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1. INTRODUCTION

From an experimental point of view, electron-impact dissociation of molecules is clearly

the least understood 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 ,nduce transitions to excited states in a molecule, which

dissociate to produce fragments having high translational energies:

AB +e- --+AB* +e- .- A + B +W +e (1)

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 Zipf1 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 H2 from observations of the pressure rise in a closed volume

of this gas subjected to electron bombardment. Winters obtained the dissociation cross sections

of N2,4 C-14 ,5 and several fluoroalkane compounds 6 by measuring the pumping speed produced

by the gettering of their dissociation fragments by metal surfaces. Niehaus 7 obtained relative

dissociation cross sections of N2 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 CH2 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
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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.
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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 neutralization. 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
source9 was used. This source allowed the preparation of intense ion beams of simple molecular
ions such as H2 and N2. 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. 10 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

3
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ion 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 sourceI 1 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+, O, N2, and H+3 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 O0 in Cs vapor to obtain detailed distributions of both the electronic and rovibrational distri-
butions of OC produced in our electron impact ion source under various conditions. 10 Initial
tests showed this technique to be applicable also to N2, CO+, 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 Oý.

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 well-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 fragmer:', 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 bear- 'ux 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 insulateo stainless steel collector. A potential

difference of 80 V DC between the collector and the tube and a length/diameter ratio of 40 for

th 'ube facilitates the consistent removal from the collector of the secondary electrons that are

produced by the impact of the fast neutral beam. The neutral beam flux N is related to the

measured current at the Faraday cup lfc by the relation:

N 1ki(2)71

where ii is the effective secondary emission coefficient.

Absolute calibration of the neutral beam flux was made with a pyroelectric bolometer 12,13

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 [Vn (3)
Nv,

where N is the neutral beam flux, I is the current of the ion beam of equal energy, e is the

electron charge, and Vn and Vi 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 11 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 (<1 x 10-8 Torr) 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:

6



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---ýB+) 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 16 observed the products of the N2'/N 2 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, C12 molecules produced by the charge transfer of CI• in C12
were photodissociated at 11 laser wavelengths between 7993 A and 3507 A, exciting DIFlu4-

X1 +
EX transitions at the blue wavelengths and 13ng (-- B31lu 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. 18

In the second study, we detected the fast neutral product 0* in the charge transfer

reactions:

O(aaIlu) + X - O* + X+ (X = 02, NO) (5)

Here we specifically use an electronically excited reactant ion so that products can be observed
with dissociation techniques. For both the 02 and NO neutralizing gases, a significant fraction
of the product Oý populates vibrational levels in the B3y.ý state, which predissociates:

02(B3 -,v) -- O( 3p) + O(3p) + Wv (6)

7



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

detector.

The product translational energy spectra observed for 02 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 02 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 02 and 9.25 eV for NO.

Considering the initial vibrational distribution in the reactant 01 a4nul state, which is

independently measured, and the Franck-Condon factors for the a4 FIu--B 3XY 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 - I eV. This same propensity

also described the products of the C1/C12 reaction.

Resonant capture in the 02(a)/NO reaction should also produce high vibrational levels

in the 02 ground electronic state X32ý, which of course do not dissociate. We probed these by

photodissociation of the O beam:

Oj(X3].•,v) + hv -4 02(B3y.,v) (7)

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 results shown in Figure 3. This figure shows the

fragment intensity of reaction (6) dispersed both in ranges of W, 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
X31g(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 resonanc-, to some extent. Although only a tiny fraction of the charge transfer

reactions lead to production of nonresonant product states (indeed a negligible fraction from the

8



1200

960- 02INO

C- 720 - 0 10 20

B31

0 480
nA-

-% + /

240

o .... II -AI!
0.00 0.75 1.50 2.25 3.00

ENERGY RELEASE W~eV)

Figure 2. Fragment translational energy releases observed for the prompt dissociation
products of 02 following charge-transfer neutralization of O; In NO gas (top) and
in 02 gas (bottom). Vibrational levels of the 02, B3 Eu state are Indicated up to Its
dissociation limit.

9



25

0

iti

130 4£2 3M3 29 d2N 327

250 -

Wo 12.1.4eV

IS740 I6201: 0 is m is 172M 171M
PLOTJN ENERGY (CL"1 )

Figure 3. Pholofragrnent (0 + 0) yield In the photodissociation of 02.

The lowest spectrum shows the total photofragment flux as a function of the photon
energy. In the upper spectra, this flux Is dispersed into three translational energy release
ranges. Calculated band origins and Franck-Condon factors for the B3O.((V) +- X3 I4(v")
transmions labelled (v,v) are shown by the position and length of the vertical bars.
Deviations in the observed band Intensities from the Franck-Condon factors mainly reflect
vibrational populatons in the X3 T. state.

10



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

11
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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 the 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 0 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 0, leading to the conclusion that CO

constitutes >95% 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 = Ra + Rb. 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:

R~M M (8)
RM m'

where m and M denote the masses of the light and heavy fragments, respectively. 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
a fast CO beam by 40-eV electrons. The dashed line in this figure denotes the mass ratio for C +

0 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 (Th0 2)

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

13
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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
I mA for nominal beam energies Ž:50 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 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 10-4 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

!50.007 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 eV 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 s-I and a current of 0.5 mA for 20-eV
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Figure 7. Characteristics of the electron beam.
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electrons, their respective beam densities amount to only 1.4 x 105 molecules/cm 3 and 3.6 x 107

electrons/cm 3. 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 2

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 dissociates, 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. 21
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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:

.( m. [R2 + (vAt)2 ] +m - M)vAt(9)

and we calculate the center-of-mass angle (with respect to the beam direction) 8 at which they

were ejected:

8 = tan'-(R/vAt) (10)

In these equations, m and M are the masses of the light and heavy fragments, respectively,

produced by the dissociating molecule of mass m + M, Eo = (M + m)v 2/2 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 g.m in the determination

of R and better than I 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 = 2AI./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.

19



Att

Cb 0 ~

rigre 8. NeWt nvICt aga 'ho fl " *tb nap fQ theC

energY feiease 0ptO " Plttth e lo n O ~ '~ fdegw ftras ard8 R n

J.rrqMoal (m) r8pamo l h n 0ta m "

20



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 detector. 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 gs. This

interval is yet smaller for larger E0 , 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- (11)

-4 A + B+ + 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 X and a coincidence efficiency term •.

Collection Efficiency

The present fragment detection technique has a significant advant.ge 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 1 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 E0, translational energy release W, and the

center-of-mass fragment ejection angles e, defined above, and 0, the radial angle in the plane

orthogonal to the beam velocity: X(E0,W.OMA).

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 to

compute X. For the experiments described here, E0 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 0,0 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 L' 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 0 can assume any value between 0 and x/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 ,2 3 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, 24 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 sin 2O) or parallel (3 cos2O) 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 beam 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 orientations 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 8-distribution characteristic of an isotropic distribution in

the center-of-mass frame. Furthermore, the total electron dissociation 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 120 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 1 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:

CI = D*pl (12)

C2 = D*P2

where p1 and p2 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*pl*P2. (13)
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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/C1  (14)

PI = C/C 2.

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 4 = P1*P2 is
explicitly dependent on fragment velocity (which is effectively the same as that of the parent
mo!ecule). However, we operate at sufficiendy high velocities that fragment mass, charge, and
electronic excitation have little effect on 4, which can generally be determined to within 5%
accuracy.

DISSOCIATION CROSS SECTION DETERMINATION

The cross section a for electron-impact dissociation occurring in a crossed molecular and
ion beam is given25 by the equation:

RFo-Ne Nn M' (5

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

M -4ve2 + vn2 - 2vevncsO, (16)VeVnSin0

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

F= .NNn (17)

Jne(z)nn(z)dz
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where ne(z) and nn(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
MUller et al. 19 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:

Nu Nuvn (18)
M Ne Nn Ne Nn'

provided the starting and ending positions of the electron beam are totally beyond the range
of overlap. In terms of the experimental observables, i.e., the number of detected dissociation

fragment pairs (N*), the neutral current at the Faraday cup Ifc, and the electron beam current le,

the cross section Y is:

N* u Vn e9)

where e 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 rt at each position z. To exclude electron-
independent dissociation products from the accumulated total fragments, the (position
independent) background dissociation flux Nbkg is accumulated during the scan for a period
of 5r with the electron beam positioned at the scan starting position zo, ending position Zm, or
alternately at zo and Zm after each five steps of the electron gun:

1 [5k+4

N= -- N*(zk,)- N*bkg(ZO,5)]. (20)
k=O L i=5k

The significance of n'odulo 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, Is < t : 3s, Izm - zd
> 0.48 cm and u = lzm - zj/m-t• 9 .8 x 10-4 cn/s.

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.e., 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.

2
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3. RESULTS AND DISCUSSION

CARBON MONOXIDE

The electron-impact dissociation of CO to form C and 0 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+(X 2L+), 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 N2 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 N2 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 02 to form two oxygen atoms was observed at
electron enf rgies between 13.5 eV and 198.5 eV. The observed translational energy releases in

the 02 dissociation are consistent with production of O(ID) + O( 3p) fragments following
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electron impact excitation to the B3EL,, B'3VZ, and 23Hu states and production of O( 3p) + O( 3p)

fragments from excitation to the (unresolved) c 1-, A' 3Au, and A3Z+ states. Absolute cross

sections for the electron-impact dissociation of 02 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 C12 molecules. These

molecules were produced in a fast beam by the charge-transfer neutralization of Cl1 in C12 gas.

Because of the highly reactive nature of Cl2 gas, use of the hollow-cathode ion source to produce

a ground state Cl2 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 C12 beam.

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

reaction:

C12 + e- -+ Cl + Cl + W (21)

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<I eV.

Interpretation of the energy release spectra is best understood in terms of the electronic

states of C12 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) + CI(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 X11" ground electronic
state to the dissociative DInu state and to the repulsive wall of the weakly-bound A,A',B3Hu
states give rise to the broad fragment energy release at 0 < W : 4 eV that is the principle
dissociation mechanism at all electron energies. The fragment energy release from the D state
should peak near W = I eV, while that from the A,A',B 3fu 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-eV spectrum, with a substantially smaller
contribution from the triplet state in the 17.4-eV spectrum.
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Significant fragmentation also arises from excitation to higher lying 11+ and I nu states.

These states in C12 are characterized by strong Rydberg-ion pair-valence state interactions.

The ab initio curves of Peyerimhoff and Buenker27 in this region are shown in Figure 12 for

reference. Electron-impact excitation followed by rapid predissociation of two or more states

in tis 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 I E+u 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 I 1Z+ followed by 1 IL+u

--+ 11fg fluorescence. The ab initio potential energy curve27 of the dissociative i fIlg 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 C12, 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 02.29 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 C12, 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

C12 molecule (Do = 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 C12 is in preparation.

CARBON DIOXIDE

Electron-impact dissociation of CO2 was studied over the electron energy range of
12.4 eV to 200 eV. The molecule was formed by charge transfer neutralization of CO+ ions in
C02 gas. Production of the CO'+ 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 CO+2 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 (C0 2).
Observation of the distance ratio of the electron dissociation products, Eq. (8), further
demonstrated that the primary (>95%) dissociation reaction is:

CO2 + e- - CO + 0 + W. (22)

The fragment energy release 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 + 0 dissociation fragments is W = 0.73 eV and 90% of the fragments are produced with
W 5 1.71 eV.

The dissociation energy of CO2 is 5.349 eV, but production of ground state products
CO(X1y+) + o( 3p) is spin-forbidden from the singlet electronic states in this molecule.
Although electronic excitation of CO2 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 C02:
CO(X) + O(IS) at 9.539 eV and CO(a3aF) + o(3P) at 11.385 eV. Photoexcitation studies indeed
find that O(1S) 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 CO2
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Figure 14. Fragment energy releases observed in the dissociation of C02.
The top spectrum is that observed In the present work for the production of CO + 0
fragments following 50-eV electron impact. The center spectrum is that observed by
Freund (Ref. 34) for the production of CO(a 3r"u) following electron impact. The bottom
spectrum is that observed for the production of 0(1 S) fragments by Welge and Gilpin (Ref.
35) following photon impact.
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electron-impact excitation spectrum, ((IS) and CO(a) are predicted to represent 73% and 27%,
respectively, of the dissociation products from COC 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:

CO(1 1.87 eV) -- CO(X) + 0(1S) + 2.33 eV (23)

CO(13.25 eV) -- CO(a) + O( 3p) + 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 tht 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 (X1T+, v - 5) and 1.14 eV (a3Flu, v -4), respectively.

Freund34 observed the time-of-flight velocity distribution of CO(a) products from the
electron-impact dissociation of C02. 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(IS)" distribution yields a mean translational energy release of 0.86 eV, with 90%
of the fragmentation occurring with W 5 1.82 eV. Welge and Gilpin 35 obtained a velocity
distribution for an 0 atom fragment, believed to be O(Is), produced in the photodissociation
of CO2 at photon energies estimated to lie in the range 10.68-11.80 eV. 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 CO2, Reaction (22), is shown
by the solid points in Figure 15. The error bars in this figure reflect the statistical uncertainties 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 5 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. 36,37 If we apply the above estimates of 73% and 27% for the partitioning of the
CO2 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(a3fl)
following 27-eV electron impact. This value compares favorably with the estimated cross
section of 40 Mb reported by Freund 34 for the production of CO(a) at this electron energy. Thus
the presumption that the dissociation dynamics of C02 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 NO2 was observed over the electron energy range of
12.5 eV to 100 eV. The N02 molecules were created by charge transfer neutralization of NO0
in N02 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 NO2 gas target. Ionization measurements of the neutral beam indicated that only one species,
>95% NO2, constituted the fast neutral beam. All measurements were made with the N02
precursor formed by electron-impact ionization of NO 2 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 2 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 N02, furan, or mesitylene. The fragment distribution maximizes at low energy releases. If we
presume that this distribution extrapolates smoothly into the unobserved 0 < W 5 0.3 eV region,
the average translational energy release is found to be W ~ 0.84 eV.

The electron-impact energy loss spectrum of N02 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 NO2. If we
integrate this excitation spectrum over states lying between the lowest dissociation limit of NO2,
production of NO(X21) + O( 3P) at 3.13 eV, and the ionization limit, we obtain an average
excitation energy of 7.94 eV for electron impact substantially above threshold. Given this
excitation energy, the following dissociation channels of N02 are accessible:
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NO- . NO(X) + O( 3P) D = 3.13 eV (25)

- N(4S) + 02(X) D = 4.51 eV (26)

-- NO(X) + O(ID) D = 5.09 eV (27)

-- NO(X) + O(IS) D = 7.32 eV. (28)

Figure 17 shows the distribution of mass ratios observed in the electron-impact dissociation of
NO2 . The dominant flux of fragments peaks at a ratio near 1.875, corresponding to the
production of NO + 0 products. The distribution is broad and overlaps the region in which the
ratio of 2.286, corresponding to the production of N + 02, 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(ID) and O(IS) fragments at <10% and 51%, 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(X21") product. This is consistent with the finding in the
photodissociation study39 that the NO X21 state is strongly populated in vibrational levels up to
the thermodynamic limit.

Figure 18 shows the cross section measured for electron-impact dissociation of NO2 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 H2, NO, CF, CF2, CF3, NF, and NF2
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

41



20000

"NO +O
(15M00z

MASS RATIO

Figure 17. Dlstrfbution of the mass ratios of the N02 dissociation products followving
50 0V electron impact.
The expected ratios for two dissociation channels ar indicated.

42



100

80

z
O 0 T0

w 404

0 20 40 60 s0 100
ELECTRON ENERGY (eV)

Figure 18. Total cross section for the electron-lnpact dissociation of N02 as a function
of electron energy.
The error bars Indicate the estimated absolute uncertainty in the measured
values. 1 Mb -I x 10.18 cm2.

43



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 H2, the spontaneous fragmentation is found to occur from leve!s of the
c3 flu state that decay with a lifetime in the range of 100 gis to 1 ms by both predissociation40

and radiation into dissociative states.4 1 Production of this state, which is populated only in

trace quantities within the prodmvts of H2 charge transfer neutralizatior, could not be reduced

to acceptable levels by varying either the choice of neutralizing gas or the method of H2

production. Furthermore, electrostatic quenching 42 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 2

gas, and N20 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 O+ beams,1 0 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 CFn and NFn are also predicated on the ability to produce the parent

ion beams under conditions of minimal electronic excitation.
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Appendix A

PHOTOFRAGMENT SPECTROSCOPY OF 02: EXCITATION OF THE SCHUMANN-
RUNGE BAND SYSTEM
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Photofragment spectroscopy of 02: Excitation of the Schumann-Runge band
system

P. C. Cosby and H. Helm
Molelar Physic Depanmen4 SRI International. Menlo Park California 95023
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Photodissociation of O0 is observed by direct detection of coincident neutral photofragments
following laser excitation of a fast molecular beam. The 02 beam was prepared by charge-
transfer neutralization of keV energy O and irradiated by a linearly polarized, line selected
,r' 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
02B 'I, (v' -= 1-18) -X XI (vW = 22-37) Schumann-Runge transitions.

INTRODUCTION velocity (mass) selected by a Wien filter, and pass through

The B 1;-X 31 "Schumann-Runge" (SR) system an 8 cm long cell filled with the charge transfer reactant gas.

of 02 has been the subject of a great many spectroscopic as shown schematically in Fig. I. A variety of pure reactant
studies over the last 84 years, I The importance of this system gases: 02, N2, D2, Xe, and He, were used in the present cx-
arises from the fact that it accounts for the elective absorp- periments. The (unknown) gas pressure in the cell was ad-
tion of solar flux at wavelengths of > 176 um." Moreover, justed to allow a total attenuation of the 0" beam by ap-
the upper state in this system is predissociatad, allowing effi- proximately 30%.
cient conversion of solar photons into energetic 0 atoms in Fast neutrals are formed by charge transfer with the
the mesosphere and thermosphere.' Accurate modeling of reactant gas:
the 0 atom production rate requires a precise knowledge of 02+ + M-0 2 +M , (1 )
both line positions and linewidths in the SR absorption where the underline denotes the species with hyperthermal
bands, but the unfortunate combination of poor Franck- translational energy. Unreacted ions exiting the charge
Condon factors for absorptions from X(v =•0) and rapid transfer cell are deflected by an electric field and collected.
predissociation of the B state relative to emission has frus-trated thacieveen t of theBstte glaie tThe fast 0, beam is collimated over a distance of 50 cm and

T the achiva emaity of annthese gboratl s o e opasses through a 0,03 X 0.2 cm slit before being intersected at
Ile availability of an intense laboratory source of vibra- right angles by the 0.3 cm diameter intracavity beam of a line

tionaly excited 02 would allow tselected, linearly polarized Kr' laser. For specific lines in
sorptions at visible wavelengths using narrow linewidth Ia- the wavelength range of 752.5-476.2 om, the laser power
ters and sub-Doppler techniques. This goal was partially varied between 20-200 W. Experiments were performed
achieved in the recent observation4 of SR absorption by Ia- with theelectric vector of the laser oriented either perpendic-
ser-induced fluorescence in a flame. However, the resolution ular to the molecular beam velocity vector or collinear with
there was limited by the large Doppler and collisional it. The molecular beam flux passing through the laser is esti-
linewidths associated with an atmospheric pressure flame. mated to be of order 1 0' s

We report here the production of vibrationally excited
O2 in its ground electronic state by the charge transfer ofkeV
energy 021 in various target gases. The excited 02 molecules
are produced in a highly collimated fast beam allowinge opti- 0
cal excitations with linewidths as narrow as 0.01 cn '. Pho-
tofragment spectroscopy of the coincident 0 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. 0; t-wn 0

EXPERIMENTAL TECHNIQUE
The experiments were performed using the SRI fast 0,

neutral beam photofragment spectrometer, which has been Cos

recently described." The O0 ions were formed by the impact FIG. I. Schematic diagram of the experimental opparatus. Charge transfer
of 180 eV electrons on 02 gas in a Nier-type electron impact neutralization of a keV O" beam produces the fast O0 beam. Photodissocia-of18 eetrn g s tdies e rof iont ton of the O, by a linearly polarized laaer creates correlated painr ofO-atom
ion source of a design used in earlier ss frasments. whose amval time difference and separation 1% explicitly mea-
are accelerated to an energy in the range of 2500 to 4000 eV, sured by the detector

1434 J. Chem. Phys. 90 (3), 1 February 1989 0021-9606/89/031434-06.02.10 ® 1989 American Institute of Ptysics
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The pair of 0 atoms arising from the dissociation of (7 28) (9.2)
single 0, molecules are detected using a position-sensitive o309 A (11,
detector for correlated particles (PSD-C). This detector, 32)
which we have recently described in detail.6 explicitly mea-
sures both the spatial separation (R) and temporal separa- •
tion (r) of the two correlated fragment atoms. From these ( r 8)
two measured quantities, both the center-of-mass kinetic
energy of the fragments (W) and the orientation of the dis- z
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- 4762 (4.24)
fies the energy of the dissociating molecular state E' with 11 2)

respect to the energy of its constituent atoms at infinite sepa-
ration, i.e., a molecular dissociation limit. Since the photon I I -I , L
energy (hv) used to produce the photodissociation is 0.5 0. 1. 3 1.7 2.1 2.

known, the energy of the absorbing molecular level E* rela- KINEtiC ENERGY RELFASE ("t1

tive to this same dissociation limit is also specified: FIG. 2. Kinetic energy spectrum of 0-atom photofrag.nen•t observed at
Whree exciting krypton-ion Ila" lines. Major peaks are identifed by the up-

E' = W- hv. (2) per and lower vibrational quantum numbers (V',u) of the eleevant Schu-

The absolute accuracy of W (and therefore E' and E ) mea- mann-Runge absorption band.

sured by the detector is estimated6 to be better than 0.02 eV.
The angular distribution of fragments which is explicitly
measured also for the observed photodissociation provides tion. The intensity of the fragments varied with energy re-
additional information 9 on the relative symmetries of the lease and excitation energy over a range of2 orders ofmagni-
absorbing and dissociating molecular states. tude. The stronger photodissociation rates were generally

observed at the shorter wavelengths. Kinetic energy releases
OBSERVED PHOTOFRAGMENT SPECTRA less than I eV or greater than 2 eV were not produced by

The 02 beam was irradiated by eight lines of the Kr' photodissociation of O2 at any of the examined wavelengths.

laser over the wavelength range of 752.5-476.2 nm. At each Representative 0-atom photofragment energy release spec-

wavelength, discrete releases of kinetic energy in the range tra obtained at the 476.2, 520.8, and 530.9 nm Kr÷ laser

W = 1-2 eV were observed to result from the photodissocia- lines are shown in Fig. 2. The abscissa in this figure is the

TABLE 1. Photofragment energy releases observed in the photodisnociatiOn of 0, Assignnments are given for
absorption in the B-- Schumann-Runge bands.

Excitation Photon Assignment
wavelength energy W =. - E' E W£. - W.k

(rnm) (eV) (eV)" (eV) (v'.v') N (eV)b

752.5 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 1.9155 1.834 -0,012 (12M37) 22 - 0.002
568.2 2.1815 1.788 -0.394 (11,32) 18 0.004

1.911 -0.271 (15.34) 12 0.007
530.9 2.3349 1.580 - 0.755 (7,28) 22 - 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 -0.416 (16,32) 6 -0.000
1.954 - 0.381 (18.32) 18 -0.005

520.8 2.3799 1.654 -0.726 (8.28) 24 0.005
1.676 -0.704 (8.28) 30 -0.001

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 1.113 - 1.490 (1.22) 16 - 0.004
1.137 -1.466 (1.22) 22 -0.003
L.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 to O( IP2 ) + Of 

3
P ).
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fragment kinetic energy W. The fragment intensities are only a
relative within each spectrum.

A single, discrete energy release is expected to appear in 8

the W spectrum as a peak of approximately Gaussian shape 3 0 .
with a width oforder 0.010 eV. As can be seen in Fig. 2, some >

of the observed features appear as nearly discrete energy re- R s. o (3p) -o
leases, while others consist of groups of closely spaced ener- W 0
gies, some of which are partially resolved. The observed en-
ergy releases were found to be invariant with kinetic energy z
of the 02 beam and with laser power. Changing the species of .3 07
target gas to form the 02 beam by charge transfer also pro- X 31
duced no detectable changes in the observed energy releases,
although the relative intensities of the subsidiary structure -,
associated with the major peaks could be varied by as much 0 1 2 3 4 s
as 50% with choice of charge-trar.•'er reactant. The use of WJTENUCLEAn |DISTAICE A()

02 as the charge-transfer gas produced the highest photodis- FIG, 3 Potentia energy curves for the 02 mateobserved in the phoiod
sociation rates. citson Photoabtorption occurs from high viirauwr! lrvels of the ground

The kinetic energy releases measured for the prominent electronic state into various rov~bratuonal kveIs of the B 'Y : state The B

peaks in the photofragment spectra are given in Table I. state is predissoctated to ground state atoms. whose klnetic energy is mea-
These values of W represent the energy of the dissociating sured in the experiment. The Bstate predusocmation is believed to occur by

state (E') with respect to the separated atom limit of the coupling to the repulsive i.* .In..fl d autote anunS from the
lowest dituocitton lhmit. Only the latter state is shown in the Sglure

fragments. Subtracting the photon energy specifies the ener-

gy of the absorbing state (E ) with respect to this same limit.
At first gla-t, the pattern of energy releases appears quite
random. For example, an energy release of 1.260 eV is ob- 1.0043 4 W< 1.97 eV. Thus the B state meets all criteria for
served at 752.5 run, whereas increasing the photon energy by being the upper electronic state in the observed photodisso-
nearly 1 eV to 476.2 nm produced a still lower release of ciation. The energy levels of the B state are rather accurately
1.1 13 eV. and completely known. "',' It is shown below that the opti.

The quasidiscrete nature of the observed fragment ener- cal excitation into these levels is fully consistent with the
gy releases and their apparent random distribution with ex- energy releases observed in the photofragment spectra. The
citing photon energy is consistent with photodissociation in potential energy curves of the relevant states of 0. are shown
a bound-bound absorption, where the upper bound state is a in Fig. 3.
quasi-continuum due to rapid predissociation. In this case,
only selected rovibrational levels in the upper state can be IDENTIFICATION OF THE ABSORBING ELECTRONIC
pumped at a given laser wavelength, each giving rise to a STATE
discrete kinetic energy release. In the following two sections, The absorbing 0, state must be formed by charge trans-
we discuss the identification of the upper and lower elec- fer of 0', and must survive the 3-5 ,s transit time between
tronic states of 02 that participate in this process, the B "I.- the charge-transfer cell and irradiation by the laser. In fact,
and X��- states. these constraints are not very restrictive. Fractional popula-

tions in the 02 beam of order 20 ppm would account for the
IDENTIFICATION OF THE DISSOCIATING ELECTRONIC observed photodissociation rate if an allowed transition were
STATE pumped by the laser. Furthermore, all of the experimentally

A compelling feature of the photofragment spectra is known valence and Rydberg states in 0 can be formed from
the restricted range of W over which the quasidiscrete ener- the addition of a single electron to an O X :H, or a 'fl,
gy releases are observed. The lowest energy fragments are core. These two states are known' to be the major constiku-
observed with W = 1.113eV and thehighest with W=1.954 ents in an 0' ion beam produced by =200 eV electron
eV. This highest value of W corresponds very closely to the impact. However, we must further require that the candi-
energy of 0('D) above 0 (3)P), 1.967 38 eV. This suggests date absorbing state access the predissociated upper state at
that the predissociated upper state correlatis to an 02 disso- visible wavelengths. This restriction categorically eliminates
cation limit in which at least one of the atoms is O('D), with all of the known electronic states in 0 with the exception of
the dissociation continuum arising from the next lower limit the X 'I-- ground electronic state.
in which one of the atoms is 0( 3P). The photofragment energy releases require that the ab-

The lowest vibrational level of the B I- state lies sorbing energy levels in the lower state lie at energies
1.0043 ± 0.0004 eV above the 0(1'P) + 0('P) dissociation between 0.082 and 1.490 ± 0.012 eV below the dissociation
limit and this state correlates to the 0('D) + 0('P) limit, limit. For the X state, these energies correspond to highly
Predissociation of all levels in this state by the 'I.' and excited vibrational levels between v" = 22 and the conver-
"1.3.5TI states arising from the 2 0(P) limit is known to gence limit. Such levels can indeed be formed in vertical
occur, with lifetimes ranging from 1.5-53 ps.' 2 Transitions transitions by charge transfer of the 0- a 'fn. state For the
into this state should give rise to photofragments with choice ofan 0, target gas, which we found to most efficiently
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produce the absorbing levels, the charge transfer into high state. The precision of the level energies obtained in the fit is
vibrational levels of the ground state is nearly resonant in found torange from ± 0.02 cm -'at v 0 to ± 0.94cm-'
energy. Furthermor,). the X state is optically connected to at v' = 28. The absolute accuracy of the energies of the high-
the candidate predissociating state B I.- via the strongest er levels is, of course, unknown. It depends quite critically on
transitions known in 0,, the Schumann-Runge bands. the accuracy' of Creek and Nicbolls"' data.

Accurate prediction of the energies in the high vibra- Extrapolation of the vibrational level energies and rota-
tional levels of 0 2X is problematic. The region above uv = 22 tional constants above V = 28 was accomplished by nu-
is well beyond the expected range of validity of published merical solution"' of the Schrodinger equation for a model
Dunham coefficients and RKR potentials are available' potential describing the X state. The potential was derived
only in the range below v = 2 1. Vibrational energy levels of from an RKR2 0 potential describing the vibrational and ro-
X have been calculated for the range v = 0-32 by Guber- tational constants in the range v" = 0-28 (thedata of Ref. 16
man"5 from an ab initio potential energy curve. Agreement provide nearly the sole source of information on rotational
between the theoretical and experimental values was found constants for v* > 2) and smoothly extended to the dissocia-
to be within 20 cm ` (I eV = 8065.479 cm `) for v'<22, lion limit by the relation
where comparison could be made. However, this potential
energy curve predicts an 02 dissociation energy'" nearly
1800 cm-' smaller than the currently accepted value. V(R) = D,- 1.467 78x 10/R - 1.076 79x 10'/R 2

Hence, higher vibrational energies computer from the curve (3)

will lie increasingly too low in energy.
A considerable volume of spectroscopic data exists on where the units of energy and distance are cm-' and 10`

the SR bands that access levels in the X state to V = 28 that cm, respects' ely. The energy levels generated by the poten-
allows a more accurate prediction of the requisite vibrational tial reproduced the experimental values to within ± 0.5
and rotational levels to be made. Early determinations of cmr- ' for all vibrational levels and the computed rotational
band origins in the SR system.' together with the more re- constants were within ± 0.001 cm-' of those given by Ref.
cent observations of Creek and Nicholls," Cheung et al.," 16 for all levels except V = 29, where the difference between
and Copeland et a.' define an interconnected set of vibra- the calculated and observed constants was - 0.0022 cm-.
tional levels of the B and X states extended from v = 0 to The calculated energy levels, in eV relative to the dissocia-
V = 28. We have performed a correlated least squares fit of tion limit, as well as the rotational and first order centrifugal
these origins following the "term value approach" of As- distortion constants for v' = 20-26 are given in Table II.
lund "7 '" to obtain the relative vibrational energies of the X Also provided in this table are the similarly computed vibra-

TABLE 11. Computed energies and rotational constants of the O.X 'M; and B 'I.- states. Energies are ci-
pressed in eV relative to the O( -P2 ) + O(OPI) separated atom limit.

X state B state

E(') B(v' D(LO) E(u') BW)') D(V')
v" (eV) (cm-') (lO-Icm-') Le (eV) (cm-') (lO-cm-)

0 -5.1154
20 -1.7981 1.12259 0.5333 0 1.0043 0.812 41 0.4456
21 - 1,6627 1.10583 0,5448 I 1.0895 0.800 12 0.4622
22 - 1.5305 1.08873 0.5583 2 1.1720 0.75 64 0.4806
23 - 1.4015 1.071 19 0.5742 3 1.2515 0.770 22 0.4990
24 - 1.2759 1.053 12 0.5928 4 1.3279 0.75381 0.5253
25 - 1.1537 1.03438 0.6151 5 1.4011 0.73668 0.5627
26 - 1.0352 1.014 81 0.6426 6 1,4709 0.71848 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 0.94628 0.8450 9 1.6570 0.65290 0.8223
300 - 0.6038 0.91627 0.9945 10 1.7102 0.62575 0.9359
31' -0.5099 0.880 75 1.1608 11 1.7583 0.59531 1.0806
32' -04235 0.84082 1.2923 12 1.8011 0.561 35 1.2622
33, -0,3452 0.797 67 1.4652 13 1.8383 0.52385 14870
34' - 02753 0.74964 1.6658 14 1,8699 0.48307 1 7589
35' - 0,2141 0.698 48 18976 15 1.8960 043962 2.0749
36' -0 1619 0.643 21 21334 16 1.9169 0.394 57 24207
37" -0,1184 0.58492 2 46319 17 1.9332 0.34945 27700
38' -00833 0.52443 28313 18 1.9457 0.30574 3.1250

30,0 o 1.9674

E'Exrapolated energien and rotational con,,tamnls (se the text).
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tional energies of the B state, referenced to this same disso- strong transition whose line center was 20 cm -' removed
ciation limit, and its rotational constants. from the laser frequency would produce a photofragment

The vibrational wave functions computed from the X intensity comparable to that produced by a 120 000 times
state potential energy curve were further used to generate weaker transition coincident with the laser frequency. These
Franck-Condon factors" for the B-X transitions. Where considerations are further complicated by the fact that each
comparisons could be made (u' <20), the stronger rotational level oftheXandBstatescan besplit by spin-spin
( > 10-') Franck-Condon factors agreed with previous cal- and spin-orbit couplings into three fine-structure compo-
culations' to within 0.5% and weaker (= 10-) ones to nents. These splittings have been characterized in the B
within 1.4%. The consistent agreement of vibrational energy state,' 3" but are completely unknown for higher vibrational
levels, rotational constants, and Franck-Condon factors levels or the ground electronic state. For these reasons, the
with existing experimental data and calculations suggests validity of the assignments made in Table I for v" > 28 is
the model potential used here provides a reasonably accurate intimately dependent on the accuracy of the extrapolated
description of the grouind state potential energy curve over at energies and rotational constants for the ground state given
least a significant portion of the energy regime accessed in in Table II. The fact that consistent assignments can be made
the present experiment, for these levels does not confirm the accuracy of the extrapo-

lation.
The rotational structure in several of the B-X vibration-

ASSIGNMENT OF THE PHOTOFRAGMENT ENERGY al bands encountered here has been explicitly observed, "
RELEASES albeit at relatively low resolution. It can be used to verify

The proposed assignment is based on the direct corre- some of the vibrational assignments in Table 1. Two of the
spondence oftheobserved photofragment center-of-mass ki- previously observed bands, the (1,22) and (8,28) appear as
netic energies W to the known predissociated energy levels of features in the photofragment spectra shown in Fig. 2. We
the B state relative to the O( 3P) + O(P) dissociation limit, will consider a more detailed assignment of these features in
In addition, subtraction of the energy of the exciting photons the following.
simultaneously yields the energy of the initial X state level In the photofragment spectrum excited at 520.8 nm two
from which the photoabsorption was initiated. Despite the components corresponding to energy releases of 1.654 and
fact that only odd rotational levels N' are populated in the 1.676 eV appear. Comparison of these energies with those of
ground state of this homonuclear, zero nuclear spin mole- the B state in Table II indicates that the predissociated levels
cule and only even N' are accessed in the B state, the = 100 lie 0.055 and 0.077 eV, respectively, above the origin of
cm I uncertainty of the measured W values rarely allows v' = 8. These energies correspond to rotational quantum
singlev', N'orv,N'levelstobeuniquelyidentifiedsolelyon numbers N'= 24 and N'= 30 in v' = 8. Subtracting the
the basis of kinetic energy release. However, with the addi- 2.3799 eV photon energy from the energy releases yields
tional restriction N' = N ± I imposedbythe optical transi- lower state energy levels lying 0.0842 eV and 0.106 eV above
tion between these two 'T states, discrete sets of upper and v' = 28 in the X state. These correspond to N'=25 and
lower state quantum numbers can generally be established. N =29, respectively. Comparison of the laser frequency

The assignments derived for the major photofragment ( 19 194.7 cm- ) with the line positions in the (8,28) emis-
energy releases are given in Table I. In those cases where no sion spectrum observed by Creek and Nicholls"6 finds no
unique distinction could be made between assignment to a transition occurring precisely at this frequency. However,
low rotational level in a given vibrational level and assign- theP25 (N' = 24) is reported9.36cm' tohigherfrequency
ment to a high rotational level in a lower vibrational level, and the R 31 (N' = 32) line 12.25 cm- 'to lower frequency.
the lower rotational assignment was made to be consistent The next closest line (R 29, N' = 30) lies 25 cm- ' from the
with the expected rotational temperature in the 02 of < 500 laser frequency. Indeed, excitation of the P 25 and R 31 tran-
K, unless the Franck-Condon factor computed for the tran- sitions in the (8,28) band should produce photofragments
sition was unusually poor. with energies of 1.646 and 1.676 eV, in agreement with the

Given the 0.05 cm ' linewidth of the exciting laser, one observed energies. The fact that the lines are excited so far
would hope to obtain a very precise assignment of the vibra- from their line centers suggests that orders of magnitude
tional, rotational, and even fine structure quantum numbers higher photofragment fluxes will be achieved using a tunable
in both the upper and lower electronic states, apart from any laser for the excitation.
consideration of photofragment energy. Several complica- The other band for which a comparison can be made is
tions frustrate this goal in the present experiment. Since the the (1,22) emission band, also reported by Creek and Ni-
laser frequencies are fixed, there is no way of knowing a cholls. " Transitions in this band are assigned to the lowest
priori how far its frequency is removed from the center of an energy photofragments observed in the 476.2 nm spectrum.
abs, rption line. The B state is predissociated, hence the B-X These fragments appears as three discrete, but only partially
absorption lines arecharacterized bya Lorentzian lineshape resolved energy releases of 1. 113, 1.137, and 1.156 eV. sug.
whose full-width at half-maximum varies over the range of gesting rotational quantum numbers in B (vW = 1) of
0.02-3.5 cm- ' as a function of B state vibrational and rota- N'= 16, 22. and 26, respectively. Subtraction of the photon
tional quantum number."' This Lorentzian line shape can energy (2.6027 cV) from these three W values yields lower
effectively extend over a considerable frequency range. As- state energies corresponding to X( v = 22), N" = 17.21. 25,
suming even a narrow Lorentzian linewidth (0. 1 cm -'), a 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 along the photofragment energy coordinate permits individ-
coincident ( - 0. 1 cm-') with the laser frequency of ual bands to be observed without interference from other
20 991.8 cm-', with two other lines, the R 25 (N' = 26) at vibrational sequences overlapping the same wavelength
- 6.3 cm •' andR 23 (N'= 24) at + 18.Scm--,occurring range. From the high vibrational levels of the 02 ground

within an interval of + 20 cm -' about this frequency. The electronic state observed here, it is possible to access all lev-
energy releases associated with excitation of these three tran- els of the B 'I. with a tunable laser at visible wavelengths
sitions are consistent with the observed photofragment ener- under nearly Doppler-free absorption conditions.
gies. However, the very near coincidence of the P 19 line with Note added in proof. Since this article was submitted, we
the laser frequency leads one to expect a photofragment have extended the measurements using a tunable dye laser
spectrum dominated by a single energy release of 1. 123 eV, and observed 17 bands of the SR system with rotational reso-
corresponding to v' = 1. N' = 18. This is not consistent with lution. These measurements, which allow complete spectro-
the three or more energy releases observed by experiment. scopic identification of the photodissociation, accurately lo-

In viewing this apparent discrepancy, one must consider cate OX3Z,- levels in the v*=-27-34 region, The
that the lines reported by Creek and Nicholls were observed measured vibrational term energies confirm the accuracy of
in a high pressure, high temperature discharge and exhibited Table II up to v" = 28, but reveal a divergence, increasing
collisional and Doppler broadening of order I cm '. Only with u', between the calculated term energies in the extrapo-
lines separated by 2 cm-' or more were resolved sufficiently lated region of the ground state potential energy curve and
to report other than asingle line position. Below N' = 3 9 , the the measured values. At v = 34, the measured term energy
components of the Pand R branches, which are each expect- lies 0.0207 eV higher than the extrapolated value in Table I1.
ed to consist of three distinct transitions of comparable in- This reemphasizes the fact that the detailed transition as-
tensity, are observed as single lines. Thus the apparent coin- signments of Table I are only suggestive.
cidence of the laser frequency with the P 19 line need not
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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 efficiently compete with radiative

decay into bound states of N2 . An assignment of the observed states to

triplet nsag 9Rydberg series converging to vibrational limits of N2+ x2z +

and N2 + A2 1u is given.
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INTRODUCTION

Spectroscopically, nitrogen is one of the most thoroughly studied

diatomic molecules. 1 , 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 ionization limit have yet

to be mapped out in detail. 1 The complexity of states in this region arises

from the interaction of Rydberg series with quantum numbers n k 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 involved the

excitation of valence states of the N2 molecule. Our present approach 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 cesium. 3 When

charge transfer occurs in cesium the dominant populations of N2 are in the

E3 + and allE states. Photoionizing these molecules we have observed the

triplet np and nf Rydberg series converging to v - 1 of N2 + X2E + and measured

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 is 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
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higher ionization potential, namely NO, Xe, H2 and N2 . 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

molecule. 4 ' 5 Surprisingly we found that also in these cases high-lying states

of the N2 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 I part in 107. At this level, not unexpectedly,

practically all excited states of N2 which can be formed by addition of an

electron to N2+ 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 js 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 a function of time after formation, nature 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 6 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 pressure 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 10t8 Torr, through an aperture. After a flight

distance of 58 cm from the exit of the cell, the beam is spatially selected by

a 250 pm high and 3 mm wide slit formed by razor blades. Seven cm downstream

from the slit the neutral beam is collected in interchangable 20 -m 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 7 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 detected. 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, WJ, ejection angle, e, and the flag size

used. For example, at 3 keV beam energy and V - 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

dissociation lengths are permitted for fragments appearing at center-of-mass

angles less than 900.

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 dissociation 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 JW , by the relaLion

W - Eo R2/ 41, (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 - RA+RB. Due to the finite length, AL, of the dissociation

region in our case (which is a complex function of E 0, W, and flag height) the

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 10.8 to 10"7 A of N2 + is used and

aligned to propagate into a 2.5 m diameter Faraday 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 beoa may be attenuated following elastic and inelastic collisions

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 drift

region and the detector.

Under these conditions we find typically 10 to 103 coincidences per

second at the PSD-C, this count rate being a sensitive function of ion 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, RA and

RB, is measured, and the arrival time difference between fragments is

monitored using a dedicated computer system. The total separation between

correlated fragments, R - RA + RB is computed and used in equation (1) to

determine the energy release W. The precision in the R measurement is of the

order of 50 pm, the precision of the measured arrival time difference is

better than 1 no. 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 N2 states within

a few centimeters from the slit. This implies 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 5 ps at 1400 eV decreasing to 3 jus 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 t:he molecule,

give rise to well defined correlated fragment positions (RA/RB - 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 RA/RB. 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 ps 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 spontaneous 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 relatively 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

transfer 8 events

N2 + X- N2* + X+ (3)

N2 * - N + N + W (4)

only those N2* intermediates with a long predissociation lifetime. When

dissociative charge exchange of N2+ was 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 impossible. 9 Hence, all spectra shown here were obtained using

N2* 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 urad forward cone during the charge

exchange process (3). This is significant because all the charge transfer

gases used here (NO, Xe, H2 and N2) have ionization potentials very much
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larger than the ionization potential of the dissociating neutrals that we

observe in dissociation (see below). Consequently the slowly predissociating

N2 we observe in (4) must constitute highly 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 Z 10-5 of all neutrals (N2 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 th.! ebsolute

variation of the level population of dissociating N2* states is revealed. We

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 N2 pressure from

0.8 to 1.6 Torr we observed a minor decrease in intensity of fragments at

energies hic.her 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 N2* dissociating states. The gases from which electron transfer occurs

have increasing ionization 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 incrAased 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 beam

current. The top two spectra (NO, Xe) are shown with their actual relative

intensities, but the intensity in the lower two traces (H2 , N2 ) 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 dependence 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 N2 as charge transfer gas. It is

evident from this figure that a number of electronic states participate in the

spontaneous dissociation and that their lifetimes are significantly

different. The significantly poorer signal observed at 1400 eV reflects in

pa&ct the decreased efficiency of the channel multiplier plates for detecting

low energy neutral fragments.
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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 N2 for which predissociation

dominates over radiation into lower lying bound states.

DISCUSSION

Approximately one hundred bound vibrational states are knownI in the

region above the first dissociation limit of the nitrogen molecule,

N(4S)+N(4S). 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 ;A),

restricts the candidate parent ions which can participate in the charge ex-

change process to ions in the ground state, X2Eg+, and in the lowest excited

state, A211u. 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 N2 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 N2 states accessible to the singlet and triplet manifolds. Of those only

long-lived levels have to be considered here, 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,

npw (the members of the Worley-Jenkins series) which will efficiently radiate

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

in dipole-allowed transitions to the B3 state.

No rapid radiative channels exist however for most of the states formed

by addition of an nsa5 electron to either N2+ X and N2 + A:

The lowest members of the singlet and triplet states formed by addition

of an nsog electron to the ionic ground state core have been observed to be

metastable. 1 These are a"E 9+ and E3Z +. For the latter, lifetimes of 190 ps

have been found for v - 0 (Reference 1) and 6 ps for v - 1 (Reference 3). The

long lifetime of the E-state is due to the necessity of a two-electron

rearrangement for it to connect in optical dipole radiation to the allowed

3 +lower state A Zu+. The lifetime for the a' state has not yet been measured,

but is expected to be at least in the ps range to permit observation in our

previous photolonization experiment3 The transition moment for the allowed

transition a-.c"-:I+ has been calculated 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 open

for the higher members of the nsza series hence they are potential candidates

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 nsa5 electron to

N2+A 2 Uu. Two members of this manifold (03111. and F3]Iu 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 A21Eu (a - 1/2) and (0 -

3/2) cores respectively. The total manifold that arises from addition of the

nsor7 electron is shown schematically in Figure 6 for a low and a high value of

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 a+ and

the Rydberg electron angular momentum, 02 - e+ ± I/t 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 a - 0+, 0-, and 2 are

pure triplet in character and they are of the type 31 uO and 3 u2. By

contrast, the two states of 0 - I mix by spin-orbit interaction and end up as

mixture of 11u, and 3 ul. This mixing between the 6l- 1 states makes both

components accessible from the ground state of N2 . These are the members

observed1 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 Illu member being isolated from the

familiar 3HU, 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 3rLl1 component previously observed in absorption

from the ground state, Rydberg members with quantum numbers a - 0+, 0", and 2,

which at high n lie within about 80 cm" 1 of the 31l levels, and are long-

lived. At low n values these levels will group around the previously observed
31uj levels. The longevity is implied from the fact that the allowed optical

transitions from these states must connect in a core transition to the E3E +

state and to correspondingly higher members of the series (nsug + N2+X2Zg+).

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 electrons. 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 nsfg states and their expected quantum

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 nseg states.

The assignment of the general features of the spectra proceeds most

easily from low resolution spectra such as shown in Figure 2. kt least eight

distinct groups of energy releases can be identified which we have labeled A-H

at the top of the figures. The breadth of each group is primarily given by the

range of rotational levels that participate in the predissociation, and each

group reflects primarily a single vibrational Rydberg level. In Table 1 we

have ordered these eight groups according to their W value. A key in the

assignment 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 4 S+2 D0 and 4 S+2pO (1.193 eV) and &S+2 P° and
2 D°+ 2 D° (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 C, 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 N2 states lie higher in energy than the lowest vibrational state of

N2 +X2Z + the only ionic nitrogen level with energy less than the ionization

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

N2 states which give rise to the four groups of energy releases are two

adjacent vibrational levels of a Rydberg state belonging to the A2 u 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 N2 levels of the groups AC, GH. They belong to the

two lowest vibrational levels of n - 4 in the 31u series and they branch

during dissociation into the 4 S+ 2 P° and 2 D0+2 Do 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 4 S+2 D0 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 expected pattern of Rydberg

states formed with nsag orbitals. Previously observed energy levels are shown

by full lines, theoretical predictions are represented by dashed lines in this
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figure. For the 3 U,0O,2 case we "expect" energies close to those of the

observed 3 jul levels, which are the energy levels marked in the series

converging to the N2 (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

nseg 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 G3,& and i1g+

state shown in Figure 3 of Reference 1.

It remains to discuss observed flight time effects as well as the origin

of the oscillatory features observed in the higher resolution spectra (Figures

3-5).

Three effects can interplay to change the relative state populations of

dissociating N2 * when the energy of the parent N2+ 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 ps to 6 ps. The radiative lifetimes of the N2+ A state

are known to varyl from 14 ps in v - 1 to 6 ps in v - 10. Hence, the relative

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 associated consideration here is that the

range of scattering angles for product N2* molecules that are accepted into

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

processes observed here are all highly nouresonant (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 N2* 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 ay, to changes in N2* state populations produced by predissociation during

this trar, it time, predissociation lifetimes of the N2* 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 * 10O4 to 10-6 of the

parent beam intensity. To deduce the fractional population on the neutral

beam we have assumed a channel plate detection efficiency for coincidences of

1% 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

rz--orabIhc rztztional constants for these states (1.0 - 1.2 cmal) and

population of the levels in a Maxwell-Boltzman distribution. In a recent
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study, we observed that the H2 c 3Iu state formed by nonresonant charge

transfer of H2 + in Xe at keV energies yielded a rotational distribution in the

H2 product comparable to that of the H2 + reactant (Trot - 1400K). However,

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

observedI0 very high rotational excitation (Trot - 3000K) in the product

molecular ion. Consequently, we do not know what the rotational temperature

of the N2 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 N2* rotational distributions produced in

the charge transfer process have been modified by differential predissociation

rates during the flight into the dissociation region. In 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 greatlj complicate

its interpretation.

As an alternative explanation, 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 radiatively 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 is 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 +, H2 , NO, and 02.

CONCLUSIONS

By observing the spontaneous fragmentation of metastable N2 molecules

produced by charge transfer of N2 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 nso + 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 N .

73



ACKNOWLEDGEMENTS

It is a pleasure to thank Dr. D. L. Huestis for his enthusiastic interest

in our work and for many fruitful discussions. This work was supported by NSF

under grant number ATM-85-04152 and by the Aero Propulsion and Power Directorate,

Wright Laboratory, (AFMC), Wright-Patterson AFB, Ohio, under contract F33615-85-

C-2560.

74



REFERENCES

1. A. Lofthus and P. H. Krupenie, J. Phys.Chem. Ref. Data, 6, 113 (1977).

2. K. P. Huber and G. Herzberg, Molecular Spectra and Molecular Structure,

Vol. 4, Constants of Diatomic Molecules (Van Nostrand Reinhold, New

York, 1979).

3. H. Helm and P. C. Cosby, Bull. Am. Phys. Soc. 31, 936 (1986).

4. N. G. Utterback and B. Van Zyl, Phys. Rev. Lett. 20, 1021 (1968).

5. A. Salop, D. C. Lorents, and J. R. Peterson, J. Chem. Phys. 54, 1187

(1971).

6. Colutron, Model 1O0Q, Boulder, Co.

7. H. Helm, and P. C. Cosby, J. Chem. Phys. 86, 6813 (1987).

8. D. P. De Bruijn, J. Neuteboom, and J. Los, Chem. Phys. 85, 233 (1984).

9. Momentum transfer during the dissociative charge transfer reaction also

played a major role in reducing the kinetic energy release resolution

observed with this configuration, since the product N2 * produced at the

nozzle is no longer constained by the slit to a 4 mrad cone. Restricting

the detected fragment coincidences to those for which the ratio Ra/Rb

- 1, thus eliminating from consideration most dissociative charge

transfer events that produced significant (>0.6 .rad) deviations of the

N2* center of mass velocity vector from the beam axis, increased the

apparent energy resolution, but did not recover the band-like structure

that appears when the dissociation of only long-lived N2 * species (formed

in the charge transfer cell) is observed.

10. M. J. Haugh and K. D. Bayes, J. Chem. Phys. 75, 1472 (1971).

11. P. Cremashi, A. Chattapadhyay, P. V. Madhavan and J. L. Whitten, Chem.

Phys. 109, 117 (1986).

75



o N CI

3ota NI 4 a

$- +I + Ge

C I

-A

44 a a
1.0

40 F, 44 o .0 "0 .40

-0 ID s- "1

2 T 0

76.



FIGURE CAPTIONS

Figure 1. Schematic diagram for the experimental arrangement. A mass-

selected N2+ 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 bean flag. Coincident fragments produced by

unimolecular dissociation of N2 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 beam.

Figure 2. Center-of-mass kinetic energy release spectra observed from the

unimolecular dissociation of N2 . In the upper spectrum, the

precursor N2+ ions were formed in & pure N2 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% N2 and 70% Ar. Features in

the spectra are labeled by letters A - H.

Figure 3. Center-of-mass kinetic energy release spectra for the unimolecular

dissociation of N2 formed by charge transfer of N2+ (N2 discharge)

at 3 keV in four different gases.

77



Figure 4. Center-of-mass kinetic energy release spectra for the unimolecular

dissociation of N2 formed by charge transfer of N2
4 (N2 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.

Figure 5. Center-of-mass kinetic energy release spectra for the unimolecular

dissociation of N2 formed by charge transfer of N2+ (N2 discharge)

at the three labeled acceleration voltages in NO gas using the

small beam flag to intercept the undissociated neutral molecules.

Figure 6. Schematic diagram of the nsa Rydberg manifold converging to the

N2+ A2Hu core. Energy values indicated are taken from Reference 1.

Figure 7. Energies of the predissociating levels observed in N2 relative 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 N2 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.
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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 gs

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 20 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 B'2A to allow predissociation with lifetimes of >10 4s.

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 - 4 keV. The fragmentation was observed under a variety of experimental conditions

allowing variations in beam energy, distance from the charge transfer 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 pts. 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-1cm-1 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 pts 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 approttriate 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 ±0.020 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 I - 2 eV above the lowest dissociation limitl and the situation is

further complicated by numerous strong homogeneous Rydberg-valence perturbations. 2 4

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,1,5 and can thus not

directly participate the the observed dissociations. Bound valence states knownI or

expected6 to lie in this region are the B2 1, U20, B'2 A, b4 - , G21-", L21, and 122+. Of

these, only the L' state is without a dipole-allowed radiative cascade channel into a lower

electronic state.

The L'20 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. 7 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 observed fragment energies and intensities from Table I. 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 U state would not

be observed, or perhaps more appropriately, why predissociation of any of the L' levels

should occur, since only states with A < I arise from N(4 S) + O( 3p). It is known7 that

L'(v=9) heterogeneously perturbs the rotational levels of B' 2A(v=l) with an f-dependent

perturbation matrix element in the range of 4.3 - 0.3 cm-1 . This relatively weak interaction

produces detectable (-I cm- 1) shifts in the rotational levels only where the B' and L' levels

are nearly degenerate in energy. However, a dissociation lifetime of order 10 lis 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 LU state could be

predissociated by spin-orbit coupling to the continuum of the a411 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'-

1: interaction, we are reasonably confident that the observed fragments arise from the L'

state.

Due to its (3Og)2 (li7u) 3 (llg*)2 electron configuration, 6 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+ a31+ or w3A states. Such metastable excited states are

known 8,9 to account for more than 30% of the NO+ ions formed by high energy electron

impact Moreover, the L' state can be fon ied in vertical, near-resonant transitions from

a(v>7) or w(vŽ>0), suggesting that its fractional population in the fast NO beam may be

significant
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Table I.

Fragment energies observed In the unlmolecular dissociation of NO. The
fragmentation Is observed -3 i•s 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 Rotational

Energy Relative Constant
(eV) Intensity (cm"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 Captions

Figure 1 Fragment energy releases observed in the unimolecular dissociation of NO after
a 3 ps 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.

Figure 2 Potential energy curves of the NO L' 20( and B' 2A states relative in energy to
the N(4S) + O(3P) dissociation limit. Observed fragment energies and
intensities are shown by the horizontal lines to the right in the figure.
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ELECTRON-IMPACT DISSOCIATION OF CARBON MONOXIDE

P. C. Cosby

Molecular Physics Laboratory
SRI International

Menlo Park, CA 94025

ABSTRACT

The electron-impact dissociation of CO to form C and 0 atoms is observed in a crossed

beam experiment at electron energies between the dissociatiorn 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+(X 2L+) 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 Ftates or charged species be

produced by the interaction, but the gas composition can be directly modified by electron
induced dissociatiA'. In this latter process, 1.2 the electron excite, 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. 5 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,6-9 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.
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We apply this technique to electron impact on carbon monoxide and observe for the first

time the reaction:

CO(X) + e --4 CO* + e- (la)

CO* --* C(3p) + 0(3p) + W, (ib)

where CO* signifies a dissociative electronic state of the molecule. Since the excited state

necessarily lies above a molecular dissociation limit, the fragments in (1 b) 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 N2 , 02, C0 2, and NO 2 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)

transverse 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 elsewhere1 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 - 5 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 )ut 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 Ifc by the relation:
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N lk '(2)

where rl 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. 18 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:

N -_ 1V--a(3)eVi

where N is the neutral beam flux, I is the current of the ion beam of equal evergy, e is the

electron charge and Vn and Vi 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, 11 = 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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(10-5 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: X2,1*,

A2H, and B21+, for which the partial ionization cross sections (OA,MB) are known. 19 -2 1 The B

state is extremely short-lived (55 ns)22 and radiatively cascades predominantly into the lower

vibrational levels of the X2Z+ before the ions leave the ion source. 'he A state is longer-lived,

with radiative lifetimts 2 1 (TA+) of 4.0-2.4 l.s in v=0-6, but almost completely radiates, pre-

dominantly into the X state, during the >7 lis flight time (t) between the ion source and the

charge transfer cell. Using the partial ionization cross sections and vibrational overlap

integrals 23 and energies computed from the RKR potential energy curves of the CO ground

state24 and the CO+ X,A, and B states,22 the pculation distribution of CO+ X(v) entering the

charge transfer cell can be estimated with some confidence from:

p(X+) = 1r-O-A-OB q(X+,X=-0) +
(TT

__A q(A+,x=0) g(A+X+) v 3A+,X+ ( t/TA+ +

a'T A+ Z q (A+'X+) V3A+,X+

OB q(B+'X=0) q(B+X+) V3B+X +x)

aT B+ I q (B+,X+) v 3B+,X+

where X+, A+, and B+ refer to vibrational levels in the CO+ states, OT is the cross section 25-27

for the production of CO+ from CO, aA and OB are the partial ionization cross sections, and q(ij)

is the Franck-Condon factor and vij is the photon energy connecting the levels i 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 A2H 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,vf) + CO+(Xv) (5)

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. iff momentum. Calculations of this charge exchange reaction have shown that the

selection ot 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 X12+(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 A2r1 state. This state has

both symmetric and asymmetric product channels

CO+(A,v') + CO(Xv") -4 CO(X,v) + CO+(A,v) (6)
-- CO(X,v) + CO+(X,V)

accessible to it. However, the Franck Condon fa..tors for either of these channels are quite small

relative 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 ions to be

almost completely quenched by low energy charge exchange reactions prior to their extraction

This has indeed been found for other species30 (Hi, 0) produced with this ion source. Charge

transfer neutralization of a CO+(X,v=O) 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 (A] = 0, ±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 cons;tants, 22 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. This is supported by the LEF study by Ding and

Richter 31 of the analogous N2/N 2 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 N2, whose charged product N2 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 frequent monitoring of the N+ current produced by the ion source
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insured that N+ 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= I

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 beam 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 voltage chosen. If the molecular beam

were contaminated by 0 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 0, leading to the conclusion that CO constitutes ;-,95% of the molecular beam.

ELECTRON GUN

The rectangular electron beam utilized for the neutral beam dissociation and ionization

measurements is produced in 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 (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 I mA for nominal beam energies a 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 x 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-1 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/cm 3 and 3.6 x 107 electrons/cm 3, 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 translationally 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 10-18 cm2

can produce a product flux comparable to electron impact dissociation with a cross section of I 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 adsorptionidegassing 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 photodissociationl5, 30. 35-37 and dissociative charge transfer3 2,38 products.

This detector 39 ,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:

W L•2 Mm [1 2(m -M)vAt]_ (7)•

* ~ ~ ~ ~ ~ L [T -+m)2] [R2 + (vAt)2][i+2mMvt(7

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

they were ejected:

0 = tan-l(R/vtl) (8)
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are calculated. In these equations, m and M are the masses of the light (C) and heavy (0)

fragments, respectively, produced by the dissociating molecule of mass m + M,

E0 = (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 pmi 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 = 2AI.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 11s. This

interval is yet smaller for larger E0 , 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+e -i C++O+2e (9)
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C4 + 0+ + 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 8 can assume any value between 0 and 7r/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.40 ,4 1 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 section5 , 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 (1.5sin 2O) 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

electron 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

8 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 states. 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--±l transitions are much

closer to 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 02. In the case of 02, fragments that can be uniquely attributed to direct dissociation

in a DE transition, exhibited no anisotropy in 0 in either orientations of the electron beam, nor

112



in the magnitudes of the collected fragment flux. In contrast, the anisotropies arising from a --X

transition have been well characterized by both experiment44 and theory45,46 in the case of the

dissociative ionization of H2. 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 I2° 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 = Ra + Rb, 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,

X _M (10)
RM m°

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 + 0 fragments. While the distance ratio distribution is rather broad,
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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 X 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.39 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 E0,

translational energy release W, and the center of mass fragment ejection angles 0, defined above,

and D, the radial angle in the plane orthogonal to the beam velocity: X(EoW,O,O). Given

explicit values for these variables and the physical dimensions of the apparatus, X 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 X. For the experiments described here, E0 is the selected value of the ion beam energy

(3000 - 5000 eV), W is defined by the explicitly observed values for the dissociation fragments

(Eqn. (7)), and 0,4 are drawn from an isotropic center of mass distribution, as discussed above.

The values of X 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:

C1 =D~pI (11)

C2 = D'p2

where PI and p2 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*pl*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/CI (13)

PI = C/C2 .

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 4=pI*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 4, which can generally be determined to within 5%
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accuracy. For the fragment velocity appropriate for 3000 eV CO dissociation, g is measured to

be 0.0442.

DISSOCIATION CROSS SECTION DETERMINATION

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

ion beam is given47 by the equation:

RF

G-NeNn M' (14)

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

a velocity factor:

M- •ve2 + vn2 - 2vevncOSO (15)
VeVnsinO

where ve and vn are the velocities of the electron and neutral beams and 0 is their angle of

intersection. For ,rthogonal beams where ve > Vn, as in the present experiment, M - vn-1. The

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

F = NDN (16)
00

fne(z)nn(z)dz
-00

where n%(z) and na(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

MWller, et al.34 have shown that the ability to accurately translate the electron beam completely

through the region of inersection 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

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:

Nu Nuva (17)
MNeNn NeNn'

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 le:

N* U Vn11 Ce18No - VhT, (18)

ý X le kc

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 disociation flux Nbkg is accumulated during the course of

the scan for a period of 5"t with the electron beani positioned at the scan starting position zo,

ending position Zm, or alternately at zo and Zm after each five steps of the electron gun:

SSk+4

N" = (XN'(zk,t) - N'bkg(z0,5T))). (19)
k=O i=5k

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 r'f tbh

dissociation background flux throughout the scan. Typically, 500 5 m < 3000, Is < t S 3s,
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Izm-ZoY > 0.48 cm and u = IzM-Zdj./mt.< 9.8 X 10 4 cm/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 Eqn.

(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 10-17 cm2 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

D00 = 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 X 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 electron beam with respect to the detector fall within

± 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 I. 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 Nickel 49 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 X1l+(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 5 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) beam is shown in Figure 9 for W in the range of 0-3.5 eV. Essentialy

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 the fragment energy distribution in this background spectrum and the distance ratio

of these fragments at the detector Ra/Rb, we can identify the fragments arising from electron

beam independent processes in this spectrum as being predominantly due to the unimolecular

reaction:

N2 -+ 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 N2, produced by charge transfer neutralization of N2

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 N2 contamination of the CO beam in the range

of I x 10-3 to I 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 N2 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 ,,nergy ielease spectrum characteristic of electron-impact dissociation alonc

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.5 1 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 >_ 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 Ei relative to CO X ll+(v=O) dissociating to ground

state fragments C(3P) + O(3P), the translational energy release produced by dissociation of state i

is:

Wi = Ei - D (21)

where D is the CO dissociation energy22 (Do0 = 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 limit 22 CO+ 21+ lies

only 2.906 eV above its lowest dissociation limit. The energetically accessible excited atomic

products52 in this region are C(ID), O(ID), and C(IS), 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 scattering 53 (EELS) and by optical photoabsorption. 54"58

Both techniques define the energies of excited states relative to the CO X 11+(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 Lassettre 53 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 excitation

spectrum continues to energies well above the ionization limit (W = 2.9 eV), 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 Cl2+(v=0) level, with a maximum at W = 0.32 eV, 'ias

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 Guest 54 that the fluorescence intensity from the

Ctt+(v=O) level is much stronger than that from the EIH 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 eV 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 theory59,,0 near the dissociation

threshold. Vibrational excitation in the CO beam 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 lifetimes 56 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.,5 7 which has found rather widespread use55,56 ,6 1

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 22 of CO+ X21;+. 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"=O-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 ClY,+ and

EJl? states does not resemble the estimated populations for these vibrational levels in the CO

X11-+ 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,5 6 a close correspondence

between the relative cross sections and vibrational populations would 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 Ci:E+(v--0,1,2) and 0.89,0.98,1.0 for E3H(v=0,1,2). Lee and Guest54 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 1•+(v--0-3) and 0.5,0.5,1.0 for E IH(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) (t,. 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 nse Rydberg series converging to CO+ A2fI, 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 atoms 10,13 and O(5S)12 following electron impact excitation of CO.

The present simulation is deficient in that only optically accessible states have been

included. Nineteen 3Z+ and 3"I members of the nlo and nln 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 3pa 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 32;+ 3da (v=O), with an origin at

W = 1.243 eV, 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 eV 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.61 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 I

ELECTRON IMPACT DISSOCIATION CROSS SECTION OF CO

Electron Energy Cross Section Relative Error Absolute Error

(eV) (Mb)& (Mb) (Mb)

13.5 10.8 11.8 12.1

18.5 28.4 5.8 9.3

21.0 48.0 8.5 15.0

23.5 52.0 4.7 14.2

28.5 65.8 4.5 17.6

33.5 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 4.3 19.8

73.5 69.5 3.5 18.3

98.5 65.8 3.0 17.2

123.5 64.7 4.0 17.2

148.5 58.6 3.9 15.6

198.5 43.6 3.5 11.8

136



Table II

PARTIAL ELECTRON IMPACT DISSOCIATION CROSS SECTIONS OF CO

Wb Partial Crous Section
Band index" States (eV) (Mb)c

39 E 3px 11"(0) 0.4122 3.02
38 C 3pa 11+(1) 0.5543 1.24
37 E 3pn 1'1(i) 0.6804 1.02
" C 3po 1+(2) 0.8161 1.38
36 E 3px 1 "(2) 0.9372 0.94
35 C 3pa I £+(3) 1.0724 0.93
34 V 3so 3](0)- 1.1556 0.76
33 F 3do 11+(0) 1.2586 3.45
SG-3sc 3 "(1)" 1.3706 0.73

32 G 3dx 1nf(0) 1.4180 0.09
31 J 4so 1T+(0) 1.4712 2.19
30 F3da 1Z+(1) 1.5097 0.09
29 W3so 311(2)" 1.5765 0.58
28 W 3so 1f(0)" 1.6380 1.61
27 K 4pa 1-+(0) 1.6687 0.90
26 L' 3dx 1I1(1) 1.6882 0.96
25 L 4pn 1 "(0) 1.6956 0.59
24 J 4so 114+(1) 1.7477 0.22
23 HI3sa 3n(3)" 1.8026 0.04
22 W 3se 1If(1) 1.8574 2.76
21 H 4pao 1+(1) 1.9419 2.62
20 L 4px 111(1i) 1.9602 0.46
19 4do 1X+(0) 1.9937 1.25
18 W 3sc ln(2), 2.0650 2.33
17 r 5so 1F+(0) 2.0786 2.41
16 11:+(2 2.1425 0.48
15(C 5p 11:+(0) 2.1795 1.09
15B spx 1fl(0)? 2.1995 1.09
15A 51p 1fl(0)? 2.2077 0.35
14 l1n(2) 2.2222 0.35
13 1'n(2) 2.2425 0.74
12 W 3sa 1fl(3)" 2.2834 1.42
11 11+(1) 2.3006 0.45
10 Sdo 11+(0) 2.3280 0.77
9C 5so 11+(1) 2.3660 0.29
9B 6so 11+(0) 2.3796 0.29
9A 1f"(2) 2.4080 1.05
8B 6pa 1L (0) 2.4273 0.57
7D 1Y+(2) 2.4615 0.56
7C 5pm 1171(1) 2.4650 0.56
78 5pa 114(1) 2.4654 0.56
7A 111(0) 2.4758 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
0Band origin of Ref 56 refuirenoed to ground state C +
c1 Mb- I x 10-1a6 cn 2

137



FIGURE CAPTIONS

Figure 1. Schematic diagram of the electron-impact dissociation apparatus. A fast (keV) CO

beam, produced by charge transfer neutralization of CO+, is intersected by an

electron beam. The correlated fragments C and 0 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.

Figure 2. 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 0+ produced from the ionization of 0 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.

Figure 3. 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. 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 0 fragments.

Figure 5. Distribution of the ratio of radial distances at the detector for the corrc'3ted neutral

products of 38.5 eV electron impact on CO. The mass ratio of C and 0 fragments is

shown by the dashed line.

Figure 6. The geometric collection efficiency X 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 efficiencies refer to an isotropic distribution of the

fragments in the center of mass frame.

Figure 7. Accumulation of C + 0 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*.

Figure 8. The total cross section, in units of 10-18 cm2 , for the reaction CO + e -- C + 0 + e

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. Center of mass energy 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 N2" contaminant in the

CO beam. The spectra are uncorrected for collection efficiency.

Figure 10. 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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Appendix E

PHOTODISSOCIATION MEASUREMENT OF ROVIBRATIONAL ENERGIES AND
POPULATIONS OF MOLECULES IN FAST BEAMS

151



Photodissoclation measurement of rovibrational energies and populations
of molecules in fast beams

Hanspeter Helm and Philip C. Cosby
Molecular Physics Department. SRI Internationul, Menlo Park, California 94025

(Received 11 February 1987; accepted 10 March 1987)

Using as examples H, and H2, 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.

1. INTRODUCTION Q f.,v f X..N (r)X,..v (r)Q, (r)dr. (2)

Fast beams of ionic and neutral molecules are increas- HereM is the reduced mass of the molecule. e the contnuum
ingly used in spectroscopy, I electron-impact ionization.2 dis- energy of the dissociating fragments. v the photoln requen-

sociation,' and photoionization' studies. Specifically, in the cy, and Qo the transition moment: The quantity I is related

case where absolute dissociation or dissociative recombina- to the to n eomrgy The by thi relatio

tion cross sections are to be measured, the internal energy

content of the molecules is of major significance for the inter- e = hv - D.,N, (3)

pretation of the results. Low-pressure ion sources commonly with D,.N being the dissociation energy of the photodisso-
deliver molecular ions in strong nonequilibrium popula- ciated level with respect to the dissociation limit to which the
tions. When the molecular ion M' is formed by electron continuum energy is referenced. In Eq. (2), Xt,• is the nor-

impact on the corresponding molecule M. it is generally as- malized bound state wave function and X,,..v is the contin-
sumed that, for electron energies substantially above thresh- uum wavefunction normalized at large R to a unit modulus
old, the vibrational distribution in M' can be estimated by sine function. In Eq. (1) several simplifications have been
the Franck-Condon factors for a vertical ionization transi- introduced in addition to the standard Born-Oppenheimer
tions (corrected for radiative cascade from, excited elec- picture; the cross section o, is averaged over the angle
tronic states of the ion) with a rotational population charac- between the photon polarization and an isotropic distribu-
teristic of the equilibrium gas temperature of M, as is tion of orientations of the molecular axis. and it has bee"
observed in photoionization. However, when M' is pro- assumed that the continuum wave function varies only slow-
duced from the dissociative ionization of a larger molecule, ly with N, such that the continuum wave functions . I ,
there can be little apronri knowledge of its rovibrational dis- which are accessed in P- and R-branch type transitions, be
tribution. Indeed, evidence indicates that such ions can be set equal to X,.,, which is accessed in the Q branch. Equation
extremely hot.' Clearly a commonly usable tool to assess the ( 1) describes the cross section as a function of wavelength
rovibrational energy content of molecules in fast beams for a single molecular energy level with quantum numbers
would be of great benefit. uN. In general, this cross section is a slowly varying function

In the current paper we explore such a scheme which is on the scale of the photon energy; it is characterized by slow
based on bound-free photodissociation. When viewed from oscillations (in general, on the scale of hundreds of inverse
the standpoint of wavelength dependence, the bound-free centimeters), which reflect the varying overlap of the bound
photodissociation process appears to contain little potential state wave function with the continuum state. In the case of a
for determining discrete molecular structure. In spectro- conventional absorption experiment, the total cross section
scopic studies the bound-free process often accompanies the is measured. It is given by the weighted sum of individual
acclaimed fingerprint of discrete molecular transitions as ri,.N partial cross sections,
weak, nearly structureless background. We will show below
that bound-free photodissociation offers itself as a useful M'(.) - P Pra'.v (v), (4)

tool to determine bond energies and molecular state popula-
tions when we experimentally examine the distribution of where the weight p., is the rovibrational population of each

continuum energies generated in bound-free absorption. initial level. The summed cross section is even less structured

In a Born-Oppenheimer picture of a diatomic molecule, on the wavelength scale since the oscillations of individual

the cross section for photodissociation of a bound level speci- a,.N's are out of phase in photon energy as are the bound"

fled by the vibrational quantum number u and rotational state vibrational wave functions in internuclear distance.

quantum number N is given by 7  In terms of the above discussion it may appear that
"qaubound-free photodissociation beam little potential for ob-

0,.., (V) = (41rTA) 2 (f/2Mu) 2v/(343 c)Q!.,,, (1) taining precise information on the level structure of mole-

where cules. The bound-free photodissociation process in a di-
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16000 oped at FOM' 6' 7 and applied in photodissociation of meta-
A2 ý- stable neutral molecular hydrogen."5 A main advantage of

E H the correlated two-particle detection scheme is that no com-
8000 -) promise of resolution is associated with spatial filtering of

1 "the fragment laboratory distribution, such as that which oc-

6H47 curs when the fragments enter a conventional energy analyz-
0 6er. The PSD-C scheme allows the detection of very nearly all

SI 14 fragments with a sensitivity that is, to first order, indepen-

Z1 den t of the kinetic energy release and the ejection angle in the
-80o0 -center-of-mass frame, and establishes the dissociation ener-

.xL- 6 gy and angle for each detected fragment pair.
The underlying principle of the PSD-C technique is un-

-16o0"00 L derstood with the help of the velocity diagram in Fig. 2. The
0 1 2 3 4 s mutual separation in space and time of the two fragments

INTERNUCLEAR SEPARATION (A) that arise from a single photodissociation event is related to

the center-of-mass energy release L and angle 0 by the equa-
FIG. 1. Phozdissociaion of H:- at visiblewavelengths. Thepotentiaeer- tions (written here for the homonuclear case)
gy curves ofH1 in the region of its lowest dissociation limit ( W + H( Is) ]
are shown. The vertical dashed srrow represents the electronic transition C = E,/(4L 2) [(vor)' + R '], (6)
into the conunuum from one rovibranonal level (v = 8. N = 0) of the
X'I state when pumped by photons at 6471 A. The transition produces 0 = arctan [R /(vor) ], (7)

fragments with a discrete relese of translational energy C. where Vo = (2Eo/M) liZ is the veiocity of the parent mole-

cule of mass M and kinetic energy 4 The spatial separation
of the fragments R is measured in a plane perpendicular to

atomic molecule, however, inherently contains very precise the parent beam propagation located at a distance L from the
information, equivalent to that obtainable in photoelectron photodissociation region. The two fragments of the parent
spectroscopy." This potential is recognized when we rewrite molecule cross this plane in a time interval r. Since only
Eq. (4) in terms of the energy distribution of the flux 0 of arrival time differences between the coincident fragments
photodissociation fragments produced by discrete energy have to be measured, the laser and the molecular beam can
photons of intensity 1(v): be operated continuously. The position and time-sensitive

d1'(ev)IdE = I(v)hvpv.,va.,v. (5) detector permits both quantities, R and r, to be determined

Since the energy balance (3) has to be obeyed, the distribu- with high accuracy. In our current apparatus, we achieve a

tionofphotofragment kinetic energies dl(e)/de will also be resolution for E at the level of 10 to 20 meV for values ofe in

discrete when a monochromatic light source is used for the the range of eV. This is sufficient to resolve rotational and

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 I shows, as
an example, the energy balance for photodissociation of a
single molecular level of H' - The distribution of intensities
in the energy distribution of the photofragments reflects the
respective (G,N) populatior., weighted by thL. partial cross
section a,,v. The energetic width of the discrete continuum VA. --

termined by the lifetime of the lower molecular state that is WAS

excited to the continuum and the bandwidth of the photon ,
source. *V'

The recognition of this application of bound-free photo-
dissociation is by no means new. Vibrational resolution in F-
bound-free photodissociation was first achieved by Ozenne ", I
et al.' and by Van Asselt er al."0 Their experiments were
followed by a series of others '-' which demonstrated both
the capabilities of bound-free photofragment spectroscopy,I _.
as well as its limitations. These limitations were imposed by -
the finite resolution of conventional electrostatic or magnet- L . ... O i

ic analyzers with which the photofragment kinetic energies OISSOCIATION OETECTOR

or momenta were determined in the laboratory frame, and FIG. 2. Velocity vector (Newton) diagram for the photodissoctatton of a

by the unavoidable energy spread and angular divergence in homonuclear molecule (ABI. The laboratory velocity vectors are drawn at

the molecular beam. &ore recently, a position-sensitive de- - 3% of their actual relative magnitudes. Projection of the fragments. rep-
resented by the dashed arrows, onto the PSD-C detector yields the expen-

tector for the two correlated particles (PSD-C) that are pro- mental observables: the separations ofthe correlated fragments in both dis-
duced in the dissociation of a diatomic molecule was devel- tance R and in arrival tune r•.
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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 characterized by a parallel tran-

"DO... , ,s ition moment, this choice of orientation in the laser polar-
0lye ization results in the most effective detection of

""--photofragments by a detector aligned parallel to the laser

polarization.

; t. B. Detector

The front face of our position and time sensitive detector
FIG. 3. Schematicdisgramofthephotodissociationapparatus. For the case is placed L = 1043 mm from the dissociation region. The
of H,- photodissociation, no gas is added to the charge transfer cell and the detector consists of two pairs of 5 cm diam microchannel
ions are allowed to pass undeflected through the aperture, plates which are shielded from the beam except for two op-

posing sectors of opening angle of 15', permitting the sepa-

vibrational structure in the distribution function (5) of a rate detection of a photofragment pair that falls within the
hydrogenic molecule. The resolution achieved here is by no sector area. The sectors extend from 7 to 35 mm measured
means the ultimately achievable one. We estimate that with radially from the parent beam line allowing fragment pair
the proper choice of beam energy and flight distance L, a separations which fall within the range 15 mm < R < 70 mm
resolution of below I meV should be obtainable with current to be monitored. For fragment energies e< i. 13 X 10' Eri,
position-sensitive detectors, approximately 17% of the fragments formed in a parallel

In the following, we first describe the fast-beam appara- transition fall within the open area of the detector and can be
tus, followed by a description of the position and time-sensi- recorded. The remaining 83% of the photofragments fall
tive detector, which we built at SRI, and finally, the applica- outside the 15' sector angle, and photofragments with ener-

tion of this detector to diagnose fast beams of both H,+ and gies E<5.17 x 10-5 E, fall entirely inside the dead area at the

neutral molecular hydrogen in the c 311." state formed by center of the detector.

charge exchange of H2'. The latter case in particular demon- The detector and its associated electronics permit mea-

strates the capability of the method to explore, in addition to surement of the spatial separation of photofragments with a

the level structure of the bound molecule, quasidiscrete precision of typically 100/sm by measuring on a multianode
structure in the continuum which modifies the bound-free structure the position of the electron cloud emitted by thephotodissoceation intensity, microchannel plates, using the charge division method. ,6.1A cross section of the detector is shown in Fig. 4(a). The

It. EXPERIMENTAL multianode structure is generated by photolithography of a
copper-clad printed circuit board using the computer gener-

A. Fast-beam apparatus ated layout that is shown in Fig. 4(b). The active detection

A schematic drawing of the fast beam apparatus is areas are confined to the two circular portions above which
shown in Fig. 3. Ions from a low pressure, hot filament ion the two pairs of microchannel plates are mounted. Each area
source' are extracted at energies of several keV, mass select- consists of 35 concentric ring segments with electrical con-
ed in a Wien filter, and, in the case of the neutral beam study, nections extending to the edge of the board where they are
neutralized in a charge exchange ceUl before entering the de- interconnected with the resistors and capacitors as required
tector chamber through a 1.5 mm aperture. A distance 200 for the charge division method. The resistor/capacitor chain
mm into the detector chamber the beam passes through a was -built from 10 kfl monolithic resistors and 4.7 nF
narrow (0.3 mm) slit. Adjacent to the slit, the fast beam is ( ± 0.5%) ceramic chip capacitors which are electrically
crossed at right angles by the intracavity beam of a cw-argon contacted on the board with Cu-Be springs. The charge de-
or -krypton ion laser. Typically, 30 W of radiation are avail- posited on an anode array is amplified by a charge-sensitive
able for photodissociation over the - 2 mm laser beam diam- preamplifier (Canberra 2004)-linear amplifier (Canberra
eter. At 3 keV beam energy, the residence time of hydrogen 2012) combination connected to each end of that anode's
molecules in the laser beam is of the order of 4 ns. Hence the RC chain.
excitation probability for a molecule with cross section Situated between the end face of the microchannel
a = 10-'I cm2 is of the order of 10'. At beam current of plates and the anode are two grids (33% transmission) that
l0l molecules/s, this would result in a photodissociation pick up the transit of each electron cloud produced by a
rate of 10' s-'. fragment. The - I ns transit time of the cloud from the end

These fragments spread along the parent beam direction face of the final microchannel plate to the anode (a distance
in a cone within which the intensity distribution is governed of 5 mm) produces a voltagc pulse on the respective grid
by the angular distribution of fragments in the center-of- with a typical rise time of 400 ps.
mass (c.m.) frame. For a given initial molecular level, the The voltage pulse from each timing grid is amplified by a
laboratory frame opening angle of this cone is defined by preamplifier (Comlinear E103) and detected by a constant-
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fraction discriminator (Tennelec TC-455). After a fixed ca- ".-V" Be"• r

ble delay time, these pulses provide the start and stop inputs
to a time-to-amplitude converter (Canberra 2143) to estab- Fag,*,n
lish the value of r 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-1 1/73) through a CAMAC interface. The
entire process from the impact of the fragment pair on the Flag

detector to storage in computer memory of the radial posi- -- _
tions of the two fragments and their arrival time difference Channel

requires -40/us. 
N-"

• oo, ............. . ............ .• .. ,, et

The dead area in the center of the detector is shielded
from the photodissociation region by a V-shaped beam flag, A...O

which serves as a beam stop for the parent molecular beam.
The size of this flag must be chosen sufficiently large that F:7
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 0

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.

FIG. 4. Schemnatic diagram for the position sensitive detector for correlated
fkga.mt (PSD-C). The upper figur (a) shows a cross sectional view of

C. Detector accuracy the detector. The lower figure (b) is a negative photograph of the anode
board. Dark areas in this fiAgre denote the absence of copper on the surface

A extensive discussion of the uncertainties inherent in of the board. Overall dimensions of the board are 100 mmix 129 mm. The
the use of the position and time-sensitive detection technique resatn and capacitors for chape division position measurement on the
to measure the energy and angle of the dissolciý n event has two aem of anode nup am mounted on the pas shown on the upWr a
been presented in two papers published by the FOM lowerednof the board.

group."6"'1 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 ca'paci- into the data acquisition software, such that true radial posi-
tor chain. We note here an additional source of error inher- tions are calculated from the charges measured at the detec-
ent in all position-sensitive detection schemes that are based tor anodes. The unknown parameter required for determin-
on the measurement of a purely radial coordinate (rather iag the magnitude of the corrections is the diameter of the
than a two-dimensional measurement). This error is asso- electron cloud. This is established by observing the changes
ciated with the fact that the anode strips are curved. Hence a in the radial positions of discrete features in the photofrag-
cylindrically symmetric electron charge cloud whose diame- ment spectrum as a function of molecular beam energy.
ter is larger than the width of an individual strip will be In the case of molecular ion photodissociation, a limit-
divided among the strips in an asymmetric way; the strips at ing factor in the resolution appears in a position sensitive
shorter R will receive more charge than those at larger R, detection scheme from residual electric and magnetic fields
thereby shifting the measured center of the charge cloud to that can influence the propagation path of the charged pho-
shorter distance. Although this position error could be eli- tofragment. This effect was readily noted in our experiments
minated by keeping the size ofthe electron cloud small corn- on H2 and was partially eliminated by mounting a shielded
pared to the anode strip widths (1 mm), such a procedure deflection plate below the beam flag (see Fig. 3). With this
would eliminate the obvious improvement in position reso- arrangement, protons travelling below the beam flag could
lution that is achieved by having the cloud distributed over a be prevented from reaching the lower detector half, such
number of anode strips. that coincidences were only recorded for dissociation events

For strip radii that are large compared to the electron where the charged fragment was ejected above and the neu-
cloud diameter, the error in the distance measurement is tral fragment below the Bag. In this case a deflection of the
fairly small. At small radial distance, however, the absolute charged particle path due to external fields results only in a
error in R can become quite substantial. For a cloud diame- slight falsification of the absolute value of R but not (to first
ter of 10 mm and a position 20 mm from the detector center, order) in a loss of resolution. In the present studies of H,-
the apparent R v7lue determined from the charge distribu- and H2 photodissociation, a position resolution of 100-200
tion on the anode would underestimate the true radial dis- u•m and a position accuracy of 42504um was observed over
tance by 3%. We have incorporated this position correction the central 80% of the detector.
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FRAGMENT SEPARATION Imm) (6). The upper abscissa gives the equivalent values ofR mea-

40 45 so 55 60 65 70 sured by the detector for fragments arnving with - = 0. In
I• .this case. the fragment kinetic energy e is directly related it

.- 6764 A the measured separation of the photofragments at the detec- -
tor R. It can be seen that as the photon energy is changed. the

w photofragments cover different portions of the detector.
z 6471 A with R values ranging from 20 to 60 mm. A similar, but

z opposite effect is observed when the beam energy E, is var-
5662 A ied.

The apparent randomness of the fragment distributions
o 30 A in Fig. 5 is reconciled when the photon energy hv is subtract-

ed from the fragment energy e and the data replotted (Fig.
C7 6). Or. the energy scale 6-hv. the energies of the absorbing

4762 A levels in the H,- X T,- are readily identified. At the top of

0.7 1.1 1.5 1.9 23 2.7 Fig. 6 is shown the energy' of the lowest rotational level

CENTER OF MASS KINETIC ENERGY IeV) N = 0. relative to the ground state dissociation limit, of the
vibrational levels involed at these wavelengths. It is appar-

FIG. 5. Observed center-of-mass energy releases (e) in eV from the photo- ent from this figure that each vibrational feature consists of a
dissociationofH,- atfivediscretewavelengthsofthekrypton ton Laser. The number of incompletely resolved peaks. The energies o"
scaJeat the top ofthis figure gives the measured radial separation R (mm) these peaks correspond to rotational energy levels within
of those fragment pairs arriving at the detector with r = 0, i.e.. those frag. each ground state vibrational level. This assignment is sup-
merits produced by dissociation of the I-I; with 0 = 90" ported by the 3:1 intensity alternation that is characteristIc

of the statistical weights of the odd and even rotational levels
Ill. RESULTS in a homonuclear molecule of nuclear spin 1/2.

The detection of photofragments using the PSD-C tech-

A. Photodissoclation of H2" nique has the advantage that all dissociating levels that pro-

Photodissociation of H2- has been studied extensively duce fragments within the physical limits of the detector "re

by a number of laboratories. i'-°"`6 At wavelengths extend- observed simultaneously. Fluctuations in the intensity of the

ing from the infrared to the near ultraviolet, the photodisso- parent beam or of the laser produce equal contributions to

ciation involves an electronic transition from the X 2-" the statistical noise in each of the spectral features. Further-
s emore, the Jacobian for the transformation from the coordi-ground electronic state of H ' to the continuum of the repul- naefmeothdisctng oluetohermefte

siveA 2'I state. The potential energy curves for these states detecfr i t the issoi ati on o the statisticah
are shown in Fig. 1. Since the A state is well isolated from detector is unity1 6; there is no amplification of the statistical
higher electronic states in the region of its dissociation limit, noise as a function of e, or equivalently, as a function of lower

this process represents a classic example of a bound-free state energy level. This is in marked contrast to the case

photodissociation. At the wavelengths studied here (7525- where the fragments are detected solely by dispersal of their

4579A), X state vibrational levels extending from v' = 4 to laboratory energies or momenta.-'"2-

the highest level v = 18), can participate in the photodis-
soctatiof. v-5 6 7 8 9 10 12

The H2' ions for this study were produced in a colu-
tron'i (hot-filament) discharge ion source using pure hy-
drogen gas at pressures in the range of 50-200 mTort and t, 6764 A,
discharge voltages in the range of 70-250 V. Under these z
conditions, production of H2 accounted for >90% of the .6471A

positive ions. The ions were extracted from the source, accel- I-zcrated to a kinetic energy in the range of 1000-3000 eV, and W
mass selected by a Wien filter before intersecting the intraca- 5%8'2A

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 .5308 A,
windows at Brewster's angle to lie perpendicular to the ion o

beam and parallel to the open segments of the PSD-C detec- .4762 A
tor. I I

The photofragment spectra for H2 at E0 = 2807 eV ob- -14000 -10000 -6000 -2000 2000 6000
served by the PSD-C detector at five lines of the K '' laser ENERGY lcm-)
are shown in Fig. 5. The accumulation time for each spec-
trum in this figure was 5 to 20 min, depending on the laser FIG. 6. The experimental data of Fig. 5 after substraction of the- photon

p ravailable at each wavelength. The lower abscissa in energy from the observed energy release to yield the -ner,i. of the lowerpower a state levels relative to the dissociation limit. The knu,-., - ergies of the vi.
this figure is the energy release in the photodissociation c brational levels in the rotationtess H.' X '•; potential energy curve are

calculated from the measured values of R and r using Eq. gIven at the top of this figure
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20 v" - 8 sponding to the particular laser wavelength and E(u.N) are

6471 A the energy levels of the X state given by Kuriyan and Pnt-
chard."' The amplitude of each Gaussian at a particular ex-

1 - citing wavelength A was given by

2 A((Av,N) = oa,..p(v)(2T, + 1)(2N+ l)exp( -F/kThl

V10 '- l (8)
W
i where T, is the total nuclear spin ofortho (7T, = 1) or para
""0 v= (TI = 0) hydrogen, p(v) is the fractional population in vi-

o s •brational level v, and N is the rotational quantum number.

The term Fin Eq. (8) represents the rotational energy of the

6 -8 equilibrated species, H,' or H 2 , that is appropriate to the
0 i s formation of ions in the source. The H,' are initially created

0 1 7 by electron impact in the discharge and would, in the ab-
sence of collisions, be expected to retain the rotational popu-

20 lation distribution of the parent H, molecules." The path
taken by the nascent ions and their acceleration characteris-

S5308 A7 tics between the point of formation within the source and
their extraction into a collision-free environment of the

I15 beam are not well defined. However, the H, formed in pure

z H2 are subject to rapid two-body conversion" into H,. This
-rate constant (k - 2 X 10-'cml s-') is at least as fast as that

o~V lOv" of any collisional processes leading to vibrational or rota-

tional relaxation. Since [H +/[H; ] ][ 10 under the source
0

--. conditions used here, it is resonable to expect that the nas-
5 s v"cent rotational distribution of H1 will be retained by the ion

"- 10 beam, i.e., the ion beam will be described by a rotational
distribution that is characteristic of the H 2 source gas tern-

0 1 3 5 7 perature.
ROTATIONAL aUANTUM NUMBER/N The photofragment spectra were simulated for a given

choice ofGaussian linewidth by varyingp(u) and source gas

FIG. 7. Partial photodissociation cross sections, in units of 10- "a cru', for temperature Tin Eq. (7). A best fit was observed for a Gaus-
Ha* A-X calculated as a fiuction of rotational quantum number N for sian linewidth (FWHM) of 18 meV, a hydrogen gas tern-
vibration levels u - 6-10. Those cross sections for excitacno at 6471 A are perature of 1400 K, and the HI vibrational populations
shown in the upper figure while those for excitation at $308 A am shown in (Franck-Condon factors) of Dunn.' The observed PSD-C
the lower figure. photofragment spectrum at A = 6471 A and the simulation

for this wavelength are shown in Fig. 8. The ratios of the low

Given the vibrational and rotational resolution in the N rotational components, which are partially resolved in the
photofragment spectra, the PSD-C technique seems to offer more intense vibrational peaks, are quite sensitive to the
a good way to probe the population distribution among the choice of rotational temperature and could not be repro-
internal states of a beam of molecules. However, to relate duced if the temperature were varied by > 100 K from the

photofragment intensities to initial state populations, explic- mean value of 1400 K.
it account must be taken of the rotational and vibrational It is clear from the fit to the photofragment spectra that
dependence of the photodissociation cross section [ Eq. the relative population of H2 in vibrational levels 5 < V < 14
(4) 1. These partial cross sections. a,,, were calculated with is within 10% of that predicted' for direct ionization. This is
the computer program of SandoZS using the potential energy in contrast to previous reports of a depopulation of the high-
curves for the X and A states of H.' given by Wind2" and er vibrational levels in H beams produced by monoplas-
Peek.' The cross sections at two of the relevent wavelengths matron'o and duoplasmatron'4 ion sources. Such depopula-
areshown in Fig. 7 asa function ofrotational quantum num- tion has been attributed'0 to collisional dissociation of the
berN fortV = 6-10. In addition to thestrong dependence on vibrationally excited ions; the calculations of Peek3" predict
wavelength and vibrational quantum number mentioned the cross section for collisional dissociation of H,' (v >7)
earlier, it can be seen that the cross section for a given vibra- to be more than an order of magnitude larger than that for
tional !evel can vary by an order of magnitude for rotational H' (uW = 0). Such processes are presumably of minor im-
levels between N = 0 and N = 7. portance in the present work where production of H - in thi

In order to derive the state distribution of the ion beam source is < 10% of the total ion current.
from the photofragment spectra, the spectra were simulated It should be noted that the peaks in the PSD-C spectrum
by representing eaob lower state vibrational and rotational are not expected to be Gaussian on the energy scale shown in
level by a Gaussian line shape at the photofragment energy Fig. 8, but should exhibit more tailing toward small values of
e = hv - E(u,N), where hiv is the photon energy corre- c. Position measurement errors have a Gaussian distribution
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SEPARATION H -H (ram) g 'X, and] 'air states correlate to the H(3!) - H( Is) dis-

0 20 30 40 50 60 70 sociation limit. The photodissociation of the c state at wave-
- I I ' I ] lengths between 5600 and 6600 A proceeds via four mecha-

>"D ••nisms which have been discussed in detail recently. ' For the

6471 1 current experiments, only two of these processes have to be
W considered: Bound-free photodissociation via the i state and
z predissociation of bound levels in thej and g states.

The current photodissociation s_%dies of the c state were
2z performed at the three krypton ion laser wavelengths,

* 5683.46, 6472.67, and 6766.28 A, At these photon energies

SSIMULATION no discrete transitions were observed in previous" photodv.-
Ssociation experiments of the c state, but a very smal back.

iiiiground from bound-free ph,,'dissociation appeared in the
spectra. This background was attributed"' to transitions

,I t I from high vibrational levels in the c state to the repulsive wall
o 0.5 1.0 1.5 2.0 2.5 of the i and h states. Due to the higher .ansition -,otient

Energy lev, expected for transitions 3d-2p than for 3s-2p, the domi-

FIG. 8. Photofragment energy release spectrum from the photodissociation nant contribut.ori to bound-free photodissociation is expect
of H, at 6471 A. The experimental spectrum is shown in the upper porton ed from the i state. In Fig. 10 we show thc variation of the
of this figure. The simulated spectrum is shown in the lower portion. The calculated photodissociation cross section for selecteu -
simulation assumed formation of the H,- by direct ionization of H2 at a state vibraticn=il levels through the i 'Ht state. It may be
rotational temperature at 1400 K. with each photodissociated energy level noted that these cross sections vary far less with v than did
represented by a Gaussian peak of IS meV FWHM. those presented in the previous section for the photodissocia-

tion of H,-. The reasc'i for this behavior is that at the wave-

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 ; i) " - H(39)
polarization used here. However, a sample Monte Carlo sim- 4
ulation of the photodissociation observed with the PSD-C 16 --

detector showed that the apparent lower state populations I*

are not significantly distorted by the use of Gaussian peak J

shapes. 15v

B. Photodlissoclotlon of H2 c€ ,Mu S+ H(2k}

To test the sensitivity and properties of our two-particle
detector, a neutral system has several advantages over an 14

ionic species. For one, the flight path of the neutral photodis-
sociation products is unaffected by residual electric and 5:
magnetic fields. Secondly, the energy of a neutral fast beam • 13 _ cjn
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 eniters the 1
measured separation energy through Eq. (6). To form the 0 0

fast neutral beam we chose xenon as a charge transfer target "

becauqe it was a permanent gas compatible with our charge 0
exchange cell. The formation of the long lived c state of H2 in
the reaction 8

7-
H• +Xe-Hc III- + Xe- (9)

is endothermic by about 8 eV and proceeds with relatively 5 H(ts + HOSI
4

small cross section when compared to the efficiency in an 3-
alkali target. From the observed photodissociation signal of 2
H, c •l1,. we calculate that approximately 0. 15% of the neu- I
tral beam was formed in the c state when 10% of the ions 0 E
were neutralized in xenon. 0 1 2 3 A 5 6 7 8

In the visible wavelength range. transitions from the c INTERNUCLEAR D.JTANCE (a.u.i

state access the electronic states of the 3s,3d complex of H2 . FIG 9 The potential energy curves of FI, reieant to photodssociation nf
As shown in Fig. 9 two of these states, the h 11; and i • i, the c In. state. The ground electronic states of HI, 'nd H,' are shown for

dissociate into H(21) + H( Is) while the two others, the reference
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0. 016 energy from the measured separation energy e. The peak

SI positions apparent from the figure display the energy loca-
-3n tion of the respective c-state levels. At the bottom of the

S0.12 - __ . 6 i figure we have indicated t0 e rovibrational energy positions

- -.----- 7 for the c state which we calculated using the potential energy

.8 curve given by Kolos and RychlewskL" The absolute accu-

z 008 - ' . 9 racy of our measurement is considered to be of the order of
- ~ 100 Lm-' and within tho' -,ertainty the measured level

positions match those predicted from the potential energy

o 00.12 curve.
-V) \ 14 The observed variation of intensity with both v and .

. was at first unexpected, but as pumted out above, can be

understood quantitatively from the interaction of the i state

5000 5400 5800 6200 6600 7000 continuum with the bound levels in thej and g states, We

WAVELENGTH (A) divide our discussion of the observed intensity pattern into

three parts. First, we discuss the pattern expected in the case

FIG. 10. Calculated cross section. in units of 10-06 erm. as a function of of photodissociation via the pure i state, then we discuss the
exciting wavelength for t'-: photodissociation of H: in thee c'r. (v = 6.16) observed er.hancement of certain uNV combinations. Finally
state through the (unperturbed) continuum of the i l, state, we explain the enhanced photofragment intensity which ap-

pears near the dissociation limit in the case of photodissocia-

tion at 6471 .
lengths considered here the dominant contributions to In the lower part of Fig. 11, we have simulated the ex-

bound-free transitions come from near the left-hand turning pected appearance of pt:-! i state photodissociation at 6471

point of the --state vibrational levels where the difference A. For this simulation we have first calculated the rovibra-
potential between th- c and the i state varies little with inter- tional population of the H2 c state by as •uming the rovibra-
nuclear separation. F, r the same reason, the rotational de- tional populations in the H* precurser that were established

pendence of the bound-free cross secti "i for this process is in the preceding section, and that the redistribution of inter-

found to be iinor at the wavelengths shown in Fig. 10. nal energy in the charge trandfer reaction is goverined by the
The bound-free photodissociation process is, however, nanergynin te c trsfer the

complcated due to the presence of the two geradv' n -= 3 Franck-Condon factors for the Hia X aX- (v)

states, g and], which modify the i-state continuum At inter- -H 2 c 31L (") transitions, aa is appropriate for a nonre-

nuclear separations 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 v 7M Tv-8

bound 3d states interact strongly with the continuum of the i . 5

state and this interaction leads to the very rapid predissocia- - 0
tion of those bo'jric. levels in thej ard g states that lie above 56 A

t'- 2 potential barriers in the i and A states. A previous experi- I-< 10

mental and theoretical study' 8 of this predissociation -i

showed that the predissociation procee4s on tirme scales of z 5
the order of I x 10-i s causing the natural width of the] 3 671

state levels to be of the order of 50 cm- for rotational levels L

S = 2. The widths increase with N, as expected for predisso- z simulitio A•

ciation by rotational coupling. C-

The presence of predissociated levels in thej andg states N 0 13

thus modifies the wavelength dependence of the bound-free N L [w1 L L b L J
photodissociation via the i state thrr.iSh the interaction of v- 5 6 7 8 9 10 111213(.14

the bound and continuum channels. Due to the strength of [ I I I I L I I

this interaction the i;-fluence of the coupling eta nds over a -600 -1200o -8000 -40 0 4000

wide energy range; the i-state continuum wave function car- ENERGY (cm'l

riesj and g state c. iaracter at energies well separated from the
resonance positions in thej and g states. In accordance with FIG. I1. Photofragment energy release spectra for the photodissociation of

the Beutler-Fano picture,"4 this interaction will lead to a H: at 5682 and 6471 A. The experimental spectra are shown in the upper

wavelength-dependent enhancement (or supression) of the half of the figure- the energy of tie exciting photons has h*en subtracted
from the observed energy releas to obtain the dissociation energies of the

bound-free contnbuuic n for a given lower state level. These lower state levels involved in tht photodiasociation. The lines in the lower
trite# ,'nce effects are very much evident in the photodisso- portion of the figure indicate the known dissociation energies of rotational

ciatcný ,pe:tra discussed below, levels ,V = 1,3.5. and 7 m vibrational levels v - 5-14 of the metastable H:

The nhotofragment spectra of H, obtained with th-! c I'n. state The spectrum labeled "simulation" assumes photodissociation
of the c state via an unperturbed i state at 6471 4. The tick marks at the top

PSD-C detector Rir photodissociation at 6471 and 5682 A ofthe 6guredenotethe expectedlocationsofsomeperturbationsinthe568,

are given in Fig. 11. Again we have subtracted the photon A spectrum (see the text).

159



sonant processat high energy. and AV = 0 xrittoii-d trail cti-rgg t' 641 A,, .n !v <,n fr m Ftg thi .- sc

sitions. This distribution was foided with the calculated par- lcdct is ýer' dramnaticailt' enhanc-d On th. Oa-is of the taw-

tial cross sections from Fig 10 and an exper:mrental culation: we would predict a similar elhancemerit tir t

Gaussian peak width of 150 cm -'. A very similar pattern is N 7 level fronm v,= S3 Thi, level is. however, conspi-
predicted for photodissociauon through the pure i state at cuously absent in the spectrum While care must be taken in
5682 k, albeit with a reduced intensity since the photodisso- this comparison due to our scant knowledge of :he; statr
ciation cross section is typically a factor of 3 smaller at this energy levels, we want to point out that both enhancement

wavelength. This and the lower laser power available explain and suppression are expected as a result of the bound-,tite-

the smaller signal-to-noise ratio for the spectrum obtained at continuum interaction. I

5682 A. Finally, we must mention the observed enhan,:emeni in

Comparing the predicted and observed spectrum at the photodtssociation cross section for the highest vibrjtion-
6471 A we see that the two spectra agree in general trends, al levels of the c state at t747 I A This enhancement, xa. nt

but the experimental spectrum shows significantly enhanced observed at the two other wavelengths invest:gated. 5b6 2

photodissociation from v = 1'.N = 7 and near the dissocia- and 6764k1,. The enhancement is associated w'th th" pr-).tin

tion limit. In addition the intensities for N = 7 levels are ity of the photon energ, at b471 k 15 451) cm with -ii

enhanced for V = 8,9. In the spectrum obtained at 5082 Aý a separation of the disstciation limits H(n -- 3 Hi anil

very pronounced enhancement appears for the higherN lev- H(n = 2) - 1 (15 23- c:m ') As a result th. bo•orL

eis in v = 7 and all N's in u = 8, with the v = 10 and higher bound transitions among the highest vibrational !evis in th-r
vibrational levels being absent or reduced. c and) states fall into near resonance with the phot,', enct

As we indicated above in general terms, the enhance- at 64711 A. Specifically, the (14,15ý and It), it) band, are

ment of specific (u,N) levels can be attributed to the pres- predicted" '7 to lie within 5 cm-' of the photon evnrzy an i

ence of bound but rapidly predissociated levels in the) andg the ( 13,14,, (15,15), (15, 1), and (17, 17) bands are ;"re-

states which are, at given laser wavelength, more or less dis- dicted to lie within 100 cm - .The rapid predcLssociatio-, that

tant from the continuum energy in the i state that is accessed was observed for the intermediate vibrational levels of tt e;

from the discrete levels in the c state. In the absence of ex- state" is expected to be active also for the highest ite'S

perimental information on the exact energy location of the Hence these transitions will contribute to the photodi-s.i-

high-lying boundj-state levels, we have used the theoretical tion signal in the same manner as the lv,N) selective ca-

potential energy curve of Rychlewskit1 to calculate the hancement that occurs at intermediate vibrational lt-vels

bound rovibrational levels in the j state. The results from Obviously the transitions to the highest vibrational leels to

such a calculation have to be treated with some care since b- theg state will fall into the same energy range as those to th;

uncoupling is not taken into account when considering the state and they will also contribute to the observed pileup of

purej state. Comparing the calculated energies for thej state photodissociation intensity near the dissociation limit of .he

with those known precisely from bound-bound spectrosco- c state.

py'3 at energies below the dissociation limit H ( Is) + H (21), IV SUMMARY
we find that for N = 5, the calculations underestimate the

energy of thej state levels by about 50 cm -'. The magnitude We have demonstrated that a position-sensitive detector

of the level shift due to I-uncoupling is roughly linear in N. for correlated particles provides sufficiently high resoluwen

The magnitude of the shifts are likely to be very similar in the to resolve both vibrational and rotational contributions in

energy region above the barrier of the i and h states since the the photofragment energy release spectrum of a bound--free

dominant uncoup!ing interaction is weighted with R - I and photodissociation process. At the current level of resolution,

the states are near degenerate for all energies at short R. the discrete rotational contribution to the photodissociation

The uncertainty about the precise level position stops us can be resolved only in hydrides. However, substantial im-

at this point from attempting a detailed interpretation of the provement in the position-sensitive detection should be

observed enhancement. Nevertheless the bound-bound line readily achievable with current technology, which would al-

positions in H, are so well separated in energy that we are low rotational resolution in the photodissociation of all but

able to identify thej state levels which are responsible for the the heaviest molecules.

enhancement of the photodissociation cross section from Having achieved rotational resolution, some caution is

specific c-state levels. In particular, we find that the required to extract the rovibrational population distribution

(Au = I ) P(5) and P(7) transitions from v = 7 lie within from the photofragment energy release spectrum. There ap-

100 cm-t of the photon energy at 5682 A. Likewise, the pear to be three general cases where accurate distributions

(au = 1) Q(2), Q(3), and Q(4) transitions from v = 8 lie can be determined with a reasonable degree of experimental

within 20 cm -' of the energy at 5682 A. In agreement with effort:

our predictions above, the photodissociation spectrum at (a) When the bound-free photodissociation process is

5682 ,k shows the peaks originating from u = 7, N = 5 and 7 well defined, as in the case of H, where the initial and final

and v = 8, N = 2,3,4 greatly enhanced. By contrast the Q electronic states of the molecule are well characterized and

branches from u = 9 lie more than 250 cm, ̀  from the laser the continuum is not modified by perturbations, accurate

energy and are in fact absent in the photodissociation spoC- population distributions can be established from photofrag-

trum at 5682 A. Similarly. the (Au = 0) P(7) transition ment spectra obtained at only a few widely spaced wave

from u = 12 is calculated to lie within 100 cm `of the laser lengths.
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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 N2 to form two nitrogen atoms is observed in a

crossed beam experiment at electron energies between 18.5 eV 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 N2 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, N2 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 N2 can result from electron impact. Laboratory studies

have produced a rather complete set of quantitative data 13 for these processes, with the exception

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

N2 +e--N 2 +e---*N+N+W+e, (1)

electron impact produces an electronically excited state of N2 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 little information is available concerning the electronic

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

Electron energy loss studies 15 "18 have shown that discrete (bound) levels of N2 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, 4 S, 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 19 among the N2 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, 15.16 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 N2. 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 N*, 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 N2 to be detected 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 eJ-ctron-impact dissociation of CO23 and will be considered only briefly here. A fast

(3-5 keV), collimated beam of N2 molecules is created by near-resonant charge transfer neutral-

ization of an NJ 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 N2 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: 25

QIR2 +1 ~ L (2)
4L2  M Vi

Here, the translational energy of the fast N2 beam, E0, is taken to be the energy of the N2"

precursor in the charge transfer, L is the distance between the point of dissociation of the N2

molecule and the PSD-C, and M is the mass of the N2 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 N2 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 N2 in the region between the slit

and the beam flag, and electron impact dissociation of N2 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 N2 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

AW 2AL
W- L - 0.052. (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.
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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 N2 at electron-impact energies !28.5 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 interl -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 7 (HC) and an

electron-impact ionization source28 (EI). The EI source was operated with low pressure (-10-4

Torr) N2 gas and 100 eV ionization energy. Electron impact on N2 at this energy populates three

electronic states of N 2: X2Z, A2Fu, and B2W with relative abundances of 0.5, 0.4, and 0.1

respectively. 4 The B state is short-lived13 and radiates primarily into the X2Z- state inside the

ion source volume. However, the A state is relatively long lived, with vibrationally-dependent

lifetimes 29 ranging from 16.0 J±s in v=O to 7.6 gs in v=7, and radiates into the X state throughout

the 6.4 gis flight time between the ion source and the charge transfer cell. The population

distribution in the N2 beam at the time of charge transfer is estimated 23 using the ionization

Franck-Condon factors for the initial vibrational distribution in each of the N2 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 X214 state,

80.6% of which is in v--0, 13.9% in v=l, 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:• v •3.

In the hollow cathode discharge in N2 gas at pressures in the range of 0.5 - 1.0 Torr, the

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

experimentally 2 8 3 0 in the case of Oad 3 production and is expected to also be the case for

N+2. It is anticipated that >90% of N+(HC) populates the X2 4E(v=O) level.

The product distributions formed in the charge-transfer neutralization of NJ at keV

energies in N2 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:

NI(X,v') + N2(X,v--0) -4 N2(X,v") + Nj(X.v) (4)

the partial cross sections have been calculated 31,32 for specific values of V and v". These predict

that neutralization of NV(HC) will produce a fast N2 beam with -90% of its population in

X 1g4(v--0). For the case of M'I(EI), reaction (4) is expected to yield significant populations in

both v--O and v=1 of X114. However, this distribution is augmented by both symmetric and

asymmetric charge transfer channels from the large fraction of NJ(A) in the beam, which will

undoubtedly yield a higher degree of vibrational excitation, extending at least to v"=5, in the

product N2 beam. However, the contribution of this vibrational excitation to the final beam

depends critically on the relative charge transfer cross sections of NJ(X) and NJ(A) with N2,

since < 10% of the N1 beam is actually neutralized under the conditions of the experiment. A

smaller relative charge transfer cross section for ?4(A) in N2 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 3og orbital of the NJ core, whereas neutralization of Nj(A)

involves capture into the lIiu orbital. Preferential capture into the 3og orbital of O is found to

dominate in O + Cs reactions. 33 Thus, vibrational populations in v">l of the N2 beam formed

from r4(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 N2 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

N2 beam. Representative distributions of fragment translational energy release (W) observed for

a 3000 eV N2 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 E0 equal to the acceleration

potential of the Nr precursor. Based on this calculated value of W and the position of the

electron beam relative to the N2 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 N2 beam, while those represented by

discrete points were observed when the electron beam was positioned such that no intersection of

electrons with the N2 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 pgs after the charge transfer formation of

the N2 . 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 Nj(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. I were observed with the N2 beam
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formed from NJ(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 2 beam

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

Spontaneous Dissociation Fragments. Dissociation of N2 in the absence of electron

beam interaction represents a rather substantial background to observing the N2 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 N* molecules in the beam. The structure in the W distribution of this

background, reflecting the energetic locations of the dissociating N2 electronic states relative

to their separated atoms, appears quite similar for both N•(EI) and NJ(HC) precursors,

qualitatively suggesting that essentially the same dissociating N2 states are formed. However,

the relative intensities of specific features are substantially greater when the NJ is produced by

electron impact, presumably reflecting an increased cross section for their charge transfer

formation from the A21"Iu state. Furthermore, the overall intensity of spontaneous dissociation is

greater in the N2 beam formed from the Nj(EI) precursor, representing a fractional decay of 5 x

10-6 of the N2 beam flux within the interaction region, compared with a fractional decay of 2 x

10-6 for N2 formed from N(H-C). Explicit identification of the dissociating N2* states solely on

the basis of these W distributions is difficult because of the very poor resolution, AW/W - 0.37,

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" ly.+(v=O) level. 34 Given

the known lifetime35 of this state (3.49 ± 0.10 gis) and the range of flight times between the

charge transfer cell and the interaction region, we can estimate the concentration of a" IY4(v---)

in the nascent N2 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 is

approximately 12 eV 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 N2 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 N2 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. It 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

NI(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 N2 beam produced from
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Nj(EI). It can be seen that for each of these distributions, the highest fragment intensities 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 eV. At higher values of W, the

fragmentation intensity is much smaller, despite the fact that the sensitivity of the apparatus is

quite uniform for fragments produced with energy releases in the range I eV < 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 electrc'n 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 tv.

peaks which are quite narrow. Such a distribution is characteristic of the predissociation of

discrete energy levels in the N2 , rather than the result of an electron-impact excitation to a

dissociative continuum. Predissociation is also found to characterize the fragment energy

distributions observed in the electron-impact dissociation of the i mlectronic CO molecule. 23

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 N2 beam formed from NV(HC). There is also a suggestion of subsidiary structure in the

W - 0.8 eV 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 Nj(HC) than from
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N ,(El), 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 adis is obtained from the relation

N* u vnil e (7)0 dis =,(7

as discussed in Ref. 23. Here, Ifl'/l is the N2 beam flux, I is the electron beam current, vn is

the velocity of the N2 beam, taken here to be the velocity of the N* precursor, e is the electron

charge, ý 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 dissociation pairs as

the electron beam is slowly translated completely across the N2 beam at a constant velocity u.

Each of these terms is separately meas-ired with the exception of the PSD-C collection efficiency

X, which is an explicit function ot the N2 beam energy, fragment energy release W, and the

center of mass angles 8 and 0 defining the ejection of the fragments orthogonal to the plane of

the PSD-C and within the plane of the PSD-C, respectively. Only 0 is explicitly measured by

the PSD-C for each dissociation event, whereas the 0 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 X makes the single targest

contribution to the uncertainty in adis. Finally, an error is introduced into the cross sections by

the prese.-t inability to observed fragments produced ,. ith W < 0.3 eV. As can be seen in Fig. 2,

there is appreciable fragr .,'nt flux at values of W just above this limit, particularly when the N2

beam is formed from NV(HC). However, as discussed in the next section, there is no reason to

believe that very low energy re'&:•ses would dominate the el,-k :on-impact dissociation for this

molecute. For the present measurements, we approximate this unobserved flux by extrapolating

the average fragment intensity observed for *he interval 0.31W:50.5 eV to W--O. This it,, 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 uncertainties 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 N2 beam formed from

NV(-C). The measured values, in units of megabarns (1 Mb = 1 x 10-18 cm 2 = 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 mrrors in these values are given in Table I and are represented

by the bars in Fig. 3. Dissociation cross sections were also measured at several electron-impact

energies using an N2 beam formed from the NV(EI) precursor. No detectable systematic

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

The dissociation cross section of N2 has also been determined by Winters9 from

measurements of the effective pumping speed within a constant volume of N2 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:

N2 + e- - N- -# N + 2e-. (5)

However, the cross section for Reaction (5) has been independently measured by several

groups 5 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 Table I. The error limits given in Figure 3 are the

absolute errors of + 10%/-20% estimated by Winters (bur shown in the figure as ±20%), 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 (x 1 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 N2 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 N2 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, Home, 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 used 37 to determine the

electron impact dissociation cross section of CH3. The sensitivity of Winters et al.'s experiment

to 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

reliable.
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An improved representation of the cross section for electron-impact dissociation of N2

can be obtained by taking a weighted average of the present absolute cross section values and

those of Winters9 and extrapolating this average to threshold electron impact energies using the

relative pumping speed measurements of Winters, Home, 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 N2 in the earth's atmosphere, where it is subject to electron

impact by ambient photoelectrons and auroral electrons, the excitation and dissociation of N2 has

received considerable attention. Excitation processes have been particularly well chara•.tCrized

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 N2

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 substantial bond

dissociation energy40 of 9.7537 ± 0.0011 eV, most of the electronic states in N2 lie above the

lowest dissociation limit N( 4S) + N(4 S). 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 1 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 b'IFlu, b'l+, clnu, c'lz+, olllu, e'lu, and e'IY,+

states.8 All vibrational levels of these states lie above the second N2 dissociation limit, N( 2D) +

N(4S) at 12.1373 eV, and many of their levels also lie above the third limit, N(2p) + N( 4 S) at

13.329 eV. Thus predissociation to two or three dissociation limits can compete with allowed

optical fluorescence into the ground XIT.+ state or the aflg state. In addition, the b and b'

valence states are strongly mixed with the c, c', o, e, and e' 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 N2 has been considered in detail by Zipf and McLaughlin. 11 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, 15 they arrived at state specific dissociation cross sections

and predissociation branching ratios (ildis, the ratio of the predissociation cross section to

the excitation cross section) for individual vibrational levels in the N2 states. Their data,

summarized by electronic state for 200 eV electron impact, is given in Table Ill. More recently,

Ajello et al. 12 have measured the emission cross sections at higher resolution utilizing the recent

reevaluation 42 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

excitation 8 cross sections. Their results for the N2 states, as summarized by James et al.4 3 for

100 eV electron impact, are also given in Table Ill, 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 Ill 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 0ldis) for most of the states. The exception is the implied

branching ratio for the c' 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 N2.

In particular, the a Irg, w 1Au, C3 "Iu, E3Z, a" 11", G3nIu, and F3rIu states have measurable

excitation cross sections. 8 The C state however, does not dissociate for levels that are signifi-

candy populated by electron impact,44 and the strongly populated levels in both the a" and

E states are relatively long-lived. 35,4 5 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

Shemansky46 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,

at 60 eV.

Predissociation of a rovibrational level produces a discrete release of translational energy

to the fragment atoms which must be accounted for in describing electron energy deposition in

N2. 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', c, c', e, and e' 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(4 S), the translational energy release for production

of N( 2D) + N(4 S) would be 2.384 eV lower, while that for production of N( 2p) + N(4 S) would

be 3.576 eV lower, given the known4 7 energy separations of the atomic states.

The fragment energy release distributions observed in the present work from electron

impact dissociation of N2 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 11I), 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.4 3 for the c',c,b',b, and o states, and of Ajello and Shemansky 46 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 McLaughlinI 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 chara(.teristic

of the NJ X2E+ and A 2rlu 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(4 S), 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(4 S) + 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 eV. 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 lie above the N( 2D) +

N(2D) limit.

A comparison of the experimental fragment energy distribution with the calculated

distributions 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=O) 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 N2 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( 4 S) is the dominant

dissociation channel in N2 dissociation. Furthermore the experimental spectrum specifically

excludes any significant production of N(4 S) + 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 e'(v=O) 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 + 4S limit, even though they lie more than 1 eV above the 2P + 4 S 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

N2 states.34

Another conclusion from the comparison in Fig. 4 is that predissociation of bound N2

states, as implied by the absence of significant continua in electron energy loss excitation spectra,

makes the dominant contribution to the electron impact dissociation of N2 . 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 N2 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.9 As shown in Table III, the sum of the dissociation cross sections for the b, b', c, c', o,

and a states is 46.7 Mb with an absolute uncertainty of order 25%. Excitation and complete

dissociation of the e, e', G, and F states would account for an additional -6 Mb for the

dissociation cmoss section to give a nominal total of 53 ± 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 patial 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 N2 dissociation.

SUMMARY

Absolute dissociation cross sections and translational energy release distributions are

measured for electron impact on N2 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 N2 indicates that predissociation to form N( 2D) + N(4 S) products i.,

the dominant dissociation mechanism. Production of N(4S) + N(4S) and N(2P) + N(4 S) 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 N2 dissociation cross section over the electron energy range from 10 eV to 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 I.

Cross sections ({dls) measured for the electron-Impact dissociation of N2 . Ths dissociative

Ionization cross section from Ref. 13 has been subtracted from the measured cross section of

Ref. 9 to arrive at the values labelled Winters. Cross section units are 1 Mb = 1 x 10"18 cm'.

Dissocia'Ion Cross Section (Mb)

Electron Present MeasLs:qments WMiters

Energy WeV) ( MdIS Uncertainty - (dis

18.5 17.4 11.4 54.2

23.5 66.5 22.0 98.5

28.5 80.7 24.7 121.3

38.5 86.5 29.0 139.9

48.5 101.7 29.5 143.3

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 II.

Recommended cross section for the electron-impact dissociation of N2.
Cross section units are I Mb = 1 x I0r1 8 CM2.

Electron Estimated Probable
Energy Cross Section Absoklte Uncertalnty
(Mv) - Mb

10 0

12 1

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

125 110 22

150 104 18

175 99

200 95
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Table III.

Partial excitation cross sections and dissociation fractions (Ildis) for the electronic states of N2 .

Excitation Cross Section (Mb) T~di.
Ref. 11 Ref. 43 Ret. 8 Ref. 11 Ref. 43

State 200 eV 100 eV 50 eV 200 eV 100eV

ar1 Tg 6.2a 2.9 0.12a

wl~u - -0.7

bIlNu 20.7 12.1 17.8 b 0.97 0.95

b, 17.1 12.8 10.3b 0.83 0.84

C'nu 12.0 16.1 8.7b >0.99 1.0

cl 23.8 12.1 12 .5 b 0.29 0.0

oInu 4.8 7.5 2.lb >0.99 1.0

eln'u 2.0 - >0.99 -

e~l• 0.6 >0.99

G3 rlu - 2 .3 b -

F3 "u -1.2

a Reference 46
b Average of cross section values given at 40 eV and 60 eV.
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FIGURE CAPTIONS

Figure 1. Distribution of translational energy releases W observed for the dissociation of N2 .
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 N2
beam produced from neutralization of N1 formed in the hollow cathode ion source.
A low pressure electron-impact source was used to generate the precursor N4 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 N2 beams are given by the
points.

Figure 2. 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 eV and 48.5 eV,
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.

Figure 3. 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.

Figure 4. 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 HI) plotted as
a function of energy relative to the N( 2D) + N(4 S) 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(4 S) are the dominant N2 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 02 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 i products. The

observed translational energy releases in the 02 dissociation are consistent with production of

O(ID) + O(3p) fragments following electron impact excitation to the B3y., B' 3 ., and 23I1u states,

and production of O(3P) + O(3P) fragments from excitation to the (unresolved) cIT jj, A' 3Au, and

A3E+u states. Absolute cross sections for the electron impact dissociation of 02 are measured.

MP 92-261R
January 28, 1993
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INTRODUCTION

The 02 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 02 are available from several sources. 1-3

The 02 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

population in the ground X3Z. state with electric dipole allowed transitions lie above the first

dissociation limit and appear to dissociate. Optical emission in the Schumann-Runge bands is

obsered in 02 discharges at high pressure,4 but the fraction of emitted light is small because all

levels of the upper state of this system, B3 .WZ, are found to rapidly predissociate. 5-7 At lower

pressures, only optical emission from highly excited atomic 0, O+, and 0++ states is observed8 -10

and highly excited neutral fragments formed by electron impact on 02 have been detected using

nonoptical techniques. 11-13 In general, the processes forming highly exciteu fragments represent

only a small subset of the overall 02 dissociation, and frequently their formation is through

dissociation processes in the O ion.

Direct detection of the dominant 02 dissociation fragments has historically been difficult.

Formation of 0 atom products in the ground 3p state and in the lower excited states, ID and IS,

accounts for all of the accessible dissociation limits below the ionization limit of the molecule.

The ID and IS 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 laborator-,

environments. Nevertheless a few laboratory measurements of IS, ID, and 3P production

following photodissc,,':--ion of 02 have been made. 14-17 In addition, there has been one

unpublished measurement using chemi-ionization to detect 0 atom production following electron

impact dissociation of 02.18

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

02+e-0 0'+ee -4 +0+e+W eI+

in a crossed beam experiment. The 02 beam is formed with several keV of translational energy

such that the O-atom dissociation fragments can be detected by secondary electron emission a, atr

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 02, 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 02 molecules is created by near-resonant charge transfer neutralization

of an O 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. Undissoc-ated molecules are collected by the beam flag.

If an 02 molecule dissociates within this region and its fragments are produced with sufficient

transverse velocity to escape coliection 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. 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:

41- 2  + ,• ) J1  (2)

Here, the translational energy of the fast 02 beam, EO, is taken to be the energy of the O precursor

in the charge transfer, M is the mass of 02, and L is the distance between the point of dissociation

of the 02 molecule and the PSD-C. Both of these are taken to be constants describing all

dissociating 02 molecules. The measurement further specifies the angular distribution of the

fragments in the planes orthogonal to the detector. The fast 02 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, 19 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 ionizntion of Ar 21 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 soontaneous or collisional dissociation of the 02, and electron impact dissociation of 02. 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 02 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

AW 2AL
= =0.052. (3)

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

<2x 10-8 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

02 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.

"Ihe internal state distribution of the 02 beam is determined by the composition in the 0O

reactant beam and by the gas used for the neutralization. In order to achieve a substantial

difference in populations, the 0 ions used in the present work were created by two different ion

sources. A Nier-type source produced 0 by 100 eV electron impact (El) on 02 gas. Following

the >5jxs transit time between the ion source and the charge transfer neutralization region, the

O(EI) beam consists of ions in two electronic states: X21-18 and a4 -u. 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 neutralizatioa in Cs vapor. The
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observed vibrational distribution in the X2 Fg state, given in Table I of Walter et al., 22 has 93% of

the population distributed among v=0-4 of the X21lg state. The vibrational distribution observed

for the a4 Hu state agrees with that reported by van der Zande et al.23 and (:i Grieman et al.,-4 with

92% of the a4 flu 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 25

produced 0 with a hollow cathode (HC) discharge in 0.5-1 Torr of 02 gas. These OJ(HC) ions

are found to populate cn'y X2 'lg(v=0) as evidenced by their Cs DCT translational energy release

spectrum. 26

Charge transfer neutralization from the initial ion state distribution determines the final

population distribution in the 02 beam. The present measurements were made using 02, furan, or

Ar as the neutralizing gas. These have ionization potentials of 12.06 eV, 8.88 eV, and 15.76 eV,

respectively. Pressures in the charge transfer cell were adjusted in each case such that the

transmitted 0 beam current was attenuated by approximately 10%. Under these conditions, both

02 and furan produced an 02 beam with comparable efficiency, but Ar provided a substantially

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 0, 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 27 for the production of specific product states in the reaction

O(X,v') + 02(X,v--0) -4 02(X,v") + 0O(X,v*) (4)

at 2210 eV. They predict that even from v'--O, 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 02 beam population distribution produced by charge transfer in

02 of 3000 eV 0 (HC). A similar distribution is also expected from the calculated cross sections
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for the neutralization of the X2 f'g component of Oj(EI), despite the incidence of vibrational

excitation in the reactant ion. However, neutralization of the large population of a4 lu state in the

O(EI) beam with 02 has near-resonant product channels leading to the production of high

vibrational levels in 02, more than 4 eV above the ground vibrational level. 28 There is no reliable

way to estimate the 02 beam state distribution produced by neutralization in furan or Ar.

Empirically, it is found here that electron-impact dissociation cross sections measured for the 02

beam produced from OJ(HC) were comparable for each of the three charge transfer gases,

suggesting comparable vibrational distributions. In contrast, 02 beams produced from Oj(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 02

beam formed in the charge-transfer neutralization of O(EI) in 02 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 eV and produces some attenuation of the fragment intensity

for W < I eV and W > 4 eV. The upper spectrum in this Figure is obtained with a 1.1 mA beam of

50 eV electrons intersecting the 02 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 < 2.2 eV
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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 to 10-7

Torr, suggesting that the continuum arises from collision induced dissociation of the 02 beam:

0 2 + X -O 0 -O+ 0 +W. (5)

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

neutralizing gas than when 02 was used.

In contrast, the structured region of the spectrum is effectively unchanged by either gas

pressure changes or the choice of 02 or furan as the neutralizing gas. The energy release near 1.8

eV is more prominent in beams produced from O(EI) than from O(H1C), but the lower energy

features are essentially invariant with the state composition of the 01 beam. These findings

suggest that the structured components in the energy release spectrum of the background

dissociation arise from dissociative charge transfer of 01:

01+X -*O2 -00+O+W, (6)

where the 0* 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

pis. From the broad appearance of the energy releases and the large energy defect (- 7 eV)

required for the charge transfer reaction to produce an 02 state lying >1 eV above the lowest

dissociation limit, we estimate that the spectrum arises from a very small concentration (-1 ppm)

of 0* in the fast beam with a dissociation lifetime of order 10 gs. This is discussed in more detail

elsewhere. 29 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 - 0.34 for the

products of reactions (5) and (6).

The translational energy release spectrum for electron-impact dissociation of 02, 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 02 beam produced from Oj(HC) neutralized in 02.

The error bars given for the fragment intensity at each W reprei;ent the statistical error associated

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 02

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 eV, 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 02 dissociations produce a value of W in the range 1 < W 5 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 5 W 4 eV, designated as region 1Ii. 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 adis is obtain', from the relation

N* u vn e (7)Odis-,(7

as discussed in Ref. 19. Here, Ifc/rl is the 02 beam flux, Ie is the electron beam current, vn is the

velocity of the 02 beam, taken here to be the velocity of the O0 precursor, e is the electron charge,

ý 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,

N* is the total accumulated number of electron impact dissociation pairs as the electron beam is

slowly translated completely across the 02 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 02 beam energy, fragment energy release W, and the center of mass angles 0 and

0 defining the ejection of the fragments orthogonal to the plane of the PSD-C and within the plane

of the PSD-C, respectively. Only 0 is explicitly measured by the PSD-C for each dissociation

event, whereas the 0 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 X makes the single largest contribution to the uncertainty in oidis. 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

0.3•5W50.5 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 02 beam produced from 0O(HC)

neutralized in 02 or furan and for OV(EI) neutralized in all three charge transfer gases, Cross

sections for 02 formed by the O(AHC) precursor were found to be equal to within - 15% regardless

of the neutralizing gas, whereas those for the 0O(EI) precursor were systematically -30% smaller.

This difference presumably reflects a higher degree of vibrational excitation in the 02 produced

from OV(EI). The cross sections measured from the 0O(HC) precursor are given as a function of

electron impact energy in Table I and shown as the solid circles in Fig. 3 in units of 1 Mb = I A 10

18 cm 2 = 0.01 A2. The magnitude of the error bars in Fig. 3 reflects only the relative uncertainty in

the measured cross sections; the absolute uncertainty is ±34%.

DISCUSSION

Fragment Energy Release

Representative potential energy curve of 02 are shown in Fig. 4, which also shows the

ground electronic state of 0. Electron impact on 02 X3yg produces an electronic excitation in

the molecule, as indicated in reaction (7). The 02 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 rules 30 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:

00

O -00 [ fJiaf dr]2 (8)
0

where o0 is the cross section for the excitation of a specific electronic final state from the initial

state, here X31,, for an electron of specific incident and scattered momenta, and the w 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 initial vibrational

level v--O. 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 02, alAs and b1X4 have potential energy curves 32 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 excitation 33-36 upon electron

impact. The first dissociative regions accessed in vertical transitions are the repulsive walls of the

so called "6 eV" states, c04., A'3Au, and A3y.+, which adiabatically dissociate to ground state

fragments. The three states have similar potential energy curves32 and lie close in energy; hence

only the c14 is shown in the figure. Vertical excitation to the 6 eV states, 34-37 should give rise to

production of 0(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 B3,T state with correlates to 0(ID) + 0(3p) fragments. Excitation in this

Schumann-Runge (SR) continuum 38 -40 is expected to produce a fragment energy distribution

labelled II which is peaked near W - 1.7 eV with a relatively sharp cutoff at higher W due to the

avoided crossing of this state in the vertical region with the 3. Rydberg state.4 1 Also accessible

in this region are the repulsive curves arising from the ground state limit, of which the 13Ilu is

shown in the figure.39,4 2 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 0¶ X2 1Ig

core. 43 Two of these, the B' 31 and 231u are accessible in dipole allowed transitions from the
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ground state and are shown in the figure.4 In addition, the dilng and C3 1]g Rydbergs lie in the

vertical region at a potential energy near 1 eV on the scale of the figure.4 54 8 These have been

characterized by translational spectroscopy 49 and multiphoton ionizationS0, 5 1 studies. All of these

states are predissociated. For the B' and 23Flu, this is manifested by a substantial broadening of the

transitions in the optical absorption spectrum.52 For the 1,31g, the fragmentation has been

explicitly observed to the ID + ID, ID + 3p, and 3p + 3p dissociation limits.49 Dissociation

products of the B'3I. and 23 nlu states are not known. Dissociation to ID + 3P has been assumed in

Fig 4, as suggested by photodissociation studies, 14,15 giving rise to the discrete energy releases

labeled II.

The electron energy dependence of the differential cross section for excitation to the

various electronic states in 02 is given quite precisely by electron energy loss spectroscopy

(EELS), which measures the energy and intensity of electrons inelastically scattered from a

monouiromatic electron beam. The difference in energy between the incident and scattered

electrons is equal to the vertical excitation energy between the initial 02 X3rg(v=O) 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 X32ý(v=0). The 02 EELS

spectrum observed by Wakiya 53 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(ID) + 0( 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 B31.+-X 3z- occurs for energy losses between 0 and

2.2 eV and should produce fragmentation corresponding to region i in Fig. 4, and excitation of the

B' 3 ., and 2 31u Rydberg states at energy losses near 3 eV, corresponding to region II in Fig. 4.

The small undulations at the top of the SR feature have been assigned to excitation of the 31"g
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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 150 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' 34, and 23IIu

Rydberg states. In fact, the appearance of these fragments near 3 eV provides definitive evidence

for predissociation of these states to the ID + 3p dissociation limit; their positions in the spectrum

would be shifted by -2eV to 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 < leV, 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 < leV

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 eV. 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 F6eV/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,
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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 02 molecules in the fast beam. The

EELS spectrum was obtained with an 02 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, 0:5 v S 4 to be populated in the fast 02 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.,4 2 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 02 vibrational excitation. Another effect of vibrational excitation may be to

weaken the features at W - 3 eV attributed to B', 23Ha 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 W states, which are expected to produce fragments in

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

Another measure of the effects of 02 vibrational excitation comes from the work of Stone,

Lawrence, and Seitel. 18 These authors reported the time of flight spectrum of 0 atom fragments

produced following the dissociation of thermal 02 molecules with a pulsed, 80 eV electron beam.

Chemi-ionization of the 0 atoms in a samarium vapor cell allowed detection of ground state
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atoms. 14 Their time-of-flight spectrum, now transformed onto an energy release scale, is shown at

the center of Figure 5. HorizonWta 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 < I 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 02 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 02. Chung and Lin54 used the Bom-Ochkur approximation to calculate the

contribution to the electron-impact dissociation cross section arising from B3TX, --X3T- excitation

at electron energies between 10 eV 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.55 using an impact parameter

approach. These calculations considered only excitation in dipole-allowed transitions to the B3-.,

B'34, and 13nu 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

02 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

Kuppermann 35 report the excitation cross sections at two electron impact energies to the 6 eV

states, the SR continuum, and to the B',2 31u Rydberg states. The sum of these cross sections are

given by the two crosses in Figure 3. Wakiya53 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 accoilnts 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

electron energy dependence of the cross secti•n 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 eV, whereas excitation to the B' and higher states

contributes only 13% to the total cross section of Wakiya 53 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 measurenients 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 02. A more likely

reason for the smaller dissociation cross sections is that they are measured for 02 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 B---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 02 beam formed from OV(E1) neutralized in

02 is also found in the present measurements.

Kanik et al. 56 have recently compiled a set of recommended electron scattering cross

sections for 02. 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 eV 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 eV states and the SR continuum to the dissociation requires an

assumption as to the explicit form of in individual energy release 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',2 3nIu and higher Rydberg

states and those from the lower energy states. If we attribute the fragment flux with W >2.7 eV to

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 Wakiya 53 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(IS) + O( 3p) which could be obscured in translational

energy release spectrum by direct dissociation products (fragments I and II 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. 14,15 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-1 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 calculations 57 find that the diabatic

character of this state, formed from an avoided crossing of valence and Rydberg 3E, 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 02 in a fast molecular beam. The translational energy release distributions

are found to be consistent with the major contributions to 02 dissociation arising from optically

allowed electronic excitation to the B3,y, , B' 3 -. and 23nu states, each dissociating to form 0(ID)

+ 0( 3P) atoms. Additional contributions appear in the fragment distributions that are consistent

with dissociation of the "6 eV" states, c04-, A' 3Au, and A31+, to 0(3P) + 0(3P) atoms. Production

of energy rt ý,s W > 4 eV was found to be negligible at all electron impact energies, suggesting

that 02 states formed at or above the lowest ionization limit either autoionize or dissociate to 0(IS)

+ 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 X32;j(v--0-4) in the fast molecular beam. Such excitation is endemic to the fast 02

beam production via resonant or near-resonant charge transfer neutralization of 0 due to the

displacement in equilibrium internuclear separations of the ion and neutral ground electronic states.

Tests using an 02 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 02. 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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Table I

Cross sections measured for the electron Impact dissociation of 02. Units are
1 Mb a 1 x 10-18 CM2. Partial dissociation 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 Uncertainty W > 2.7 eV Uncertainty

(eV) (Mb) (Mb) (Mb) (Mb) (Mb)

13.5 22.0 9.7 12.2

18.5 52.9 5.3 18.8

21.0 56.5 8.7 21.1

23.5 52.5 5.0 18.5 - -

28.5 58.7 5.2 20.6 4.9 1.7

33.5 66.3 7.7 23.8 5.6 2.0

38.5 61.0 3.4 21.0 5.2 1.8

48.5 53.4 2.9 18.4 4.6 1.6

58.5 44.4 4.5 15.8 3.9 1,4

73.5 36.6 4.2 13.1 3.2 1.4

98.5 33.1 5.6 13.6 3.0 1.2

148.5 29.6 5.0 11.2 2.8 1.1

198.5 29.1 4.4 10.8 2.9 1.1
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FIGURE CAPTIONS

Figure 1. Distribution of translational energy releases W observed for the dissociation of 02. 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 eV electron beam intersecting the
fast 02 beam. The lower spectrum is observed with the electron gun positioned such
that the electron beam and 02 beam do not intersect. These spectra were obtained for
02 produced by charge-transfer neutralization of O(EI) to enhance the spontaneous
dissociation structure. Direct subtraction of the two spectra gives the translational
energy released in the electron-impact dissociation of 02.

Figure 2. Translational energy release distributions produced by electron-impact dissociation of
02 at three electron energies. The distributions have been corrected for collection
efficiency, but not for the variation in energy resolution with W (see Eqn. (3)).

Figure 3. Dissociation cross sections and excitation cross sections for electron impact on 02. 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
55, respectively. The crosses labelled TWK and open circles labelled Wakiya are
experimental estimates of the excitation cross sections to dissociative states in 02 using
electron energy loss spectroscopy by Ref. 35 and 53, respectively, where the error bars
represent the absolute uncertainties of Ref. 53.

Figure 4. Potential energy curves of 02 relevant to electron-impact dissociation. Potential energy
is relative to the O(ID) + O(5P) separated atoms. The vertical excitation region from
02 X 32-(v=O) is indicated by the shaded region. Estimated translational energy release
distributions from dissociative states in three regions: I for dissociation to ground state
atoms; II and HI for production of 0(1D) + 0( 3p), are shown to the right of the figure.
Tic marks along the energy release distributions are in increments of I eV in W. The
ground electronic state of 0 and the first ionization limit are also shown in the figure.

Figure 5. Three energy distributions of 02 referenced to a common energy scale. The upper
distribution is the translational energy release observed in the present work following
48.5 eV electron impact dissociation of a fast 02 molecular beam. The center
distribution is the translational energy release distribution obtained by transforming the
0( 3P) arrival time distribution observed by Ref. 18 following 80 eV electron impact on
thermal 02. 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 02. A value of 7.083 eV has been subtracted from the observed energy loss to
reference it to the 0( 1D) + 0(3P) dissociation limit. The ordinates of each distribution
are linear, but the numerical labels are arbitrary.
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