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Abstract

Kinetic energies of metastable 0 atoms formed in dissociative excitation
of 0, were measured in a time of flight experiment. Metastable 0(5S%) atoms
(9.14 eV) as well as high lying states near the ionization 1imit of 0(13.6 eV)
were detected by means of Auger ejection of secondary electrons from a Cu-Be
surface. The energy spectra of metastable fragments showed distinct structure with
maxima near 0.3 and 2 eV. Repulsive potential energy curves of 02 were constructed
from the measured energy spectra and time-resolved excitation functions. The
excitation function for the direct excitation of the 0(5S0) state had a threshold
of (14.3 + 0.2) eV which is equal to the minimum energy for dissociatively exciting
the 0(°SY) state. Using selection rules and symmetry arguments concerning the
angular variation of dissociation products, the molecular state reached near 14.3
eV was identified as a I, state with a probable multiplicity of 3. Other molecular
states reached at higher energies were not identified. It seems, however, that
there was a sizeable contribution due to 0 atoms in high lying Rydberg states
excited in dissociative excitation. The differential cross section for the direct
formation of 0(5S%) was found to be do/do = 1 x 1019 cm2/sterad within a factor
of two at an electron energy of 30 eV and an angle of 90° with respect to the electro
beam. Several atmospheric applications of the measurements concerning the heating
of the atmosphere, radiative transfer of resonance radiation and chemical reactions

are mentioned briefly.



I. INTRODUCTION

Kinetic energies of atoms produced in electron impact dissociation
of molecular gases play an important role in the heating of the atmos-
phere (e,g. in auroras) and in radiative transfer, although this has
apparently not been considered in detail as yet. Our measurements of energy
spectra of metastables! resulting from dissociation of 02 indicate that
energetic atoms are formed with energies generally much above thermal. Energy
spectra of metastable atoms also need tc be known in absolute cross section
determinations of long~lived emissions excited in the dissociation process.

Dissociation of molecular oxygen is of particular interest, since
metastable oxygen atoms play a dominant role in the earth's atmosphere. We
have studied the dissociative excitation of high Tying metastable states of the
0 atom, in particular the 0(5S) state. This state is readily excited with
high efficiency. Low lying metastable oxygen atoms are more difficult to detect
and we are presently working on their dissociative excitation. In our apparatus,
high 1ying metastables and Rydberg atoms were observed perpendicularly to the
electron beam direction, With slight modifications, our apparatus is capable
of measuring angular variations. This topic will be investigated in the future.

The technique used involved the pulsed production of metastables and
multi-channel analysis of their time of flight spectra and has already been
described in detail.2 Only the salient features of the apparatus are mentioned
below.

I11. EXPERIMENTAL DETAILS
The experimental system has been described elsewhere.? It suffices to

mention the main features of the apparatus (Fig. 1 and 2).



Metastable oxygen atoms were produced by electiron impact dissociation
of 02° The electron gun was pulsed in order to monitor the transit time of
metastables to the detector and thus obtain time of flight distributions of
metastable fragments. Beam pulses were typically 1 usec wide with repetition
rates of 10*/sec. The duty cycle of the gun was thus 1% and the average
beam current as integrated by an electrometer was about 10-7A,

Metastable fragments were detected under an anglie of 90° with respect
to the beam direction by a nude Cu-Be muitipiier whose first dynode was 6.4cm
away from the center of the collision chamber. The solid angle subtended by
the multiplier entrance aperture was about 0.05 sterad. The effective scattering
Tength in the collision chamber was about 0.5cm. The collision chamber con-
taining the 02 gas at an uniform pressure (-~ 10=% Tory} represented a diffuse
gas source,

Metastables with excitation energies in excess of the work function
of the multiplier dynodes (¢ ~ 4 eV) could 1iberate secondary electrons from
the multiplier dynodes by means of the Auger process.? Therefore the 3s55° state
and high lying Rydberg states of atomic oxygen could be detected. It is in-
teresting to note that metastable oxygen molecules were never detected in this
experiment, Total counting rates at the detector integrating over all metastable
transit times were of the order of 100/sec. The background counting rate without
02 in the collision chamber was about 0.1/sec.

Time of flight spectra of metastablie atoms (Fig. 3 and 4) were obtained
with a multi=channel analyzer system involving time to amplitude conversion
(Fig. 1) or with a single channel analyzer of variable channel width and position
(Fig, 2}. In the first method (Fig. 1 and 3), the data were taken automatically,

the statistics were better and the drifts were negligible. The second method



(Fig, 2 and 4) enabled one to obtain excitation functions for groups of
metéstab1és with selected transit times, i.e. kinetic energies, by the proper
choice of the gating window position and width. In this case, the output of
a ratemeter parallel to the counter in Fig. 2 was applied to an X-Y recorder
together with the energy defining voltage of the electron gun.
ITT, RESULTS
A. Energy Spectra

Time of flight spectra of metastable 0 atoms are shown in Fig. 3 and
Fig, 4, Originally these spectra (Figg 4) were obtained with the single
channel analyzer sketched in Fig, 2. The multi-channel analyzer system (Fig. 1)
yielding the spectra in Fig., 3 was added at a Tater date in order to faciiitate
the data taking and to improve the overall accuracy. It is seen that the
agreement between the data in Fig. 3 and Fig, 4 is very good if one takes into
account the lower time resolution in Fig, 4, A1l curves were due te relatively
fast 0 metastables. Molecular oxygen metastables would have had muchv?onger
transit times and a detailed search for them never revealed their presence in our
experiment,

Pronounced structure in the time of fiight distfﬁbutions is indicated
by arrows in Fig, 3. The threshold for metastable production is somewhat below
15 eV, As the electron energy increases, structure 1 develops fully and remains
constant in shape while at the same time further structure appears. As discussed
below the structure in the time of flight distribution contains important
information about the molecular structure of 020

Energy spectra of metastable atoms resulting from the dissociation process
are of practical as well as basic interest. These spectra were cobtained from the
corresponding time of flight distributions in the foiiowing way: Let TE(t) be

the time of flight distribution of metastabies produced at an electron energy E.



Then the signal accummulated in the analyzer is proportional to TE(t) dt,
where dt is the transit time interval given by the channel width (- 0.2 usec).
The energy spectrum DE(e) corresponding to the distribution TE(t) was then

obtained by using

M d2
€ = ’2' "E“z (1)
and we find that
_ 2 3
TE(t) dt = - ﬁEE TE(t) t° de. (2)

From this expression we see that the energy spectrum (aside from an insign=-

ificant constant factor) was given by
= 3
Dple) = Tg(t) ¢ (3)

where ¢ is the kinetic energy per metastable fragments, M the mass of 0, d the
distance between excitation region and metastable detector and t the metastable
transit time,

In the actual calculation of energy spectra, the time of flight dis-
tributions were first multiplied by t3 according to equ. (3) and the product
was plotted as a function of the energy e¢. Computer plots of the resulting
energy spectra are shown in Fig, 5. The low energy portion in Fig. 5 corresponds
to structure 1 in Fig. 3, the broad peak with a maximum near 2 eV to the combined
structures 2, 3, and 4, and structure 5 shows up as a small pedestal =% the hﬁgher

energies in Fig. 5. The continued rise in the energy spectra below the inflection



point at about 0.5 eV was caused by a very small constant background in the
time of flight distributions. Clearly, even the smallest background will causé
the energy spectra to diverge eventually at the Jowest energies (longest
transit times) according to equ. (3). In order to assess this background properly,
data extending to very long transit times and containing good statistics were
taken. This enabled one to subtract any background. An energy distribution
obtained in this way at 20 eV is shown in Fig. 6. It is clear from this figure
that the energy spéctrum reaches a maximum somewhat below 0.5 eV and a constant
value at zero kinetic energy. Only the Towest energy portion of the spectra in
Fig, 5 was affected by the small background in the time of flight distribution
whereas the portion above about 0.5 eV remained unaffected.

In arriving at the energy spectra in Fig. 5 and Fig. 6, the velocity
distribution of the parent oxygen molecules and metastable recoil after the
electron collision were neglected. It has been shown? that metastable recoil for
a diffuse gas source should be rather negiigible, especially in the present
experiment, where metastable energies are above thermai. It was estimated that
that velocity distribution of the parent molecules could cause a broadening in the
energy and time of flight spectra of the order of 30%. Some further broadening
was also caused by the necessarily finite width (- 1 usec) of the electron gun
puise. This finite beam pulse width affects the high energy part of the spectra
more than the low energy part whereas the reverse is true for the effect of the
energy distribution of the parent molecules. It was decided, however, that for the
purposes of this paper no additional physical insight would be gained by using

unfolding techniques and eliminating the broadening indicated above,

B. Kinetic Energy Effects on the Secondary Electron Yield

As long as the metastabie fragment energy remained below the work



function of the Cu-Be multiplier dynodes (¢ = 4 eV), there was no way in

which secondary electrons could be ejected by virtue of the kinetic energy

of the metastables, It is seen in Fig. 5 and Fig. 6 that the main part of

the energy spectra is well below 4 eV, Even as the kinetic energy increases

to several eV above the work function, the kinetic yield Tigp €8N be expected

to be small compared with the yield Ypot for the ejection of secondary electrons
due to the potential (excitation) energy of the metastabies.* However, the
problem remains that the yield Ypot itself may depend on the kinetic energy

of the metastables both below and above the work function. If this is indeed

the case then the measured spectra would be distorted by the energy dependence

of Ypot® It is to be noted that Hagstrum's measurements® of the secondary
electron yield of rare gas ions with energies above 5 eV on tungsten surfaces
show some energy dependence of the yield. If his measurements are extrapolated
Tinearly to zero energy, then the variation of the yield in the energy range 0 to
5 eV should indeed bg small, But it is uncertain whether such an extrapolation
is valid and whether it applies to metastable oxygen atoms on a contaminated
Cu-Be surface, Since there does not seem to be any definite answer to this problem,

we have assumed a constant yield for all metastable kinetic energies in question,

C. Excitation Functions

Further information about the process of disscciative excitation could
be obtained by monitoring excitation functions for the production of metastabies
with selected kinetic energies. Figure 7 shows excitation functions corres-
ponding to the two distinct features at higher and lower kinetic energies in
Fig. 4 and Fig, 5, Excitation function A in Fig. 7, which corresponds to the

less eonergetic portion of metastables, has a threshold of (14.3 + 0.2} eV. This



agrees within 1imits of error with the minimum energy (14,3 eV) required for
dissociatively exciting the metastable 0(3s550) state, whose excitation energy
is 9.2 eV, Curve A in Fig. 7 remains constant for energies above 30 eV. In
distinction to this, curve B in Fig, 7, which represents the more énergetic
fraction of metastables, has a higher lying threshold near 21 eV, shows a break
near 39 eV, and reaches a maximum (not shown) somewhat above 100 eV. The
implications of the structure in the energy spectra and excitation functions are

discussed in the next section,

D, Absolute Cross Sections

Metastable oxygen atoms were produced with relatively large efficiencies,
It was possible to estimate the absolute cross section for production of 0(3S)
atoms by integrating the signal over structure A in Fig, 4 from about 15 to 55
usec using the single channel analyzer (Fig, 2) and monitoring the resulting
excitation function (curve A in Fig, 7).,

The counting rate at the metastable detector was given by

I
b do ,
C = o= N — AQ 4)
- 40 Ym ) (

where Ib is the beam current, e the electronic charge, n the 02 density, 2 the
effective scattering length of the collision chamber, a2 the solid angle subtended
by the detector at the center of the collision chamber, Yo the secondary yield
for 0(5S) atoms on Cu«Be, and do/de the differential cross section at an angle
90° with respect‘to the electron beam, A1l quantities in equ. (4) except Y
and de/de were known rather accurately.

As will be discussed elsewhere, a value of Y " 0.005 can be assumed

for 0(5S) atoms within a factor of two by comparing secondary yields for various



metastable atoms and molecules. This yields a cross section of

ds - 1 x 10-29cm2/sterad {5}

at an angle of 90° and an electron energy of 30 eV (flat part of curve A in
Fig, 7). It is very 1ikely that the differential cross section is not
isotropic with respect to the scattering angle. Nonetheless it can be

expected that the total cross section integrating over all angles is close to
10=18cm2, This value applies to structure A in Fig. 4 alone and thus to the
less energetic fraction of metastable (Fig. 6). The total cross section for
all high lying metastables inc?uding'iong?ived Rydberg atoms, i.e. for the
combined structures A and B in Fig. 4, is of course Jarger. Taking into account
the larger secondary electron yield for higher lying states and assuming that
these states are indeed longlived enough for direct detection, it was estimated
that the maximum cross section for all high lying states is of the same order
of magnitude as that for the 350 state. It s to be noted that the two Tow
1ying D and 1S metastable states of 0 did not contribute in the present

measurements,

IV, DISCUSSION
A potential energy diagram derived from our measurements is shown in
Fig, 8, It is seen that the energy distributions of the atomic fragments®
determine the shape of the repulsive part of the potential curves., The positions
of the potential curves with respect to the energy axis were determined by the
onsets in the two excitation functions at 14.3 ana about 21 e¥ (Fig. 7). The

construction of the repulsive curves from the ground state probability function



lwoﬁz and the energy spectra dN/dE (normalized to the same maximum height as
|¥,1%) is evident in Fig. 8. It was assumed that the Franck-Condon principle
holds near threshold and that the wave functions appropriate for the repulsive
curves can be closely approximated by s-functions.’

There can be little doubt that the low energy spectrum leading to curve
A in Fig. 8 corresponds to the 0(3S) state alone because of the observed
threshold near 14.3 eV and the fact that the energy spectrum (Fig. 6) extends
down to zero kinetic energies having a finite value there. Even at the higher
electron energies above threshold the 0(>S) state seems to be produced directly
with a rather negligible cascade contribution. The reason for this is that the
Tow energy spectra (Fig. 6) remain essentially constant in shape with varying
electron energy and the excitation function A in Fig. 7 shows no discernible
structure. In contrast to this, the high energy portion of metastables is more
difficult to interpret. There exists a minimum nonzerco fragment energy Emin
(Fig. 8) which together with the onset in the excitation function B (Fig. 7)
near 21 eV yields a dissociation 1limit of about 18.5 eV or slightly less. This
energy is very close to the threshold for dissociative ionization (~ 18.6 eV)
and definitely above that for direct excitation of the 0(5S) state. It seems
thatlo atoms in highly excited (Rydberg) states are produced with Tifetimes
sufficiently long (= 10 usec) for direct detection. It is possible that some of
these highly excited states just below the jonization limit of 0 cascade down to
the 0(5S) state.

The formation of highly excited O atoms in electron impact dissociation
was also observed by Kuprianov® who detected these atoms by surface-, field-,
and Penning ionization. The 0(3S) state, however, had too low an excitation energy

in order to be observed by these methods. It is very interesting to note that
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curve B in Fig. 7 for the process
0, + e » 0™ + 0 + e (8)

is very similar to that obtained by Kuprianov for the dissociative ionization

process

0, + e » 0" + 0 + 2 (9)
This indeed suggests that highly excited 0** atoms are formed in Rydberg states
which converge to the proper 0% jonization limit.

It is seen from the structure numbered 2, 3, and 4 in the time of flight
spectra (Fig. 3).that several states contributed. This makes a detailed interpre-
tation somewhat uncertain. Furthermore, additional structure 5 in Fig. 3 appears
at high electron energies. It was found that this structure disappeared as the
detector distance was increased from 6 to about 22 cm. This indicates that the
lifetime of excited fragment atoms in this case was of the order of 10 usec or
less. In distinction to this, the relative peak heights of structure 1 and the
group represented by structures 2, 3, and 4 remained practically constant and there
was no decay as the detector distance was increased. This indicates that the
excited atoms produced in this case have long lifetimes. In fact, the lifetime
of the 0(53S) state can be expected to be about 600 usec.® The 1ifetime of
Rydberg states is also of the same order if the principal quantum number n is
about 10 or higher.10

In the following we concentrate on our results for O atoms produced

in the 35S state. Here the ambiguities in the interpretation are rather
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few in contrast to the case of higher lying states.

Assignment of States

It was possible to determine the state of 02 which Ted to structure 1
and A in Fig. 3 and Fig. 4., respectively, and to excitation function A in Fig. 7.
It was established from the threshold in the excitation function near 14.3 eV
together with the shape of the energy spectrum (Fig. 6), which extended to zero
kinetic energies, that the dissociation products were 0(55%) + 0(3P). Cascading
to the 0(5S0) state must have played a minor role since structure in the excitation
function was absent and the shapes of the time of flight and energy distributions
were constant for electron energies sufficient to cover the Franck-Condon region
(Fig. 8), i.e. energies above 18 eV. Therefore one state of 02 was probably
responsible for the observed direct formation of 0(5SY%). Using symmetry arguments
given for example by Herzberg,? this state was identified in the following way:
The states SOdd + PEVEN of the separated O atoms lead to possible molecular
states 239 g and Hu, g of 020 However, the 2:, g states can be excluded since
02 has a 32; ground state and the transition - <+ + is highly forbidden in
electron impact excitation according to Lassettre and Krasnov.:! We can further
exciude ﬁg states, because the matrix element for the transition zé + ng
vanishes in the Born approximation for an observation angle of 90° (and 0°) with
respect to the beam direction according to Dunn.'2 On the other hand, the matrix
element for the transition Zé -+ nu is nonzero for an angle of 90° (and zero for
0°). Although the Born approximation is not valid near threshold, we assumed that
the molecular state in question is a I, state nonetheless, since there was a sizeable
signal at higher energies where this approximation should yield correct results,

at least as far as symmetries are concerned. From the multiplicity of the

dissociation products it foilows that the I, state has the multiplicity 3, 5, or 7.
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A multiplicity of 7 can be excluded because it would require a double spin
flip. It is most likely that the n, state has a multiplicity of 3 because
it is excited with appreciable strength at higher electron energies. For a
change in multipiicity, excitation functions usually drop off distinctly at
the higher energies in contrast to our measurements (see curve A in Fig. 7).
We cannot exclude the possibility that there was a 5Hu state contribution at
the lowest energies. We have designated the 3nu as a Q3Hu state, where the
letter Q indicates that the oxygen quintet S state is formed in the dissociation
process.
We did not attempt to identify the states leading to the more energetic
group of metastable fragments (Fig. 5 and structures 2 through 5 in Fig. 3).
The dissociation products were not known in this case and furthermore several states
contributed. The purely repulsive curve drawn in Fig. 8 is only qualitative and an

average over at least two states which contributed at an electron energy of 30 eV.

V. SUMMARY AND CONCLUSIONS

1. We have observed groups of O metastables produced in electron impact
dissociation of 02 with mean kinetic energies of about 0.3 and 2 eV. Metastable
0 atoms were formed in the 0(3S) state {9.14 eV) as well as high lying
Rydberg states near the O ionization limit.

2. The energy spectra of metastables together with time-resolved excitation
functions were used to construct repulsive potential energy curves of 029

3. The 0(°S) state was produced near the minimum energy of 14.3 eV required for
its dissociative excitation. On the basis of selection rules and symmetry
arguments concerning the angular variation of metastabie fragments, the

molecular state having the dissociation Timit 0(°S) + 0(3P) at 14.3 eV was
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identified as a 3nu state with some uncertainty in the multiplicity

keeping in mind the dissociation product 0(3S), we have called this state

the Q3nu state, where Q stands for quintet. We have not attempted to
jdentify molecular states reached at higher energies. It is clear,

however, that some of these molecular states lead to dissociation Timits
involving 0 atoms in high lying (Rydberg) states.

The absolute differential cross section do/d@ for the production of the

0(3S) state was found to be 1 x 10~:%m2/sterad within a factor of two at

an electron energy of 30 eV and a direction perpendicular to the electron
beam.

Some geophysical implications of the present measurements are the following:
The relatively high kinetic energies of metastables produced in dissociative
excitation contribute to the heat input into the upper atmosphere, in particular
under auroral conditions. Further, the nonthermal velocities of the
fragments have to be taken into account in the radiative transfer treatment
of resonance radiation of 0 and other species, since it is likely that

ground state atoms produced in dissociation of moiecules have also non-
thermal velocities. Finally, certain chemical reactions between dissociative
fragments and atmospheric gases may be possible by virtue of either the

high translational energies or the excitation energies of the fragments

formed in the dissociation process.
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Figure Captions

Figure 1 Schematic diagram ¢of apparatus invelving time to amp!itude
conversion for measuring time of flight distributions.

Figure 2 Schematic diagram of apparatus using single channel analysis
of time of flight distributions. The system was also utilized
to measure time resolved excitation functions by elther using a ratemeters
X/Y recorder combination or a multi-channel scaler paraliel to the
counter,

Figure 3 Multi-channel analyzer plots of time of flight distributions of
metastable oxygen atoms., Discernible structure s numbered 1

through 5, The zero Tines of the distributions are indicated by

(44

horizontal dots on the right. The left half of the figure <how
distributions obtained for electron energies up to 45 eV whereas the
right half emphasizes the Tow energy domain.
Figure 4 Time of flight distributions obtained with the singie channel
analyzer (Fig. 2). The distributions are similar to those in
Fig. 3 except for lower resclution due to a 2 psec width of the
counting window. The parameter on the curves 1s the electron energy.
Figure 5 Energy spectra of metastable oxygen atoms obtained from time of
flight distributions such as in Fig. 3. The kinetic energy per
metastable atom is listed on the abscissa. Distinct structure
is observed around 0.5 and 2 eV, The rise in the spectra below 0.5 eV
is due to a very small background in the time of flight distributions.
(See also Fig. 6).
Figure 6 Energy spectrum of oxygen metastables produced at 20 eV electron

energy, The small background in the corresponding time of Tlight

16



Figure 7

Figure 8

distribution was carefully assessed and subtracted. HNote that

the energy distribution is finite at zero kinetic energy.

Time resolved excitation functions for dissociative excitation of
metastable oxygen atoms. Curves & and B correspond to the excitation
of structures A and B in Fig. 4, respectively. The counting window
(Fig. 4) for curve A extended from 14 to 55 usec and for curve B from
6 to 14 nsec,

Semi-quantitative representation of potential curves resulting from
the two main features in the energy spectra around 0,5 and 2 &V

(Fig, 5 and 6), It is seen that a finite value of the energy spectrum
at zero kinetic energy is indicative for dissociation from the
repulsive part of a bound curve., Dissociation from a purely repulsive
curve leads to a zero value of the energy spectrum at zero energy.

The construction of the potential curves from the energy spectra and the
probability distribution Hw@ﬁz of the ground state is shown. The
dashed portions of the potential curves between the Franck-Condon
region and the dissociation 1imits are rather arbitrary. The purely
repulsive curve was obtained from the 30 eV measurements and is
qualitative. Several states may have contributed to this curve,
Furthermore, an uncertainty of about 0.5 eV existed in the excitation
threshoid of structure B (Fig. 4 and 7) and thus also in the dissociation
T1imit, The bound curve corresponds to dissociative excitation of the

0(3S) state near the minimum threshold of 14,3 eV.
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dN/dE (arbitrary units )
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