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The excitation of the 3§ state of atomic oxygen with subsequent emission of 1304-A resonance radiation
was observed in inelastic collisions between O(’S) metastables and O, and N, molecules according to the
process O(’S) + X—O(CS) + X—OCP) + X + hv(1304 A), where X is O, or N,. The cross section for this
endothermic process was measured for metastable kinetic energies from threshold at 0.5 eV to about 10 eV
(laboratory frame). For O, as the target molecule, the cross section rose steeply from threshold to a plateau
value of about (34-1.5)X107!7 cm? near 3 eV, from where it decreased slightly towards the maximum
metastable kinetic energies available in the present experiment. For N, as the target, the corresponding cross
section was at least a factor of 30 smaller. The O(’S) metastables were produced by electron impact
dissociation of O, in a pulsed source and subsequently velocity selected with a time-of-flight method. The
metastable beam was monitored by spontaneous decay of metastables in the target cell resulting in 1356-A
radiation. The excited O(’S) atoms produced in collisions with the target gas were monitored via 1304-A
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resonance radiation.

"I. INTRODUCTION

Collisions between metastable O(°S) atoms and
O, and N, targets leading to sensitized fluores-
cence of 1304-A radiation from O(3S) have been
studied in the present work. The experiment made
use of a velocity-selected metastable beam and a
new vacuum-uv filter technique. The collision
process leading to sensitized fluorescence of
1304-A resonance radiation is very efficient with
O, as the gas target. Cross sections on the order
of several times 1077 cm? at a few eV metastable
kinetic energy have been observed in this case.
When N, is used as the target gas, the correspond-
ing cross section for exciting O(3S) state is smal-
ler by at least a factor of 30.

In the past, the O('S) metastable state has been
studied by observing light from collisional quench-
ing in gas discharges at relatively high pres-
sures,'”5 but not in atomic beam experiments as
in the present work. There exist also quenching
measurements in systems using metastable O(*D)
atoms.®7 Only recently has work been initiated
on the collisional deactivation of O(°S) metastables
on various gas targets.®® While these metastables
are easily produced by electron impact dissocia-
tion!®!* of O,, the unique identification of them and
their collision products in a beam experiment at
low target-gas pressures poses some problems.
These problems were overcome by the use of a
new gas filter technique in the vacuum uv!?77 that
allowed the identification of O(°S) atoms by moni-
toring the 1356-A radiation from their spontaneous
decay and O(S) atoms by 1304-A resonance radia-
tion (see Sec. II).

As a result of this gas filter technique, cross

sections for sensitized fluorescence of O(3S) have
been reported.’®* Furthermore, by improving the
metastable source and the detection efficiency for
vacuum-uv photons, the cross section for excita-
tion of O(3S) in collisions with atmospheric and
rare gases as well as for energy transfer into
various rare-gas states was determined and re-
ported elsewhere.12:17-19

The collision process of interest in the present
work can be summarized as

O(%S)+ X + Eyy, ~ O(%S)+ X ~ OCP) + hv(1304 &) ,
(1)

where X is O, or N,. The first step leading to
O(3S) excitation is endothermic and the O(°S) exci-
tation energy of 9.14 eV is used together with part
of the center-of-mass energy in the O(®S)-X sys-
tem to excitate the O(3S) resonance state. In the
following, we describe the results concerning the
processes given in Eq. (1). Additional results
obtained with rare gases as the target gas X in Eq.
(1) are reported elsewhere.?®

It should be noted that the low-lying D and 1S
states of atomic oxygen did not contribute to the
production of 1304 -A photons in the present case
because the required metastable kinetic energies
necessary for the energy balance were not avail-
able. It is likely, however, that these metastable
states were present in the beam, but they could not
be detected because of their low excitation energies
and long lifetimes.

II. EXPERIMENT AND MEASUREMENTS

A schematic diagram of the apparatus used in the
present work is shown in Fig. 1. The O(°S) meta-
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FIG. 1. Schematic of time-of-flight apparatus and uv
photon detector. uv photons from spontaneous decay of
metastables and collision products are monitored with a
gas filter cell and single-photon counter. The photon
signal is enhanced by means of a spherical mirror.
Wavelength discrimination between 1356-A radiation
from spontaneous decay and 1304-A radiation from O(S)
is accomplished by using either N,O or O, gas in the fil-
ter cell. Radiation from parts outside the region be-
tween x; and x; could not reach the detector.

stables were produced in the source by electron
impact dissociation of O, at electron energies of
about 100 eV. The metastable beam was defined to
within 10~% sr by apertures. A strong electric field
of 15 kV/cm removed any charged particles from
the beam and quenched long-lived atoms in high-
lying Rydberg states.

After collimation the metastables entered the
main vacuum chamber containing the target-gas
cell, The metastables were detected by monitoring
1356-A photons from the spontaneous decay of
O(®S) atoms in the target cell. (Metastables could
also be detected with the axially mounted particle
detector shown in Fig. 1, but for the present work
only the vertically mounted uv- photon detector
was used.) The photon detector also monitored the

1304-A resonance radiation produced in the target
cell as a result of collisions between O(°S) meta-
stables and the target gas.

The required wavelength discrimination between
1356- and 1304-A photons was accomplished with
a gas filter cell positioned between the interaction
region of the beam and the photon detector. (The
use of a vacuum-uv spectrometer was not possible
owing to the extremely low intensity of only a few
photons per second.) The filter gases used were
N,O and O,. Figure 2 shows the transmission
curves of these gases in the vacuum-uv region. It
is seen that N,O transmits the 1356-A radiation
with high efficiency, and O, as a filter gas trans-
mits the 1304-A resonance radiation. Nearly per-
fect discrimination exists between these two wave-
lengths owing to the dropoff in the transmission
curves of the respective filter gases.

The end surfaces of the gas filter cell consisted
of LiF windows, which had a transmission of 60%
or greater for wavelengths longer than 1100 A,
Additional consistency checks concerning the
wavelength discrimination were performed by
using different window materials and changing the
temperature of these materials in order to cover
a range of wavelengths in the vacuum uv. Details
of this procedure and the gas filter technique have
also been described elsewhere 313,16 .

The optical viewing range in the target chamber
that was “seen” by the photon detector was about
3 cm along the metastable beam. The efficiency
for photon collection was increased by inserting a
vacuum-uv mirror.into the target-gas cell as
shown in Fig. 1. This mirror was of spherical
shape and was made of aluminum coated with mag-
nesium fluoride.

The gas density in the target cell was determined
with an ionization gauge connected to the main vac-
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uum chamber and by using the known pumping
speeds and conductances of the entrance and exit
tubes in the target cell. A separate indication for
the target-gas density was obtained from a mea-
surement of the target-gas consumption and the
known pumping speeds and conductances. These
two measurements agreed within the experimental
error of 30%.

The time-of-flight (TOF) electronics and the data
acquisition system that were used have been de-
scribed elsewhere.!®* The on time of the electron
gun in the metastable source was 24 usec and the
TOF channel width 8 usec. The distance traveled
by the metastables between source and target cell
was about 31 cm.

A typical TOF spectrum of O(°S) metastables in
the target chamber is shown in Fig. 3. This spec-
trum was obtained by monitoring the 1356-A pho-
tons from the spontaneous decay of O(°S) meta-
stables and will henceforth be called the “refer-
ence spectrum.” It contained the velocity distribu-
tion from which the energy distribution of the
metastable atoms and hence the collision energy
were obtained. The reference spectrum was ob-
tained with N,O gas in the filter cell in front of the
photon detector. Figure 3 shows also a “reaction
spectrum” obtained by monitoring the 1304-A ra-
diation from O(3S) atoms that were excited in col-
lisions between O(°S) and O, gas. In order to
transmit the 1304-A photons through the filter cell,
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FIG. 3. Measured time-of-flight spectra. The time
scale is 8 usec/channel. The left spectrum represents
the 1356-A signal from spontaneous metastable decay in
the target cell and thus contains the velocity distribution
of metastables in the beam. The right spectrum is the
1304-4 signal from the 0(%s) collision products. By di-
viding these spectra point by point, the cross section for
0(®s) production was obtained as a function of metastable
velocity or energy (see text).

O, was used as the filter gas (see also Fig. 2).

The rise in the reaction spectrum in Fig. 3 at
channel 13 towards smaller channel numbers indi-
cates that a minimum kinetic energy of the meta-
stables was necessary to produce the 1304 -A radi-
ation. This is consistent with the term level dia-
gram of atomic oxygen shown in Fig. 4, which in-
dicates that an energy of 0.36 eV is required for
exciting the 3S from the °S state. Thus the slow
O(°S) metastables in the beam appearing in Fig. 3
at channel 14 and higher channels cannot contribute
to the production of 1304 -A resonance radiation.

The working pressure in the target chamber was
chosen as high as possible in order to obtain de-
tectable signals. At the same time it was chosen
sufficiently low for the experiment to remain in
the single-collision domain. It was found that the
1304-A signal was proportional to the gas pressure
in the target chamber up to values of about 5x 10~
Torr. The photon signal reached a peak at about
1x 10”2 Torr and decreased rapidly at higher pres-
sures owing to beam attenuation near the entrance
of the target chamber.

III. DATA EVALUATION AND RESULTS

The counting rate for 1356-A photons from spon-
taneous decay of O(°S) metastables in the presence
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FIG. 4. Partial term level diagram of atomic oxygen
showing the metastable states. The process studied is
indicated by the short upward arrow. The uv radiation
monitored from the %S and °S states is also indicated.
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of target gas was given by (see also reference
spectrum in Fig. 3)

= f (e 1
Rms(v)dv—CNl(u)dvv—;f exp [—<0—7+NT0, x |dx ,

(2)

where N,(v) is the number of metastables per beam
pulse and velocity interval dv entering the target
cell at x, (see Fig. 1), v the O(°S) metastable ve-
locity, 7 the metastable lifetime (=180 usec, see
Ref. 14), f the repetition rate of the beam pulse,
Ny the target-gas density, o,(v) the total cross
section for elastic and inelastic collisions in the
target chamber, and C a constant containing the
effective solid angle and efficiency of the photon-
counting system.

The integral in Eq. (2) accounts for the loss of
metastables due to spontaneous decay and elastic
and inelastic scattering in the viewing region of
the photon detector. The integration is carried out
between the positions x, and x,, as indicated in
Fig. 1. The counting rate of 1304-A photons (reac-
tion spectrum in Fig. 3) was given by

R 50,(v)dv=CN,(v)o(v)dv N

xJ;xZ exp [-— (1—)1;+NT0,>x]dx , (3)

1

where o(v) is the inelastic cross section for the
production of 1304-A photons at the velocity v.
The constant C occurring in Egs. (2) and (3) is the
same because the wavelengths 1356 and 1304 A are
sufficiently close together for the photon detection

efficiencies to be the same. The velocity v in Eqgs.
(2) and (3) is the average velocity corresponding
to the finite channel width. Possible uncertainties
associated with the finite channel width are dis-
cussed in the appendix.

By dividing the two count rates in Eqgs. (2) and (3)
channel by channel, one obtains the desired cross
section for 1304-A photon production as a function
of metastable velocity

0(0)= (1/ VTN )R 304(0) /R 1556(v)]. (4)

All quantities on the right-hand side of this equa-
tion are known. The metastable velocity follows
from the distance s between source and target
chamber (see Fig. 1) and the time of flight. The
velocities were converted to metastable kinetic
energies in the laboratory frame. By plotting the
resulting cross sections as a function of kinetic
energy, the curves shown in Fig. 5 and Fig. 6 were
obtained.

It is seen from Fig. 5 that the cross section for
0O(®S) excitation from O(5S) on O, rises steeply
near the threshold of 0.5 eV (laboratory frame)
and reaches the large value of 3x 1077 ¢cm? at
metastable kinetic energies of 3 eV. The cross
section decreases slightly towards energies of 8
eV (which was the maximum energy available).
The total uncertainty in the absolute cross section
is about +50% (see also the Appendix for a discus-
sion of experimental errors).

The corresponding cross section for O(3S) exci-
tation from O(°S) on N, is smaller by at least a
factor of 30, as seen from Fig. 6. This difference
seems plausible because the O(%S) atoms appearing
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stable kinetic energy in the
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CROSS SECTION FOR LIGHT PRODUCTION FOR 0(55)+N2
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FIG. 6. Cross section for O(3S) excitation by O(°S)
metastables on N, as a function of metastable kinetic
energy with the scale expanded by a factor of 20 as com-
parted to Fig. 5. Threshold behavior is again observed.

in the exit channel of the reaction do not necessar-
ily have to be identical with the entering O(°S)
atoms. After forming an intermediate complex,
each of the three participating ‘O atoms could car-
ry away the excitation energy in the O(3S) state.
This is not possible with N, as the target gas,
where the incoming and outgoing O atoms are the
same. (It should be interesting in this regard to
study the situation with NO as a target gas.)

The question arose whether the O, target-gas
molecules were also excited in the collision ac-
cording to the process

0O(%S)+0,~0(%S)+ OF , (5)

with subsequent emission of detection of uv pho-
~tons from OF. This possibility was ruled out for
the following reasons: First, the observed thresh-
old of 0.5 eV in the cross section in Fig. 5 is very
close to the minimum required energy of 0.36 eV
in the center-of-mass system (see also Fig. 4).
Second, test measurements were performed with
N,O in the uv gas filter cell either with or without
O, in the target chamber. A CaF, window was
used in these tests with a cutoff wavelength of
about 1260 A. Any photons in the range 1260-
2400 A could have been detected (except for a nar-
row absorption band in- N,O between 1260 and
1310 A, see also Fig. 2) as the work function of the
Cu-Be-O multiplier used was about 5 eV. In this
way, only 1356-A radiation from O(S) could have
been detected without the target gas present. It
was found that the addition of O, as a target gas
did not increase the photon count as would be ex-
pected with additional light from OF. [Actually, a
small decrease in the photon count was observed
due to scattering losses of O(°S) atoms in the tar-
get chamber.] As mentioned before, no 1304-A

resonance radiation could reach the multiplier with
N,O as a filter gas. It was thus shown that no uv
photons other than 1304-A radiation were detected
in the actual experiment with O, as a filter gas.
(The detection of photons from the narrow 1260-
1310-A region was very unlikely.)

These tests are consistent with the fact that only
strongly repulsive potential curves are reached in
collisional excitation of O, up to excitation energies
of about 10 eV. Thus a fast dissociation of O will
take place without the emission of vacuum-uv pho-
tons. Any cascading transitions (which are unlike-
ly) would disperse the available energy into a
wavelength range not detectable in the present ex-
periment. It was therefore concluded that the ob-
served vacuum-uv signal with O, as a filter gas
was due entirely to the emission of 1304-A reso-
nance radiation.

IV. CONCLUSIONS

The present work appears to be the first of its
kind, in which an absolute cross section for exci-
tation by a single species of metastables was mea-
sured as a function of metastable kinetic energy.
In particular, the metastable species was uniquely
identified and measurements were obtained from
the threshold for the excitation process at a frac-
tion of an eV up to nearly 8 eV. The previous
measurements involving metastable beams were
carried out at much higher energies, and the meta-
stable species and beam composition were usually
not uniquely identified. The present results show
that excitation can take place with a large cross
section at very low energies near the threshold for
the endothermic process in question.

It is also important to note that the observed
cross section for O(3S) excitation by O(°S) on O,
is very large despite the fact that the process is
not nearly resonant, as it involves an energy defi-
ciency of 0.36 eV. This energy defect has to be
provided by the kinetic energy of the O(°S) meta-
stables. While most of the interaction energy is
provided by the excitation energy of the °S state of
atomic oxygen, the kinetic energy contribution is
significant. This is for instance in marked dis-
tinction to most laser processes, where near-re-
sonant excitation transfer occurs.

Note added in proof. An experimental procedure
similar to that described here is being used at our
institute to determine absolute cross sections for
sensitized fluorescence of metastable atomic hy-
drogen in collisions with rare gases and mole-
cules.®
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APPENDIX: EXPERIMENTAL ERRORS

The possible error in the absolute cross sections
measured is due to a variety of sources. Long-
term variations in the photon count, which were
caused by surface effects in the metastable source,
at the windows of the gas filter cell, and the elec-
tron multiplier, could have caused an error in the
absolute cross section of about +15%. It should be
noted, however, that these fluctuations did not af-
fect the shape of the cross section because of the
high repetition rate of the metastable beam pulse.

The possible uncertainty in the target-gas densi-
ty was +30%. This together with the above uncer-
tainty results in a possible error in the absolute
cross section of about +50%. (The vertical error
bars shown in Fig. 5 and Fig. 6 are due only to
counting statistics and were insignificant compared
with the total uncertainty in the absolute cross sec-
tion.)

The horizontal error bars shown in Fig. 5 and
Fig. 6 were caused by a variety of uncertainties
in the kinetic energy of the O(°S) metastables.
These uncertainties are summarized briefly in
the following (see Ref. 18 for further details.)

One uncertainty in the energy scale was caused
by the thermal motion of the target-gas molecules.
It was found by varying the optical viewing region
and observing the resulting changes in signal in-
tensity, that the velocity distribution of these mol-
ecules was Maxwellian and isotropic in three di-
mensions, as expected. Based on this fact, the
relative velocities between beam particles and
target-gas molecules were calculated. The stan-
dard deviation in the beam velocity v was found to
be Av=%(ET/mys)*/?, wherek isthe Boltzmann con-
stant, T the absolute temperature of the target gas,
and m, the mass of the target molecules. The un-
certainty Av arises solely from the thermal motion
of the target gas. Converting to the corresponding
uncertainty in the kinetic energy of the beam par-
ticles, one obtains

AE=x(2kTEm/my )%, (A1)

where E is the kinetic energy of the metastables
and m their mass.

A second uncertainty in the kinetic energy arose
from the finite temporal width of the metastable
beam pulses. Using square pulses, the standard
deviation for the uncertainty in time was found to
be At=+a/V3 and the corresponding uncertainty
in kinetic energy

AE=1x(a/3s)2EP/2 /N3, (A2)

where ¢ is the time of flight, ¢ the half-width of
the beam pulse, and s the distance between meta-
stable source and target cell.

A third uncertainty in the kinetic energy was
caused by the finite spatial width of the viewing
region in the target cell (see also Fig. 1). Ne-
glecting solid-angle effects and assuming a rec-
tangular spatial distribution function for the view-
ing region, we found the standard deviation in the
distance s to be As=+bv3 and the corresponding
uncertainty in kinetic energy is

AE=x(b/V3s)2E, (A3)

where b is half the length of the viewing region.
The calculations performed in arriving at Eqgs.
(A1)—(A3) are not valid for all data points. They
hold generally for Eqgs. (A1) and (A3) and below
4 eV for Eq. (A2). Above this energy, the result
from Eq. (A2) may be inaccurate by about 10%.

The combined uncertainty from the three con-
tributions above is shown by the horizontal error
bars in Figs. 5 and 6. Typical individual uncer-
tainties were 0.23 eV from Eq. (A1), 0.43 eV from
Eq. (A2), and 0.10 eV from Eq. (A3) at a kinetic
energy of 2 eV in the laboratory frame.

The finite time-of-flight channel width was ne-
glected in the above determination of the uncer-
tainty in the kinetic energy, since it was much
smaller than the width of the beam pulse. The
spatial dimensions of the metastable source were
also neglected, since they were much smaller than
the length of the optical viewing region in the tar-
get cell.

The broadening in the metastable kinetic ener-
gies has an effect on the rise in the cross sections
shown in Figs. 5 and 6. This broadening was
studied near the threshold in the cross section by
assuming a step function for the cross section and
convoluting it with the Maxwellian velocity distri-
bution of the target gas and simultaneously the
width of the beam pulse. The spatial extent of the
viewing region was neglected in this calculation,
since its error near threshold is smallest. The
step function was positioned at a kinetic energy
which gave the best fit of the convoluted curve to
the low-energy tail of the experimental curve.
The height of the step was normalized to the max-
imum in the experimental cross section. A rec-
tangular velocity distribution for the metastables
in the beam was assumed as a rough approxima-
tion (which is valid for TOF channel numbers
greater than 6). ‘

The calculations showed that the slope of the
calculated cross section at the center of the rise
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in Fig. 5 was larger by a factor of 1.5 than the
measured slope. This means that the actual cross
section rises more steeply than that measured in
the present work. But it also shows that the actual
cross section has a finite slope near threshold and
cannot be represented by a step function with an

infinite slope. The apparatus used would have been
capable of measuring steeper slopes than those
observed. However, it seems likely that the cur-
vature in the cross section near threshold was due
at least in part to the experimental broadening
effects described.
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