dix of reference 5). Most of the struc-
tures disappear in Fig. 3¢, which is
enlarged from Fig. 2b where the electric
vector is along the minor axis.

The most likely interpretation of
these results is that a magnetic field is
present and is aligned predominately
along the minor axis of M82. This field
extends into the halo above and below
the major axis to angular distances of
4.8 minutes of arc on the south side
and 3.9 minutes of arc on the north
side, which is the extent of the filamen-
tary system shown in Fig. 15. The dis-
tance of M82 is estimated to be d =
9.8 X 10* cm (2), which gives the ex-
tent of the magnetic field as 4.4 X 10°
parsec (1.3 X 10® cm) from the plane
of the galaxy on the south side and
3.9 X 10° parsec (1.2 X 10® cm) from
the plane on the north side.

It would seem that M82 may be the
first galaxy in which large-scale mag-
netic field structure has actually been
observed. Detailed mapping of the field
is planned when more extensive polari-
zation plates, taken in blue light at a
variety of position angles, are available.
The origin of the field can only be
guessed, but it may have originally been
present in the main body of the galaxy
and have been drawn out by the plasma
thrown poleward in the initial explo-
sion along the minor axis.

Calculation of the energetics of the
entire system (2) has shown that the
average magnetic field strength proba-
bly lies between 10~ and 10~* gauss. The
energies of the electrons causing the
optical radiation are then exceedingly
high, as shown by the following calcu-
lation.

A single relativistic electron of en-
ergy E moving in a field of strength H.
perpendicular to the motion of the elec-
tron will radiate energy near frequency
v given by

v=16 X 10°H, E?

where v is in cycles per second, H is in
gauss, and F is in Bev (10° ev). It is
likely that v for the optical synchrotron
component of M82 is at least 10" cy/
sec as required by Figs. 15, 24, and 2b,
and by the condition that the photo-
ionization energy of the Ha recombi-
nation filaments comes from the syn-
chrotron emission. This gives E = 2.5
X 10° Bev if H = 10" gauss and E =
8 X 10° Bev if H = 10~° gauss—energies
which are in the cosmic ray range. On
the previously proposed M82 model (2)
the average energy density of the elec-
trons alone is in the range of 10° ev/
cm®, which is about 1000 times the
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energy density of the proton compo-
nent of cosmic rays in the solar neigh-
borhood of our own galaxy. Thus, on
energy density arguments alone one
might speculate that cosmic rays in our
own galaxy may have originated in an
event similar but less energetic than
the explosion now occurring in M82.

A final word is necessary concerning
the methods used in preparing the illus-
trations for this report. First, all repro-
ductions are in negative form, that is,
black stars against a light background.
This technique is widely used in the
preparation of astronomical prints in-
tended to show threshold images be-
cause the eye detects a small increment
of density much more readily against a
light background than against a dark
one.

Second, all reproductions except Fig.
la are composite prints made from two
or more superposed original negatives.
Such prints gain over a single negative
print in the detection of faint images
for two reasons. (i) The signal-to-noise
ratio increases by N* where N is the
number of plates stacked together to
make the composite. (ii) The contrast
of the final print for threshold images
is increased by N. The main disadvan-
tage of superposition photography is
that the increase in contrast, so essential
to bring out the faint details, exceeds
the latitude of the printing material to
such an extent that detail is quickly lost
in the bright parts of the image.

The problem can be overcome by the
use of “masks” to control the gross

density gradient over the area of an

image. It is a refinement of the method
of manual “dodging” during the print-
ing operation to prevent over-exposure
of bright areas and is more satisfactory
because the images do their own dodg-
ing by “negative feedback” control.

An unsharp print of the printing
positive is made on a suitable film or
plate, with exposure and development
time controlled to produce a density
range which is the reverse of and slight-
ly less than that of the printing positive.
When registered with the positive and
printed on high-contrast paper or film,
the faint structural details of the image
are retained without exceeding the lat-
itude of the printing material.

In the case of Figs. 15, 2, and 3, the
density range of the combined images
so far exceeds the latitude of the posi-
tive material that no amount of mask-
ing will retrieve detail in the brightest
regions near the center. Hence no detail
is visible in the nucleus of the galaxy.
However, the masks have so greatly re-

duced the density gradient along the
edges of the galaxy that detail has been
held in areas that would otherwise have
been completely black.

Since the masking technique has a
progressive effect upon the image as
one nears the bright portions of the
galaxy, it is important to remember
that no conclusions can be drawn from
the illustrations in this report concern-
ing the relative brightness of filaments
at different distances from the galaxy.

ALLAN R. SANDAGE
WiLLiIAM C. MILLER
Mount Wilson and Palomar
Observatories, Carnegie Institution
of Washington, California Institute
of Technology, Pasadena
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Fission Damage in Calcite and
the Dating of Carbonates

Abstract. Fission damage induced in
calcite is shown by etch pits developed
with weak acid at the damage sites.
The damage can be differentiated from
dislocations by annealing. By this
method we have observed fossil fission
damage in natural samples. Thus,
some etch pits previously attributed to
dislocations actually result from such
damage. Annealing studies indicate
that the damage should persist for about
4 x 10" years at 50°C, and direct evi-
dence suggests that the fission damage
has persisted for at least 10° years in
one specimen.

The discovery of fossil fission tracks
in micas and glasses, and their use for
dating these minerals correctly in many
cases is a very significant development
(1, 2), particularly since it is now
known that etchable damage may be
produced by fission fragments in other
minerals, notably gypsum, quartz, and
othoclase (2). Etch pits may be pro-
duced in such minerals as lithium fluo-
ride by preferential chemical attack at
the sites of damage produced by fission
fragments penetrating the crystal (3).
The dating of any mineral by a similar
technique appears possible if (i) the
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Fig. 1. Induced fission pits on calcite
cleavage surface.

mineral contains sufficient uranium,
(ii) the damage persists for geologically
interesting periods of time, and (iii)
the various minerals can be suitably
prepared for treatment and examina-
tion. We have investigated fission dam-
age in calcite by using cleaved surfaces
of Iceland spar from various localities
and have made the following observa-
tions.

Fig. 2. Dislocation etch pits on calcite
cleavage surface. This specimen was an-
nealed for 18 hours at 400°C prior to
etching to remove all fission damage.
Regular shape of pits apparently charac-
teristic of dislocation etch pits.
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First of all, fission pits (etch pits at
sites of fission damage) may be readily
produced in calcite by Young’s method
(3) whereby the specimen is placed
in contact with a film of U:Os and then
irradiated with thermal neutrons. Half
of each calcite cleavage is shielded
from the uranium by an aluminum foil
to provide a blank surface for compari-
son. Fission fragments are produced
by the thermal neutron fission of ura-
nium-235. This is in contrast to fossil
fission damage, which is virtually all
produced by spontaneous fission of
uranium-238. A wide variety of etch-
ing solutions may be used, such as
acetic, formic, nitric, phosphoric, hy-
droxyacetic, and hydrochloric acids, the
stronger acids being used in diluted
form. These acids produce excellent
fission pits, and, in fact, plain deionized
water produces beautiful arrowhead-
shaped fission pits after a period of 30
minutes. For our work we used con-
centrated formic acid. Specimens were
immersed for 1 minute with agitation,
then removed and blown dry in a blast
of filtered compressed air. The etch
pits produced are approximately rec-
tangular in outline and pyramidal in
shape. If Miller indices are assigned
to the cleavage rhomb in such a way
that the cleavage surface under exami-
nation is (100), then the long direction
of the rectangular outline of the pits is
[01T] and the short direction [011].
Figure 1 shows the fission pits produced
by irradiation. The irradiated surface
showed a much larger number of pits
than the shielded end, an observation
similar to that of Young for lithium
fluoride (3). Although diverse shapes
of fission pits may be produced by dif-
ferent etching solutions, and even by
different dilutions of the same etchant,
in all cases they were indistinguishable
in general shape from the deep pits
which formed on the unirradiated end
of the crystal in much lower concentra-
tion.

The figures that are produced by
etching on unirradiated calcite cleavage
surfaces have been previously studied
(4). Two distinct types of pits have
been identified—deep sharp-bottomed
pits which have been attributed to edge
dislocations; and shallow, flat-bottomed
pits attributed to point-defect clusters
(4). It therefore appeared that fission
pits could not be distinguished from
dislocation pits by their general appear-
ance.

We next performed annealing experi-
ments to investigate the permanence of

the fission damage. Heating irradiated
specimens at 400°C before etching gave
progressively weaker etch pits. After 1
hour the residual damage revealed by
etching could not be mistaken for fis-
sion pits in an unannealed specimen.
Similar annealing experiments were
performed at lower temperatures; an-
nealing at 250°C for 13 days gave ap-
proximately the same effect as did an-
nealing for 10 minutes at 400°C, im-
plying an activation energy of about 35
Kcal/mole. Upon extrapolation there
is implication of significant healing of
the fission damage in 44 million years
at 50°C.

We next examined a number of unir-
radiated calcites and observed that the
deep pits varied from a few hundred to
a few thousand per square centimeter
from specimen to specimen. In order to
investigate the origin of these pits fur-
ther we examined equivalent regions of
pairs of matched cleavage surfaces.
One-half was annealed at 400°C for 1
hour, and then both halves were etched.
The two halves were compared both by
photography and by scanning. In some
cases all the pits were continuous across
the cleavage surface. These we attrib-
uted to dislocations. In other cases a
variable percentage of pits failed to de-
velop on the heated half. These we at-
tributed to fossil fission damage. The

Fig. 3. Etch pits on yellow calcite. When
other specimens of this material are an-
nealed prior to etching, essentially all pits
fail to develop. The pits shown here are
thus attributed to fossil fission damage. Ir-
regular shape is characteristic of fission
pits. Compare induced fission pits in Fig.
2.
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strongest evidence for fossil fission pits
in calcite was presented by a calcite
showing a pronounced yellow color,
presumably color centers produced by
radiation. This specimen showed 54,000
deep pits per square centimeter. Fur-
thermore, the yellow color could obvi-
ously be correlated with the pit density.
The end having much less color showed
a greatly reduced number of pits. On
annealing this specimen essentially all
the deep pits failed to develop, leaving
a concentration of only a few hundred
pits per square centimeter. In the an-
nealing the yellow color also faded.

We concluded that etching the cleav-
age faces of calcite produces deep pits
both from dislocations and from fission
damage and that the two can be dis-
tinguished by annealing experiments.
One further piece of evidence supports
this conclusion. A specimen of calcite
showing a large number of dislocations
was annealed for 18 hours at 400°C
and then etched. This specimen should
show only dislocation etch pits (Fig. 2)
and may be compared with an etched
specimen of the yellow calcite (Fig. 3)
which should show almost all fission
pits. The uniform shape of the pre-
sumed dislocation pits indicates a pre-
ferred direction of the dislocations.
This may be controlled by a preferred
growth direction or by the slip systems.
In contrast, the fission damage trails
will be inclined at all angles to the
cleavage face and consequently will not
give etch pits of uniform shape. Our
interpretation is further strengthened
by the fact that the presumed fossil
fission pits vary in size (Fig. 3). This
is understandable since the damage
trails are distributed throughout the
volume of the crystal. Those which al-
most transect the surface will not begin
rapid growth until a slight amount of
material is removed in the slowly dis-
solving direction perpendicular to the
cleavage surface. Thus, such a pit will
effectively be etched for a shorter total
time. In contrast, the induced fission
pits (Fig. 1) are of uniform size since,
in this case, all the fission damage trails
originate on the surface.

In addition to the indirect evidence
from annealing experiments, an esti-
mate for the durability of the fission
damage was obtained from the yellow
calcite by direct means. An analysis of
this material showed it to contain 42 +
3 parts of uranium per million (5). If
we crudely estimate that the etching
technique samples a region about 10 g
thick below the surface, we obtain an
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age of 2.5 x 10° years for this speci-
men. This is not an unreasonable age
since the specimen came from the Chi-
huahua, Mexico, deposits which are
thought to be associated with Tertiary
or Quaternary volcanic activity (6).
In any event the fission damage appears
to have persisted for at least 10° years
in this specimen.
RoBERT F. SIPPEL

EVERETT D. GLOVER
Socony Mobil Oil Company, Field
Research Laboratory, Dallas, Texas
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Electrokinetic Behavior of Ion-Exchange Resin

Abstract. If a bed of ion-exchange beads immersed in water is subjected to a
vertical electrical field of appropriate strength and polarity, vertical chains of
beads are formed at the surface of the bed.

An ion-exchange bead in water is
a very large polyelectrolyte ion with
small counterions. A bed of such beads
is a good electrical conductor (1) with
an unusual kind of flexibility which
we shall describe.

The experiments which illustrate this
behavior were carried out with 100- to
200-mesh (about 0.1 mm diameter)
beads of polystyrene-divinyl benzene
anion-exchange resin (Dowex 1-X8) in
the chloride form, or cation-exchange
resin (Dowex 50W-X8) in the hydro-
gen form. The resins were prepared by
washing with dilute base and acid, and
then by thorough washing with con-
ductivity water. The resin beds were
formed in a glass U-tube, or in a
straight, vertical, glass tube, with plati-
num electrodes and with electrical fields
of 0 to 25 v/cm in the water above
the resin.

At a threshold of approximately 10
v/cm, the beads at one surface of a bed
in the U-tube align into chains which
rise vertically. A photograph of such
chains is shown in Fig. 1. The chain
height is roughly proportional to the
applied electric field up to a limiting
height of a few centimeters at 20 v/cm.
At higher voltages the chains become
unstable and lose small fragments which
drift through the water and ultimately
settle until they reach the surface of
the bed or another chain. Cation-ex-
change resin chains form on the side
of the anode, and anion-exchange resin
chains on the side of the cathode. In a
vertical tube chains are formed only if
the appropriate electrode is above the
bed. Mixed cation-exchange and anion-
exchange beads do not form chains.

Each resin bead is a good electrical
conductor because of its mobile ions,
and the resin bed is also a good con-
ductor because the beads are in con-
tact. In an electrical field the bed is
polarized. With a cation-exchanger the
mobile counterions migrate toward the
cathode, leaving the anode side nega-
tively charged owing to the fixed
charges. The electrophoresis of the
beads toward the anode is opposed by
gravity. A bead in a chain is supported
by those below it and is more highly
charged owing to polarization. If the
field is strong enough to pull a frag-
ment, perhaps a single bead, from the

Fig. 1. Electrophoresis of anion-exchange
resin particles in water in an electric field
of 20 v/cm.
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