give quite useful results. Specifically, it
has shown that GC/MS is a powerful
survey technique by which it is possible
to identify the general nature of the
organic pollutants and that LC is a
rapid and sensitive technique for moni-
toring, in this case, aromatic compounds.
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Visual Sensations Induced by Relativistic Nitrogen Nuclei

Abstract. The ability of the human eye to detect nitrogen nuclei that enter the
retina at speeds just above the Cerenkov threshold has been confirmed in an exper-
iment at the Princeton Particle Accelerator. A system for beam transport and
subject alignment delivered individual nitrogen nuclei onto a spot 3 millimeters
in diameter on the retina at a visual angle of 7 degrees on the temporal side of
the fovea. The beam particles entered the retina within 25 degrees of normal and
induced visual sensations that had the appearance of streaks for three out of four

subjects.

The light flash phenomena (/) de-
scribed by astronauts on Apollo mis-
sions 11 through 16 have stimulated
research on visual sensations induced
by radiation. Theoretical models sug-
gested for these phenomena include
Cerenkov radiation (2), isomerization
of the photochemical rhodopsin mole-
cules in collisions (3), and scintillations
produced in the lens (4). Stars and
streaks have been reported by subjects
exposed to neutrons with kinetic ener-

gies above a threshold of 3 to 4 Mev
(5). Both stars and streaks have been
observed when helium (6) and nitro-
gen (7) nuclei near the end of their
range (linear energy transfer 10 Kev/
um or more) intersect the posterior

“portion of the retina at angles close to

grazing. At mnear normal incidence to
the peripheral retina 1 cm anterior
to the posterior portion of the eyeball,
no visual sensations were observed with
either helium or nitrogen. A small but

Table 1. Summary of the first round of exposures.

Subi Counter Subject marks Description of
Subject triggers Coincidences Misses coincidence phenomena
L.P. 51 S 18 Diffuse streaks with slight
curvature; one point flash
V.B. 33 2 Streaks
V.P. 108 11 Thin, sharply defined streaks
with slight curvature
PM. 85 9 20 Diffuse flashes
160

distinct correlation between star-type
phosphenes and individual relativistic
cosmic ray muons that pass through
the eye was first reported by D’Arcy
and Porter (8) and confirmed by Char-
man and Rowlands (9), who attributed
it to non-Cerenkov effects at the retina.
The passage through the eye of thou-
sands of muons in large 0.44-second
bursts has been shown (10) to result
in bright extended flashes that come
and go with each burst and are similar
in appearance to the “lightning behind
the cloud” phenomena described by
some Apollo astronauts (/). The visible
Cerenkov radiation generated by the
burst during each 0.1-second interval
(in which the retina is known to inte-
grate signals) was calculated to be
above the threshold for peripheral vi-
sion, whereas the ionization produced
at the retina was much less than that
required with other forms of radiation
to produce haze. We report here on
visual sensations of stars and streaks
experienced by four subjects when ex-
posed to individual relativistic nitrogen
nuclei that are incident within 25° of
the normal to the retina at a visual
angle of 7° on the temporal side of the
fovea.

A schematic outline of the facility
for these investigations at the Princeton
Particle Accelerator (PPA) is shown in
Fig. 1. The brass collimator, which is
9.4 cm thick, was positioned upstream,
mounted on a motor-driven mechanism
that allowed quick and accurate in-
sertion in the beam. The electronics of
the motor drive were removed after
insertion to avoid accidental removal
of the collimator. The insertion of the
collimator, which has a channel 0.25
by 0.25 mm in cross section, resulted
in a reduction of the beam intensity
by a factor of 105, Thus, the synchro-
tron could be operated near its maxi-
mum intensity while the subjects were
exposed to beam rates as low as 1
particle per minute. Failures of the
equipment or changes in the timing of
extraction .would only result in a fur-
ther reduction of the beam intensity.
The beam particles that emerged from
the collimator were separated from any
secondary particles by a dipole magnet
before they arrived at the subject align-
ment table. This table consisted of a
steel frame 180 cm long, which sup-
ported a collimator (diameter 0.32 cm)
and a shield at its downstream end
(Fig. 1). A pivot at the upstream end
and leveling screws were used to align
the collimator with the nitrogen ion
beam.

Each subject maintained the align-
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Fig. 1. Schematic of the irradiation facili-
ty set up at the Princeton Particle Ac-
celerator for this investigation: SAT, sub-
ject alignment table.

ment of his eye to the emerging beam
by biting into his personal dental im-
pression plate, which was clamped onto
an x-y positioning mechanism. Chang-
ing to a new subject was accomplished
by switching the dental impression
plate and dialing the new coordinates.
For final alignment of the retina to the
beam, the subject stared at a diode
emitting a very dim red light, which
served as a fixation point. The diode
was masked to produce an image in
the shape of a cross that would subtend
a visual angle of 2°30’, which corre-
sponds to a length of 0.72 mm at the
subject’s retina, and thereby provide a
convenient scale with which to measure
the size at the retina of any induced
visual phenomena. Beam particles or
heavy fragments with an atomic num-
ber of 3 or greater that emerged from
the rear of the subject’s head were de-
tected by a counter-telescope arrange-
ment, and visual sensations were
marked when the subject pressed a
button. To allow the subjects time to
comment on their observations, the
average time interval between beam
particles was kept at roughly 1 minute.

For this investigation four subjects
were exposed to nitrogen nuclei with
energies of 531 Mev per atomic mass
unit. The alignment of the left eye and
the location of the fixation cross were
arranged to produce the relative orien-
tation of the retina to the beam shown
in Fig. 2.-On entering the eye, the nitro-
gen nuclei missed the lens and arrived
at the temporal retina at a point that
corresponded to a visual angle of about
7° from the fovea. This location has a
sensitivity to visible light that is typical
of much of the peripheral retina, and
any visual sensations induced would
appear conveniently close to the fixa-
tion cross. The beam particles entered
the retinal layers at an angle of about
20° with the normal.

In the first round of exposures, four
subjects received a total of 277 nitro-
gen nuclei, 27 of which were accom-
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panied by a visual sensation of a dim
streak or a flash about 5° to 10° to the
right of the fixation cross. The observa-
tions are summarized in Table 1. The
typical streak appeared colorless, some-
what curved, and no longer than twice
the length of a stroke of the fixation
cross, or 1.54 mm at the retina. Subject
L.P. reported that he required a rather
long interval between first observing a
faint streak and finally signaling the
flash. Subjects V.B. and V.P. had a
similar lag; for these two subjects 10
of the 13 coincidences between the
counter signal and the observed signal
required between 4.5 and 7 seconds.
No streaks were observed in the period
of 1 to 3 hours each of the four sub-
jects spent dark-adapted, but not in
the beam. While subject V.P. was in
the beam, he observed a single streak
at 5° to 10° on the right side of the
fovea that was not registered by the
counter telescope. This nitrogen nucleus
might have undergone a subsequent nu-
clear interaction in the head, with no
heavy fragment emerging to trigger the
counters. The 18 missing marks re-
corded by subject L.P. and the 4 re-
corded by V.P. were described as
pinpoint flashes and diffuse flashes,
respectively. The fourth subject, P.M.,
marked as quickly as possible “any-
thing that appeared at 5° to 10° to the
right of the fovea” in an attempt to
eliminate the long time lag. All of his
coincidence marks fell within the estab-
lished 4.5-second gate, but he was
unable to describe much of the phe-
nomena and the remainder appeared as
diffuse flashes. He did not report any
streaks. The different detection criteria
employed by the subjects are reflected
in the miss column of Table 1.

The streak phenomena described
above and those produced at Lawrence
Berkeley Laboratory (LBL) with stop-
ping helium (6) and nitrogen (7)
nuclei were similar in appearance, esti-
mated length at the retina, and the effi-
ciency with which they were detected—
roughly 4 percent for stopping helium
observed one at a time and 10 percent
for relativistic nitrogen. Some differ-
ences in how they were produced may
be even more significant, however. At
Berkeley, the streaks resulted from
nuclei that entered the retina at near-
grazing angles, and they were compara-
ble in length to the path length of a
primary particle in the outer layer of

rod outer segments. At Princeton, since .

the beam particles entered the retina
within 25° of the normal, the streaks
observed were over a hundred times
longer than the path length of a particle

Visual axis —

Fig. 2. Orientation of the beam to the
subject’s retina with the subject staring at
fixation point X.

in this layer. When the LBL helium and
nitrogen beams were incident near nor-
mal to the far peripheral retina, no
visual sensations were reported, despite
the considerably higher linear energy
transfer of nitrogen nuclei near the end
of their range. Finally, the PPA nitrogen
nuclei entered the retina with energies
of about 503 Mev per atomic mass unit.
and, therefore, with velocities above the
Cerenkov threshold. We estimate that
at least 40 Cerenkov photons with
wavelengths in the visible region en-
tered the retina within 150 um of the
primary.

Fatigue brought on by prolonged
periods of dark adaptation appears to
strongly inhibit a subject’s ability to
detect these faint phenomena. In a sec-
ond round of exposures, which fol-
lowed 3 hours of dark adaptation, sub-
jects V.B., V.P., and P.M. were exposed
to a total of 239 nitrogen nuclei and
observed only one streak. A number
of flashes were observed, but there
were fewer coincidences than were ex-
pected to occur accidentally. This loss
of detection efficiency prevented us
from directly comparing visual sensa-
tions induced by beam particles travers- -
ing the retina at speeds just above and
just below the Cerenkov threshold. It
is hoped that a direct measurement of
the Cerenkov contribution will be made
at some other accelerator facility, since
the Princeton Particle Accelerator has
had to cease operations.
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Cracks and Pores: A Closer Look

Abstract. Most pores and some cracks in several rocks, as directly viewed
with a new technique, have a shape that suggests an origin early in the history of
these rocks. Thus, behavior in the laboratory may be a reliable indication of
behavior in the earth’s crust, for electrical resistivity, permeability, or other

properties that depend on microporosity.

Nearly all rocks, even dense, crystal-
line varieties such as granite, diabase,
or dunite, contain cavities. Although in
crystalline rocks this void space may
amount to less than 1 percent by vol-
ume, many physical properties are dra-
matically affected. This was first rec-
ognized by Adams and Williamson (1),
who suggested that tiny cracklike voids
in granite increased its compressibility
severalfold. The role played by cracks
and more nearly equant voids termed
pores was later related quantitatively to
elastic, thermal, electrical, and other
properties (2, 3). In virtually all of
these studies, a simple physical model
was assumed, namely, a solid matrix
with a dilute concentration of isolated
cavities of circular or elliptical cross
section. From this model, crack or pore
parameters were calculated by using ob-
served physical properties. For example,
the pressure required to eliminate cracks
gave an estimate of crack aspect ratio
(2); the tensile strength or the low-
pressure compressibility gave an esti-
mate of crack length (2).

In spite of this rather extensive
theoretical work on the effects of micro-
porosity, only in rare cases have theo-
retical and actual crack and pore pa-
rameters been compared (2, 4). Direct
observation of cracks and pores is diffi-
cult, partly because of their small size.
In addition, in order to view pristine
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material in the interior of a rock sam-
ple, one has to prepare a section; to
date, this has been the standard thin
section or polished section (§). During
the preparation of a section, new cracks
and other surface damage are inevita-
ble. Because of this, actual mapping of
the microporosity has enjoyed little
success, and parameters like crack
shape, length, density, and connectivity
have, we feel, never been unambigu-
ously determined.

In the technique which we have de-
veloped for looking at the microporos-
ity, a specimen suitable for examination
with either an optical microscope or a
scanning electron microscope (SEM) is
obtained. The procedure is in two steps:
first, the preparation of a finely ground
surface (6), and second, removal by
ion thinning (7) of the damage left by
grinding. Vacuum evaporation of 100 to
400 A of a metal on the rock surface
renders detail visible in either a reflect-
ing optical microscope or an SEM.
With the latter, cavities and other fea-
tures down to about 200 A may be
discernible (8).

Features typically seen at the bound-
ary of two feldspar grains in Westerly
granite (4) are shown in Fig. 1. The
grain boundary extends from lower left
to upper right in the photograph and is
marked by a series of slots and irregular
cavities. The feldspar grains themselves

contain many small, more or less equant
cavities 0.5 to about 2 um in size; it is
not known whether these cavities are
tubular or more nearly spherical. Near
point a in Fig. 1 continuous bridges of
material cross a long slot; such bridged
slots are common in Westerly granite.
At b a crack is seen with one sharp and
one blunt end; its length is about 30 um
and its opening at mid-length is 0.5 um.
The aspect ratio is therefore about 60.
Near ¢ a crack of irregular (dumbbell).
shape is seen; the ends here are
rounded, although a sharp-ended crack
runs a short distance from one end.
The aspect ratio of the crack near ¢
is about 100, and that of the whole
feature is about 120.

Details near the boundary of quartz
and feldspar grains in Rutland quartzite
(4) are shown in Fig. 2. In many as-
pects the microporosity is strikingly
different from that of Westerly granite,
although feldspar grains in both are
riddled with tiny equant cavities about
a micrometer in size (near a in Fig. 2).
The boundary in the quartzite (which
runs diagonally through b) is marked
by a fairly continuous system of fine
cracks. They are much smaller than in
the granite, although the aspect ratios
seem comparable; near b, the length is 5
to 10 pm and the aspect ratio about
100. Tiny pores of triangular cross sec-
tion (they appear black in Fig. 2) inter-
sect the cracks above and to the right
of b. The large oval features in Fig. 2
are topographic and apparently result
from the ion thinning.

We have, to date, examined three
sections of Westerly granite (taken
from two different blocks) and a sec-
tion each of Rutland quartzite, Mary-
land diabase (4), and Mt. Albert perid-
otite (9). Observations for these rocks
can be summarized as follows:

1) Grain boundaries are preferred
sites for cracklike cavities, although
cracks also occur within grains of bio-
tite and feidspar, and infrequently with-
in quartz. The grain boundary features
are typically blunt-ended, are often
bridged by thin septa, and occasionally
show features which might be attributed
to “healing” or late crystallization.

2) Cavities whose cross section is
equant, or of low aspect ratio, are
abundant both within feldspar (micro-
cline, plagioclase) and at grain bound-
aries. Within feldspar they seem to
occur randomly, whereas at grain
boundaries they form rows and may
alternate with slots and cracklike open-
ings. It is not known whether equant
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