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We report here electron microscope observa-
tions of tracks in mica resulting from recoil nu-
clei produced in spallation reactions of 3.0-Bev
protons. The results show that it is possible to
study recoil nuclei using the high spatial resolu-
tion of the electron microscope (-10 A.). In par-
ticular, it is possible to search for decay events,
on a time scale shorter than previously possible.
The results also show that it may be possible to
observe "fossil" cosmic-ray events in natural min-
erals. The observations were made possible by a
chemical etching treatment which provides a strik-
ing demonstration of localized radiation -induced
corrosion.

Fission-fragment bombardment of mica produces
tracks which can be seen by transmission electron
microscopy. ' ' The tracks in synthetic mica are
sharp and stable, whereas tracks in natural micas
fade during observation and are difficult to meas-
ure. The fading can be eliminated by etching the
samples in HF prior to observation. The acid
permeates the tracks and eats permanent channels
in the mica, (see Fig. 1). The etching also enhan-
ces the sensitivity of particle detection. For ex-
ample, fission fragments near the end of their
range (where their rate of energy loss is low)
show tracks after etching, although prior to etch-
ing the tracks are unobservable. s Thus the net
effect of the etching is to "develop" and "fix" the
charged particle tracks. Details of the technique
will be published elsewhere.

Two proton irradiations were made. In the first,
a sample of natural muscovite was irradiated in
air with -9 x10" protons/cm'. Prior to etching
no tracks were observed. After etching there was
a track density of -7 x10 /cm'. In the second ir-
radiation sandwiches consisting of metal foils (Cu,
Ag, and U) enclosed by synthetic mica sheets (1.5
x10 ' cm thick) were given a dose of -3 x10" pro-
tons/cm'. Samples taken from mica surfaces ad-
jacent to and downstream from the metals gave
the following track counts: Cu-7 x10'/cm' (see
Fig. 2), Ag —1.8x10 /cm', U —1.4x 109/cm'. Sam-
ples taken from mica surfaces not adjacent to the
metals gave track densities of -10'/cm'. No tracks
were observed in etched, unirradiated samples.

Recoiling spallation residues lose energy at a

rate comparable to fission fragments and are
present in sufficient number to account for the
observed results. Since none of the other spal-
lation products have such high rates of energy
loss, the tracks are attributed to the recoil nu-
clei. Proton-induced fission events al.so contrib-
ute tracks and are partly responsible for the high
track densities from the U foil. . However, the re-
coil nuclei will predominate for the lighter ele-
ments. The Ag foil results are the easiest to ana-
lyze since they can be compared directly with
emulsion data. Baker and Katcoff' give an average
range of -4 p, for AgBr spallation residues. If the
mass of the recoil is &40, the range-energy re-

FIG. 1. Etched fission-fragment tracks in synthetic
mica. The white lines are permanent channels which
are formed when an irradiated sample is etched in HF.
Although the etching rates are different, the technique
works equally well for all types of micas.
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FIG. 2. Recoil nuclei tracks in etched synthetic mi-
ca. The mica was immediately adjacent to a copper
foil which was bombarded with - 3 X10'4 p/cm . Etch
pits as well as continuous tracks are formed. The
prominent bent track probably represents a scattering
event.

suits of Heckman et al. ' show that the rate of en-
ergy loss in mica is dE/dx&1. 5x10 ev/(g/cm').
Fission fragments near the end of their range'
have about the same dE/dx. If every recoil pro-
duced a visible track over its entire range, the
track density should be -2 x10~/cm'. The ob-
served value is a factor of ten lower than this,
which may be due in part to experimental diffi-
culties such as dirty surfaces but probably implies
that the efficiency for track production by recoil
nuclei is less than unity. This is not unreasonable.
As we will show below, light recoil nuclei (M-20)
do not contribute appreciably to the track densi-
ties. With heavier nuclei (and consequently higher
energy loss rates), the formation of a continuous
track will depend on fluctuations in the energy
transfer. Sometimes a continuous path of damage
will be produced, giving an etchable track, and
sometimes the damage will be noncontinuous, giv-
ing rise to pits but not tracks upon etching (see
Fig. 2). A systematic investigation of etching be-
havior using heavy-particle beams of known mass
and energy is currently in progress.

Consider next the results for bulk mica, not
close to a metal surface. Using measured ranges
of spallation residues in light elements, '&' we cal-
culate a recoil particle density of - 5 x10 '/cm'
per p/cm' in the bulk mica. The observed track
densities of -8x10 /cm' per p/cm' (muscovite)
and -4 x10 '/cm' per p/cm' (synthetic mica) are
much less than this, indicating that only recoils
of the heavier elements in the mica (e.g. , Fe and

K) contribute significantly to the track density.
The difference between the muscovite and the syn-
thetic mica is attributed to the presence of 1.5k
of Fe in the natural crystal.

The present results show that it may be possible
to observe "fossil" cosmic-ray events in natural
minerals. We estimate, for example, that an ex-
traterrestrial piece of mica which had been ex-
posed to primary cosmic rays' for 3 x10 yr would
show an easily measurable recoil track density
of -10'/cm'. The maximum track density which
could be resolved would correspond to an expo-
sure of &3x10' yr. Thus, this technique may
prove useful for dating exposed minerals and may
also give information about the history of the cos-
mic radiation. Unfortunately, mica is not found
in meteorites, which are the only present source
of extraterrestrial material. However, fission-
fragment tracks have now been observed in a
number of materials and track formation is prob-
ably a fairly general phenomenon. We are cur-
rently investigating meteoritic minerals for such
fossil tracks.

We have assumed in the above calculation that
the tracks do not fade. Synthetic mica is the only
material in which a systematic study has been
made of the thermal stability of tracks. ' Here
the tracks are retained until just below the nor-
mal decomposition temperature and hence are
relatively permanent features of the crystal.

Some terrestrial micas may also show fossil
tracks. One source of such tracks would be fis-
sion events from uranium impurities, which give
rise to the well-known phenomenon of pleochroic
halos. " Studies of these halos should give direct
information on the fading of tracks over long peri-
ods of time. Star production by atmospheric cos-
mic rays" is another possible source of tracks.
Assuming a set of extreme circumstances, name-
ly, high-latitude surface exposure at an altitude
of 3600 m, we estimate that an exposure of -10'
years would give a track density of -10'/cm'. This
would correspond to about one track per scan day
and hence would be difficult to detect. However,
the calculation was based on observations of one
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sample of Brazilian muscovite. Some micas con-
tain over ten times as much Fe and may be cor-
respondingly more sensitive.

The high spatial resolution of the electron mi-
croscope may make this method of track detec-
tion useful both for the study of short-time decay
events and for studies of recoil nuclei in typical
scattering experiments. The emission of a single
nucleon of 10 Mev would sometimes give an ob-
servable kink in the track of a spallation recoil

0
of mass 40. A kink occurring within 100 A of the

origin would be detectable and would correspond
to a decay time of 10 "sec. This is a long time
for most nuclear processes but is shorter than

has heretofore been possible to measure directly.
The main advantage in scattering experiments
would probably be the ability to measure angular
distributions for near head-on collisions. The
electron microscope detection of tracks will ob-
viously become more useful when the sensitivity
is increased to include lighter mass particles.
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It has been remarked'~ that, owing to the close-
ness of the isoscalar 3-pion resonance, ' (d, and

the neutral isovector 2-pion resonance, ' p', and

their comparatively narrow widths, electro-
magnetic transitions between them might be im-
portant and lead to amplified violations of charge
symmetry.

There is now evidence' that the p resonance
can be resolved into two peaks, and that the high-
er of these, p„may be very close to the ~ reso-
nance indeed and have as small a half-width,
probably less than 10 Mev. It is therefore pos-
sible that the p2 -u transition effect might be
very marked. It is the purpose of this Letter to
provide a few more details than have been pub-
lished by Glashow, ' since they are now more
likely to be relevant.

We shall assume that, in the vicinity of one of
the resonances, the strong Hamiltonian is suf-
ficiently described by the spectrum of states with
the quantum numbers in question; and that this

spectrum is well characterized by just the mass
and width of the resonance. We then introduce
electromagnetic interactions, and these will be
significant if the transition amplitude between
the isoscalar and isovector resonances is com-
parable with their separation and widths.

The amplitude, n, for electromagnetic p, '-w
transitions is presumably of the same order as
electromagnetic mass differences, say 1 to 10
Mev. An estimate' of the contribution to n from
the virtual process ~~y~ p, gave a value of 2
or 3 Mev. '

Let MS y and —,'l"S y be the mass and half-
width of the isoscalar and isovector (p, ) states
in the absence of electromagnetism. The states
with a simple exponential time dependence, g,
and $2, come from diagonalizing the matrix






