
some reaction between Ca (or Mg) and 
the alkali-depleted aluminosilicate frame- 
work forming perhaps alkaline earth 
silicates. It has been suggested that a 
silicate layer of this kind can act as a 
diffusion barrier (10) and as such may 
disrupt the regular growth of the hydra- 
tion layer which is the basis of the obsidi- 
an dating technique. 

The Si and Al depth profiles (Fig. 2, g 
and h) show very little variation of con- 
centration with depth, indicating no re- 
placement of Si or Al by H as expected. 
The depletion of the major alkalis and 
part of the alkaline earths means that 
there is an increase in the mole fraction 
of SiO2 and A123O at the surface. The es- 
sentially constant signal from these ele- 
ments suggests that the densities of Si 
and Al remain constant. This result 
supports the idea that the aluminosili- 
cate framework remains intact during 
leaching under near-neutral conditions. 
Hench (8) has reasoned from his glass- 
leaching studies that the formation of a 
silica-rich and alumina-rich surface layer 
acts as a protective film to further leach- 
ing. Hench and Clark (9) have reported 
that the thickness of the silica-rich or al- 
kali-depleted layer is controlled by a t112 
dependence, which changes to a t depen- 
dence as the leaching time, t, increases. 
Despite the different hydration condi- 
tions, it is possible that obsidian may 
hydrate in a similar manner, as has been 
suggested by the results of Ericson et al. 
(7). 

The results of this investigation dem- 
onstrate that the thickness of the hydra- 
tion layer on obsidian artifacts can be es- 
tablished by the technique of sputter-in- 
duced optical emission. The depth 
profiles of the different elements suggest 
that the kinetics of diffusion in obsidian 
are highly complex and that chemical 
composition plays an important role in 
the hydration process (1, 16). This tech- 
nique not only provides a new method 
for obsidian dating but can also be ap- 
plied to the study of other pertinent 
problems such as the hydration of con- 
tainer glass surfaces by aqueous solu- 
tions and the leaching of proposed 
glasses for the encapsulation of radio- 
active wastes. 
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There have been a number of investi- 
gations designed to determine the phys- 
ical mechanism behind the visual phe- 
nomena observed by astronauts when 
exposed to the radiation environment in 
space (1-5). Our earlier experiments 
with muons, pions, and individual nitro- 
gen nuclei (3) showed that Cerenkov ra- 
diation generated within the eye can in- 
duce visual phenomena similar in de- 
scription to those reported by astronauts 
in deep space (1). However, the muon 
and pion data were obtained in experi- 
ments designed to simulate the passage 
of an ion of high atomic number, Z, and 
energy, E, with a pulse containing 
N = Z2 singly charged particles. This 
raised the question of the extent to which 
the phenomena observed resembled 
those induced by the HZE (high Z and E) 
particles encountered in space (6). More- 
over, experiments with neutrons, alpha 
particles, and nitrogen nuclei (5) showed 
that star- and streak-like phenomena 
similar to some of those observed in 
space can be induced in the absence of 
Cerenkov radiation, presumably as the 
result of ionizations and excitations 
along the trajectory of the incident par- 
ticle or its secondaries. This raised the 
possibility that the HZE particles that 
generated visible pulses of Cerenkov 
light in the eyes of astronauts on Apollo 
missions would have been detected any- 
way because of ionization effects, and 
that while Cerenkov radiation may have 
influenced the visual phenomena experi- 
enced, it would not have significantly af- 
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fected the rate at which the flashes were 
observed. 

To directly compare the visual phe- 
nomena induced by HZE particles with 
and without Cerenkov radiation and to 
determine the effect of Cerenkov radia- 
tion on a subject's ability to detect the 
particles, we initiated a series of ex- 
posures of human subjects to HZE parti- 
cles at the Bevalac accelerator at Law- 
rence Berkeley Laboratory. The details 
of the facility devised to deliver HZE 
particles one at a time are given else- 
where (7). This report describes the re- 
sults of the preliminary trials, which in- 
volved comparing carbon nuclei at 
speeds above and below the Cerenkov 
threshold. The nuclei had kinetic 
energies of 595 MeV per nucleon and a 
stopping power in water of 94 MeV-cm2/g 
at the higher speed, and values of 470 
MeV per nucleon and 103 MeV-cm2/g at 
the lower speed. The carbon nuclei do 
not stop in the eye, nor do they lose a 
significant amount of energy in tra- 
versing it. The patterns of ionizations 
and excitations along the trajectories are 
quite similar for the two cases, and a sig- 
nificant increase in a subject's ability to 
detect the passage of a higher-velocity 
nucleus through his eye would be attrib- 
utable to Cerenkov radiation. 

After dark-adapting for 40 minutes, 
the subject aligned himself to the beam 
line by using a personalized bite plate 
and fixated on a red light-emitting diode 
mounted on the far wall of the darkened 
room. This aligned the head and eye 
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such that the beam particles entered at 
an angle of about 60? with the optic axis 
as defined by fixation. An initial align- 
ment procedure was completed before 
the experimental sessions. A laser beam 
was passed through the beam collimator 
to the subject's head. When the laser 
spot fell on the proper region of the eye, 
the bite plate was locked in position. The 
particle beam pathway was directed 
away from the lens of the eye. After a 
foreperiod that was varied randomly 
from 2 to 4 seconds, a pulse of carbon 
nuclei or a catch test pulse (one contain- 
ing no particles) was delivered. The sub- 
ject signaled readiness by depressing a 
switch. He signaled detection (a hit) by 
depressing the same switch. The subject 
was also in communication with the ex- 
perimenters in the control room by inter- 
com. After each hit or miss, the subject 
was asked to confirm his response and 
describe the visual phenomena for all 
hits. The cross-sectional area of the 
beam was determined by a 2-mm-diame- 
ter collimator placed in the beam line 
about 30 cm upstream from the subjects. 
Particles entering the eye were counted 
in coincidence by a scintillator down- 
stream from the collimator just before 
the eye and a scintillator upstream from 
the collimator. 

In procedure 1 the subject did not 
know whether a pulse would contain 
one, two, or no nuclei or whether the 
carbon nuclei were at speeds above or 
below threshold. Catch tests were ran- 
domly distributed among the experimen- 
tal trials at a rate of approximately 40 

Fig. 1. Schematic drawing of visual sensations 
described by subjects P.M. and V.P. The 
scale represents visual angle. 

percent. Only one catch test in 81 result- 
ed in a positive response (false alarm) 
and that visual sensation was described 
as similar to the phosphenes that sub- 
jects observed when dark-adapted in the 
radiation-free environment. 

In procedure 2 the subject did not 
know whether the carbon ions were in- 
cident at speeds above or below thresh- 
old. Catch tests were not employed. In 
procedure 3 the subject knew whether 
the particles in a particular series would 
arrive at speeds above or below thresh- 
old, but catch tests were included. There 
were no obvious differences between the 
data obtained by the three procedures. 

Table 1 summarizes the data for the 
three subjects under the procedures fol- 
lowed. The visual phenomena were often 

Table 1. Summary of procedures and results for three subjects. 

Sub- Pro- Particle Par- Diffuse Streaks 
ject cedure speed* elses tides flashes or points 

V.P. 1 Above 19 35 8 5 6 
Below 19 23 5 0 5 

3 Above 25 33 20 13 14 
Below 22 33 2 0 2 

P.M. 1 Above 35 58 14 10 8 
Below 31 44 3 0 3 

2 Above 16 21 7 5 3 
Below 14 18 1 0 1 

V.B. 1 Above 38 56 0 0 0 
Below 9 13 0 0 0 

*Above or below the Cerenkov threshold. 

Table 2. Combined data for subjects P.M. and V.P. for single- versus multiple-particle pulses. 

Points 
Type of Particle Par- Detec- Diffuse onts 
pulse speed* ties ules tions flashes an 

streaks 

Single particle Above 53 53 27 18 18 
Below 55 55 8 0 8 

Multiple particle Above 95 42 23 15 13 
Below 63 31 3 0 3 

*Above or below the Cerenkov threshold. 
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complex combinations of diffuse flashes 
and streaks. One subject did not report 
any observations of particles either 
above or below the threshold speed for 
Cerenkov radiation. The ability of the 
other two subjects to detect carbon ions 
was considerably greater for speeds 
above threshold. The detection efficien- 
cy for pulses containing one or two parti- 
cles at speeds below threshold generally 
agrees with the detection efficiency ob- 
served previously for stopping alphas 
and nitrogen nuclei (5). Diffuse flashes 
were observed only when the carbon nu- 
clei moved through the eye at speeds 
above threshold. They consistently ap- 
peared in the region of the field of view 
that corresponded to the location on the 
retina where the beam particles exited 
the eye, which would be expected if the 
visible components of the Cerenkov op- 
tical shock wave (which propagates to- 
ward the nasal region of the retina) initi- 
ated the visual process. The diffuse 
flashes were similar in appearance to the 
flashes induced by muons and pions (3). 
This evidence indicates that the diffuse 
flashes observed in this experiment were 
the result of Cerenkov radiation. The 
more localized phenomena-streaks and 
pointlike flashes-were observed for 
particle speeds both above and below the 
Cerenkov threshold, which demon- 
strates that Cerenkov radiation is not the 
sole mechanism for these phenomena. 

Figure 1 is a schematic drawing of typ- 
ical visual sensations described by sub- 
jects P.M. and V.P. For both subjects 
the diffuse flash occurred in the right- 
hand field of view in the area shown. 
Both subjects reported that streaks often 
accompanied the diffuse flashes. When 
they did, a definite temporal sequence 
was observed. The diffuse flash appeared 
first, followed by the streak phenomena. 
This is the opposite of the physical se- 
quence of events, in which the particle 
enters the region of the eye where the 
streaks are observed and exits in the area 
of the diffuse flash. This sequence takes 
less than 10 x 10-1 second from en- 
trance to exit. The streaks appeared to 
be moving from right to left in the visual 
field. The streak phenomena for subject 
P.M. were at a location corresponding to 
beam entrance; for subject V.P. they 
were not always at such a location. For 
both subjects a single carbon ion often 
resulted in the observation of more than 
one streak. Subject V.P. reported the ob- 
servation of curved broken streaks of the 
type shown in Fig. 1. 

The length of the long broken trajec- 
tories is far greater than could be ex- 
plained by path lengths in the retina. 
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This is consistent with the observations 
of three subjects exposed to individual 

nitorgen ions at the Princeton Particle 
Accelerator (3). Broken streaks have 
been observed in space and in laboratory 
experiments (5). It is possible that frag- 
mentation of the carbon nucleus and in- 
teractions that lead to the formation of 
nuclear stars play a role in these effects, 
but further study is needed. 

Table 2 shows the data for subjects 
P.M. and V.P. and for pulses containing 
one or more particles. Their ability to de- 
tect pulses containing one particle was 
not significantly different from their abili- 
ty to detect pulses containing more than 
one particle-that is, the detection effi- 
ciency per particle was far less for mul- 

tiple-particle pulses. Tobias and co- 
workers (5) also reported a dependence 
of the subject's ability to detect HZE 
particles that did not produce Cerenkov 
radiation on the number of particles in 
the pulse. Table 2 shows that the effect 
holds true for the diffuse flashes, which 
were shown above to be due to Ceren- 
kov radiation and hence optical phenom- 
ena. 

In summary, carbon nuclei entering 
the eye are detected more often at 

speeds above the Cerenkov threshold 
than below. This finding lends strong 
support to the hypothesis that Cerenkov 
radiation plays a major role in the visual 
phenomena observed by astronauts in 
deep space. Large diffuse flashes are ob- 
served only at speeds above threshold 
and occur only at the location in the field 
of view corresponding to beam exit. 
They are similar in appearance to the 
large-area flashes previously observed 
with muons and pions. These data sug- 
gest that an important mechanism for 
these large flashes and possibly for those 
observed in space is Cerenkov radiation. 
Furthermore, the large flashes observed 
in space can be generated by nuclei with 
atomic numbers as low as 6 and not only 
by nuclei of higher atomic number. 

P. J. MCNULTY 
V. P. PEASE 

Departments of Physics and Social 
Sciences, Clarkson College, 
Potsdam, New York 13676 

V. P. BOND 
Brookhaven National Laboratory, 
Upton, New York 11973 
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Observations of the deuterium content 
in the atmospheres of the major planets 
is important for a determination of its 
abundance at the time of formation of 
our solar system. Present theories (1, 2) 
indicate that deuterium can only be pro- 
duced during "big bang" nucleosynthe- 
sis. A determination of the primordial D/ 
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Fig. 1. A portion of the S-JL spectrum of Sat- 
urn at a resolution of 2.8 cm-1. A comparison 
star (a Aur), a laboratory CH4 spectrum, and 
a spectrum of Jupiter in the same region are 
also shown. The Q-branch and P-branch lines 
of the v2 band of CH3D are marked. Zero lev- 
els are displaced as indicated on the side. 
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H ratio, therefore, poses important ex- 
perimental constraints such as the mass 
density, the rate of expansion, and the 
neutron-proton density for theories of 
nucleosynthesis and the formation of the 
universe. Stellar processing of matter 
has the effect of destroying deuterium, 
and the sun and stars have thus burned 
most of their deuterium into 3He. The 
value of the D/H ratio obtained from the 
massive hydrogen atmospheres of the 
major planets may be taken as most rep- 
resentative of a "primordial" D/H ratio 
since their deuterium has probably un- 
dergone very little reprocessing (2) and is 
not affected by fractionation in the interi- 
or (3). 

Several years ago deuterium in the 
form of CH3D was detected in the atmo- 
sphere of Jupiter by Beer et al. (4, 5). 
Their estimates of the jovian D/H ratio 
ranged between 2.8 x 10-5 and 7.5 x 
10-5. Sometime thereafter, the very 
weak 4-0 P(1) line of HD, observed in the 
jovian spectrum by Trauger et al. (6), al- 
lowed a direct comparison between the 
HD and H2 abundances and gave a D/H 
ratio of 2 x 10-5. The actual value for 
the D/H ratio in Jupiter's atmosphere is, 
at present, still uncertain because of cor- 
rection effects introduced by the scatter- 
ing nature of its atmosphere (7) and be- 
cause of the recent revisions (8) of both 
the HD and H2 line strengths used in the 
determination of the D/H ratio. Presently 
accepted jovian D/H values center 
around 5 x 10-5 (9). 
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Deuterated Methane Observed on Saturn 

Abstract. Absorptions for the v2 band of deuterated methane (CH3D) have been 
observed in the 5-micron spectrum of Saturn, obtained with a Fourier transform 
spectrometer. Analysis of the band yields a CH3D abundance of 2.6 + 0.8 centime- 
ter-amagat and a temperature of 175 ? 30 K for the mean level of spectroscopic 
line formation. This temperature indicates that a substantial portion of Saturn's flux 
at 5 microns is due to thermal radiation, and that we are therefore looking fairly deep 
into its atmosphere, as is the case for the Jupiter 5-micron window. This CH3D abun- 
dance leads to a deuterium/hydrogen ratio of about 2 x 10-5 in Saturn's atmo- 
sphere. This ratio is much lower than the terrestrial value but comparable to that 
determined for Jupiter and may be taken as representative of the deuterium/hydro- 
gen ratio in the solar system at the time of its formation. 
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