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The lifetime of the ’S° metastable state of oxygen was measured by monitoring 1356-A photons from in-
flight radiative decay of the metastables in a beam. Metastables were produced by electron-impact
dissociation of O, and velocity selected using a time-of-flight (TOF) technique. The ’S° state was identified
by passing photons from its radiative decay through a N,O gas filter, which had a high transmission for 1356-
A radiation and good discrimination against other uv photons of shorter wavelength. The use of O, as
another filter gas served as a consistency check for the absence of shorter-wavelength radiation. The
metastable detector assembly also contained a surface detector that responded to metastable particles in the
usual manner by Auger emission of secondary electrons. TOF spectra of the metastable dissociation
fragments were measured with both these detectors at various distances from the source. The O(S®) lifetime
obtained from a series of photon and particle measurements was found to be 18045 psec. This value
represents a substantial improvement in accuracy over previous lifetime determinations and the only TOF
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study in which the O(S°) state was identified through radiative decay.

INTRODUCTION

The present work reports an improved measure-
ment of the lifetime of the O(°S°) metastable state
and differs in its method from the previous mea-
surements.!’? This lifetime is of interest in upper
atmospheric and plasma processes. Radiation
from the °S° state of oxygen is an important emis-
sion feature in Earth’s upper atmosphere that has
been observed by satellite- and rocket-born uv
spectrometers However, detection of this radia-
tion at 1356 A in a ground-based laboratory is
rather difficult, although desirable since it pro-
vides a unique identification of the O(°S°) state.

By using a gas filter and uv photon counter com-
bined with a time-of-flight (TOF) technique, the
faint 1356-A radiationfrom decaying O(*S°) meta-
stables could be detected and used for a lifetime
determination of this state. Additional supporting
measurements were also made in the usual way,!'2
where the metastables were detected by secondary-
electron emission from surfaces.,

A large range of metastable velocities was

covered in the present work. In the previous Work,‘

either the slow! or fast? dissociation fragments
had to be used. However, the emphasis in the
present study has also been on the slow dissocia-
tion products as they cover a larger useful range
of flight times at the distances between detector
and metastable source that were used.

A comparison of our results obtained with the
photon and surface detectors shows good agree-
ment. A combination of these results has yielded
a O(°S”’) lifetime in substantial agreement with the
previous results, but with an improved accuracy
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of at least a factor of 2. Agreement is also good
with one theoretical calculation,® but poor with
another.*

EXPERIMENT AND METHOD

Metastable O(°S) atoms were produced by elec-
tron-impact dissociation of O,.° The essential
features of the experimental setup are shown in
Fig. 1. A general description of the high-inten-
sity metastable source and the entire apparatus
has been given before.5"° The apparatus is a
multipurpose instrument that has been used for
studies such as the velocity dependence of the
secondary-electron yield from surfaces by meta-
stables,®!? excitation transfer collisions between
metastables and various gas targets,”® and the
present lifetime measurements. The essential
features of the apparatus pertaining to the present
work shall be described briefly in the following.

Metastables from the source entered a detector
chamber where they were monitored both by
counting 1356-4 photons from in-flight radiative
decay and by secondary-electron emission from
the first dynode of an axially mounted nude CuBeO
multiplier. Both the photon and particle detectors
were rigidly mounted to the detector chamber.
The distance between the detector assembly as a
whole and the metastable source could be varied
by means of an external feedthrough.

Photons resulting from the radiative decay of
O(%S) metastables' could be “seen” by the photon
detector in the viewing region from x, to x,, which
had a length of L=x, —x, =3 cm. Photons were
able to reach the detector directly through the

1921 © 1978 The American Physical Society



1922 G. NOWAK, W. L. BORST, AND J. FRICKE 17

R

PHOTON
DETECTOR|

LiF
WINDOWS

GAS FILTER

X2

S
VARIABLE

solid angle ©, and also by reflection from a spheri-
cal mirror with an effective solid angle @,. The
mirror contributed to a signal enhancement of a
factor of 5 as compared to the direct mode of de-
tection.

Wavelength selection of the photons was accom-
plished with a gas filter in front of the detector.
The filter cell was of cylindrical shape with two
LiF windows as end surfaces. The fill gas in the
cell was N,O with a transmission curve for uv
radiation as shown in Fig. 2. N,O has a high trans-
mission for 1356-A radiation, while the shorter
wavelengths resulting from higher-lying states in
oxygen are effectively absorbed down to a wave-
length of about 1260 A. In particular, 1304-A
oxygen resonance radiation was absorbed by the
N,O gas filter. There were two transitions that
could have been transmitted by the N,O filter at
shorter wavelengths. These are 2p33s 'D°~ 2p*'D
and 2p33s 'P°~ 2p*!S with wavelengths of 1152 and
1218 2&, respectively. Population of the upper
states was possible in principle by cascade from
long-lived Rydberg states. In order to check for
the presence or absence of these wavelengths, O,
was used as a filter gas with a near 100% trans-
mission for 1218 A and lower transmission for
1152-A radiation. No signal whatsoever was ob-
served indicating that certainly no 1218-A radia-
tion was present. This conclusion is somewhat
less certain for 1152-A radiation due to the very
strong variation of the O, transmission near this
wavelength. It seems, however, that this radia-
tion was not present either, because the trans-
mission of the O, gas was probably near 40% and
no signal was seen in spite of this fact. Further-

FIG. 1. Schematic of the
metastable detection sys~
tem consisting of a photon
counter for 1356-A radia-
tion from O(’s) metastable
decay and a particle detec-
tor using Auger electron
emission by the metas-
tables from a CuBeO mul-
tiplier surface. Before

z

7 METASTABLE reaching the photon detec-
7 PARTICLE o

7 DETECTOR tor, uv radiation had to

Z pass through a gas filter

cell containing N,O gas with
a high transmission for
1356-A photons and an ef-
fective discrimination for

DISTANCE shorter wavelengths down
VARIATION to 1260 A. The distance

between metastable source
and detector could be
varied with an external
feedthrough mechanism.

more, any high-lying Rydberg states that could
have populated the 2p33s 1D° state were excited
with a much smaller cross section than the 55°
metastable state.® For these reasons, it is be-
lieved that the present gas-filter technique per-
mitted effective selection of 1356-A radiation.
Photons from the metastable source were eli-
minated by the geometry used and would have been
detected primarily during the on period of the
source. Therefore, only photons from within the
detector assembly were able to cause a signal.
The lower-lying 1S and 'D metastables states in
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FIG. 2. Transmission curves for uv radiation through
N,O and O, filter gases. 1356-A photons from O(%S)
metastable decay are transmitted efficiently through
N,O gas and nearly perfect discrimination exists be-
tween these photons and 1304-A resonance radiation.



oxygen were not observed in the present experi-
ment because of the long lifetimes and low excita-
tion energies involved, the latter being unable to
release photoelectrons from the multiplier.

The probability for the decay of O(°S) meta-
stables within the detection region was of the
order of 5% for typical metastable velocities and
of course depended inversely upon these. Total
signal count rates summed over all TOF intervals
during the off period of the source were 1 count/
sec or less at the photon detector and several
hundred counts per second at the particle detector.
The signal accumulation times required for rea-
sonably good statistics in the photon data were 10
to 20 h and for very good statistics in the particle
data about 3h. The background in both detectors
with the electron gun in the source off was about
10 counts/min. k

The distance between the detector and source
could be varied between 30 and 50 cm by means of
an external feedthrough mechanism that allowed
linear movement along a track on which the detec-
tor assembly glided. The electronics associated
with the apparatus, in particular the TOF elec-
tronics, has been described in detail before.®”

The pressure of the O, gas in the metastable
source was in the millitorr range. It was moni-
tored at a reference point in the gas line to the
source and was in the torr range at that point.
The background pressure in the differentially
pumped detector region was about 10°® torr when
taking data. This background was sufficiently
small in order to avoid substantial scattering of
the metastable beam by the rest gas.

The metastable beam was defined by collimating
apertures between the source and the viewing
region of the detector assembly. A transverse
electric field near the source served to eliminate
charged particles and quench high-lying Rydberg
states in the beam.

The lifetime determination from the measured
photon and particle TOF spectra proceeded as
follows: The photon count rate in the velocity
interval dv was given by

R@)dv =N(v)dv(Q/4m)TyFf2sinh(L/2v 1), (1)

where N(v) is the number of metastables per source
pulse and velocity interval [in units of (velocity)™]
at the center of the viewing region a distance s
away from the source (see Fig. 1), y the photoelec-
tric yield of the photon detector, Q the effective
solid angle for photon detection comprised of the
angles Q, and @,, T the transmission of the gas
filter including the LiF windows, F the pulse
counting efficiency, f the beam-pulse repetition
rate, and 7 the lifetime of the metastable state.
The expression 2sinh(L/2vT) accounts for meta-
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stable decay in the viewing region and results

from an integration between the limits X, = -iL
and x, = L. In the present case, 2sinh(L/2v7)
= L/T.

The number of metastables N(v) contains a decay
factor ¢™¥" that accounts for beam attenuation due
to radiative decay along the distance s between
source and center of the detector assembly, where
t is the TOF for traversing the distance s. If the
number of metastables, that would be in the de-
tector chamber without any decay, is designated
by N,(v), then

N@)=N,w)e* . (2)

Applying Egs. (1) and (2) to two different distances
s, and s, (s,>s,) from the source and taking the
ratio of photon count rates at these distances yields
for a given velocity

R,()/R, ()=t , "

Let ¢, =s, /v be the TOF for metastables of velocity
v to travel the distance s,, n, the TOF channel
number corresponding to ¢, and A¢, the TOF in-
terval per channel, and similarly for the distance
$,. Then

t,=5,/v=04n, and t,=s,/v=Aatm,, (4)
and from this
ba/ty=8,/s, =0tn, /At . (5)

We now require that for the data taken at the dis- °
tances s, and s,, the TOF’s corresponding to the
same velocity fall into the same channel, i.e., we
must have n, =n, =n. This fixes the ratio of TOF
intervals per channel and results in

At,/At, =s,/s,. (6)

We then have ¢, =Af,n and ¢, =At,n. Substituting
this into Eq. (3), we obtain

R,)/R,()=R,(t,)/R,(t,) = g Bty-atn/r ("

or
In(R,/R,) = (&t, — At /7. (8)

A plot of the logarithm of the ratio of photon count
rates versus TOF channel number » should then
yield a straight line with a slope of (At, — At,)/7,
from which the lifetime 7 can be determined.

Equation (8) also holds for TOF measurements
with the particle detector. For the particle count
rate, Eq. (1) needs to be modified yielding

R(@)dv =N(v)dvyFyf, 9) -

where now N(v) is the number of metastables per
source pulse and velocity interval at the position
of the first dynode of the particle multiplier, y
the secondary-electron yield for metastables on
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the CuBeO dynode surface, and F and f are de-
fined as in Eq. (1). The distance s is now to be
understood as that between metastable source and
first dynode of the particle detector. Using Eq.
(9) and following the same outline as given above
for the photon count rates, one obtains the result
given by Eq. (8) also for the particle count rates.
Hence the lifetime determinations using the pho-
ton and particle data are completely analogous.
The TOF spectra measured with the photon and
particle detectors and the resulting lifetimes are
described in the following section.

RESULTS AND DISCUSSION

Time-of-flight spectra measured with the photon
detector are shown in Fig. 3. Having chosen the
TOF interval per channel according to Eq. (6),
metastables with the same velocity fell into the
same channels and the spectra could be directly
compared. For a given electron energy in the
source, the spectra taken at the two distances
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FIG. 3. Time-of-flight spectra measured with the uv
photon detector at electron energies of 127 eV (upper
part) and 27 eV (lower part), and distances of 31 and
46.5 cm between metastable detector and source.
Plotted is the total number of photon counts accumu-
lated in each TOF channel as a function of TOF channel
number. The time scale was 8 and 12 psec/channel for
s=31 and 46.5 cm, respectively. The measurement
times ranged between 4 and 24 h. The ordinate scale
for the 27-eV data at 46.5 cm is expanded by a factor of
2.5.

s,=31 cm and s, =46.5 cm differ from each other.
This obviously is a direct consequence of the
greater metastable decay at the longer distance,
where the TOF spectra have smaller values, in
particular at the higher TOF channels correspond-
ing to the slower metastables, and the peaks are
shifted slightly towards shorter TOF’s.

The ratio of photon count rates was taken
from these spectra according to Eq. (8) and is
plotted in Fig. 4. It is seen that the data points
follow a straight line within the existing statistical
scatter. The straight line is a least-squares fit
to the points between the vertical lines shown. Be-
yond these lines, the statistics were too poor at
the longer TOF’s and the structure in the “fast”
peak at short TOF’s too sharp to yield reliable
data. However, a portion of the fast metastables
is included in the straight-line fits. The straight
lines do not go through the origin as they should
according to Eq. (8), because no distinction was
made between the counts accumulated in the TOF
channels and the actual count rates. Not normaliz-
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FIG. 4. Logarithm of the ratio of photon count rates
Ri/R, measured at distances of 31 and 46.5 cm, res-
pectively. The data shown were obtained by pointwise
division of the curves in Fig. 3. The straight lines are
least-squares fits to the data points between the verti-
cal bars. The lifetimes listed were determined from
the straight-line slopes (see text).
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FIG. 5. Time-of-flight spectra measured with the
metastable particle detector at an electron energy of
27 eV and O, reference pressure of 1 torr in the gas
line to the metastable source. The time scale was 8
and 12.psec/channel for source distances of 34 and 51
cm, respectively. Counting times were about 30 min.
Similar to Fig. 3, the effect of increased metastable
decay at the larger distance can be clearly seen from
the reduction in the relative height of the second peak
and also from the smaller signal at the higher TOF
channels. The pronounced difference between the par-
ticle and photon spectra (Fig. 3) taken at the same elec-
tron energy of 27 eV is due to the increased probability
for photon detection for lower metastable velocities,
i.e., higher TOF channels.

ing the spectra in Fig. 3 to actual count rates adds
a constant to Eq. (8). This is of no consequence for
the lifetime determinations. The division of the
two data sets into each other results in greater
statistical fluctuations than the individual ones

in each TOF curve.

The lifetimes obtained from the straight-line
slopes are also listed in Fig. 4. Despite the fact
that the TOF spectra for the two electron energies
in Fig. 3 are very different in shape and count '
rates, the same lifetime of about 180 usec re-
sulted within the statistical accuracy of the mea-
surement.

In order to corroborate the lifetime determina~-
tion from the photon data and further check the
consistency of the method, TOF spectra were also
taken with the particle detector. These are shown
in Fig. 5. The statistics were much better in the
particle data since the count rates were several
hundred times larger. Again, the differences in
the shape of the TOF spectra at the two detector
distances are clearly seen. In particular, the
pronounced difference in the relative peak heights
is to be noted. ‘

A difference also exists in the photon and parti-
cle TOF spectra for the same electron energy of
27 eV. This is not surprising in view of the fact
that the particle detector monitors the velocity
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spectrum of the metastables according to Eq. (9),
whereas the photon detector measures this spec-
trum multiplied by a velocity-dependent function
according to Eq. (1), the latter being proportional
to 1/v in our case. This is directly related to
the fact that the slower metastables remain in
the viewing region of the detector for a longer
period of time and thus have a greater probability
for radiative decay in that region than the faster
metastables.

Taking the ratio of particle count rates and
proceeding according to Eq. (8) in the same fashion
as in the photon case, the data in Fig. 6 were ob-
tained. The top part of Fig. 6 was determined from
the spectra shown in Fig. 5, which were taken at
a reference pressure of 1 torr of O, in the gas
line to the metastable source. (As mentioned
above, the source pressure itself was in the mijlli-
torr range.) Itis seen that the statistical accuracy
is better than in the photon measurement, but that
the lifetime is again the same. The other two

LOGARITHM OF (NOT NORMALIZED) PARTICLE COUNT RATES InR,/R,
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‘FIG. 6. Logarithm of the ratio of particle count rates
measured at source distances of 34 and 51 cm, res-
pectively, an electron energy of 27 eV, and O, reference
pressures of 1, 3, and 4 torr in the gas line to the
metastable source. (The source pressure was in the
millitorr range.) Within the statistical uncertainties of
the experiment, the lifetime did not depend on source
pressure. The points in the uppermost part of the figure
were obtained by dividing the curves in Fig. 5. The
lifetimes deduced from the straight-line slopes are con-
sistent with those from the photon data (Fig. 4).
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data sets in Fig. 6 were obtained at gas line pres-
sures of 3 and 4 torr. As is to be expected, they
resulted in the same lifetime within the uncertain-
ties of the experiment. All measurements in Fig.
6 were taken at an electron energy of 27 eV, where
the metastable beam was relatively pure consist-
ing primarily of O(°S°) metastables.5 At higher
electron energies in the source, indications existed
for the presence of other long-lived species in the
beam. This was no hindrance in the photon mea-
surement, since the O(5S°) state was specifically
identified there. However, the particle measure-
ments were limited to low electron energies in
the source if one wished to obtain clean results
that were indicative of the °S° metastable state
alone.

The results shown in Figs. 4 and 6 yielded a
lifetime of 180 usec for the O(°S°) state with a
- possible uncertainty of £5 pusec. In taking the
average of the various lifetime determinations,
some emphasis was put on the photon data and the
lowest value of 172 usec in the particle data was
left off. The remaining four values of 177 and 184
usec from the photon data and 180 and 178 usec
from the particle data yielded an average of 180
usec with a statistical error of 2 usec as calcula-
ted from the formula

AT:<M> u% |

nmn=1)

where (7) is the average of the various independent
measurements 7; and z is the number of measure-
ments (in our case n=4). Additional measurements
(not shown) corroborate the present value of 180
usec.

It should be emphasized that the TOF spectra
shown in Fig. 3 serve primarily as illustrations.
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In order to determine the lifetime with a good de-
gree of accuracy, one has to resort to the original
digital TOF data. This avoids possible drafting
errors, especially at the higher TOF channels,
where the signals are small. The present lifetimes
were obtained from least-squares fits to the quan-
tity In(R,/R,) [see Eq. (8)], where the signal ratios
were directly calculated from the digital data.
Figures 4 and 6 again serve only as illustrations.

The systematic errors in the present measure-
ment were probably small since the spatial extent
of the metastable source was only a few milli-
meters as compared to a source-detector distance
that ranged between 30 and 50 cm. The timing
error in the TOF electronics was completely
negligible. The time resolution of the photon de-
tector was about 5% to 10% and was determined by
the finite length of the viewing region in the detec-
tor. This may have led to some broadening in the
sharp first peak in the photon TOF spectra and
consequently to an uncertainty in the ratio of count
rates in the first few TOF channels. As already
mentioned, some of the fast metastables were in-
cluded in the present lifetimé determination, but
the emphasis was on the slow metastable dissocia-
tion fragments. It may be worth noting that the
particle detector was not limited in its time resolu-
tion because the detection surface has zero spatial
_extent in the direction of the beam. The total
systematic error was estimated to be about 3 usec.
This combines with the statistical error to an un-
certainty of 5 usec in the value for the lifetime.

A comparison of the existing lifetime values for
the O(°S°) state is given in Table I. The three ex-
perimental values are in good agreement within
the limits of error. The theoretical value calcula-
ted by Nicolaidesﬁ also agrees well with the mea-

" TABLE I. Comparison of O(°S) lifetime determinations.

Lifetime
( sec) Author Technique
1805 This work TOF technique )
0(°S° ) identification via 1356-A photons
Metastable detection also via Auger
electron emission from surfaces
) , Slow and fast dissociation fragments
170 £25 Wells and Zipf TOF technique
. Metastable detection via Auger electrons
Slow dissociation fragments
185+ 10 Johnson TOF technique
Metastable detection via Auger electrons
Fast dissociation fragments
192 Nicolaides Theoretical calculation
595 Garstang Theoretical calculation
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surements, while Garstang’s value® seems to be
too high.

It is believed that the present lifetime determina-
tion for the O(°S°) state offers the greatest ac-
curacy so far. The experiment described here
also is the only one in which the O(°S°) state was
identified through its 1356-A radiation from natur-
al decay. In the other two experiments,!'? the
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presence of the S’ state was inferred, aibeit with
sound arguments.
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