
Track-recording
solids

Simple dielectric solids, which reveal through
chemical etching the tracks left by fast-moving nuclei,

are being used as particle detectors in a growing
number of scientific and technological areas.

Steven P. Ahlen, P. Buford Price and Gregory Tarle

Since the beginning of the solar system,
natural particle detectors have been
recording the passage of charged parti-
cles from the sun and cosmic rays. Now,
in addition to developing the latent
images of these fossil trails of damage
in solids and learning about the nature
of ancient radiation, we are creating
new and more sensitive detectors of a
similar kind. These detectors, which
are finding a wide variety of applica-
tions, take advantage of the fact that a
highly charged particle penetrating
any nonconducting solid leaves a sub-
microscopic trail that can be chemical-
ly amplified. The increased chemical
reactivity of the trails of radiation-
damaged material is the basis for the
so-called etched-track process,1"5 by
which we make the particle tracks
large enough to measure in an optical
microscope. As we will see, there is
sufficient information in the tracks to
allow us to determine a particle's
charge and velocity.

We begin this article by describing
the mechanisms by which particles pro-
duce trails in dielectric solids and the
techniques that we use to measure the
tracks and identify the responsible par-
ticles. Then we discuss the application
of these solid-state particle detectors in
space physics, nuclear physics, fission
track dating, nuclear imaging and var-
ious technologies. Finally, we will cov-
er some recent advances in high-resolu-
tion particle identification. We hope
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that some readers who have not pre-
viously heard of nuclear tracks in solids
will conceive of entirely new applica-
tions to problems that interest them.

Track production and detection
As we have said, ionizing radiation

passing through a dielectric solid
leaves a trail of damage that is chemi-
cally reactive. It is possible to view
this latent image with an electron mi-
croscope without developing it chemi-
cally. From such direct observations
and other indirect observations we
know that the latent image consists of
atomic or molecular (not electronic)
defects that are concentrated within a
few nanometers of the particle's trajec-
tory.1 Among the consequences of the
small lateral extent of this chemically
reactive region are
• great uniformity in the rate of radi-
ation damage by each particle of inter-
est, a reproducibility that contributes
to our ability to identify nuclear parti-
cles
• insensitivity of the chemical reactiv-
ity of one track to nearby tracks and to
overall radiation damage
• ability of the solid to record highly
ionizing particles without recording
lightly ionizing particles
• ability to record more than 10u

tracks/cm2 that can be resolved in an
electron microscope
• technological applications such as
microfiltration and ion microscopy.

Irradiation experiments with ions of
various charges (Z) and velocities
09=L»/C) and with electrons and gamma
rays indicate that tracks are formed
differently in inorganic solids and in
organic polymers. The "ion explosion
spike" model applies to minerals and

glasses. Here an energetic particle
forms a latent track by producing a
high enough concentration of positive
ions that the resulting electrostatic
pressure exceeds the mechanical
strength of the solid. After an explo-
sive ejection of ions from the trajectory
of the particle, the stressed region,
about a nanometer in diameter, relaxes
elastically, leaving a long-range strain
field that can be seen by electron mi-
croscopy (see figure 1) and chemically
etched. The model explains why
tracks do not form in conductors; why
tracks form most easily in solids with
low mechanical strength, low dielectric
constant and close interatomic spacing;
and why chemical reactivity depends
on the primary ionization rate rather
than on the total energy-loss rate.

The validity of the ion-explosion-
spike model receives additional support
from recent experiments in which
atoms are "sputtered" or ejected from
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surfaces of dielectric solids when they
are bombarded with ionizing particles.
Previously, sputtering was thought to
involve a cascade of atomic collisions,
with the maximum sputtering yield
(the average number of atoms ejected
per incident ion) occurring at an ion
energy of only a few keV per atomic
mass unit, for which the energy loss
rate by atomic collisions is a maxi-
mum. New experiments6 with beams
of fluorine ions of various energies
show that the sputtering yield depends
on the fluorine ion energy in the same
way as does the primary ionization
rate, and reaches a maximum at a
fluorine energy of about 300 keV/
amu. This is expected if the ion explo-
sion spike mechanism is responsible for
ejecting atoms by Coulomb repulsion
and for exceeding the sputtering yield
expected from an atomic collision mod-
el by a factor of about 103.

Polymers are much more sensitive to
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Track-recording solid (left) shows macro-
scopic etched tracks of 100-GeV Fe56 nuclei
brought to rest in a stack of five slabs of allyl
diglycol polycarbonate doped with 1 % of dioc-
tyl phthalate. Careful examination of the
plastic slabs shows numerous examples of
nuclear fragmentation. Etching for one
month in a warm sodium hydroxide solution
removed about 0.75 mm of material from the
surfaces and caused the cone-shaped track
etch pits to develop. Transmission electron
micrograph (above) shows elastic strain fields
around tracks left by fission fragments pene-
trating mica.1 Hydrofluoric acid or hot sodium
hydroxide etches the damaged regions prefer-
entially, enlarging the holes. The longest
tracks visible in the photograph are about 0.2
micron in length. The area of the micrograph
is about the size of a single silver halide grain
in nuclear emulsion. Figure 1

ionizing radiation than are most inor-
ganic solids. The ion explosion spike is
quite unimportant compared with the
scission of long-chain molecules, which
occurs as a result of the decay of excited
electrons and typically requires only 1
or 2 electron volts. Chain scission
results in molecules that are smaller
and of increased chemical reactivity.
Radiation also causes crosslinking—
the generation of primary bonds be-
tween polymer chains—which locally
decreases the chemical reactivity. In
some polymers irradiation principally
causes crosslinking; in others it princi-
pally causes chain scission. Radiation
chemists use the quantities G(scission)
and Gicrosslink), denned respectively
as the number of chain scissions per
100 eV of deposited energy and the
number of crosslinks per 100 eV, to
measure sensitivity to gamma rays or
high-energy electrons.

We qualitatively define the etched-

track sensitivity of a solid as the mini-
mum value of Z/fi for a nuclear particle
to produce an etchable track in that
solid, (Z//9)min. Solids with the small-
est (Z//?)min are the most sensitive. This
simple ratio is useful because the radi-
ation damage rate along the trajectory
of a particle is related to its primary
ionization rate, which is proportional to
(Z/fi)2 times a factor only weakly de-
pendent on (5. For the polymers in
which both tracks and overall radiation
damage due to gamma rays have been
studied,7 (Z//?)min

2 is proportional to
[G(scission)] ~\ which means that the
minimum value of the primary ioniza-
tion rate for track production is propor-
tional to the energy per scission in
gamma irradiation. (Z//?)min

2 does not
correlate at all with G(crosslink). Thus,
our searches for new applications and
for polymers that are even more track-
sensitive ally us with chemists who
synthesize polymer "resists" with high
G{scission) from which masks for very
large integrated circuits are made by
electron beam irradiation. Most of the
known track-sensitive polymers have
sensitivities, (Z//?)min, between about 5
and 100; these are intermediate be-
tween nuclear emulsion, with
(Z//?)min = 1, and minerals and glasses,
with (Z//?)min ranging from about 150
to 450.

A polymer that is specifically tai-
lored for the imaging, automated locat-
ing, or accurate measuring of nuclear
particle tracks must have several prop-
erties:
• Sensitivity to particles of interest
and insensitivity to lighter particles
and photons. Ideally one would like to
be able to tune the sensitivity of a
specific material with a trace additive
or a minor adjustment in chemical
etchant.
• Optical clarity. Precise measure-
ments of the tracks, automated scan-
ning, and imaging require that the
surfaces be highly transparent after
etching.
• Uniform composition and morphol-
ogy. Regions of differing composition
or polymer architecture lead to fluctu-
ations in the rate of chemical etching,
causing rough surfaces that impair res-
olution.
• Dominance of scission or chain-
breaking over crosslinking upon irra-
diation. To produce etched tracks, the
etch rate along the particle's trajectory
must increase, not decrease.
• Time-dependent response to a
charged particle and latent-image sta-
bility at ambient temperature.

In concluding this brief discussion of
tracks in polymers we should note that
heavy ions from the LBL Bevatron
appear to produce tracks in rat corneal
tissue," a sobering fact that should be
considered when subjecting humans to
medical treatment by heavy ions or
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exposing humans to cosmic rays in
space.

Figure 2 illustrates the quantitative
basis of the etched-track technique. In
(a) an energetic nuclear particle has
penetrated a track-recording solid,
leaving a trail of molecular or lattice
defects whose density falls off radially
by several orders of magnitude within
about 4 nm of the trajectory.1 Al-
though it is possible to observe the
latent track by transmission electron
microscopy, virtually all scientific and
technological applications depend upon
the ability to find an appropriate
chemical etchant—a reagent that
breaks bonds solely at the liquid-solid
interface and enlarges the track in a
controllable way.

It is very fortunate that the track-
etching process can be quantitatively
specified by only two parameters: the
general etch rate, vM, which ideally is
constant at all free surfaces for a given
etchant and etch temperature; and the
track etch rate, vt, which gives the rate
of etching at the point where the latent
track reaches the surface and is an
increasing function of Z//3. Figures
2(b) and 2(c) indicate how the etched-
track process works in an isotropic
solid. A particle enters the top of the
solid with initial velocity /?, and ioniza-
tion rate parameter Zlfii, slows down
as it produces a latent track, and
emerges from the bottom with a lower
final velocity flf and, therefore, a high-
er ionization rate parameter Zlf5f. The
slight curvature of the conical etch pits
in figure 2(b) quantitatively reflects the
changes in Zlfl as the particle slows
down, in the same way as the bow wave
of an accelerating boat displays the
history of the boat's speed. The etch
rate i>ff plays the role of the water wave
speed, and v, plays the role of the boat's
speed.

To determine the charge and speed of
an unknown particle we first establish,
by calibration with known particles at
a heavy-ion accelerator, the depen-
dence ofZ/p on the etching-rate ratio, s
(vt/vg), and the decrease in (i with
depth of penetration. Examples of the
former are given in figure 3. Then we
measure the dimensions of the etch pits
at two or more locations such as the top
and bottom of the solid in figure 2(b).
Often it is sufficient to measure a small
number of parameters such as the mi-
nor axis of the elliptical mouth, the
depth of each etch pit and the angle of
inclination to the vertical. For a coni-
cal etch pit with half-cone-angle & and
walls with nearly zero curvature (im-
plying an approximately constant Z/fi),
the etch-rate ratio is given by the sim-
ple relation s = cosec 6. Thus mea-
surement of s at two points on the
trajectory of a single particle gives us
two values of Z/fi. Our knowledge of
the decrease in 13 between the two

3 4 PHYSICS TODAY / SEPTEMBER 1981

Sketch of a nuclear track in a dielectric solid before and after etching. Particle entered from
above. By measuring the etch pit profiles, which reflect the etch rate along the track and the
general etch rate that acts normal to every exposed surface, one can determine the charge and
velocity of the nuclear particle. Figure 2

points leaves us with two equations,
which we solve for Z and /?.

Extraterrestrial recordings. The lunar
surface, meteorites, and other objects
in space have been irradiated by
charged particles from a variety of
sources in the Sun and the Galaxy.5

The essential permanence of latent
tracks in most natural solids at ordi-
nary temperatures opens up two com-
plementary lines of study of the past: If
the history of an extraterrestrial solid
is known and simple, then one can use
the fossil track record to study highly
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Calibration curves showing the reduced etch
rate ratio (vt/vg — 1) as a function of the
ionization rate parameter (Z//7) for polyethyl-
ene terephthalate (PET), Lexan polycarbonate
(PC), high-quality allyl diglycol polycarbonate
(CR-39) and CR-39 doped with dioctyl phtha-
late (CR-39(DOP)). Figure 3

ionizing particles emitted by the an-
cient Sun, to study cosmic rays at
various times in the past, and even to
study the short-lived transuranic ele-
ments that decayed by spontaneous
fission soon after the solar system
formed. Or, if the sources of tracks are
well understood, then the study of the
distribution and intensity of fossil
tracks leads to knowledge of the age,
dynamics, and thermal history of the
meteorites, of the lunar crust, and of
the Earth's crust and sea-floors.

We mention only one of the numer-
ous applications of fossil tracks to solar
system histofy. Figure 4 shows etched
tracks of energetic iron nuclei from
solar flares in a 0.15 mm-diameter
olivine crystal from a carbonaceous
chondrite—a class of meteorites whose
members are much studied because of
their primitive, unmetamorphosed
structure. Detailed analysis of this
and other crystals shows that the irra-
diation occurred about four billion
years ago, before the individual grains
were compacted into a meteorite, and
that the energy spectrum of iron nuclei
emitted in flares by the ancient Sun is
similar to the average spectrum in
recent flares. From statistical analy-
ses of densities, gradients and anisotro-
pies of solar flare tracks in olivine
grains and from auxiliary rare-gas evi-
dence, it has been possible to construct
a plausible model for the rate of accre-
tion of matter during the formation of
the solar system: coalescence into
swarms of centimeter- to meter-sized
bodies, followed within about 105 years
by coalescence into kilometer-sized and
larger objects.9

Fission track dating. In terrestrial so-
lids, which are well shielded from ex-
ternal radiation, the dominant source
of tracks is the spontaneous fission of
uranium-238, present as a trace-ele-
ment impurity. Although the fission
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rate may seem incredibly small—the
decay rate for spontaneous fission is
about 10"16 per year per atom—the
concentration of uranium-238 is rarely
lower than about 1015 atoms per cubic
centimeter, so that tracks accumulate
over geologic time at a readily measur-
able rate, which has led to the extraor-
dinarily productive fission track dating
method.1 The density of tracks de-
pends on the product of the uranium
concentration in the sample and the
time since it began to record the fission
events. In practice we determine the
uranium concentration by irradiating
the sample with thermal neutrons,
which induce fission in uranium
atoms. The number of new tracks
produced by the fission products is of
known proportion to the number of
uranium atoms present. (The exis-
tence of natural fission tracks is a case
where a geochronologist's signal is a
physicist's noise, for if spontaneous fis-
sion did not occur, particle physicists
might be able to look for such phenom-
ena as spontaneous proton decay and
coherent neutrino scattering by exam-
ining tracks of recoiling nuclei in min-
erals deep underground.)

Because fission tracks are erased at a
well-defined temperature for each par-
ticular mineral (for example, 100 °C in
apatite) one can use the apparent fis-
sion-track ages as a function of distance
from a heat source to measure the
thermal history of regions. Examples
are the rate of sea-floor spreading,
about 1 centimeter per year, and the
rate of uplift of mountains, which
ranges from about 10 ~2 centimeter per
year for the Wasatch range in Utah to
the astonishingly high current value of
about 1 centimeter per year for the
Himalayas, according to Charles W.
Naeser.

Space physics. Although the exis-
tence of cosmic rays heavier than iron
was first established by analyses of
fossil tracks in meteorite minerals,1 a
reliable charge identification system
for ancient tracks of very heavy nuclei
in minerals has proven elusive—a pity
in view of the enormous collecting pow-
er for hypothetical particles of high
ionization rate. Glasses and, plastic
sheets, being amorphous and isotropic,
fare much better. It was the quantita-
tive study of tracks recorded during the
exposure of glass and plastic detectors
carried on spacecraft and in balloons
that led to the discoveries of transur-
anic cosmic rays,1 of energetic heavy
nuclei in the Earth's radiation belt,10

and of the preferential emission of
heavy rather than light nuclei in solar
flares.1

Nuclear physics. Experiments with
solid track detectors have greatly en-
riched our understanding of the fission
process as well as of relativistic heavy
ion reactions. Track-recording solids

Four-billion-year-old fossil tracks of energetic iron nuclei in a 0.15 mm olivine crystal from the
deep interior of a carbonaceous chondrite meteorite. The source of the irradiation was solar
flares that occurred before the crystal was buried inside the meteorite. Studies of such tracks
give the energy spectra of ancient flares and indicate a scenario for the accretion of matter at the
beginning of the solar system. (From reference 24.) Figure 4

have led to discoveries of a variety of
phenomena including fission into three
fragments,1 numerous far-transuranic
nuclides,111 very short-lived isomers
that spontaneously fission from the
outer well of a double-humped fission
barrier,1 and the most neutron-rich
nuclides ever produced—C20 and F27

(reference 12).
Nuclear imaging. Everyone is familiar

with the versatility of visible-light and
x-ray photography. But nuclear pho-
tography, using track-recording solids,
also has an extraordinary number of
applications. Each picture element, or
pixel, is a single track that can be
amplified by etching to any desired size
from about 10 nm on up. Depending
on the concentration of pixels and the
extent of etching, one can produce an
image that is visible to the naked eye,
that can be printed through as though
it were a photographic negative, that
can be examined microscopically with
very high spatial resolution, or that can
be processed by computer techniques.
One of the most successful and benefi-
cial applications is heavy-ion radiogra-

phy,13 which uses a heavy-ion beam of a
few hundred MeV/amu for imaging
minuscule variations in tissue density
to locate tumors that would be invisible
to x rays. The superior contrast in
such images is a result of the extremely
well-defined range of monoenergetic
heavy ions.

Microscopic mapping of trace ele-
ment distributions, using mica or poly-
carbonate films, has been a boon to
geochemists, radiobiologists, and work-
ers in many other fields. To produce
an image one initiates a nuclear reac-
tion such as n + U2l!5—--fission products,
or n + B10—•He4 -I- Li7, which produces
in an adjacent film tracks whose loca-
tions map out the U235 or BH) distribu-
tion in the sample. Alternatively one
may use a reaction such as He! + Pb206

—>3n + Po206, which leads to a radioac-
tive product that decays by emitting a
heavily ionizing particle. In the latter
example Pb can be micromapped with-
out interference from other elements
by placing an alpha-sensitive solid
against the sample a couple of days
after the irradiation and leaving it
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until all of the Po206 (8.8-day half-life)
has decayed by alpha emission.

Heavy-ion microscopy using plastic
as the recording medium has enormous
potential. As we will see, this lensless
microscopy, due to Cornelius A. To-
bias,14 exploits the extremely small
variation of range of a monoenergetic
beam of heavy ions in matter. Never-
<heless, the small amount of range-
straggling does limit the resolution to a
few hundred angstroms. Although
electron microscopy has better resolu-
tion, heavy-ion microscopy allows one
to study thick, living cells and other
hydrated objects directly, providing in-
formation on small variations of densi-
ty within the cell and permitting the
direct examination of aberrations in
chromosomes. The object to be imaged
is placed on a plastic sheet and irradiat-
ed with a beam of low-energy heavy
ions that barely penetrate the object
and stop at different depths in the
underlying plastic depending on the
density of matter traversed. Etching
the plastic produces an image of the
stopping points of the beam. This im-
age is a density replica of the object and
can be examined in a scanning electron
microscope.

An example is a recent study of the
incorporation of radioactive material
in tissue.15 Rats inhaled an aerosol of
UO2 enriched in U234 and a week later
5-micron-thick tissue sections were pre-
pared. To study the distribution of
uranium-234, which has a half-life of
2.4 xlO5 years, researchers kept the
sections in contact with allyl diglycol
polycarbonate plates for a month, dur-
ing which time some of the U234 pro-
duced alpha tracks in the plates. Then
they irradiated the tissue sections, still
in contact with the plastic, with a
parallel beam of 1 MeV alpha particles
(109/cm2) to produce an image of the
density variations in the tissue. After
removing the tissue and etching the
plates, the exact locations of the radio-
active UO2 particles could be seen,
superimposed on the tissue image. The
photograph in figure 5 is the result of
applying the technique in conjunction
with alpha-particle autoradiography to
determine the microdistribution of al-
pha-emitting uranium-234 in a histo-
logical section of rat lung tissue. Re-
searchers at Bristol and other
laboratories are studying the tracks of
alpha-particles from natural polonium-
210 (from tobacco) in lung tissue of
cigarette smokers. By using a polymer
that can be pre-etched to remove back-
ground tracks without roughening the
surface, it should be possible to detect
activities as low as 1 track/cm2.

Several laboratories are using plastic
detectors to study charged particles
emitted in fusion reactions. Particu-
larly beautiful is the zone-plate coded-
imaging technique for microscopic di-

^v,^';-,r:y.rf%
Alpha autoradiograph showing numerous tiny, black, starlike clusters of alpha tracks
emanating from particles of uranium dioxide rich in U234, superimposed on an ion image of rat
lung tissue.15 The sample in the picture is 0.6 mm wide. (Courtesy of Donna J. Gore and
Terrence J. Jenner.) Figure 5

agnosis of laser fusion targets.16 A
coded image of the fusion region is
obtained by using a Fresnel zone-plate
aperture to cast a shadow onto a sensi-
tive track-recording solid. After etch-
ing, the transparent detector will focus
incident laser light into multiple, well-
separated, reconstructed images, as
shown in figure 6. The large collecting
power of the zone-plate camera com-
pared with a pinhole camera allows one
to reconstruct an image of the burning
thermonuclear fuel with a resolution
approaching 1 micron, even when only
about 108 particles are emitted.

Technological uses. The idea of a

molecular sieve occurs to almost every-
one who sees figure 2(c). The Nucle-
pore Filter, with a multitude of uses,
was an almost immediate spinoff of the
discovery of track etching.] This filter,
made by irradiating a polycarbonate
film with fission fragments and etching
it, can have holes of any desired concen-
tration and diameter from about 30 nm
to 10 microns, depending on irradiation
time and etch time. Aside from obvi-
ous applications such as in biomedicine
and draft beer production, a product
with straight holes having a length-to-
diameter ratio comparable to that of
deep oil wells is bound to have more

Diagram of zone-plate coded-imaging recording technique. After irradiation through a j
zone-plate aperture, the plastic detector is etched and used to bring laser light to a focus m ,
various planes. The actual reconstructed third-order alpha-particle image shown here has a ^
resolution of about 3 microns. (Courtesy of Natale M. Ceglio) F'9ure !
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exotic applications. For example, by
using a sheet with a single, submicron
hole as a partition between two con-
ducting fluids, one can measure the
size, shape, and mobility of viruses, sea-
urchin sperm, and other submicrosco-
pic organisms.17

The storage density in a nonconduct-
ing magneto-optic film can be greatly
increased by irradiating the film with
heavy ions and etching the tracks. Mag-
netic domain boundaries will then go
preferentially though the etched
tracks, thereby lowering the total mag-
netic field energy and permitting a
much higher density of domains and of
stored information than in a nonirra-
diated film.18

Sensitive plastic detectors are being
used to measure low levels of fast neu-
trons by recording recoil proton tracks,
and to detect very low concentrations of
radon gas in soil and air by recording
alpha-decay tracks. Careful measure-
ments of the spatial and temporal dis-
tribution of Rn222, a 3.8-day daughter in
the U238 decay chain, indicate the loca-
tions of uranium ore deposits and may
assist in earthquake prediction. Per-
haps even more important is the use of
plastic detectors19 to measure the very
low levels of radon, typically about 1
picocurie/liter, in homes. The simple
act of conserving home fuel by reducing
ventilation has been shown to increase
the radon concentration. The U.S. En-

: vironmental Protection Agency esti-
: mates that reduction of ventilation in
: the average American home by a factor

of two would increase the incidence of
lung cancer by 10 000 to 20 000 cases

; per year as a result of increased expo-
-• sure to radon and its decay products.

Fortunately, ways of increasing energy
efficiency of homes without increasing
radon concentration are being devel-
oped, and plastic track detectors will
continue to play a key role in this kind

; of research.

A remarkable plastic

The many scientific and technologi-
cal applications of track recorders has

' stimulated efforts toward finding bet-
ter recording solids. The discovery in
our laboratory2" of the remarkable
track-recording properties of allyl di-
glycol polycarbonate, a polymer with
the trade name CR-39, was the result of
a rational search for a plastic suffi-
ciently uniform to permit the resolu-
tion of adjacent elements and perhaps
even adjacent isotopes of relativistic
heavy nuclei. Unlike Lexan polycar-

bonate and other thermoplastics ex-
truded at high temperature, CR-39 is
made by adding about 3% of a heat-
sensitive initiator to the monomer,

'which is then cast and heated. The
heating initiates polymerization and
crosslinking of nearby molecules of the

' a l l l diglycol carbonate monomer

shown below:

O

O'
CH2-CH2-OCO-CH2-CH=CH2

CH2-CH2-OCO-CH2-CH=CH2
II
O

Polymerization proceeds by the open-
ing of C=C double bonds and the con-
necting of all the monomers in a gigan-
tic, crosslinked network.

The resulting product is the most
sensitive track-recording solid known.
It is capable of extremely high charge
resolution, and etches far more uni-
formly than do other polymers, making
possible new scientific applications
that will be discussed in the remainder
of this article.

By adding to the monomer a small
quantity of a class of organic com-
pounds typified by dioctyl phthalate
(DOP), we have been able to produce
polymer detectors with greatly im-
proved post-etch optical properties.21

By analogy with the nomenclature for
Li-doped semiconductor detectors, the
doped CR-39 detectors are designated
CR-39(DOP).

Lexan polycarbonate, one of the most
widely used track-recording solids, is
too sensitive for some applications and
develops a rough surface and irregular
tracks during etching. Cellulose ni-
trate, though much more sensitive
than Lexan, develops extremely rough
surfaces and etch-pits and suffers from
the fading of latent-images. Carefully
made CR-39, though acceptable for
many applications, still has one draw-
back. If etching is continued until the
track diameters reach several tens of
microns, the surfaces become rough,
suggesting that the polymer contains
nonrandom structural inhomogene-
ities on roughly the scale of the wave-
length of light. We found21 that by
adding about 1 % of a plasticizer such as
dioctyl phthalate to CR-39 monomer,
the resulting sheet remained beautiful-
ly smooth and the etch-pits had superb
optical quality even after prolonged
etching (see figure 7). To account for
the striking effect of such a small con-
centration of plasticizer, we note that
CR-39, a highly crosslinked thermoset-
ting plastic, suffers from inhomogene-
ities known to the polymer chemist as
crosslinked clusters. Regions of high
crosslink density, which are more resis-
tant to chemical attack, are attached to
each other by regions of lower crosslink
density. As chemical etching proceeds,
these inhomogeneities manifest them-
selves as a general surface roughness.
It appears that molecules of dioctyl
phthalate, or other large phthalic acid
esters, interpose themselves between
the polymer chains and inhibit the
formation of crosslinked clusters, with
the consequence that the general etch-

Interference micrographs of elliptical
etched track mouths at the top surface of (a)
undoped CR-39 and (b) CR-39(DOP). The
advantage of the image in (b) for automated
measurements is obvious. The greater trans-
parency of etched CR-39(DOP) enables suc-
cessive measurements to be made on a
superimposed stack.21 Figure 7

ing rate, vg, is highly uniform.

High charge resolution
A charged particle slows by making

numerous energy transfers to electrons
in the medium it traverses. The infre-
quent "close" collisions lead to high-
energy electrons called delta rays; the
frequent "distant" collisions lead to
excitations and ionizations in which
electrons are left with very little kinet-
ic energy. The most fundamental limi-
tation to the charge resolution of a
detector that measures the energy loss
of penetrating charged particles is the
fluctuation of the amount of energy
that produces the signal in the detec-
tor. Because the variance of the signal
is proportional to the maximum energy
transfer to which the detector is sensi-
tive, em, a detector with a low em
suffers less from energy loss fluctu-
ations than does a detector with a high
em. Plastic scintillators suffer worst
because they respond preferentially to
the infrequent high-energy delta-rays,
which show the largest fluctuations;
semiconductor detectors are intermedi-
ate, responding to total energy loss; and
dielectric track detectors, because their
chemical reactivity is increased only in
a region (about 4 nm across) associated
mainly with excitations and delta-rays
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AVERAGE MINOR AXIS (microns)

Data showing charge resolution of CR-39(DOP) for relativistic heavy ions.21 For a given
thickness in g/cm2, the resolution of this extraordinary plastic exceeds that of any other energy-
loss detector. Figure 8

with em about 300 eV, are nearly im-
mune to energy-loss fluctuations. This
leads to the prediction20 that dielectric
track detectors should be capable of
higher charge-resolution than any oth-
er type of detector, including semicon-
ductor diode devices, the current favor-
ite whenever small size and extreme
expense can be tolerated.

Figure 8 shows some of the results of
a recent experiment with a 1.86 GeV/
amu beam of iron-56 nuclei at the
Lawrence Berkeley Laboratory Beva-
lac in which we demonstrated that CR-
39(DOP) has a charge resolution superi-
or to that of a silicon detector.21 We
placed ten sheets of CR-39 behind a
polyethylene slab that caused about
60% of the iron nuclei to fragment as
they passed through. The velocity loss
was sufficiently small that we could
neglect velocity dispersion effects. The
odd-numbered sheets (number 1 being
closest to the polyethylene) had 1%
dioctyl phthalate added and the even-
numbered sheets did not. Following
exposure, we etched all ten sheets in a
sodium hydroxide solution until about
70 microns of material was removed
from each side of each sheet by general
etching.

We studied the charge resolution of
CR-39(DOP) by measuring the minor
axes of the elliptical etch-pit mouths in
the top and bottom of some odd-num-
bered sheets. Because of the uniform
transparency of these etched sheets, it
was easy to align them on a microscope
stage and to make the measurements
by successively focusing down through
the layers. A histogram of the average

of four minor axes for each particle
track is shown in figure 8. The charge
resolution az is 0.12 e. Because their
surfaces were rough after etching, we
could not make measurements through
the layers of undoped CR-39. Howev-
er, measurements of minor axes of the
etch pits on the top surface only, show
that the charge resolution is similar for
the doped and undoped polymer.

a,-0.23 e/Vn

where n is the number of etch pits
measured per event. Practically
speaking, use of the additive enables
one to attain far higher resolution by
virtue of being able to make etch pit
measurements quickly in many succes-
sive sheets.

In experiments similar to ours, Gary
D. Westfall and his colleagues22 ob-
tained a charge resolution az =0.12 e
for a 3-mm-thick silicon detector with-
out matter in front of it and az = 0.17 e
for an identical detector with matter in
front of it. From the data used to make
figure 8, we can say that our measure-
ment of a particle's charge using a CR-
39(DOP) detector stack with thickness
equivalent to that of a 3 mm silicon
detector has a standard deviation of
0.022 e, which is about six times better
than the measured value for silicon.
Impressive as this may sound, it falls
short of the theoretical resolution given
by present models of the mechanisms of
track formation. Fluctuations due to
residual non-uniformities in the plastic
probably dominate over energy-loss
fluctuations. If they can be further
reduced, even high charge resolution

should be possible. i
We found, when taking the data inj

figure 8, that the locations, magni-;
tudes, and cross sections of charge-!
decreasing fragmentation reactions;
could be determined quickly and accu-i
rately by noting the sudden decrease in i
the size of the etch pit mouths. By'
bombarding an extremely thick (about;
one thousand sheets) stack with high-;
energy iron nuclei (about 2 GeV/amu)!
it will be possible to explore more •
quantitatively the recent discovery23 i
that relativistic heavy nuclei, immedi-.
ately after nuclear interactions, tend to;
have anomalously high cross sections j
for further interactions. The ability to i
obtain greatly improved statistics and i
charge resolution, in comparison with
the previously used nuclear emulsion,
should permit added insight into the \
nature of the anomalous nuclei. i

In the future, work at the frontier of |
cosmic ray astrophysics will involve I
accurate measurements of isotopic and i
elemental abundances of rare heavy I
elements from nickel up to uranium, j
This will require both large collecting ;
power and superb resolution. Doped j
CR-39 is the first detector to satisfy ',
both of these requirements, and large j
experiments are planned for a shuttle- \
borne Spacelab mission and for a two-
year free-flying platform. ,

Searches for primary antimatter in
cosmic rays have been limited by size j
and weight restrictions on magnets i
flown as balloon payloads. Such ex- ;

periments have placed limits of about 1
part in 104 on the fraction of antimat-
ter. It would be very interesting to be :
able to detect 1 part in 106, because it is :
possible that more than this fraction of :
cosmic rays come from other galaxies, ;
some of which might be made of anti- ;
matter. We can attain such a sensitiv- !
ity by exploiting the difference in the >.
response of track detectors and plastic ;
scintillators stacked in an alternating
array of large area. The correct treat- ,
ment of energy transfer from a charged ]
particle to electrons in a medium in- \
volves the Mott cross section for elec- ]
tron scattering, which for small energy :
transfers is independent of the sign of ]
the nuclear charge but for large energy j
transfers is larger for a positive nucleus |
than for an antinucleus. Because low- !
energy electrons produce most of the '•
radiation damage within about 4 nm of
a particle's trajectory, a track detector ;
measures only the magnitude of the
charge. In a plastic scintillator little j
light is emitted from the saturated
core; most of the light results from ;
energy sparsely deposited at large radi-
al distances by high-energy electrons j
whose production rate is higher for a
nucleus than for an antinucleus. The ,
sensitivity of this type of experiment ,
increases with |Z| and depends crucial-
ly on the charge resolution of the detec- f
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tors. With a charge resolution at iron
of 0.1 e for a thin sheet of CR-39(DOP),
the probability of charge misassign-
ment can be reduced to a negligible
level while keeping the nuclear interac-
tion background small.

With a 5-mm-thick CR-39 detector,
we can have a standard deviation as
small as 0.02 e in our measurement of
charges. This would enable us to re-
solve any energetic fractionally
charged nuclei from those with integral
charges. Searches for energetic
quarks bound to heavy normal nuclei
are therefore possible in experiments
with accelerators or cosmic rays.

Our group is doing major experi-
ments involving CR-39 track-recorders
at the Stanford-LBL positron-electron
colliding-beam facility (PEP), where
magnetic monopoles and other highly
ionizing particles are being sought
among the products of e+ and e~ colli-
sions, and at the tops of high moun-
tains, where large arrays of the detec-
tors are deployed in searches for exotic,
highly charged particles in nature.

Future

History teaches us that every new
detector evolves from a discovery
phase, where it shows promise but is
insensitive and unreliable, to a develop-
ment phase, where heroic efforts, stim-
ulated by scientific results achieved
with the detector in its early form, lead

: to a precision instrument of great sensi-
tivity and resolving power, and then to
a steady-state phase, where the detec-
tor in its ultimate reliable form is
readily available and routinely used at

•- the forefront of research. Nuclear
emulsion, the bubble chamber and the
semiconductor diode detector are ex-

; amples that spring to mind.
The first nuclear track-recording sol-

5 id, natural mica, was extremely insen-
sitive; it had at first to be studied by
transmission electron microscopy, and
it suffered from a crippling difficulty:
the very electron beam used to see the

•; tracks erased them within a few sec-
onds! In the development phase the
chemical etching technique was discov-
ered, the track-recording property was
found to be a feature of all dielectric
solids, the quantitative relationship be-

, tween track-etch rate and radiation-
damage rate was discovered, and the
uniquely high charge resolution of cer-
tain plastic track detectors was demon-
strated. Even though the development
phase shows no sign of drawing to an

. end, we believe it will soon be possible
to obtain plastic track detectors with
standardized response and resolution

JOT the identification of nuclear parti-
; cles. We have begun investigating
polymers that may be much more sensi-
tive to radiation than even allyl digly-

,,col polycarbonate, so that the advan-
tages of track-recording solids may

someday extend to particles with Z//3
as low as 1 or 2, and allow a concomi-
tant expansion of scientific and techno-
logical applications.
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