of the shower, channeling effects in the
water, and correlation detection tech-
niques. Each 6-dB (0.3 dyne/cm?) in-
crease in signal will increase the detected
EAS events by approximately a factor
of 4.

The contribution to the acoustic signa-
ture of an EAS by the various particles in
the shower should be different, since
they differ in this radial distribution from
the core, total energy, and radiation ab-
sorption length. The strongest signal will
come from the small region near the core
where the nuclear particles strike. The
electrons will contribute a weaker signal
from a larger surface area, whereas the
muons will contribute a similar signal
whose origin is a larger surface area and
a thicker layer because of their reduced
interaction with matter. The muon ener-
gy distribution is peaked near the core,
even though the particles are widely dis-
tributed.

The use of detectors with angular sen-
sitivity should make it possible to pin-
point the position and area of the shower
and thus the energy of the primary cos-
mic-ray particle. The spectral content
and the radial distribution of sound gen-
erated at various distances from the core
may allow one to obtain detailed infor-
mation about the particles in the shower.

As stated earlier, the U.S. Navy has
several sophisticated hydrophone listen-
ing stations that have operated for exten-
sive periods of time. These stations have
probably detected signals from EAS.
The signals should appear as a broad-
band ‘‘rumbling’’ noise of moderate du-
ration, with occasional short higher-fre-
quency ‘‘clicks.”’

W. Louis BARRETT
Physics Department,
Western Washington University,
Bellingham 98225
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Metastable Oxygen Emission Bands

Abstract. Recombination of ground-state oxygen atoms populates six different
bound electronic states of molecular oxygen. Of the six optical transitions expected
between the three upper states at 4 to 4.5 electron volts and the two lowest states,
five have been observed in the afterglow of a conventional helium-oxygen microwave
discharge in both °0O, and *®0,, three of them for the first time in gas-phase spectra.
Generation of these emissions from oxygen atoms in a system free of molecular
oxygen establishes that atom recombination is the production mechanism.

The spectroscopy of O, has been stud-
ied for the better part of a century (/, 2),
but a great deal still remains to be
learned. Of particular importance in at-
mospheric chemistry are the six bound
electronic states of O, which can arise
from recombination of ground-state O
atoms. The kinetic processes of produc-
tion, radiation, and relaxation of these
states are only now beginning to be un-
derstood. The relevant calculated poten-
tial energy curves are shown in Fig. 1 (3).

A peculiarity of O, is that all of these
states .are optically metastable with re-
spect to each other; that is, the emission
of radiation between any two states is a

" very slow process compared to the colli-

sional mechanisms by which the excited
molecule may lose its electronic energy.
Typical radiative lifetimes for allowed
electronic transitions are =107% second,
whereas the average times required for

" Table 1. Band intensities of the C3A,, — a'A,

system.
Observed  Observed Calculated
Band peak wave-  relative relative
length (A)  intensity  intensity
0-3 4553 0.03 0.07
0-4 4863 0.22 0.23
0-5 5212 0.58 0.49
0-6 5606 0.88 0.80
0-7 6055 1.00 1.00
0-8 6572 0.92 1.02
0-9 7172 0.59 0.83
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Fig. 1. Bound O, potential energy curves from
the first dissociation limit (3).

isolated O.(h'2,*) and O,(a'A,) mole-
cules to emit a photon and relax to the
X33, ground state are 12 and 3900 sec-
onds, respectively (4). This reluctance of
the excited molecules to radiate has lim-
ited observations of the three upper O,
states, A*3,*, C3A,, and ¢'3,~. For the
same reason, these molecules represent
a potential energy reservoir in systems
containing atomic O and are thus of ki-
netic importance. All three states have
been observed in absorption from the
ground state, and the transitions are
known (2) as the Herzberg I, III, and II
systems, respectively. However, only
the A3%,* — X33, transition has been
observed in emission (5), except for a
very weak pair of bands observed by
Degen (6), which he was able to rotation-
ally analyze and ascribe to the
c'3,” — X33, transition.

When the Russian Venera 9 spacecraft
sent back a spectrum of the dark side of
Venus taken in the visible region (7), a
very simple and intense spectrum of
eight bands was observed, which was
correctly identified by Lawrence et al.
) as the 0-v" progression of the
¢'2,” — X%3, transition. This was a
quite unexpected result, there being a
very small amount of O, present in the
venusian atmosphere as compared to the
dominant gas, CO,. Lawrence et al. then
carried out laboratory experiments and
were able to duplicate the Venus spec-
trum by passing a flowing He-O, mixture
through a microwave discharge, adding
CO, downstream and observing the re-
sulting luminescence.

The mechanism of ¢'3%,~ formation
was of considerable interest to me, par-
ticularly the question of the role of CO,.
The most obvious source of the ¢!3,~
state is O atom recombination, yet, if the
state is seen only in systems containing
CO,, a more complex mechanism must
be postulated.

To learn more about c-X bands, I set
up a conventional flowing afterglow ap-
paratus and was soon able to duplicate
the results of Lawrence et al., obtaining
intense ¢-X emission if I used a mixture
of 30 mtorr O,, 20 torr He, and 7 torr
CO,. Spectra were recorded photograph-
ically with a high-speed transmission
grating image-tube spectrograph (9), with
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exposure times of 30 seconds to 5 min-
utes.

Upon turning off the CO,, I discovered
that the ¢-X bands were still present but
weaker, and that the entire visible spec-
tral region was partially obscured by the
NO, continuum. This radiation, from an
excited NO, state (10), is the result of the
recombination of O atoms and NO after
the discharge, the NO being generated
from traces of N, in the He carrier gas.
The effect of adding CO, is both to
quench the NO, emission and to enhance
the ¢-X bands, thus strongly accentu-
ating them.

As it was not clear that O atom recom-
bination was the source of the c-X bands
(He metastable states might excite O,
through Penning ionization and sub-
sequent charge exchange), I attempted
to generate the bands in the absence of
O, by titrating the N atoms in a flowing
N, discharge with NO, thereby ef-
fectively converting N to O. The results
were the same—the c-X bands were as
strong as before. I found that the 20 torr
He-O, mixture could be replaced with 20
torr N,, or with a N,-Ar mixture, with
little effect on the ¢c-X bands. This is a

convincing demonstration that the ¢'%,~
state is produced strictly by O atom re-
combination and requires neither O, nor
CO, for its generation.

Although the ¢-X bands were weaker
in the absence of CO, than in its pres-
ence, it was apparent that there were
other bands present when CO, was not
used. In order to improve the quality of
the spectra, I used a heated Ti getter to
reduce the concentration of N, in the He,
which greatly reduced the NO, contin-
uum. Figure 2 shows a typical improved
spectrum of the He-O, afterglow. The in-
ability to observe such a spectrum in the
past is perhaps related to the masking ef-
fect of the NO, continuum. In addition to
the c-X bands, there are a variety of oth-
er emission features, some even stronger
than the ¢-X bands. Figure 3 shows a
spectrum with added CO,, demonstrat-
ing the extent to which the other bands
are thereby suppressed.

The previously established identifica-
tions in Fig. 2 are the A®2,* — X3,
Herzberg I system analyzed by Broida
and Gaydon (5), the b'S,* — X3,
O-O atmospheric band, and the
¢13,” = X®3, system described above.
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In order to analyze the other bands, I
carried out experiments with '®0, and
with '%0,-%0, mixtures. Large isotopic
shifts were observed, and analysis of the
data established that all of the bands be-
long to progressions arising from v = 0
levels of an upper state to high vibra-
tional levels of either the a'A, or the
X33, state. It was thus possible to es-
tablish the presence of three new band
systems (in terms of gas-phase laborato-
ry spectroscopy), identified in Figs. 2
and 3 as C°A, — a'A,, CA, — X337,
and ¢'%,” — a'A,. The b'3,* state has a
radiative lifetime comparable to that of
the ¢'2,” and C®A, states, and consid-
erably longer than that of the A3, * state
(I1); however, the b'3," state is
quenched only very slowly, making the
b'S,* — X33, O-O band at 7618 A
stronger by two orders of magnitude
than any other feature in Figs. 2 and 3.
The OH vibration-rotation overtone
bands are observed in all the spectra
taken in the absence of CO, but do not
interfere with the identifications.

Five of the six transitions between the
upper three and the lower two electronic
states are clearly identified in Figs. 2 and
3. The sixth, A33,* — a'A,, should be
weaker by as much as two orders of mag-
nitude than the observed A%, —
X33~ bands. The CP®A, — a'A, and
¢'2,” — a'A, bands represent the first
examples of a gas-phase transition in-
volving a substantial range of vibrational
levels in the a'A, state. Previous
spectroscopic constants for this state
have been derived from the v = 0 and
v =1 levels alone (I2). Of the three
new transitions, the ¢'3,” — a'A, and
C3A, — X?®3, bands have recently been
seen in matrix isolation experiments at 4°
to 10°K (/3), and the C3?A, — X33~
bands had in fact been seen in matrices
in 1960 but were misidentified as
A3t — X33, (I14). The C*A, — a'A,
system, known as the Chamberlain
bands, has been provisionally identified
by Chamberlain (/5) in the airglow. The
most clear-cut bands in his assignment
(16) are the 5-2 and 6-2 bands, in which
only the {2 = 1 spin component seems to
be present. This is also the case in the
present spectra and is best explained if it
is assumed that the %A, component is
mixed by spin-orbit interaction with a
nearby 'I1,, state. There are three weak
bands on the short-wavelength side of
the 0-8, 0-9, and 0-10 C-X bands which
have not yet been identified.

Transitions down to the b'%,* state
from the A, C, and ¢ states are not ob-
served. The most likely reason is that
these transitions would have their maxi-
mum intensities in the region from 6500
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to 9000 A (for v/ = 0), where the pho-
tocathode sensitivity is low and OH
emission would interfere.

Table 1 shows the observed wave-
lengths of the principal new system, the
C3A,, — a'A, bands, from which new
spectroscopic constants for the a'A,
state may be determined. Observed and
calculated band intensities are also list-
ed, on the assumption of a constant elec-
tronic transition moment. The calculated
iniensities are based on interpolations
between sets of Franck-Condon factors
calculated for the A-a and c-a transi-
tions (/7).

Now that it is known that there are
easily observable transitions from the
A3%3,*, C3A,, and ¢'3,” states, it should
be practical to carry out a variety of mea-
surements. It is evident that all three
states will be generated by recombina-
tion of O atoms in both the terrestrial and
the venusian atmospheres. The fact that
Earth’s atmosphere shows principally
A-X bands, whereas only c-X bands ap-
pear in the venusian nightglow, suggests
that the difference lies in the quenching
and relaxation kinetics of the two sys-
tems, as the peak O atom densities are
not very different (/8). Thus quenching
rate coefficients by O atoms, O,, N,, and
CO, are needed to clarify the emission
features (it is already obvious that
quenching of ¢!3,” by N, and CO, is
very slow, whereas C®A, and A33,*
quenching by CO, is more rapid). Such
data will also lead to relative values of
the radiative lifetimes.

The O atom recombination into these
energetic states of O, is likely to be an
important process, and the difficulty in
observing emission only reflects their
weak radiative properties. It may be that
both in the atmosphere and in com-
bustion reactions these O, states play
important roles. Furthermore, subse-
quent studies should establish signifi-
cant details about the recombination
process, such as the relative initial
distribution among the electronic states
and the efficiency of cross relaxation in-
teractions.

Tom G. SLANGER
Molecular Physics Laboratory,
SRI International,
Menlo Park, California 94025
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Measuring Plutonium in Respirable Dust

Abstract. Methods used to evaluate the inhalation hazard of soil contaminated
with plutonium were investigated. Four soil fractionation procedures were used to
separate three size fractions of soil particles taken from two locations at the Depart-
ment of Energy’s Rocky Flats facility. The results show that increasing amounts of
soil mass and plutonium activity (0.5 to 38 percent and 7 to 84 percent, respectively)
remain in the fraction of soil smaller than 10 micrometers as the in situ particle
associations are increasingly disrupted by physical and chemical forces. The in-
troduction of forces of dispersion unrelated to ambient conditions yields results that
are unrelated to the original particle associations.

In the past, the purpose of most envi-
ronmental surveys for plutonium in soil
has been to establish the total inventory
for a particular location. More recently,
questions regarding the inhalation poten-
tial for contaminated soil have prompted
investigators to recommend different
methods of soil sampling and analysis to
evaluate the inhalation potential. Unfor-
tunately, the different methods recom-
mended can yield conflicting results. For
example, Tamura (/) recommended a
procedure in which particle dispersion is
minimal. His stated objective was to re-
tain the association of the plutonium
with the soil particles. On the other
hand, Johnson et al. (2) recommended a
procedure in which particle dispersion is
maximized. Their stated objective was to
disperse the soil microaggregates to ex-
pose the plutonium as much as possible.
With such opposing objectives, dissim-
ilar results can be expected.

The following study was initiated to
establish the magnitude of the differ-
ences one might expect if one were to
use four soil fractionation methods (de-
scribed below) on two soil samples taken
from the Department of Energy’s Rocky
Flats facility. The basis for the sample
site selection was an observed difference
in surface character and plutonium ac-
tivity in the soil at the two locations.
Sample 1 was taken from a site that was
densely covered with prairie grasses.

The surface soil was fine-grained and
rich in organic litter. The plutonium ac-
tivity at this site averages about 2 dpm/g
as established by an analysis of surface
core samples (10 by 10 by 5 cm deep)
taken in the summer of 1975. Sample 2
was taken from a site that was nearer to
the release point and sparsely covered
by prairie grasses. The surface was
rocky, and the soil was intermixed with
many small pebbles. The plutonium ac-
tivity at this site averages about 80 dpm/
g, as determined by the same sampling
technique.

I resampled these two sites in October
1976, using the collection method speci-
fied by Johnson et al. (2) (0.5-cm-deep
surface sample). Each sample was field-
sifted through a 10-mesh screen, yielding
fractions larger and smaller than 2000
um. Mass, moisture, and plutonium data
were obtained from the two fractions.
The fraction of each sample smaller than
2000 um was separated into even smaller
fractions (2000 to 37 um, 37 to 10 um,
and < 10 wm) according to the following
four methods.

Method A, dry sift. About 100 g of the
< 2000-um fraction were sifted through
a series of screens to obtain the desired
subfractions. A stack of vibrating screens
was used to separate the larger par-
ticles (2000 to 37 um). One gram of the
37-um fraction was placed in an ultra-
sonic sifter on a 10-um screen to sepa-
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