radial distance, however, the absolute
error in R can become quite substantial. For a cloud diame-
ter of 10 mm and a position 20 mm from the detector center,
the apparent R vglue determined from the charge distribu-
tion on the anode would underestimate the true radial dis-
tance by 3%. We have incorporated this position correction
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FIG. 4. Schematic diagram for the position sensitive detector for correlated
fragments (PSD-C). The upper figure (s) shows a cross sectional view of
the detector. The lower figure (b) is a negative photograph of the anode
board. Dark areas in this figure denote the sbsence of copper on the surface
of the board. Oversll dimensions of the board are 100 mm x 129 mm. The
resistors and capacitors for charge division position measurement on the
two sets of anode rings are mounted on the pads shown on the upper and
lower edges of the board.

into the data acquisition software, such that true radial posi-
tions are calculated from the charges measured at the detec-
tor anodes. The unknown parameter required for determin-
ing the magnitude of the corrections is the diameter of the
electron cloud. This is established by observing the changes
in the radial positions of discrete features in the photofrag-
ment spectrum as a function of molecular beam energy.

In the case of molecular ion photodissociation, a limit-
ing factor in the resolution appears in a position seasitive
detection scheme from residual electric and magnetic fields
that can influence the propagation path of the charged pho-
tofragment. This effect was readily noted in our experiments
on H;" and was partially eliminated by mounting a shielded
deflection plate below the beam flag (sec Fig. 3). With this
arrangement, protons travelling below the beam flag could
be prevented from reaching the lower detector half, such
that coincidences were only recorded for dissociation events
where the charged fragment was gjected above and the neu-
tral fragment below the flag. In this case a deflection of the
charged particle path due to external fields results only in a
slight falsification of the absolute value of R but not (to first
order) in a loss of resolution. In the present studies of H,*
and H, photodissociation, a position resolution of 100-200
4m and a position accuracy of <250 um was observed over
the central 80% of the detector.
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iil. RESULTS
A. Photodissociation of M}

Photodissociation of H,~ has been studied extensively
by a number of laboratories.” '3 At wavelengths extend-
ing from the infrared to the near ultraviolet, the photodisso-
ciation involves an electronic transition from the X 2Z;*
ground electronic state of H;" to the'continuum of the reput-
sived 23 * state. The potential energy curves for these states
are shown in Fig. 1. Since the A4 state is well isolated from
higher electronic states in the region of its dissociation limit,
this process represents a classic example of a bound-free
photodissociation. At the wavelengths studied here (7525-
4579A), X state vibrationa] levels extending from v” = 4 10
the highest level (v” = 18), can participate in the photodis-
sociation.

The H;" ions for this study were produced in a colu-
tron'® (hot-filament) discharge ion source using pure hy-
drogen gas at pressures in the range of 50-200 mTorr and
discharge voltages in the range of 70-250 V. Under these
conditions, production of H," accounted for > 90% of the
positive ions. The ions were extracted from the source, accel-
erated to a kinetic energy in the range of 1000-3000 eV, and
mass selected by a Wien filter before intersecting the intraca-
vity beam of a line-selected Ar* or Kr* ion laser. The elec-
tric vector of the ion laser was constrained by four sets of
windows at Brewster’s angle to lie perpendicular to the ion
beam and parallel to the open segments of the PSD-C detec-
tor.

The photofragment spectra for H;” at £, = 2807 ¢V ob-
served by the PSD-C detector at five lines of the Kr™ laser
are shown in Fig. 5. The accumulation time for each spec-
trum in this figure was 5 to 20 min, depending on the laser
power available at cach wavelength. The lower abscissa in
this figure is the energy release in the photodissociation €
calculated from the measured values of R and r using Eq.
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(6). The upper abscissa gives the equivalent values of R mea-
sured by the detector for fragments arnving with » = 0. In
this case, the fragment kinetic energy ¢ 18 directly related to
the measured separation of the photofragments at the detec- -
tor R. [t can be seen that as the photon energy is changed, the
photofragments cover different portions of the detector,
with R values ranging from 20 to 60 mm. A simular, but
opposite effect is observed when the heam energy £, is var-
led.

The apparent randomness of the fragment distributions
in Fig. § is reconciled when the photon energy Av is subtract-
ed from the fragment energy € and the data replotted (Fig.
6). Or the energy scale e-hv. the energies of the absorbing
levels in the H,” X °X - are readily identified. At the top of
Fig. 6 1s shown the energy™" of the lowest rotational level
N =0, relative 1o the ground state dissociation limit, of the
vibrationaj levels involved at these wavelengths. It s appar-
ent from this figure that each vibrational feature consists of a
number of incompletely resolved peaks. The energies o
these peaks correspond to rotational energy levels within
each ground state vibrational level. This assignment is sup-
ported by the 3:1 intensity alternation that is charactenstic
of the statistical weights of the odd and even rotational levels
in a homonuclear molecule of nuclear spin 1/2.

The detection of photofragments using the PSD-C tech.
nique has the advantage that all dissociating levels that pro-
duce fragments within the physical limits of the detector zre
observed simultaneously. Fluctuations in the intensity of the
parent beam or of the laser produce equal contributions to
the statistical noise in each of the spectral features. Further-
more, the Jacobian for the transformation from the coordi-
nate frame of the dissociating molecule to the frame of the
detector is unity'®; there is no amplification of the statistical
noise as a function of €, or equivalently, as a function of lower
state energy level. This is in marked contrast to the case
where the fragments are detected solely by dispersal of their
laboratory energies or momenta, *'>#-¢
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5682 A

5308 A

o N\ ’\ A 4762 A

1 ] 1 1 i 1 } 1 1
-14000 -10000  -6000 -2000 2000 6000

ENERGY lem™")

PHOTOF RAGMENTY INTENSITY
T

FIG. 6. The expenmental data of Fig. 5 after substraction of the photon
energy {rom the observed energy releases to yield the ener iz of the lower
state levels relative 1o the dissociation limit. The knov-. . ergees of the vi-
brational levels in the rotanonless H.* X °X." potenual energy curve are
given at the top of this figure
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Given the vibrational and rotational resolution in the
photofragment spectra, the PSD-C technique seems to offer
a good way to probe the population distribution among the
internal states of a beam of molecules. However, to relate
photofragment intensities to initial state populations, explic-
it account must be taken of the rotational and vibrational
dependence of the photodissociation cross section [Eq.
(4) ]. These partial cross sections, o, y were calculated with
the computer program of Sando®® using the potential energy
curves for the X and 4 states of Hy given by Wind*® and
Peek. > The cross sections at two of the relevent wavelengths
areshown in Fig. 7 as a function of rotational quantum num-
ber ¥ forv® = 6~10. In addition to the strong dependence on
wavelength and vibrational quantum number mentioned
carlier, it can be seen that the cross section for a given vibra-
tional level can vary by an order of magnitude for rotational
levels between N =0and N = 7.

In order to derive the state distribution of the ion beam
from the photofragment spectra, the spectra were simulated
by representing eagh lower state vibrational and rotational
level by a Gaussian line shape at the photofragment energy
€ =hv — E(v,N), where hv is the photon energy corre-
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sponding to the particular laser wavelength and E(v.N) are
the energy levels of the X state given by Kuriyan and Pru-
chard.”” The amplitude of each Gaussian at a particular ex-
citing wavelength A was given by

A(AVN) =0, vp(U) (2T, + 12NV + Dexp( — F kT,
(8)

where T, is the total nuclear spin of ortho (7T, = 1) or para
(T, = 0) hydrogen, p(v) is the fractional population in vi-
brational level v, and N is the rotational quantum number.
The term Fin Eq. (8) represents the rotational energy of the
equilibrated species, H;" or H,, that is appropriate to the
formation of ions in the source. The H;" are initiaily created
by electron impact in the discharge and would, in the ab-
sence of collisions, be expected to retain the rotational popu-
lation distribution of the parent H, molecules.’’ The path
taken by the nascent ions and their acceleration characteris-
tics between the point of formation within the source and
their extraction into a collision-free environment of the
beam are not well defined. However, the H,* formed in pure
H, are subject to rapid two-body conversion®? into H,” . This
rate constant (k~2X 10~%cm® s ') is at least as fast as that
of any collisional processes leading to vibrational or rota-
tional relaxation. Since [H;* ]/[H;* ] > 10 under the source
conditions used here, it is resonable to expect that the nas-
cent rotational distribution of H;* will be retained by the ion
beam, i.c., the ion beam will be described by a rotational
distribution that is characteristic of the H, source gas tem-

. perature.

The photofragment spectra were simulated for a given
choice of Gaussian linewidth by varying p(v) and source gas
temperature 7'in Eq. (7). A best fit was observed for a Gaus-
sian linewidth (FWHM) of 18 meV, a hydrogen gas tem-
perature of 1400 K, and the H;* vibrational populations
(Franck-Condon factors) of Dunn.® The observed PSD-C
photofragment spectrum at 4 = 6471 A and the simulation
for this wavelength are shown in Fig. 8. The ratios of the low
N rotational components, which are partiaily resolved in the
more intense vibrational peaks, are quite sensitive to the
choice of rotational temperature and could not be repro-
duced if the temperature were varied by »100 K from the
mean value of 1400 K.

It is clear from the fit to the photofragment spectra that
the relative population of H;* in vibrational levels 5<v" < 14
is within 10% of that predicted® for direct ionization. This is
in contrast to previous reports of a depopulation of the high-
er vibrational levels in H;* beams produced by monoplas-
matron'® and duoplasmatron® ion sources. Such depopula-
tion has been attributed'® to collisional dissociation of the
vibrationally excited ions; the calculations of Peek’? predict
the cross section for collisional dissociation of H,” (v">7)
to be more than an order of magnitude larger than that for
H;* (v” = 0). Such processes are presumably of minor im-
portance in the present work where production of H™ in the
source is < 10% of the total ion current.

Itshould be noted that the peaks in the PSD-C spectrum
are not expected to be Gaussian on the energy scale shown in
Fig. 8, but should exhibit more tailing toward smalt values of
€. Position measurement errors have a Gaussian distnibution
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FIG. 8. Photofragment energy release spectrum from the photedissociation
of H;" at 6471 A, The experimental spectrum is shown in the upper portion
of this figure. The simulated spectrum is shown in the lower portion. The
sirulation assumed formation of the H.” by direct ionization of H, at a
rotational temperature at 1400 K, with each photodissociated energy level
represented by a Gaussian peak of 18 meV FWHM.

on an R scale (not R 2) and timing errors in observing this
parallel electronic transition will bias the spread in the R
spectrum toward smaller values of R for the choice of laser
polarization used here. However, a sample Monte Carlo sim-
ulation of the photodissociation cbserved with the PSD-C
detector showed that the apparent lower state populations
are not significantly distorted by the use of Gaussian peak

shapes.

B. Photodissociation of H, ¢ 11,

To test the sensitivity and properties of our two-particle
detector, a neutral system has several advantages over an
ionic species. For one, the flight path of the neutral photodis-
sociation products i3 unaffected by residual electric and
magnetic fields. Secondly, the energy of a neutral fast beam
can be varied in a rather precise fashion by controlling the
potential of the charge exchange cell, thereby eliminating
uncertainties in the absolute beam energy which eaters the
measured separation energy through Eq. (6). To form the
fast neutral beam we chose xenon as a charge transfer target
because it was a permanent gas compatible with our charge
exchange cell. The formation of the long lived ¢ state of H, in
the reaction

H + Xe—~H, ¢l + Xe™ 9)

is endothermic by about 8 eV and proceeds with relatively
small cross section when compared to the efficiency in an
alkali target. From the observed photodissociation signal of
H, ¢ *[1, we calculate that approximately 0.15% of the neu-
tral beam was formed in the ¢ state when 10% of the ions
were neutralized in xenon.

In the visible wavelength range, transitions from the ¢
state access the electronic states of the 3s,3d complex of H,.
As shown in Fig. 9 two of these states, the h *Z," and i *1,,
dissociate into H(2{) + H(ls) while the two others, the
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8°%; and;’A, states correlate to the H(3/) = H(1s) dis-
sociation limit. The photodissociation of the ¢ state at wave-
lengths between $600 and 6600 A proceeds via four mecha-
nisms which have been discussed in detail recentiy. '® For the
current experiments, only two of these processes have to be
considered: Bound-free photodissociation via the i state and
predissociation of bound levels in the; and g states.

The current photodissociation s. Jdies of the ¢ state were
performed at the three krypton ion laser wavelengths,
5683.46, 6472.67, and 6766.28 A. At these photon energes
no discrete transitions were observed in previous’® photodis-
sociation experiments of the ¢ state. but a very smali back-
ground from bound-free phor~dissnciation appeared m the
spectra. This background was attributed'® to transitions
from high vibrational levels in the ¢ state ¢ the repulsive wail
of the i and 4 states. Due to the higher _ransition moment
expected for transitions 3d ~2p than for 35— 2p, the domi-
nantcontribution to bound-free photodissociation is expect
ed from the ( state. In Fig. 10 we show th variation of the
calculated photodissociation cross section for selecteu ~-
state vibrariczal levels through the 1 °TI, state. It may be
noted that these cross sections vary far less with v than did
those presented in the previous section far the photodissocia-
tion of H;” . The reasc for this behavior is that at the wave-
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FIG. 9. The potential energy curves of H, reicvant to photodissociation nf
the ¢ T, state. The ground electronic states of H, and H," are shown for
reference.
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FIG. 10. Calculated cross section. in units of 10~*¢ cm®, as a function of
exciting wavelength for t+: photodissociation of H, in the ¢ °TL, (v = 6-16)
state through the (unperturbed) continuum of the i [1, state.

lengths considered here the dominant contributions to
bound-~free transitions come from near the left-hand turning
poiwnt of the --state vibrational levels where the difference
potential between th- ¢ and the i state varies little with inter-
nuclear separation. Fu r the same reason, the rotational de-
pendence of the bound—free cross secti 1 for this process is
found to be wiinor at the wavelengths shown in Fig. 10.

The bound—free photodissaciation process is, however,
complicated due to the presence of the two geradr n =3
states, g and j, which modify the i-state continuum. At inter-
nuclear ssparations shorter than R,, all n = 3 states have
potential energy curves which are nearly degenerate. Due to
this degeneracy and due to the very large /-uncoupling, the
bound 34 states interact strongly with the continuum of the i
state and this interaction leads to the very rapid predissocia-
tion of those bound levels in thej and g states that lie above
ti12 potential barriers in the / and 4 states. A previous experi-
mental and theoretical study'® of this predissociation
showed that the predissocration procee*s on time scales of
the order of 1 10" s causing the natural width of the j
state levels to be of the order of 50 cin ™ for rotational levels
V = 2. The widths increase with NV, as expected for predisso-
cianon by rotational coupling.

The presence of predissociated levels in thej and g states
thus modifies the wavelength dependence of the bound-free
photodissociation via the / state threagh the interaction of
the bound and continuum channels. Due to the strength of
this interaction the i fluence of the coupling ext-nds over a
wide energy range; the i-state continuum wave function car-
riesj and g state ¢ 1aracter at energies well separated from the
resonance positions in the j and g states. In accordance with
the Beutler-Fano picture,* this interaction will lead t0 a
wavelength-dependent enhancement (or supression) of the
bound-free contributica for a given lower state level. These
interf-once effects are very much evident in the photodisso-
clation spectra discussed below.

The nhotofragment spectra of H, obtained with ths
PSD-C detector ®r photodissociation at 6471 and 5682 A
are given 1n Fig. 11. Again we have subtracted the photon
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energy from the measured separation energy €. The peak
positions apparent from the figure display the energy loca-
tion of the respective c-state levels. At the bottom of the
figure we have indicated ti ¢ rovibrational energy positions
for the ¢ state which we calculated using the potential energy
curve given by Kolos and Rychlewsk:.** The absolute accu-
racy of our measurement is considered to be of the order of
100 ¢cm ™' and within tha' _...ertainty the measured level
positions match those predicted from the potential energy
curve.

The observed vanation of intensity with both v and .V
was at first unexpected, but as pcinted out above. can be
understood quantitatively from the interaction of the / state
continuum with the bound levels in the j and g states. We
divide our discussion of the observed intensity pattern into
three parts. First, we discuss the pattern expected in the case
of photodissociation wia the pure i state, then we discuss the
observed erhancement of certain v,J¥ combinations. Finally
we explain the enhanced photofragment intensity which ap-
pears near the dissociation limit in the case of photodissocia-
tion at 6471 A.

In the lower part of Fig. 11, we have simulated the ex-
pected appearance of pti== / state photodissociation at 6471
A. For this simulation we have first calculated the rovibra-
tional population of the H, ¢ state by as .uming the rovibra-
tional populations in the H;* precurser that were established
in the preceding section, and that the redistribution of inter-
nal energy in the charge transfer reaction is governed by the
Franck-Condon  factors for the H; XX -(v)
—H,c*M, (v") transitions, as is appropriate for a nonre-
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F1G. 11. Photofragment energy release spectra for the photodissociation of
H, at 5682 and 6471 A. The experimental spectra are shown in the upper
haif of the figure; the energy of the exciting photons has heen subtracted
from the observed energy releases to obtain the dissociation energes of the
lower state levels involved in the. photodissociation. The lines in the lower
portion of the figure indicate the known dissociation energres of rotational
levels ¥V = 1,3,5, and 7 in vibrational levels v = 5-14 of the metastable H.

¢ *M1, state. The spectrum labeled “simulation” assumes photodlssocnmon
of 1he ¢ state via an unperiurbed i state at 6471 A. The tick marks at the top
of the figure denote the expected locations of some perturbations in the 5682
A spectrum (see the text).
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sonant pracess at lugh energy. ' and A = O rotational tran
sitions. This distnibution was toided with the calculated par-
tial cross sections from Fig 10 and an experimental
Gaussian peak width of 130 cm ™', A very similar pattern 15
predicted for photodissociation through the pure s state at
5682 A, albeit with 2 reduced intensity since the photodisso-
ciation cross section is typicatly a factor of 3 smaller at this
wavelength. This and the Jower laser power available explain
the smaller signal-to-noise ratio for the spectrum obtained at
5682 A.

Comparing the predicted and observed spectrum at
6471 A we sce that the two spectra agree in general trends,
but the experimental specirum shows significantly enhanced
photodissociation from ¢ = 12..Y = 7 and near the dissocia-
tion limit. In addition the nrensities for V=7 levels are
enhanced for ¥ = 8,9. In the spectrum obtained at 5682 Aa
very pronounced enhancement appears for the higher .V lev-
eisinv = 7 and all ¥'s in v = 8, with the v = 10 and higher
vibrational levels being absent or reduced.

As we indicated above n general terms, the enhance-
ment of specific (v,V) levels can be attributed 1o the pres-
ence of bound but rapidly predissociated levels in the s and g
states which are, at given laser wavelength, more or less dis-
tant from the continuum energy in the i state that is accessed
from the discrete levels in the ¢ state. In the absence of ex-
perimental information on the exact energy location of the
high-lying bound j-state levels, we have used the theoreucal
potential energy curve of Rychlewski’” to calculate the
bound rovibrational levels in the ; state. The results from
such a calculation have to be treated with some care since /-
uncoupling is not taken into account when considening the
pure; state. Comparing the calculated energies for the j state
with those known precisely from bound-bound spectrosco-
py** at energies below the dissociation limit H( 1s) + H(2/),
we find that for ¥ = 5, the calculations underestimate the
energy of the; state levels by about S0 cm ~'. The magnitude
of the level shift due to [-uncoupling is roughly linear in N.
The magnitude of the shifts are likely to be very similar in the
energy region above the barrier of the / and A states since the
dominant uncoupling interaction is weighted with R ~' and
the states are near degenerate for all energies at short R.

The uncertainty about the precise level position stops us
at this point from attempting a detailed interpretation of the
observed enhancement. Nevertheless the bound-bound line
positions in H, are so well separated in energy that we are
able to identify the j state levels which are responsible for the
enhancement of the photodissociation cross section from
specific c-state levels. In particular, we find that the
(Av = 1) 2(5) and P(7) transitions from v = 7 lie within
100 cm~" of the photon energy at 5682 A. Likewise, the
(Au= 1) @Q(2), @(3), and Q(4) transitions from v = 8 lie
within 20 cm " of the energy at 5682 A. In agreement with
our predictions above, the photodissociation spectrum at

5682 A shows the peaks originating fromv =7, ¥ = Sand 7
and v =8, N =2,3,4 greatly enhanced. By contrast the Q
branches from v = 9 lie more than 250 cm ™' from the laser
energy and are in fact absent in the photodissociation spec-
trum at 5682 A. Similarly. the (Av =0) P(7) transition
from v = 12 1s calculated to lie within 100 cm ™' of the laser
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energy at 6471 A A can be seen from Fig Fothis eotate

fevel s very dramaticaily enhanced On the dass of the ol
culations we would predict a wmidar enhancement of the
N =T level from v = 13 This level 15, however. consp-
cuously absentin the spectrum. While care must be taken in
this companson due to our scant knowledge of the ; stare
energy levels, we want to pownt out that both enhancement
and suppression are expected as a result of the bound-stare-
conunuum interaction. !

Finally. we must mention the observed enhancement in
the photodissociation cross section for the highest vibration-
al levels of the ¢ state at 6471 A This enhancement was no
observed at the two other wavelengths invastigated. 56g
and 6764 A. The enhancementis assoctated with the proxim
1ty of the photon energs at 6471 A (15350 em ') with 1t
separation of the dissaciavon hmuts Hin = 3t < H and
H(n=2) ~H (15234 cm 7'} As a result the bound -
bound transitions among the highest vibrational leveisin the
¢ and j siates fall into near resonance with the photon encigs
at 6471 A. Specifically. the (14,151 and 116,16 band. are
predicted’ >7 10 lie withir § cm ™' of the photon encrgy an i
the (13,14;, (15,15}, (15,16}, and {17,17) bands ure pre
dicted to lie within 100 cm ™' The rapid predissociauos that
was observed for the intermediate vibratonal levels of the
state'® 15 expected to be active aiso for the highest ieve's
Hence these transitions will contnbute to the photodiss. sia-
tion signal in the same manner as the (¢.V) selective <a-
hancement that occurs at intermediate vibrational levels
Obviocusly the transttions to the highest vibrational levels 1o
the g state will fall into the same energy range as those to the
state and they will also contnbute to the observed pileup of
photodissociation intensity near the dissociation limit of the
¢ state.

V. SUMMARY

We have demonstrated that a position-sensitive detector
for correlated particles provides sufficiently high resolution
to resolve both vibrational and rotational contnibutions in
the photofragment energy release spectrum of a bound--free
photodissociation process. At the current level of resolution,
the discrete rotational contnibution to the photodissociation
can be resolved only in hydrides, However, substantial im-
provement in the position-sensitive detection should be
readily achievable with current technology, which would al-
low rotational resolution in the photodissociation of ail but
the heaviest molecules.

Having achieved rotational resofution, some caution s
required to extract the rovibrational population distibution
from the photofragment energy release spectrum. There ap-
pear to be three general cases where accurate distnbutions
can be determined with a reasonable degree of expenmental
effort:

(a) When the bound-free photodissociation process is
well defined, as1n the case of H,”, where the initial and final
electronic states of the molecule are well charactenzed and
the continuum 15 not modified by perturbations, accurate
population distnbutions can be established from photofrag-
ment spectra obtained at only a few widely spaced wave.
lengths.
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(b) When the intial state is well charactenized, but the
final state is not, the lower state population distnbution can
be established if the photofragment spectra are observed at
wavelength tntervals that are chosen such that each oscilla-
tion in the partial photodissociation cross section o(v,N) is
probed (see e.g., Ref. 13).

(¢) Finally. the case arises as in H,, where the contin-
uum of the final state is significantly modified by perturba-
tions. Generally the width of such perturbations are narrow
compared to the oscillations in the partial photodissociation
cross sections for excitation into the pure continuum. Photo-
fragment energy release spectra obtained wit! a continuous-
ly tunable wavelength source should provide :-ufficient infor-
mation to extract the lower state population distribution.
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ELECTRON-IMPACT DISSOCIATION OF NITROGEN
P. C. Cosby
Molecular Physics Laboratory

SRI International
Menlo Park, CA 94025

ABSTRACT

The electron-impact dissociation of N3 to form two nitrogen atoms is observed in a
crossed beam experiment at electron energies between 18.5 ¢V and 148.5 eV. Detection of the
correlated dissociation fragments with a time and position sensitive detector permits detection of
both ground and excited state fragments, but excludes interference from dissociative ionization
products. The observed translational energy releases in the N7 dissociation are consistent with
predissociation to N(2D) + N(4S) fragments as the primary dissociation mechanism. Absolute
cross sections for the electron impact dissociation are measured and compared with previous
measurements. Recommended values of this cross section are given for electron-impact energies

between 10 eV and 200 eV.

MP 92-275R
January 27, 1993
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INTRODUCTION

The nitrogen molecule comprises a significant fraction of the earth's atmosphere and
the atmospheres of Titan and Triton. Within these environments, N3 is subject to significant
bombardment both by energetic electrons, as is characteristic of aurorae, and by lower energy
photoelectrons produced in the normal atmosphere.! Ionization,2-4 dissociative ionization,5-7
excitation,8 and dissociation9-12 of the N can result from electron impact. Laboratory studies
have produced a rather complete set of quantitative data!3 for these processes, with the exception

of electron impact dissociation. In the electron-impact dissociation reaction

N2+e=aNJ+e > N+N+W+e, (1)

electron impact produces an electronically excited state of N that subsequently dissociates into
atoms with the release of translational energy, represented here by W. While the overall cross
section for this reaction is known,8.13 Jittle information is available concerning the electronic

states and translational energies of the products which determine their subsequent reactions. 14

Electron energy loss studies!5-18 have shown that discrete (bound) levels of N3 are
produced in the first step of Reaction (1); thus dissociation of N2 must primarily occur through
predissociation. Only three electronic states of the atoms, 48, 2D, and 2P, are energetically
accessible below the ionization limit of the molecule, but an a priori prediction of the branching
among these in the predissociation is greatly complicated by strong Rydberg-valence
interactions!? among the N3 levels, as evidenced by experimental measurements in a small
fraction of the relevant levels.20 Measurements have been made of the concentrations of N(2D)
and N(2P) in the upper atmosphere,!3.16 but many processes other than reaction (1) contribute to

these observations.

The present measurements observe Reaction (1) in a crossed beam arrangement in

which an electron beam intersects a fast beam of No. The spatial and temporal separations of
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the correlated pair of atomic products formed in the dissociation of a single N2 molecule are
explicitly measured to provide a direct measurement of the translational energy release W

in Reaction (1). The measured translational energy release, in combination with the known
energies of N3, also determines the electronic states of the dissociation products. Detection
of charged products is explicitly excluded in the experiment, allowing the electron impact
dissociation products of N3 to be detccted without contamination from dissociative ionization
processes. Quantitative product detection further allows an independent measurement of

the cross section for reaction (1) over the electron energy range of 18.5 eV to 148.5 eV.

EXPERIMENT

The experimental apparatus and measurement procedures have been described in detail
for the e)=ctron-impact dissociation of CO23 and will be considered only briefly here. A fast
(3-5 keV), collimated beam of N7 molecules is created by near-resonant charge transfer neutral-
ization of an N3 beam and intersected at right angles by an electron beam within an interaction
region defined by a narrow slit and a beam flag. Undissociated molecules are collected by the
beam flag. If an N, molecule dissociates within this region and its fragments are produced
with sufficient transverse velocity to escape collection by the beam flag, the correlated pair of
fragments is detected by a position sensitive detector (PSD-C) which measures their radial (R)
and temporal (At) separations.24 This measurement specifies the center-of-mass translational
energy released in the dissociation (W), i.e. the difference in energy between the dissociating
molecular state and its atomic products at infinite separation:23

W= % [R2 + (zi‘,"mﬂ @)

Here, the translational energy of the fast N2 beam, Eo, is taken to be the energy of the N3
precursor in the charge transfer, L is the distance between the point of dissociation of the N

molecule and the PSD-C, and M is the mass of the N7 molecule.. These are taken to be constants
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describing all dissociating N2 molecules. The measurement further specifies the angular
distribution of the fragments in the planes orthogonal to the detector. The fast N7 beam flux is
measured by a pyroelectric bolometer and the absolute collection efficiency of the PSD-C for
dissociation fragments is calibrated. All charged particles are collected by a weak electric field
in the region between the beam flag and the PSD-C; hence dissociative ionization products do

not contribute to the present measurements.

As described previously,23 the electron beam has a rectangular geometry and an energy
spread of ~1.5 eV FWHM. Energy calibration of the electrons is made from the observed
threshold for the ionization of Ar26 and has an estimated accuracy of + 1 eV. Overlap between
the electron and neutral beams is controlled by physically translating the electron gun and
electron collector as a unit. This capability allows distinction to be made between neutral frag-
ments created by spontaneous or collisional dissociation of the N3 in the region between the slit
and the beam flag, and electron impact dissociation of N within the electron beam. The gun
translation further allows an accurate dissociation cross section to be measured without a specific

determination of the form factor describing the overlap of the electron and neutral beams.

With the electron gun and the neutral beam aligned, overlap of the beams takes place
within a AL = 2.6 cm interval along the neutral beam flight path. Since it is not known a priori
where along this interval a particular N, molecule dissociates to produce a detected pair of
fragments, the value of W implied by Eqn. (2) can deviate from the true magnitude of the

translational energy release by the factor

A
—W*=T=O.052. 3)

This factor represents the effective translational energy resolution achieved by the PSD-C for the
electron-impact dissociation fragments. Pressures within the interaction region were maintained

at <2 x 10-8 Torr during the measurements.




Two orientations of the electron beam velocity vector with respect to the PSD-C in
combination with the fragment angular distribution observed by the PSD-C are required to define
the full angular distribution of the electron-impact dissociation fragments. In the present
measurements, these distributions are found to be isotropic within the center-of-mass frame of
the N at electron-impact energies 228.5 eV. At lower electron energies, the flux of fragments
dispersed in both energy release and angle was too small for a detailed angular distribution to be
determined. In inter :ting the present data, we presume that this distribution remains isotropic

at lower electron energies.

The state distribution of the fast N2 beam at the time of electron impact is primarily
dependent on the distribution in the N}' precursor. Measurements were made for the N;
produced in two different ion sources: a hollow cathode discharge source2? (HC) and an
electron-impact ionization source28 (EI). The EI source was operated with low pressure (~104
Torr) N2 gas and 100 eV ionization energy. Electron impact on N at this energy populates three
electronic states of N3: XQEE, AZI1,, and B2Z} with relative abundances of 0.5, 0.4, and 0.1
respectively.4 The B state is short-lived!3 and radiates primarily into the X22§ state inside the
ion source volume. However, the A state is relatively long lived, with vibrationally-dependent
lifetimes29 ranging from 16.0 ps in v=0 to 7.6 ys in v=7, and radiates into the X state throughout
the 6.4 us flight time between the ion source and the charge transfer cell. The population
distribution in the N} beam at the time of charge transfer is estimated?3 using the ionization
Franck-Condon factors for the initial vibrational distribution in each of the N}' electronic states
and Einstein A factors for the radiative decay into the ion ground state, both taken from the
recent evaluation of Gilmore et al.29 These predict 76% of the ion population in the X22§' state,
80.6% of which is in v=0, 13.9% in v=1, and the remainder in higher levels. The remaining 24%

of the ion beam resides in the A state, 93% of which is distributed among 0 Sv £ 3.

In the hollow cathode discharge in N gas at pressures in the range of C.5 - 1.0 Torr, the

nascent ionization products are subject to numerous low energy ion molecule reactions before

167




leaving the source. Successive charge transfer reactions, in particular, lead to a net electronic
and vibrational relaxation of the molecular ions into their ground state. This has been verified
cxperimentally2830 in the case of O3 and H3 production and is expected to also be the case for
N3. Itis anticipated that >90% of N3(HC) populates the X2E} (v=0) level.

The product distributions formed in the charge-transfer neutralization of N§ at keV
energies in N» gas are governed by the Franck-Condon factors for the ionization/recombination
transitions in the exchange and by a propensity to retain thermoneutrality in the reaction for

production of the forward scattered products. For the symmetric charge exchange reaction:

N3X,v) + No(X,v=0) — N2(X,v") + N3 (X.v) @)

the partial cross sections have been calculated31:32 for specific values of v’ and v". These predict
that neutralization of N3(HC) will produce a fast Ny beam with ~90% of its population in

X l}:‘é'(v=0). For the case of N3(EI), reaction (4) is expected to yield significant populations in
both v=0 and v=1 of X’Z’E. However, this distribution is augmented by both symmetric and
asymmetric charge transfer channels from the large fraction of N3(A) in the beam, which will
undoubtedly yield a higher degree of vibrational excitation, extending at least to v"'=5, in the
product N7 beam. However, the contribution of this vibrational excitation to the final beam
depends critically on the relative charge transfer cross sections of N3(X)and N 3(A) with Na,
since € 10% of the N% beam is actually neutralized under the conditions of the experiment. A
smaller relative charge transfer cross section for N3(A) in N was indicated by the experimental
measurements of Flannery et al.31 This is consistent with the fact that Reaction (4) involves the
capture of an electron into the 30y orbital of the N7 core, whereas neutralization of N3(A)
involves capture into the 1x, orbital. Preferential capture into the 30, orbital of 0% is found to
dominate in O% + Cs reactions.33 Thus, vibrational populations in v">1 of the N2 beam formed
from N3 (EI) should not exceed 24% of the beam, and will likely comprise a substantially smaller

fraction of the beam population.
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RESULTS

Fragment Energy Distributions

Dissociation of N3 is found to occur not only as a result of electron-impact excitation, but
also from the unimolecular dissociation of excited states populated during production of the fast
N7 beam. Representative distributions of fragment translational energy release (W) observed for
a 3000 eV N beam are shown in Fig. 1. In accumulating these distributions, the value of W was
calculated from Eqn. (2) given the observed values of R and At of each detected dissociation
fragment pair, assuming a fixed value for L corresponding to the distance from the center of the
electron beam to the detector, and assuming an N2 beam energy Eg equal to the acceleration
potential of the N3 precursor. Based on this calculated value of W and the position of the
electron beam relative to the N; beam, the event is binned into one of two sets of 1024 equally-
spaced W intervals in the range 0 < W < 5.0 eV. The histograms represented by the solid lines in
Fig. 1 were obtained with the electron beam intersecting the N beam, while those represented by
discrete points were observed when the electron beam was positioned such that no intersection of
electrons with the N, beam was possible. These distributions are uncorrected for the collection
efficiency of the apparatus, which produces the apparent cut off in fragment intensity near W =
0.2 eV. They reflect N2 dissociation products that were formed somewhere within the 18 cm
long interaction region defined by the slit and the beam flag (see Fig. 1 of Ref. 23), i.e., to
dissociations that occurred during the interval 2.7 - 4.0 s after the charge transfer formation of
the Np. The distributions are also not corrected for resolution, Eqn. (3), which for AL = 18 cm
is significantly degraded for dissociation processes that occur throughout this region (AW/W =
0.37). The upper distributions in Fig. 1 are obtained from an N2 beam formed from N(EI) with
a total accumulation time of 4.6 hours, equally divided between electron beam intersection and
nonintersection using a 1.1 mA beam of 48.5 eV electrons and an N2 beam flux of 4 x 109 s-1 in

the interaction region. The lower set of distributions in Fig. 1 were observed with the N3 beam
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formed from N3(HC). These spectra were acquired over a longer time interval and at a lower
electron energy (30 eV) and current, but are scaled in the figure to the same product of N; beam

flux and accumulation time as is appropriate for the upper distributions.

Spontaneous Dissociation Fragments. Dissociation of N3 in the absence of electron
beam interaction represents a rather substantial background to observing the N electron impact
dissociation products, indicated by the small intensity difference between the solid lines and the
dots in Fig. 1. Under the conditions of the present measurements, the background dissociation
represented > 95% of the observed fragmentation. This background is independent of pressure
within the interaction region, suggesting that it arises from unimolecular dissociation of
electronically excited N3 molecules in the beam. The structure in the W distribution of this
background, reflecting the energetic locations of the dissociating N3 electronic states relative
to their separated atoms, appears quite similar for both N§(EI) and N3(HC) precursors,
qualitatively suggesting that essentially the same dissociating N7 states are formed. However,
the relative intensities of specific features are substantially greater when the N is produced by
electron impact, presumably reflecting an increased cross section for their charge transfer
formation from the AT, state. Furthermore, the overall intensity of spontaneous dissociation is
greater in the N7 beam formed from the N3 (EI) precursor, representing a fractional decay of 5 x
10-6 of the N7 beam flux within the interaction region, compared with a fractional decay of 2 x
106 for N, formed from N3 (HC). Explicit identification of the dissociating N3 states solely on
the basis of these W distributions is difficult because of the very poor resolution, AW/W ~ (.37,
that accompanies the very long region over which products are collected, and is beyond the scope
of the present paper. However, fragments produced in the region near W = 2 eV have becn
optically identified as arising from predissociation of the metastable a" lZ.Z;'(v=0) level.3 Given
the known lifetime33 of this state (3.49 £ 0.10 ps) and the range of flight times between the
charge transfer cell and the interaction region, we can estimate the concentration of a" lZzg(v:-())

in the nascent N3 beam to be approximately 10 ppm from the observed flux of fragments. Such a
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small population would be consistent with the fact that a” formation by charge transfer in N2 1s
approximately 12 ¢V nonresonant. Lifetimes of the other states contributing to the spontaneous
background dissociation are not known, but the formation of these states would also be highly
nonresonant; hence it is reasonable to assume that their fractional concentration in the No beam is

also quite small.

Electron-Impact Dissociation Fragments. Despite the relatively high flux of
spontaneous dissociation fragments, the W distribution of the electron-impact dissociation
process, Eqn. (1), can be obtained from a direct subtraction of the nonintersecting W distribution
from the distribution obtained with the electron beam intersecting the N3 beam. These
distributions, now corrected for the collection efficiency of the apparatus and binned into one-
fifteenth fewer W intervals to minimize the statistical error introduced by the subtractions, are
shown in Figure 2. The statistical error associated with each binned intensity is represented by
its error bar in the figure. Fragment intensities within each bin are connected by a solid line to
assist a visual identification of the fragment intensity in adjacent W bins. 1t should be noted that
the size of each bin in the distribution exceeds the nominal resolution of the apparatus for energy
releases W < 1.2 eV, as indicated by Eqn. (3). The true collection efficiency for fragments
produced with W < 0.5 eV is strongly dependent on the precise alignment of the beam collection
flag with the N2 beam. Error bars given for those points in the distribution at these low values of
W may therefore not fully reflect the actual magnitudes of the errors. Because of the relatively
large spontaneous dissociation background, the statistical errors throughout the distribution are
quite large. Nevertheless, a clear pattern of structure appears in the distributions that is
reproducible and varies little with changes in electron-impact energy, or with the choice of bin

size. This is indicated by the three distributions shown in Fig. 2.

The top and center distributions in Fig. 2 are observed for an N2 beam produced from
N 5(HC) with electron impact energies of 28.5 eV and 48.5 eV, respectively. The bottom

distribution is obtained at an electron impact energy of 48.5 eV for the Nj beam produced from
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N3(EI). It can be seen that for each of these cistributions, the highest fragment intensitics are
produced in two peaks centered nea~ W ~0.8 eV and W ~1.1 eV. Substantial fragmentation also
occurs at lower energy releases and for energy releases W < 2.4 e/. At higher values of W, the
fragmentation intensity is much smalier, despite the fact that the sensiiivity of the apparatus is
quite uniform for fragments produced with energy releases in the range 1 eV S W <3 eV,

The fragment distributions shown for the two electron energies in Fig. 2 are also characteristic
of those observed at higher electron impact energies. At electron energies below ~25 eV, it was
not possible to obtain a statistically significant distribution of fragment flux dispersed among a
useful number of W bins, due to the decrease in both electrrn beam intensity and dissociation

probability with decreasing electron energy.

As noted above, fragmentation in the range of 0.5 £ W £ 1.2 eV groups into at least two
peaks which are quite narrow. Such a distribution is characteristic of the predissociation of
discrete energy levels in the N, rather than the result of an electron-impact excitation to a
dissociative continuum. Predissociation is also found to characterize the fragmen: energy
distributions observed in the electron-impact dissociation of the i ioelectronic CO molecule.?3
Despite the rather large error bars, the W ~ 1.1 eV peak is clearly narrower than that centered
near W ~ 0.8 eV and has a peak intensity comparable to or smaller than the W ~0.8 eV peak
for the N3 beam formed from N3(HC). There is also a suggestion of subsidiary structure in the
W ~ (.8 ¢V peak. The variation in fragmentation intensity with W is more regular at the higher
energy releases. However. the degradation in energy resolution with increasing energy does not
allow a clear distinction between the production of these fragments by continuum dissociation or
by the predissociation of several N2 energy levels. At fragment energy releases below W ~ 0.5
eV, the fragment distributions are less reproducible, for the reasons given above and show no
clear evidence of structure. The data do indicate, however, that the flux of fragments in this

region is consistently higher from beams produced from the neutralization of N3 (HC) than from
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N3(EI), although in each case, these low energy fragments represent a relatively small fraction of

the total dissociation products.

Dissociation Cross Section
The total dissociation cross section Ggjg is obtained from the relation

N'anne
Ogis = ———B1E @
Tt Lk

as discussed in Ref. 23. Here, Ifo/M is the N2 beam flux, I, is the electron beam current, vy is
the velocity of the N, beaizz, taken here to be the velocity of the N¥ precursor, e is the electron
charge, & is the coincidence efficiency of the PSD-C, and x is the collection efficiency of the
PSD-C, i.e., the fraction of the total cm distribution of the dissociation fragments that is viewed
by the detector, and N* is the total accumulated number of electron impact disscciation pairs as
the electron beam is slowly translated completely across the Ng beam at a constant velocity u.
Each of these terms is separately mcasured with the exception of the PSD-C collection efficiency
X, which is an explicit function or the N7 beam energy, fragment energy release W, and the
center of mass angles © and @ defining the ejection of the fragments orthogonal to the plane of
the PSD-C and within the plane of the PSD-C, respectively. Only © is expticiily measured by
the PSD-C for each dissociation event, whereas the @ distribution must be inferred from a
comparison of the total apparent cross sections measured at two different orientations of the
electron beam with respect to the active axis of the PSD-C. Thus 7 makes the single targest
contribution to the uncertainty in Ggjs. Finally, an error is introduced into the cross sections by
the prese..t inability to observed fragments produced v.ith W < 0.3 eV. As can be seen in Fig. 2,
there is appreciable fragr -ent flux at values of W just above this limit, particularly when the Nj
beam is formed from N3(HC). However, as discussed in the next section, therc is no reason to
believe that very low energy reiz2nses would dominate the el 'ron-impact dissociation for this
molecuie. For the present measurements, we approximate this unobserved flux by extrapolating

the average fragment intensity observed for “he interval 0.3sW<0.5 ¢V to W=0. Thisin. luces
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an increase in fragment flux beyond that actually observed of roughly 5%. The total absolute
uncertainty in the dissociation cross section, taken as the rms sum of the uncenainties in Eqn. (7),

is $28%.

The absolute cross section for electron-impact dissociation of N2, reaction (1), was
measured over the electron energy range of 18.5 to 148.5 eV using an N; beam formed from
N3(HC). The measured values, in units of megabamns (1 Mb = 1 x 10-18 cm2 = 0.01A2) are
shown by the solid points in Figure 3 and are given in Table I as a function of electron impact
energy. The estimated absolute errors in these values are given in Table [ and are represented
by the bars in Fig. 3. Dissociation cross sections were also measured at several electron-impact
energies using an Ny beam formed from the N3(EI) precursor. No detectable systematic

difference in the cross section values from those given in Table I was observed.

The dissociation cross section of N3 has also been determined by Winters? from
measurements of the effective pumping speed within a constant volume of N gas that is
produced by the adsorption of the N-atom dissociation products on nickel and molybdenum
surfaces following electron impact. This measurement included not only electron-impact

dissociation, Reaction (1), but also dissociative ionization:

Ny +e = N+ 4+ N+2e. (5)

However, the cross section for Reaction (S) has been independently measured by several
groups3.6-13 as a function of electron energy. If we subtract this dissociative ionization cross
section, using the recommended values of Itikawa et al.,13 from the dissociation cross section
of Winters, the cross section for Reaction (1) is obtained. These values are shown by the open
circles in Figure 3 and are also listed in Tabie 1. The error limits given in Figure 3 are the
absolute errors of +10%/-20% ¢stimated by Winters (bur shown in the figure as 120%), and do
not include the small additional errors associated with the dissociative ionization cross section.

A comparison of the solid and open circles in Fig. 3 shows that the present measurements lie
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uniformly below the implied measurements of Winters. However, it is also seen in this figure
that with few exceptions, both sets of measurements overlap within their stated error limits.
One exception is the cross section at an electron impact energy of 18.5 eV, where the present
measurement has a value of roughly 32% that of the interpolated value of Winters. However, in
this region, the cross section changes rapidly with electron energy, hence systematic errors in
the electron energy of the two data sets (= | eV in the present measurements) will appear as a
difference in cross section magnitude. Also, the angular distribution of fragments could not
be explicitly determined in the present measurements at this low electron energy; rather it was
assumed that it remained constant from observations at higher energies. This introduces an
increased uncertainty because molecular alignment will likely be enhanced as the excitation
threshold is approached. Since the dissociation cross section for N obtained in the present
measurements and the value of this cross section implied by the measurements of Winters are
reasonably consistent within their state error limits, the best estimate for the dissociation cross

section of N7 would be obtained from an average of the two sets of measurements.

Neither the present measurements nor the measurements of Winters gives a good
definition of the variation of the dissociation cross section with electron energy in the immediate
region of the dissociation threshold. However, detailed relative cross sections in this region have
been reported by Winters, Horne, and Donaldson,36 who also used a surface adsorption measure-
ment technique, and also by Niehaus.10 The latter work utilized a pair of modulated electron
beams and mass spectrometer detection to observe the neutral products of electron impact
dissociation. A significant variation of this method has recently been used37 to determine the
electron impact dissociation cross section of CH3. The sensitivity of Winters et al.'s experiment
10 variations in the fragment angular distribution near threshold should be minimal, but that of
Niehaus is unclear. Nevertheless, Zipf38 has noted that the relative cross sections of Winters
et al. and Niehaus are in good agreement, suggesting that these relative cross sections are

rehiable.




An improved representation of the cross section for electron-impact dissociation of Nj
can be obtained by taking a weighted average of the present absolute cross section values and
those of Winters? and extrapolating this average to threshold electron impact energies using the
relative pumping speed measurements of Winters, Horne, and Donaldson.36 Derived values for
this cross section are given in Table II for electron energies between 10 eV and 200 eV and are

shown by the solid line in Figure 3.

DISCUSSION

Because of the importance of N7 in the earth's atmosphere, where it is subject to electron
impact by ambient photoelectrons and auroral electrons, the excitation and dissociation of N has
received considerable attention. Excitation processes have been particularly well characicrized
over the past 30 years using the technique of electron energy loss spectroscopy . Although
discrepancies exist in the excitation cross sections of particular electronic states which are being
addressed even at the present time,39 the identification and relative importance of most Ny
electronic states excited by electron impact is reasonably well understood. The ultimate fate
of these excited states, however, is considerably less clear. Despite a rather substantal bond
dissociation energy0 of 9.7537 £ 0.0011 eV, most of the electronic states in N lie above the
lowest dissociation limit N(4S) + N(4S). Thus, the possible decay channels of the excited states
includes not only radiative cascade to lower states, but also predissociation to atoms and, above
15.580732 £ 0.000009 eV, ionization.4! The problem is more complex yet, when one considers
that for 50 eV electron impact, at least 80% of the electronic excitation to states above the first
dissociation limit populates the bound states blIl,, b'1ZY, ¢, ¢'ZY, 011y, eIy, and e1E]
states.8 All vibrational levels of these states lie above the second N3 dissociation limit, N(2D) +
N(48) at 12.1373 ¢V, and many of their levels also lie above the third limit, N(2P) + N(4S) at
13.329 eV. Thus predissociation to two or three dissociation limits can compete with allowed
optical fluorescence into the ground X ’Z}' state or the allly state. In addition, the band b’

valence states are strongly mixed with the c, ¢', 0, €, and ¢’ Rydberg states.19 This mixing
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produces large irregularities in the spacings of the rovibrational levels and in transition
intensities. Furthermore, it produces irregularities in both predissociation rates and product

branching ratios since the mixing implicitly modifies the coupling to the dissociation continua.

Dissociation of N3 has been considered in detail by Zipf and McLaughlin.!! They
measured the cross sections for the emission of photons from these states as a function of
electron energy. By subtracting the emission cross sections from the excitation cross sections
derived from electron scattering data, !5 they arrived at state specific dissociation cross sections
and predissociation branching ratios (ngjs, the ratio of the predissociation cross section to
the excitation cross section) for individual vibrational levels in the N3 states. Their data,
summarized by electronic state for 200 eV electron impact, is given in Table III. More recently,
Ajello et al.12 have measured the emission cross sections at higher resolution utilizing the recent
reevaluation*2 of the Lyman-a cross section which serves as the vuv emission standard in both
their and earlier work. They also derive cross sections for the predissociation of individual
vibrational levels by subtracting the measured emission cross sections from electron impact
excitation8 cross sections. Their results for the N states, as summarized by James et al.43 for
100 eV electron impact, are also given in Table III, as are the excitation cross sections for these
states at 50 eV given by Trajmar et al.8 A comparison of the measurements in Table III shows
first that there is considerable variation in the values of the excitation cross sections assumed for
the various states. This variation is even more pronounced when one considers that the cross
sections for each of these states should decrease as the electron energy increases from 100 eV
to 200 eV. Despite this variation, there is a remarkable degree of consistency in the implied
predissociation branching ratios (ngjs) for most of the states. The exception is the implied
branching ratio for the ¢’ state, which Zipf and McLaughlin find to be ~28% predissociated,
while Ajello et al. find no evidence of predissociation, implying < 10% predissociation

considering the nominal accuracy of the emission cross sections. As pointed out by Ajello et al.,
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this disagreement would be even greater (55% vs <10%) if the Zipf and McLaughlin emission

cross sections were rescaled to the new value for the Lyman-a standard.

Apart from the seven perturbed electronic states, excitation of several other electronic
states that lie above the lowest dissociation limit is known to accompany electron impact on N.
In particular, the alllg, wlA,, C3IT,, E323, a"1Z{, G311y, and F3I1, states have measurable
excitation cross sections.8 The C state however, does not dissociate for levels that are signifi-
cantly populated by electron impact,*# and the strongly populated levels in both the a” and
E states are relatively long-lived.35:45 Both the a and w states are known to dissociate* in
those levels, v>6 and v>4 respectively, that lie above the N(4S) + N(4S) limit. Ajello and
Shemansky36 estimate that dissociation of the a state amounts to 13% of its excitation cross
section and give values for the dissociation cross section of this state of 1.54, 0.77, and 0.39 Mb
at electron energies of 50, 100, and 200 eV, respectively. The excitation cross section of the w
state is large for threshold electron energies, but decreases rapidly with higher electron energies.8
Its contributions to dissociation would be negligible at the higher electron energies. Emission
has never been detected from either the G or F states, hence dissociation of these states is
probable. Total excitation cross sections8 for these states are 1.7 Mb and 1.0 Mb, respectively,

at60eV.

Predissociation of a rovibrational level produces a discrete release of translational energy
1o the fragment atoms which must be accounted for in describing electron energy deposition in
N3. Furthermore, both the translational energy and the electronic state of the dissociation frag-
ment can affect its subsequent reactions. The magnitude of the translational energy release
depends only on the energy of the predissociated level above the relevant dissociation limit of
the molecule. As discussed above, there are only three possible dissociation limits that can be
populated from the b, b', ¢, ¢, e, and ¢' states. If fragments are formed at each of these limits,
then one predissociated level can produce as many as three discrete translational energy releases

which are widely separated in energy. Relative to the translational energy release for the
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production of ground state atoms N(4S) + N(4S), the translational energy release for production
of N(2D) + N(4S) would be 2.384 ¢V lower, while that for production of N(2P) + N(4S) would

be 3.576 eV lower, given the known47 energy separations of the atomic states.

The fragment energy release distributions observed in the present work from electron
impact dissociation of N provide a direct measure of the dissociation products from the
ensemble of electronic states and rovibrational levels formed in the electron impact. Given that
the relative predissociation cross sections for the dominant electronic states excited by electron
impact are known (Table III), the distribution of fragment energy release accompanying their
predissociation should be predictable with only a presumption as to which of the three possible
dissociation limits are populated. Predicted fragment energy release distributions are shown in
Fig. 4 together with observed distribution for 50 eV electron impact. The predicted distributions
represent the partial dissociation cross sections for 100 eV electron impact of Ajello et al.12 and
James et al.43 for the ¢',c,b',b, and o states, and of Ajello and Shemansky46 for the a state. The
partial dissociation cross sections for the e and e' states are the 200 eV partial excitation cross
sections of Zipf and McLaughlin!! and those for the G and F states are the 50 eV integral
excitation cross sections of Trajmar et al.8 distributed over vibrational envelopes characteristic
of the N3 X2Z'£ and A2[1, states, respectively. The energy of each point in the distribution
represents a vibrational energy above the specified dissociation limit. An explicit consideration
of rotational structure would smear these points to higher energy by 0.04 to 0.08 eV whereas
apparatus resolution would broaden the rotational distribution by Eqn. (3). The center
distribution presumes that all predissociation, with the exception of the a state, produces N(2D) +
N(4S), while the bottom distribution is for production of N(2P) + N(4S). In all cases, only the
lowest dissociation limit is accessible in the predissociation of the a state. The N(4S) + N(4S)
and N(2D) + N(2D) distributions are not shown. The former can be obtained by shifting all
points in the center distribution, with the exception of those for state a, by +2.746 ¢V. The latter

can be obtained by shifting the value of W for all points in the bottom distribution, also with the
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exception of a, by -1.191 eV. Very few of the known predissociated levels lic above the N(2D) +
N(2D) limit.

A comparison of the experimental fragment energy distribution with the calculated
distributicns shows a strikingly good agreement with that calculated for N(2D) + N(4S)
production. In particular, the two peaks in the experimental distribution match quite precisely
with the production of fragments to this limit from c(v=0) and c¢(v=1), shown as the open squares
in the center distribution with W =0.797 eV and W = 1.071 eV, respectively. This association
is made more compelling by the fact that vibrational excitation in the N3 beam produced an
enhanced intensity in the W ~ 1.1 eV peak, as was shown in Fig. 2. Furthermore a broadening of
the lower W peak correlates with significant predissociation expected from v=2,3,4 of the b state.
Finally, the sharp decrease in the experimental fragment intensity for W > 2.4 eV is also matched
by the relative predissociation cross sections, where the contribution here is largely from very

high vibrational levels of the b’ state.

The very good overall agreement between the center distribution and the experimental
spectrum in Fig. 4 provides a clear indication that production of N(2D) + N(4S) is the dominant
dissociation channel in N2 dissociation. Furthermore the experimental spectrum specifically
excludes any significant production of N(4S) + N(4S) dissociation products, except those arising
from high vibrational levels of the a state. Of the remaining electronic states, the lowest energy
level lies 2.746 eV above this dissociation limit. It can be seen from the experimental spectrum
that very few fragments are produced at this or higher values of W. Finally, the experimental
distribution clearly allows production of N(2P) + N(4S) as a minor dissociation channel in the
predissociation. As can be seen in Fig. 4, production of fragments at this limit will primarily
contribute to the fragment energy distribution in the region near W = 1 eV and would not be
distinctly resolved as a minor contribution to the experimental spectrum. Information on the
relative contributions of the 2D and 2P predissociation channels could in principle be determined

from a qua.ititative simulation of the experimental fragment distributions. However, such a
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simulation is not attempted here. Rotationally resolved photofragment energy release studies
have demonstrated that branching of the predissociation products between the 2D and 2P limits
can be quite complex, as expected from the strong Rydberg-valence couplings, and must be
considered on a level by level basis.20 In particular, branching between these limits was shown
to vary with rotational level for the ¢'(v=0) state and with rotational level and parity for the
e(v=0) state. In contrast, the b'(v=16,17) levels were found to exclusively (>95%) predissociate
to the 2D + 4§ limit, even though they lic more than 1 eV above the 2P + 48 dissociation limit.
These b' levels correspond to the solid circles in the center distribution at W = 2.091 eV and
2.167 eV, respectively. Similar product branching determinations are in progress for the other

N> states.34

Another conclusion from the comparison in Fig. 4 is that predissociation of bound N3
states, as implied by the absence of significant continua in electvon energy loss excitation spectra,
makes the dominant contribution to the electron impact dissociation of N3. Predissociation is
consistent with the observed lack of sensitivity of the dissociation cross section to anticipated
changes in the vibrational distribution within the N2 beam. Furthermore, the overall pattern of
predissociation among the N3 states derived by Ajello et al.12 and by James et al.43 appears to be
in rather good agreement with the observed fragment energy distributions. One might therefore
expect that the sum of the partial dissociation cross sections of Ajello et al. and James et al.
would approach the total dissociation cross sections determined in the present work and by
Winters.? As shown in Table III, the sum of the dissociation cross sections for the b, b', c, ¢', 0,
and a states is 46.7 Mb with an absolute uncertainty of order 25%. Excitation and complete
dissociation of the e, ¢', G, and F states would account for an additional ~6 Mb for the
dissociation cross section to give a nominal total of 53 1 18 Mb, where the error limits allow a
factor of two uncertainty in the contributions of the latter states. The total dissociation cross
section implied by the present measurements (Table I) is 85 £ 24 Mb. Thus these two sets of

measurements are consistent within their nominal absolute uncertainties. However, the total
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dissociation cross section of Winters, 145 +15/-29 Mb, clearly is inconsistent with the summed
partial dissociation cross sections, even allowing for an additional error contribution from
uncertainty in the dissociative ionization correction. If we presume that both the Winters cross
section and the summed partial dissociation cross sections are accurate within the stated limits,
this would imply that dissociation channels, beyond those considered in Fig. 4, must contribute
an additional >45 Mb to the dissociation, i.e., an increase of roughly a factor of two in both
density and magnitude over the pi-tial cross sections shown in Fig. 4. Although such a
possibility cannot be excluded entirely, it does not seem reasonable given the good overall
agreement shown in Fig. 4. More likely the discrepancies reflect the combined systematic errors
in all three absolute cross sections. This would support the suggestion in the previous section
that a weighted average of the total dissociation cross section determined by Winters and that

determined in the present work will likely provide the most accurate measure for N dissociation.

SUMMARY

Absolute dissociation cross sections and translational energy release distributions are
measured for electron impact on Nj in a fast molecular beam. The dissociation is observed
without contamination of the products by the dissociative ionization channel. A comparison
of the observed fragment distributions with the known energies and partial dissociation cross
sections of excited levels of N3 indicates that predissociation to form N(2D) + N(4S) products i
the dominant dissociation mechanism. Production of N(4S) + N(4S) and N(2P) + N(4S) as minor

dissociation channels cannot be excluded on the basis of the present measurements.

Absolute cross sections measured in the present experiment are found to be consistent
with those previously determined by Winters. A combination of the present values with previous
measurements of the absolute and relative dissociation cross sections yields a set of recommended
values for the N dissociation cross section over the electron energy range from 10 eV t0 200 eV.
Given the vast differences in technique among the various measurements, the recommended

values (Table II) should be considered highly reliable within their stated absolute uncertainties.
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Table |.

Cross sections {ogis) measured for the electron-impact dissoclation of N2. The dissocilative
ionization cross section from Ref. 13 has been subtracted from the measured cross section ot
Ref. 9 to arrive at the values labelied Winters. Cross section units are 1 Mb = 1 x 10-18 em=.

Dissocla‘lon Cross Section {Mb)

Electron Presont Measu. aments Winlters
Energy (eV) _ Odis Uncertainty _ Odis
18.5 174 11.4 54.2
23.5 66.5 220 98.5
28.5 80.7 24.7 121.3
38.5 86.5 29.0 139.9
48.5 101.7 295 143.3
73.5 95.5 25.2 146.0
88.5 84.0 25.1 150.2
148.5 90.2 27.2 127.2
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Table L.

Recommended cross section for the electron-impact dissociation of Na.
Cross section units are 1 Mb = 1 x 108 cm2,

Electron Estimated Probable
Energy Cross Section Absoiute Uncertainty

(eV) (Mb) (Mb)

10 0 - ]

12

14 4

16 20

18 36 18

20 52 20

25 87 17

30 104 22

40 115 26

50 123 21

60 123 24

80 120 30

100 116 30




Table Il

Partlal excitation cross sections and dissociation fractions (ndig) for the electronic states of N2.

State

Excitation Cross Section (Mb)

Ndis

Ref. 11 Ref. 43 Ref. 8
200 eV 100 eV 50 eV

Ref. 11 Ret. 43
200 eV 100 oV

a'lg
wlay
b'my
0 M
clny
clzd
o'm,
e'ny
elsd
G3y
F3r,,

2 Reference 46

- 6.22 29

- - 0.7
20.7 12.1 17.8°
17.1 12.8 10.30
12.0 16.1 g.7°
238 12.1 125>
48 75 2.1b
2.0 - .
0.6 - -

- - 2.3b

- - 1.20

b Average of cross section values given at 40 eV and 60 eV.
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- 0.122
0.97 0.95
0.83 0.84

>0.99 1.0
0.29 0.0
>0.99 1.0
>0.99 -
>0.99 -




Figure 1.

Figure 2.

Figure 3.

Figure 4.

FIGURE CAPTIONS

Distribution of translational energy releases W observed for the dissociation of Nj.
The spectra are uncorrected for the variation in the collection efficiency of the
apparatus with W. Distributions in the lower part of the figure are observed for an N»
beam produced from neutralization of N3 formed in the hollow cathode ion source.
A low pressure electron-impact source was used to generate the precursor N3 for the
distributions in the upper part of the figure. Fragment distributions observed with the
electron beam intersecting the N2 beam are shown by the solid lines, while those
observed with no intersection between the electron and N7 beams are given by the
points.

Translational energy release distributions produced by electron-impact dissociation

of N2. The distributions have been corrected for collection efficiency, but not for the
variation in resolution with W [see Eqn. (3);. Distributions at the top and center of
the figure are observed for electron impact energies of 28.5 ¢V and 48.5 ¢V,
respectively. The distribution at the bottom of the figure is observed for 48.5 eV
electron impact on an N2 beam with enhanced vibrational excitation. Statistical errors
of the points in the three distributions are represented by the error bars. The solid
lines are included only as a guide to interconnect discrete points in the distributions.

Cross sections for electron-impact dissociation of N2 [Reaction (1)]. Present
measurements are given by the filled circles together with error bars indicating the
estimated absolute uncertainty. The previous measurements of Ref. 9, corrected for
dissociative ionization, are given by the open circles. The solid line connects the
recommended values for the cross section listed in Table II.

Observed and predicted translational energy release distributions in the electron
impact dissociation of N2. The upper distribution is the translational energy release
distribution observed for 48.5 eV electron impact. Distributions at the center and
bottom of the figure are the partial dissociation cross sections for the vibrational
levels of 10 predissociated electronic states of N2 (see text and Table III) plotted as
a function of energy relative to the N(2D) + N(4S) dissociation limit (center) or the
N(2P) + N(4S) dissociation limit. The close correspondence between the top and
center distributions indicates that N(2D) + N(4S) are the dominant N; dissociation

products.
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ELECTRON-IMPACT DISSOCIATION OF OXYGEN
P. C. Cosby
Molecular Physics Laboratory

SRI International
Menlo Park, CA 94025

ABSTRACT

The electron-impact dissociation of O to form two oxygen atoms is observed in a crossed
beam experiment at electron energies between 13.5 eV and 198.5 eV. Detection of the correlated
dissociation fragments with a time and position sensitive detector permits detection of both ground
and excited state fragments, but excludes interference from dissociative ionizatic 1 products. The
observed translational energy releases in the O dissociation are consistent with production of
O(!D) + O(3P) fragments following electron impact excitation to the B3X;,, B'3X;, and 2311, states,
and production of O(3P) + O(3P) fragments from excitation to the (unresolved) c!Zy, A'3A,, and

A3Z?,' states. Absolute cross sections for the electron impact dissociation of O; are measured.

MP 92-261R
January 28, 1993
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INTRODUCTION

The O7 molecule is an important constituent of the atmosphere and other gaseous media.
The importance of obtaining an understanding of its response to electron impact, such as occurs in
aurora and discharges, has prompted a large number of experimental and theoretical investigations
of this species. Total electron impact cross sections are well known as are those for ionization,
elastic scattering, rotational and vibrational excitation, and for the excitation to several of the
electronic states in this species. However, dissociation cross sections must be inferred from the
cross sections measured for excitation to specific electronic states. Compilations of cross sections

for electron impact processes in O; are available from several sources.!-3

The O, molecule provides perhaps the best case for inferring dissociation cross sections
from excitation cross sections since all of its electronic states that are accessible from a thermal
populaton in the ground X3}.‘.§ state with electric dipole allowed transitions lie above the first
dissociation limit and appear to dissociate. Optical emission in the Schumann-Runge bands is
observed in O discharges at high pressure,? but the fraction of emitted light is small because all
ievels of the upper state of this system, B3Xy, are found to rapidly predissociate.5-7 At lower
pressures, only optical emission from highly excited atomic O, O*, and O** states is observed$-10
and highly excited neutral fragments formed by electron impact on O3 have been detected using
nonoptical techniques.!1-13 In general, the processes forming highly exciteu fragments represent
only a small subset of the overall O dissociation, and frequently their formation is through

dissociation processes in the OF ion.

Direct detection of the dominant O dissociation fragments has historically been difficuit.
Formation of O atom products in the ground 3P state and in the lower excited states, ID and 1S,
accounts for ali of the accessible dissociation limits below the ionization limit of the molecule.
The !D and !S excited states are long-lived, with radiative lifetimes of 148 s and 0.8 s,

respectively. These excited states can be monitored by their red and green line emission in the
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upper atmosphere, but are subject to rapid collisional quenching or reaction in most laboratory
environments. Nevertheless a few laboratory measurements of 'S, ID, and 3P production
following photodissoc:~uon of Oy have been made.!4-17 In addition, there has been one
unpublished measurement using chemi-ionization to detect O atom production following electron

impact dissociation of 07.18

The approach in the present experiment is to study the reaction:

O1+e203+e30+0+e+W (1)

in a crossed beam experiment. The O, beam is formed with several keV of translational energy
such that the O-atom dissociation fragments can be detected by secondary electron emission at an:
electron multiplier detector. At high impact velocities, the secondary emission efficiencies of
individual atomic states are roughly the same; hence fragments produced at the lower dissociation
limits can be detected. The high velocity of the molecules further serves to constrain the spatial
dispersion of the fragments such that all of the fragments, or at least a known fraction of them, can
be detected. The fragments are detected in multiple coincidence with respect to their spatial and
temporal separations, allowing a discrete pair of atomic fragments to be directly associated with
the dissociation of a single molecule and to obtain an explicit measurement of the translational
energy release W. Charged dissociation products are explicitly excluded from detection: hence
products of electron-impact dissociation O3, reaction (1), are observed without contributions from

dissociative ionization processes in the present work.

EXPERIMENT

The experimental apparatus and measurement procedures have been described in detail for
the electron-impact dissociation of CO19 and will be considered only briefly here. A fast (3-5
keV), collimated beam of O molecules is created by near-resonant charge transfer neutralization

of an O3 beam and intersected at right angles by an electron beam within an interaction region
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defined by a narrow slit and a beam flag. Undissociated moleculies are collected by the beam flag.
If an Oy molecule dissociates within this region and its fragments are produced with sufficient
transverse velocity to escape coiiection by the beam flag, the correlated pair of fragments is
detected by a position sensitive detector (PSD-C) which measures their radial (R) and temporal
(Ar) separations.20 This measurement specifies the center-of-mass translational energy released in
the dissociation (W), i.e. the difference in energy between the dissociating molecular state and its

atomic products at infinite separation:

2 |
W= (R2 4 By, )

Here, the translational energy of the fast O; beam, Eg, is taken to be the energy of the O3 precursor
in the charge transfer, M is the mass of Oy, and L is the distance between the point of dissociation
of the O molecule and the PSD-C. Both of these are taken to be constants describing all
dissociating O molecules. The measurement further specifies the angular distribution of the
fragments in the planes orthogonal to the detector. The fast O; beam flux is measured by a
pyroelectric bolometer and the absolute collection efficiency of PSD-C for dissociation fragments
is calibrated. All charged particles are collected by a weak electric field in the region between the
beam flag ana the PSD-C; hence dissociative ionization products do not contribute to the present

measurements.

As described previously,!? the electron beam has 2 rectangular geometry and an energy
spread of ~ 1.5 eV FWHM. Energy calibration of the electrons is made from the observed
threshold for the ionization of Ar2! and has an estimated accuracy of + 1 eV. Overlap between the
electron and neutral beams is controlled by physically translating the electron gun and electron
collector as a unit. This capability allows distinction to be made between neutral fragments cicated
by spontaneous or collisional dissociation of the O3, and electron impact dissociation of O;. The
gun translation further allows an accurate dissociation cross section to be measured without a

specific determination of the form factor describing the overlap of the electron and neutral beams.
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With the electron gun and the neutral beam aligned, overlap of the beams takes place
within a AL = 2.6 cm interval along the neutral beam flight path. Since it is not known a priori
where along this interval a particular O molecule dissociates to produce a detected pair of
fragments, the value of W implied by Eqn. (2) can deviate from the true magnitude of the

translational energy release by the factor

A 2AL

This factor represents the effective translational energy resolution achieved by the PSD-C for the
electron-impact dissociation fragments. Pressures in the interaction region were maintained at

<2x10-8 Torr in the present measurements.

Two orientations of the electron beam velocity vector with respect to the PSD-C in
combination with the fragment angular distribution observed by the PSD-C are required to define
the full angular distribution of the electron-impact dissociation fragments. In the present
measurements, these distributions are found to be isotropic within the center-of-mass frame of the
O3 at electron-impact energies >25 eV. At lower electron energies, the flux of fragments dispersed
in both energy release and angle was too small for a detailed angular distribution to be determined.
In interpreting the present data, we presume that this distribution remains isotropic at lower

electron energies.

The internal state distribution of the O beam is determined by the composition in the 0%
reactant beam and by the gas used for the neutralization. In order to achieve a substantial
difference in populations, the O3 ions used in the present work were created by two different ion
sources. A Nier-type source produced O3 by 100 eV electron impact (EI) on O; gas. Following
the >5ys transit time between the ion source and the charge transfer neutralization region, the
OI(EI) beam consists of ions in two electronic states: X2l'lg and a4I1,. The vibrational
distribution of the ions in these states is explicitly measured by observing with the PSD-C the

dissociative charge transfer (DCT) products of 0% following neutralizatiu. in Cs vapor. The
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observed vibrational distribution in the X2I1 state, given in Table I of Walter et al.,22 has 93% of
the population distributed among v=0-4 of the Xzﬂg state. The vibrational distnbution observed
for the a%T1,, state agrees with that reported by van der Zande et al.23 and & Grieman et al.,24 with
92% of the a4l state population distributed among v=0-8. The estimated distribution of
population between the X and a states is 0.47 and 0.53, respectively.22 A second ion source?3
produced O3 with a hollow cathode (HC) discharge in 0.5-1 Torr of O7 gas. These O3(HC) ions
are found to populate cn'y Xzﬂg(v=0) as evidenced by their Cs DCT translational energy release

spectrum,26

Charge transfcr neutralization from the initial ion state distribution determines the final
population distribution in the Oy beam. The present measurements were made using Oy, furan, or
Ar as the neutralizing gas. These have ionization potentials of 12.06 ¢V, 8.88 ¢V, and 15.76 ¢V,
respectively. Pressures in the charge transfer cell were adjusted in each case such that the
transmitted O3 beam current was attenuated by approximately 10%. Under these conditions, both
O3 and furan produced an O, beam with comparable efficiency, but Ar provided a substantiaily
lower neutral beam flux. At keV energies, the product state distribution produced by the charge
transfer of a particular initial ion state is determined by both the vibrational overlap integrals in the
ionization and recombination steps and the magnitude of the energy defect in the reaction. For the
case of O%, these requirements conflict such that the transfer of population between specific
vibrational levels in the ion and the neutral is not adiabatic. Partial charge transfer cross sections

have been calculated?7 for the productior. of specific product states in the reaction

03(X,v') + Oy(X,v=0) - 02(X,v") + O3 (X,v*) 4)

at 2210 eV. They predict that even from v'=0, significant populations will be created in v"=0-2
of the products, with 90% of the product population distributed in v" < 4. This should be an
appropriate estimate for the fast Oy beam population distribution produced by charge transfer in

07 of 3000 eV O{ (HC). A similar distribution is also expected from the calculated cross sections
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for the neutralization of the X2[1g component of O%(El), despite the incidence of vibrational
excitation in the reactant ion. However, neutralization of the large population of all, state in the
O3(EI) beam with O, has near-resonant product channels leading to the production of high
vibrational levels in O;, more than 4 eV above the ground vibrational level.28 There is no reliable
way to estimate the O beam state distribution produced by neutralization in furan or Ar.
Empirically, it is found here that electron-impact dissociation cross sections measured for the O,
beam produced from O3(HC) were comparable for each of the three charge transfer gases,
suggesting comparable vibrational distributions. In contrast, O; beams produced from O(EI)

yielded significantly smaller cross sections, suggesting a higher degree of vibrational excitation.
RESULTS

Fragment Energy Release

The distribution of translational energy releases produced by dissociation of a 3000 eV O,
beam formed in the charge-transfer neutralization of O3(EI) in O, is shown in Fig. 1. The spectra
are uncorrected for the collection efficiency of the apparatus, which produces the apparent cut off
in the fragment intensity near W = 0.2 ¢V and produces some attenuation of the fragment intensity
for W < 1eV and W > 4 eV. The upper spectrum in this Figure is obtained with a 1.1 mA beam of
50 eV electrons intersecting the O3 beam with a flux of 5 x 109 s-1, while the lower spectrum is
obtained under the same conditions, but with the electron gun repositioned such that there is
negligible overlap between the electron and neutral beams. The total accumulation time of the two
spectra was 9.7 hours with a 50% duty cycle for intersecting and nonintersecting beams. The two
spectra are histograms of the apparent value of W implied by Eqn (2) from measured values of R
and At for each pair of correlated dissociation fragments; fragments observed during beam

intersection are binned separately from those observed during nonintersection.

The lower spectrum thus represents the dissociation background to the electron impact

dissociation studies and consists of a structured energy releases in the region 1 eV W <2.2eV
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superimposed on a continuum of energy releases that decreases in intensity with increasing W.
Studies of this spectrum as a function of residual gas pressure in the interaction region show an
increase in the overall continuum intensity with increasing gas pressure in the range of 10-8 10 10-7

Torr, suggesting that the continuum arises from collision induced dissociation of the O; beam:

024X 503 20+0+W. (5)

This continuum contribution was found to be somewhat stronger when furan was used as the

neutralizing gas than when O was used.

In contrast, the structured region of the spectrum is effectively unchanged by either gas
pressure changes or the choice of Oy or furan as the neutralizing gas. The energy release near 1.8
eV is more prominent in beams produced from O%(EI) than from O3(HC), but the lower energy
features are essentially invariant with the state composition of the O% beam. These findings
suggest that the structured components in the energy release spectrum of the background

dissociation arise from dissociative charge transfer of O%:

0} +X-50; 50+0+W, ()

where the O3 produced in the charge transfer must survive transit between the charge transfer cell
and the entrance to the interaction region (the slit) before dissociating, a time period of roughly 3
ps. From the broad appearance of the energy releases and the large energy defect (~ 7 eV)
required for the charge transfer reaction to produce an O3 state lying >1 eV above the lowest
dissociation limit, we estimate that the spectrum arises from a very small concentration (~1 ppm)
of 05 in the fast beam with a dissociation lifetime of order 10 us. This is discussed in more detail
elsewhere.2? It should be noted that fragments produced by collisional dissociation or spontaneous
dissociation are collected from essentially the entire distance between the slit and the beam flag,

not just within the region of electron beam neutral beam overlap. Thus the resolution (and
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accuracy) of translational energy releases is substantially degraded, with AW/W ~ (.34 for the

products of reactions (5) and (6).

The translational energy release spectrum for electron-impact dissociation of Oy, reaction
(1), is given by a direct subtraction of the two spectra in Fig. 1. The results of such subtractions,
now corrected for PSD-C collection efficiency and binned into fewer channels, are shown in Fig. 2
for electron beam energies of 28.5, 38.5, and 148.5 eV. The spectra, which are not corrected for
resolution, Eqn. (3), are measured using an O beam produced from O3 (HC) neutralized in O,.
The error bars given for the fragment intensity at each W represent the statistical error associared
with the subtraction and the calculated collection efficiency. Over most of the spectrum, the
collection efficiency is quite flat (see Fig. 6 of Ref. 19). However, at W < 0.5 eV, the true
collection efficiency is strongly dependent on the precise alignment of the beam flag with the O
beam; hence the actual uncertainties in this region can be significantly larger than implied by the
error bars. Detailed W spectra of the dissociation fragments were obtained over the electron
energy range of 20-200 eV. Below 20 ¢V, the combination of small dissociation cross sections and
small electron beam currents produced W spectra with statistical errors comparable to the binned

fragment intensity and were of no utility.

The fragment energy release spectra shown in Fig. 2 exhibit several characteristics. At all
electron energies, most of the O, dissociations produce a value of Win therange 1 SW 2.5 ¢eV.
We identify this as W region II for later discussion. At electron energies < 70 eV, a significant
number of fragments are also produced with W < 1 eV. The precise variation of fragment intensity
with W is this region is somewhat uncertain, as mentioned above. However, it is quite clear, as
shown in Fig. 2, that the number of fragments produced within this region is much smaller for
higher electron energies. We designate this as region I. Finally, fragments are produced in the
region 2.5 < W <4 eV, designated as region IIl. These are somewhat more prominent at the lower
electron impact energies. At all electron energies, negligible fragmentation is observed with W > 4

eV.
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Total Dissociation Cross Section
The total dissociation cross section Ogjs is obtainzd from the relation

~_N'uwpne

= M
s Exlek

as discussed in Ref. 19. Here, I/ is the Oy beam flux, L is the electron beam current, vy is the
velocity of the O beam, taken here to be the velocity of the O3 precursor, ¢ is the electron charge,
§ is the coincidence efficiency of the PSD-C, and 7 is the collection efficiency of the PSD-C, i.c.
the fraction of the total cm distribution of the dissociation fragments that is viewed by the detector,
N* is the total accumulated number of electron impact dissociation pairs as the electron beam is
slowly translated completely across the O, beam at a constant velocity u. Each of these terms is
separately measured with the exception of the PSD-C collection efficiency x, which is an explicit
function of the O2 beam energy, fragment energy release W, and the center of mass angles © and
® defining the ejection of the fragments orthogonal to the plane of the PSD-C and within the plane
of the PSD-C, respectively. Only 8 is explicitly measured by the PSD-C for cach dissociation
event, whereas the ® distribution must be inferred from a comparison of the total apparent cross
sections measured at two different orientations of the electron beam with respect to the active axis
of the PSD-C. Thus y makes the single largest contribution to the uncertainty in Ggjs. Finally, an
error is introduced into the cross sections by the present inability to observed fragments produced
with W < 0.3 eV. As can be seen in Fig. 2, there is appreciable fragment flux at values of W just
above this limit, particularly at the lower electron impact energies. However, as discussed in the
next section, there is no reason to believe that very low energy releases would dominate the
electron-impact dissociation for this molecule. For the present measurements, we approximate this
unobserved flux by extrapolating the average fragment intensity observed for the interval
0.35W<0.5 eV to W=0. This introduces an increase in fragment flux beyond that actually
observed ranging from 5% at the higher energies to 14% at the lowest energies. The total absolute
uncertainty in the dissociation cross section, taken as the rms sum of the uncertainties in Eqn. (7),

is £34%.
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Total dissociation cross sections were measured for the O beam produced from O3 (HC)
neutralized in O or furan and for O3(EI) neutralized in all three charge transfer gases. Cross
sections for Oy formed by the O3(HC) precursor were found to be equal to within ~15% regardless
of the neutralizing gas, whereas those for the O3(EI) precursor were systematically ~30% smaller.
This difference presumably reflects a higher degree of vibrational excitation in the O; produced
from O3(EI). The cross sections measured from the O3 (HC) precursor are given as a function of
electron impact energy in Table I and shown as the solid circles in Fig. 3 in unitsof 1 Mb =1 x 10
18 cm2 = 0.01 A2, The magnitude of the error bars in Fig. 3 reflects only the relative uncerainty in

the measured cross sections; the absolute uncertainty is $+34%.

DISCUSSION

Fragment Energy Release

Representative potential energy curve of O are shown in Fig. 4, which also shows the
ground electronic state of O3. Electron impact on O; X 32& produces an electronic excitation in
the molecule, as indicated in reaction (7). The O2 molecule has a great many electronic states, 18
arise from just the lowest dissociation asymptote 3P + 3P. Considering the possibility of spin-
exchange in the collision, excitation of the X32{; ground state gives access not only to other triplet
states as in an electric dipole absorption, but also to the singlet and quintet manifolds as well. A
careful consideration of selection rules30 finds that essentially all of the excited states are

accessible to electron impact excitation, though not with equal probabilities.

In the Born approximation, the differential cross section for electron impact excitation is

given approximately by:
o~ 0o [wiyrdrp? ®)
0

where 0 is the cross section for the excitation of a specific electronic final state from the initial

state, here X3Z§, for an electron of specific incident and scattered momenta, and the y are the
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wavefunctions describing the nuclear motion along the internuclear coordinate r in the initial and
final electronic states. The term in on the right hand side of the Eqn. (8) is simply the Franck-
Condon factor for excitation between these states. Thus, states accessible to electron impact
excitation must lie within a vertical region, shown in Fig. 4 by shading for an initia! vibrational
level v=0. If the final state is a continuum state or a predissociated bound state, the projection of
the probability density described by this factor onto the energy coordinate relative to a specific pair
of dissociation fragments should closely approximate the distribution of fragments in translational

energy release W such as observed in the present experiment.

The lowest excited states of Oy, alAg and bIEE have potential energy curves32 similar to
those of the ground state and thus cannot be excited into a dissociative region with significant
probability in a vertical transition, but rather produce only electronic excitation33-36 upon electron
impact. The first dissociative regions accessed in vertical transitions are the repulsive walls of the
so called "6 eV" states, c1Z;, A'3A,, and A3Zﬁ, which adiabatically dissociate to ground state
fragments. The three states have similar potential energy curves32 and lie close in energy; hence
only the c1Xy, is shown in the figure. Vertical excitation to the 6 eV states,34-37 should give rise to
production of O(3P) + O(3P) with a kinetic energy distribution labeled I, given to the right of the
figure, that extends from W = 0 to W>2 eV. The next higher energy dissociation process is to the
repulsive wall of the B3Z; state with correlates to O(!D) + O(3P) fragments. Excitation in this
Schumann-Runge (SR) continuum38-40 is expected to produce a fragment energy distribution
labelled II which is peaked near W ~ 1.7 ¢V with a relatively sharp cutoff at higher W due to the
avoided crossing of this state in the vertical region with the 3Z; Rydberg state.4! Also accessible
in this region are the repulsive curves arising from the ground state limit, of which the 1311, is
shown in the figure.39.42 Adiabatic dissociation of these states will produce a form for the W
spectrum similar to that of the B state, but shifted to higher kinetic energies by the 1D-3P energy
separation (1.967 eV). Finally, excitation is possible to Rydberg states formed on the O3 X 1,

core.43 Two of these, the B3X; and 2311, are accessible in dipole allowed transitions from the
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ground state and are shown in the figure.44 In addition, the d'I1g and C31; Rydbergs lie in the
vertical region at a potential energy near 1 eV on the scale of the figure.45-48 These have been
characterized by translational spectroscopy#? and multiphoton ionization30.51 studies. All of these
states are predissociated. For the B' and 2311, this is manifested by a substantial broadening of the
transitions in the optical absorption spectrum.52 For the 1,31, the fragmentation has been
explicitly observed to the ID + 1D, ID + 3P, and 3P + 3P dissociation limits.49 Dissociation
products of the B'3Z; and 2311, states are not known. Dissociation to !D + 3P has been assumed in
Fig 4, as suggested by photodissociation studies,14.15 giving rise to the discrete energy releases

labeled ITI.

The electron energy dependence of the differential cross section for excitation to the
various clectronic states in O3 is given quite precisely by electron energy loss spectroscopy
(EELS), which measures the energy and intensity of electrons inelastically scattered from a
monocnromatic electron beam. The difference in energy between the incident and scattered
electrons is equal to the vertical excitation energy between the initial O X355(v=0) state and the
final excited state. This differs from the translational energy release W measured here for
dissociative states by the energy of the dissociation limit relative to X32'.;(v=0). The O EELS
spectrum observed by Wakiya33 for electrons scattered by 15° following 50 eV electron impact is
shown at the bottom of Fig. 5. This spectrum has an energy resolution comparable to that of the
translational energy release spectra measured in the present work. A constant value of 7.083 eV
has been subtracted from the observed EELS energy losses to place the energy scale of the
spectrum in this figure relative to the O(1D) + O(3P) dissociation limit, i.e. the zero of potential
energy in Fig. 4. At 50 eV electron impact energy, the spectrum is dominated by dipole allowed
transitions: excitation of the SR continuum B3X;X3Zg occurs for energy losses between 0 and
2.2 eV and should produce fragmentation corresponding to region Il in Fig. 4, and excitation of the
B'3X,; and 2311, Rydberg states at energy losses near 3 eV, corresponding to region IIl in Fig. 4.

The small undulations at the top of the SR feature have been assigned to excitation of the f"l'lg
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Rydberg state.40 Excitation to the 6 eV states, region I in Fig. 4, also contribute weakly to the
EELS spectrum, but at energies below the energy zero on the scale of Fig. 5. While the relative
intensities in the EELS spectrum are those obtained at a 15° scattering angle, they roughly reflect

the relative excitation cross sections integrated over all scattering angles.

The fragment translational energy release spectrum obtained in the present work following
48.5 eV electron impact is shown at the top of Fig. 5. The similarity between the fragment energy
spectrum and the EELS spectrum is strikingly good, both in terms of the cutoff for the SR feature
near 2 eV and the appearance of fragments following predissociation of the B'3Z; and 2311,
Rydberg states. In fact, the appearance of these fragments near 3 eV provides definitive evidence
for predissociation of these states to the !D + 3P dissociation limit; their positions in the spectrum
would be shifted by ~2eV o higher or lower energy if other dissociation products were formed.
Production of fragments at this limit has also been found following photoexcitation to these

states. 14,15

The main deviation between the fragment and EELS spectra occurs for W < 1eV, where
there is substantially more intensity than would be suggested by the excitation spectrum.
However, excitation of the 6 eV states necessarily must produce ground state fragments. These
correspond to region I of Fig. 4 and will contribute to the fragment intensity within the W < 1eV
region. Further justification for attributing the significant fragment intensity in this region to
dissociation of the 6 eV states comes from the electron energy dependence of these fragments
shown in Fig. 3. Substantially fewer fragments appear in this region for electron impact energies >
70 ¢V. Waikya53 has reported integral excitation cross sections for the 6 eV group of states and
for the SR continuum at several electron impact energies. The ratio of his cross sections GgevV/OSR
decrease from 0.105 at 20 eV to 0.021 at 100 eV. The relative decrease in the excitation cross
section is consistent with the relative decrease in low W fragment intensity with increasing

electron impact energy.

209




A second disagreement between the excitation spectrum and the fragment spectrum is the
relatively high fragment flux in the region 2.2 eV £ W < 2.7 eV between the high energy side of
the SR feature and the B' fragments. An obvious source for such fragments would be from SR
continuum dissociation accessed from vibrationally excited O3 molecules in the fast beam. The
EELS spectrum was obtained with an O, target gas equilibrated at room temperature; hence
essentially all molecules are in the v=0 initial state. In contrast, we expect a distribution of
vibrational levels, 0 < v < 4 to be populated in the fast O beam by charge transfer. However, if
the effect of such vibrational excitation on the bound-free Franck-Condon factors is explicitly
modeled using the empirical potential energy curves of Allison et al.,42 it is found to produce
relatively little broadening in the fragment energy release spectrum. Although vibrational
excitation expands the range of internuclear distances over which vertical excitation can take place,
the main effect of this is to increase the relative fragment flux from dissociation in the SR
continuum near W ~ 1.8 eV, rather than to substantially broaden the feature to higher values of W.
This is due to the inflection in the B state potential curve from an avoided crossing; its form has
been empirically defined by Allison et al. to reproduce the optical absorption spectrum. In fact,
there is some evidence of a weak peak in the fragment spectrum near 1.8 eV, which may be the
manifestation of O3 vibrational excitation. Another effect of vibrational excitation may be to
weaken the features at W ~ 3 eV attributed to B', 2311, predissociation relative to the SR feature at
W ~ 1.7 eV. However, the energy releases of the predissociation features cannot be broadened by
vibrational excitation. It therefore seems likely that the fragments in the region above the expected
SR cutoff arise from dissociation of the 6 =V states, which are expected to produce fragments in

excess of W = 2.2 ¢V even from an initial v=0 state, as indicated by distribution I in Fig. 4.

Another measure of the effects of O, vibrational excitation comes from the work of Stone,
Lawrence, and Seitel.18 These authors reported the time of flight spectrum of O atom fragments
produced following the dissociation of thermal O, molecules with a pulsed, 80 eV electron beam.

Chemi-ionization of the O atoms in a samarium vapor cell allowed detection of ground state
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atoms. !4 Their time-of-flight spectrum, now transformed onto an energy release scale, is shown at
the center of Figure 5. Horizontal error bars given in the figure indicate the rapid degradation in
energy resolution with increasing energy release that accompanies a constant uncertainty in
fragment flight time. In general, the fragment energy distribution compares favorably to that
observed at W < 1 eV in the present measurements for electron impact energies between 48.5 eV
and 98.5 eV . This gives support to attributing much of the fragment intensity in this region to
dissociation of the 6 eV states, rather than to the effects of vibrational excitation. Their spectrum
appears to decrease faster in intensity for W > 2eV than the present measurements, however it is
not clear that this can be attributed to the absence of vibrational excitation of O2 X in their
measurements or to the decrease in peak fragment intensity that must accompany the degradation
in energy resolution. This latter effect is most certainly responsible for the lack of any discernible

feature in their spectrum near W = 3 eV from Rydberg state predissociation.

Total Dissociation Cross Section

There have been two theoretical calculations of the cross sections for electron-impact
dissociation of O2. Chung and Lin3* used the Born-Ochkur approximation to calculate the
contribution to the electron-impact dissociation cross section arising from B3Zy, «X3Z; excitation
at electron energies between 10 ¢V and 1000 eV. Their results are given as the solid line in Figure
3. The calculations compare quite well with the measured cross sections, certainly within the
absolute uncertainty of the measurements. However, only dissociation through the Schumann-
Runge continuum has been considered in the calculations; hence they represent only a lower limit

to the total dissociation cross section.

Calculations of the electron impact cross section over the electron impact energy range
from threshold to 25 eV have been reported by Garrett et al.35 using an impact parameter
approach. These calculations considered only excitation in dipole-allowed transitions to the B3Zy ,
B'3L;, and 1311, states, shown in Fig. 4. The sum of these calculated cross sections as a function

of electron energy are given by the dashed line in Fig. 3. Since excitation of the 6 eV states, in
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particular, has been neglected, the calculated cross section also represents a lower limit to the total
dissociation cross section. Nevertheless, the calculated cross section is substantially larger than the

present measurements.

Experimental cross sections for electron-impact excitation to several dissociated states of
O3 have also been reported. These have been derived from differential EELS cross section
measurements that have been converted to integral inelastic scattering cross sections and
normalized to absolute elastic scattering cross section measurements. Trajmar, Williams, and
Kuppermann35 report the excitation cross sections at two electron impact energies to the 6 eV
states, the SR continuum, and to the B',23[1,; Rydberg states. The sum of these cross sections are
given by the two crosses in Figure 3. Wakiya33 has reported the cross sections for excitation to
these same states at 5 electron energies between 20 and 100 eV. The sum of his cross sections are
given by the open circles in this figure, together with error bars indicating his estimated
uncertainties. The open circles given at electron energies of 150 eV and 200 eV are Wakiya's cross
sections for excitation to the SR continuum alone; it accounts for 85% of the summed cross section
at 100 eV and should provide an even closer approximation to the total cross section at these
higher energies. There is some disagreement between the two sets of measurements as to the
clectron energy dependence of the cross secticn between 20 eV and 50 eV, but in general the
overall magnitudes of the cross section in this region is consistent. There appears to be strikingly
good agreement between the Wakiya measurements and the total cross section calculated by
Garrett et al. However, some of this agreement is fortuitous. Excitation to the B’ state contributes
35% of the calculated total cross section at 20 ¢V, whereas excitation to the B' and higher states
contributes only 13% to the total cross section of Wakiya33 and 15% to the total cross section of

Trajmar et al.35

A comparison between the present cross sections, the solid circles in Fig. 3, and the
experimental excitation cross sections from EELS finds the excitation cross sections to be

uniformly larger than the present dissociation measurements over most of the electron energy
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range. Nevertheless, both sets of measurements overlap within their mutual uncertainties for
electron energies >25 eV, but at lower energies the disagreement is significant. There is the
possibility that some fraction of the states excited in the EELS experiments do not dissociate,
however this is unlikely given the present knowledge of the excited states in O3. A more likely
reason for the smaller dissociation cross sections is that they are measured for O3 with a vibrational
population distributed among v=0-4. Garrett et al.55 have calculated the effects of vibrational
excitation on the excitation cross sections. They find that the cross section for Be-X(v) at 20 eV
decreases by roughly 18% between v=0 and v=2 and will presumably decrease further for
excitation from higher vibrational levels. A decrease in the dissociation cross section with the
enhanced vibrational excitation that is produced in the O) beam formed from OE(EI) neutralized in

O, is also found in the present measurements.

Kanik et al.76 have recently compiled a set of recommended electron scattering cross
sections for O~. By subtracting measured values of the cross sections for elastic scattering and
ionization from the total scattering cross section, they obtain a measure of the total cross section
for electronic excitation over the electron energy range from 1 ¢V to 400 eV. Of particular interest
here is that this implied electronic excitation cross section has a maximum value at 30 eV of 249
Mb. This value is nearly a factor of two greater than even the largest estimates for the cross
sections given in Figure 3 and a factor of four greater than the present measurement of the
dissociation cross section. The difference would imply a substantial reservoir for electron impact
excitation other than dissociation or ionization, but this seems unlikely given the present

knowledge of this molecule.

Partial Dissociation Cross Sections

The fragment translational energy release spectra measured in the present work allow some
resolution of the total dissociation cross sections into partial cross sections. Determining the
relative contributions of the 6 ¢V states and the SR continuum to the dissociation requires an

assumption as to the explicit form of in individual energy relcase contributions from these two
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sources of fragments; hence we avoid making such a determination here. On the other hand, there
is a fairly clear distinction between the fragments arising from the B',2311, and higher Rydberg
states and those from the lower energy states. If we attribute the fragment flux with W >2.7 eV 1o
dissociation from these higher states, their implied dissociation cross sections are those given in
Table I. It can be seen that they range from 6.3 Mb at electron energies near 30 eV to 2.5 Mb near
100 eV. The ratio of these partial cross sections to those reported by Wakiya53 is roughly 0.4 over
this energy range. This ratio is even smaller than the ratio of the total cross sections, 0.58. The
smaller ratio may indicate that product channels other than O(ID) + O(3P) are also populated in the
predissociation, e.g. O(1D) + O(1D) or O(!S) + O(3P) which could be obscured in translational
energy release spectrum by direct dissociation products (fragments I and I in Fig. 4). On the other
hand, the smaller ratio may merely reflect a greater sensitivity of these bound-bound transitions to

vibrational excitation in the initial state.

The calculations of Garrett et al.55 yield a large cross section for excitation into the B’ state,
46 Mb at 20 eV. This value far exceeds the experimental estimates of Wakiya33 (<15.7 Mb) and
of Trajmar et al.35 (1.5 Mb) as well as that obtained from an extrapolation of the present estimates
for the partial dissociation cross section to this lower electron energy. Garrett et al. assume that
tunnelling represents the only dissociation path in the B’ state and conclude that radiation rather
than dissociation will be the dominant decay process in its lowest vibrational levels. This
conclusion contrasts sharply with both the present measurements and with previous
photoexcitation studies.!4.15 Detailed studies of the absorption bands to the three vibrational
levels of the B’ state find asymmetric rotational lineshapes with a half-width-at-half maximum >
5.6 cm-! in these levels,52 implying a rapid predissociation of all levels.52 The discrepancy
between the calculations of Garrett et al and experimental observations seems to arise from the use
of a purely adiabatic description of the B' state. Recent calculations37 find that the diabatic
character of this state, formed from an avoided crossing of valence and Rydberg 3%, states, must

be explicitly considered to be consistent with optical absorption measurements.
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CONCLUSIONS

Absolute dissociation cross sections and translational energy release spectra are measured
for electron impact on O3 in a fast molecular beam. The translational energy release distributions
are found to be consistent with the major contributions to O, dissociation arising from optically
allowed electronic excitation to the B3Z; , B'3Z; and 2311, states, each dissociating to form O(ID)
+O(3P) atoms. Additional contributions appear in the fragment distributions that are consistent
with dissociation of the "6 eV" states, c1Z;, A'3A,, and A3Z}, 1o O(3P) + O(3P) atoms. Production
of energyrc  .cs W > 4 eV was found to be negligible at all electron impact energies, suggesting
that O states formed at or above the lowest ionization limit either autoionize or dissociate to O(1S)

+ O(3P) or higher limits.

The total dissociation cross section is found to maximize at a value of 66 Mb for electron
energies near 33 eV. However, the cross section refers to excitation from a vibrationally excited
distribution X3Zé(v==0-4) in the fast molecular beam. Such excitation is endemic to the fast Oy
beam production via resonant or near-resonant charge transfer neutralization of O3 due to the
displacement in equilibrium internuclear separations of the ion and neutral ground electronic states.
Tests using an O beam with yet higher vibrational excitation yielded a cross section 30% smaller
than this value. The measured dissociation cross section is smaller than previous measurements of
the excitation cross sections to the primary dissociating excited states in O;. While there are
substantial uncertainties in both the dissociation and the excitation cross sections, it seems most

likely that the smaller dissociation cross section can be attributed to this vibrational excitation.
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Tabile |

Cross sections measured for the electron impact dissociation of Q2. Units are
1Mb = 1 x10°18 cm2, Partial dissoclation cross sections for the production of
fragments with translational energy releases W > 2.7 eV are also given.

Total Dissociation Partial Dissociation
Cross Section Cross Section
Electron Relative Absolute Absolute
Energy Uncertainty Uncenainty W>27eV Uncertainty
(eV) (Mb) (Mb) (Mb) {Mb) (Mb)
13.5 22.0 9.7 12.2 - -
18.5 52.9 53 18.8 . -
21.0 56.5 8.7 211 - -
235 525 50 18.5 - -
285 58.7 52 20.6 49 1.7
33.5 66.3 7.7 23.8 56 2.0
385 61.0 34 21.0 5.2 18
485 53.4 2.9 184 4.6 16
58.5 444 45 15.8 39 14
735 36.6 42 13.1 3.2 14
98.5 331 56 13.6 3.0 1.2
1485 29.6 50 11.2 28 1.1
198.5 29.1 4.4 10.8 29 1.1
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure S.

FIGURE CAPTIONS

Distribution of translational energy releases W observed for the dissociation of Oz. The
spectra are uncorrected for the variation in the collection efficiency of the apparatus
with W. The upper spectrum is obtained with a 48.5 ¢V electron beam intersecting the
fast O beam. The lower spectrum is observed with the electron gun positioned such
that the electron beam and O, beam do not intersect. These spectra were obtained for
O3 produced by charge-transfer neutralization of O3(EI) to enhance the spontaneous
dissociation structure. Direct subtraction of the two spectra gives the translational
energy released in the electron-impact dissociation of O2.

Translational energy release distributions produced by electron-impact dissociation of
O3 at three clectron energies. The distributions have been corrected for collection
efficiency, but not for the variation in energy resolution with W (see Eqn. (3)).

Dissociation cross sections and excitation cross sections for electron impact on O72. The
present measurements of the total dissociation cross section are given as a function of
electron energy by the solid points with error bars reflecting the relative uncertainties of
the individual measurements. The solid line labelled CL and the dashed line labelled
GRMR are calculations of excitation cross sections to dissociative states by Ref. 54 and
335, respectively. The crosses labelled TWK and open circles labelled Wakiya are
experimental estimates of the excitation cross sections to dissociative states in C; using
electron energy loss spectroscopy by Ref. 35 and 53, respectively, where the error bars
represent the absolute uncertainties of Ref. 53.

Potential energy curves of 0} relevant to electron-impact dissociation. Potential energy
is relative to the O(1D) + O(°P) separated atoms. The vertical excitation region from
O3 X3%(v=0) is indicated by the shaded region. Estimated translational energy relcase
distributions from dissociative states in three regions: I for dissociation to ground state
atoms; II and III for production of O(!D) + O(3P), are shown to the right of the figure.
Tic marks along the energy release distributions are in increments of 1 ¢V in W, The
ground electronic state of O3 and the first ionization limit are also shown in the figure.

Three energy distributions of O referenced to a common energy scale. The upper
distribution is the translational energy releasc observed in the present work following
48.5 eV electron impact dissociation of a fast O molecular beam. The center
distribution is the translational energy release distribution obtained by transforming the
O(3P) arrival time distribution observed by Ref. 18 following 80 eV eclectron impact on
thermal O2. The bottom distribution is the scattered electron intensity at 15° as a
function of energy loss observed by Ref. 53 following 50 eV electron impact on
thermal O). A value of 7.083 eV has been subtracted from the observed energy loss to
reference it to the O(!D) + O(3P) dissociation limit. The ordinates of each distribution
are linear, but the numerical labels are arbitrary.
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