PHYSICAL REVIEW B

VOLUME 23, NUMBER 10
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The microscopic structure of latent tracks in silicates is analyzed using small-angle x-ray scattering methods.
Latent tracks are constituted of extended defects, separated by gap zones loaded with point defects. The variation of
the linear density of extended defects along the path of the incident ions cannot be scaled with functions previously
used, such as the primary rate of ionization. Upon a thermal annealing, the extended defects are much more stable
than point defects. These latent tracks are chemically etched and their etching rates are inferred from optical and
scanning electron-microscope observations. From these combined studies of latent and etched tracks, a model for
the registration of etchable tracks in silicates is developed. In this model, the extended defects dominate the chemical
etching and thermal annealing behavior of etchable tracks. The marked differences observed in the sensitivity of
various silicates are no longer attributed to a radiation damage mechanism, which would operate much more
efficiently in specific silicates, but to the etching behavior of each mineral. Indeed, for a given incident ion, the linear
density of extended defects in a given part of the ion residual range appears to be similar in all silicates. This model is
used in the framework of a Monte Carlo statistical code to predict etched track-length distributions in silicates,
including those relevant to partially annealed tracks. The striking agreement between these predictions and the
corresponding observations strongly support our model. It enables us to discuss the most important concepts
previously proposed to account for the registration of etchable tracks in silicates, and to suggest a few preliminary
guidelines for improving the use of solid-state track detectors.
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I. INTRODUCTION

Heavy ions produce linear trails of damaged
material (latent tracks) in dielectric minerals,
which can be conveniently observed with an opti-
cal microscope after an appropriate chemical
etching. Since the pioneering work of Fleischer,
Price, and Walker,' the study of etchable tracks
has provided very valuable results in various
fields, such as nuclear physics,? cosmic-ray
physics,® geochronology,* and meteoritic and lunar
sciences.® However, there are still basic limita-
tions in the applications of these studies. This is
mostly related to the difficulty encountered in de-
fining the microscopic structure of the latent
track,® which prevents a good understanding of the
basic processes responsible for the chemical
etching and the thermal annealing of the latent
track. Consequently, important parameters ex-
tensively used in track studies, such as the “etch-
able range” AR(Z) of a given ion, can neither be
defined with sufficient accuracy nor be corrected
for natural thermal annealing effects as in the
case of fossil tracks registered in natural miner-
als.”

This comment is particularly relevant to one of
the most exciting applications of etched-track
studies in extraterrestrial minerals, namely the
determination of the chemical composition of very

23

heavy nuclei in the ancient cosmic rays at known
epochs in the distant past.® For this purpose, the
length distribution of the corresponding fossil
tracks is measured. Then, a AR(Z) scaling func-
tion determined from calibration experiments is
used both to identify various groups of heavy nu-
clei in the cosmic rays and to relate the density
of tracks with a given length to the abundance of
the corresponding track-producing nuclei. How-
ever, in these studies, the value of AR(Z) was un-
certain for the following reasons:

(i) The direct determination of AR(Z) for heavy
ions was not possible as the energies reached in
available accelerators were too low.

(ii) The “threshold” track-formation mechanism
used to define AR(Z) for the unannealed tracks
does not well account for experimental results re-
cently reported.®’'°

(iii) Several groups’''®!! have shown that cos-
mic-ray tracks in extraterrestrial material have
been altered as the result of a natural thermal
annealing. Consequently, the use of the unan-
nealed AR(Z) scaling function is not appropriate.

In this paper we attempt to improve the relia-
bility of etched-track studies in dielectric miner-
als by combining small-angle x-ray scattering
analysis of the microscopic structure of the latent
tracks with the measurement of their etching rates
both before and after a thermal annealing. The
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tracks were produced by irradiating the external
surface of various silicates with parallel beams
of heavy ions, with a wide variety of energies and
atomic numbers. In Sec. II we summarize our ex-
perimental procedure and we show that the exter-
nal irradiation geometry is the most useful scheme
in testing the validity of a track-registration
model. In Sec. III we present those of our experi-
mental results that we consider the most critical
for such a model. In Sec. IV, we develop a new
model for the chemical etching of latent tracks,
which enabled us to compute for the first-time
track-length distributions.? We note that the
striking agreement between the theoretical pre-
dictions and the corresponding experimental ob-
servations strongly supports the validity of our
model. We also show in this section how the
unique etching properties of muscovite mica to-
gether with the x-ray observations allow a deter-
mination of the basic parameters of the model,
and that these results are not dependent on param-
eter-fitting techniques. In the last section of this
paper we discuss the basic concepts, that have
been applied in this paper, to describe the regis-
tration of etchable tracks in dielectric minerals.
This discussion already provides useful guidelines
for a better use of tracks registered in solid-state
detectors, which will be developed in a forthcom-

ing paper.
II. EXPERIMENTAL PROCEDURE
A. Samples and irradiation conditions

We selected four silicates (muscovite mica,
labradorite, pyroxene, and olivine) that have been
widely used in previous studies of fossil tracks in
terrestrial and extraterrestrial samples. Musco-
vite and olivine were also selected on the basis of
track-registration studies which rank these two
minerals among the most and the least “sensitive,”
respectively.'? It was important to check whether
or not this observation implied the existence of a
threshold track-formation mechanism operating
with a greater efficiency in mica.”® Furthermore,
mica and labradorite represent two extreme types
of track detectors. Indeed, in mica the perpen-
dicular etching rates, V,,, of the various crystal-
lographic planes are highly anisotropic, while the
Vi etching rates in labradorite do not differ by
more than a factor of two'? (see Sec. IV for the

measurement of V).
After preliminary studies of etched tracks (that

confirmed our much earlier conclusions), we
decided to reject pyroxene as a reliable track de-
tector because tracks are not homogeneously reg-
istered. Also, the x-ray studies were so far
limited to mica and olivine because the preparation

of the required thin slabs of labradorite is very
difficult.

For the x-ray studies, 10-um-thick lamellae
of mica were prepared by cleavage, while a wire
saw was used to obtain 30-pum-thick slabs of oliv-
ine. The thickness of these thin samples was de-
termined with an accuracy of ~1 um with an opti-
cal microscope. For etched-track studies, much
thicker samples were prepared with the same
techniques.

These samples were irradiated with Ne, Ar, Fe,
Cu, Kr, and Xe ions at several accelerators (CEV
Orsay, Tandem Orsay, Linac Manchester, Heavy
ion cyclotron, Dubna). The initial energy of the
ion could be preset with an accuracy of s1% be-
tween a lower limit of ~0.2 MeV/amu and a maxi-
mum value of ~10 MeV/amu for Kr ions. For the
x-ray analysis, the samples were irradiated with
an ion fluence 210" ionscm™, and the range-en-
ergy curves of Henke and Benton'® were used to
evaluate the average ion energy in the samples.
For etched-track studies, a rotating diaphragm
was used to obtain the much smaller ion fluence
required (~10° ions cm™2). Ion fluences were de-
termined with an accuracy of <10% by measuring
the ion-beam intensity both before and after the
irradiation.

We investigated the characteristics of latent
and etched tracks both before and after thermal
annealing runs conducted in a controlled atmos-
phere of argon. A series of samples was first
annealed at several temperatures up to 900 °C for
periods of two hours (isochroral annealings) to
identify the critical temperatures at which marked
changes in either the latent-track structure or the
etched-track-length distributions are observed.
Then isothermal annealings at these critical tem-
peratures were conducted to evaluate the kinetics
of the annealing process.

The most important applications of etched-track
studies deal with a very different irradiation
geometry, namely, where the tracks accumulate
within the volume of their host minerals. In Sec.
V we will indicate a few guidelines needed to ex-
trapolate the results of the external track-irra-
diation geometry reported in this paper to the in-
ternal track-irradiation geometry relevant to
fossil tracks. We just want to emphasize here
that the external track geometry is the best one
to check the validity of a track-registration model.
In this particular scheme, the tracks produced by
a given ion intersect the observation plane at a
well-defined value of the ion residual range, R,
which can be determined with an accuracy of ~19%.
In sharp contrast, internal tracks intersect the
observation plane anywhere along their range,
and thus the energy of the ions cannot be defined
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TABLE I. Notations and symbols.

s,I(s)
Aey, Aey
n(R),N (R)
J

P
0
L,L,
Fe(E)
D {R;(t, T}

Viers Voo Vp

Ve Ve VR, T)

atomic energy of the incident ion

energy of the incident ion

total range of the incident ion

residual range of the incident ion

annealing temperature

etching time, standard etching time

diffusion angle and wavelength of the x rays

modulus and scattered intensity of the x rays
electronic density deficit in point and extended defects
linear density of point and extended defects

primary ionization rate

track density

angle between the track and the observation plane
observable and total etched length along the track
tracks produced by Fe ions with energy E (MeV/amu)

length distribution of tracks starting at a residual range
R, annealed at the temperature T (2 h), and etched
a time ¢

etch rates in the direction zkl, along the track, and
perpendicular to the observation plane, respectively

etch rates of gap zones, core zones, and bulk etch rate
of the track as a function of the residual range

scaling factor of track-length distributions after a low-

aggregated width of gap zones per micrometer of range

linear density of gaps per micrometer of range

volume density of track-forming events

a(T)
temperature annealing
Ae effective length of core zones
d width of a gap zone
w (R)
N,(R)
nR) etching efficiency
v
B

minimum depth-diameter ratio below which a track cannot
be identified

with any accuracy. Consequently, as shown in

A is the wavelength of the monochromatic incident

Sec. V, there is a considerable spread of the
track-etching rate and the track-length distribu-
tions, which smears out the intrinsic etching pro-
perties of the tracks.

B. X-ray measurements

In our x-ray apparatus which has been described
elsewhere,'® the intensity of the scattered x rays
is measured as a function of the angular distance
to the center of the diffraction spot. This inten-
sity, I(s), is conveniently expressed in terms of
a diffusion vector characterized by a modulus,

s =2sin®/A, where 20 is the diffusion angle and

x-ray beam (see Table I).

The resulting signal is interpreted in te ms of
point defects and extended defects using n.athe-
matical methods extensively discussed else-
where."” The point defects give a diffuse back-
ground which is independent of s [Fig. 1(a)], while
the characteristic signature of the extended dé-
fects is a sharp increase in the value of I(s) with
decreasing values of s [Fig. 1(b)]. The mathema-
tical analysis of such signals then yields the size
of each type of defects as well as the products
n(R)A€? and N(R)Ac? as a function of the residual
range R of the incident ions. A€, and A€, repre-
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FIG. 1. Small-angle x-ray diffusion curve, I(s), for
mica implanted with oxygen (a) and iron (b) ions. (a)
Only point defects are observed. (b) The sharp rise of
I(s) for small values of s indicate that extended defects
are present. Their contribution superimposes on the
flat background due to point defects observed for large
values of s.

sent the electron-density deficits associated with
both types of defects, while n(R) and N(R) refer
to the linear density (number per micrometer of
range) of the point defects and the extended de-
fects, respectively.

The size of extended defects, which play a domi-
nant role in our model, is a complex concept that
we illustrate in Fig. 2. In this figure, we plotted
two plausible distributions of Ae within an ex-
tended defect as a function of the distance to the
center. The analysis of the diffusion curve yields
two constraints on these distributions; the exis-
tence of “wings” and a concave maximum. As the
exact shape of the adequate distributions does not
markedly affect the predictions of our model (see
Sec. IV B), we selected a Gaussian distribution,
and the size of the extended defects is then scaled
by the halfwidth of this distribution.

A82 Aaz
0 D/z X 0 R x
(a) (b)

FIG. 2. Model profiles of the electronic-density defi-
cit across an extended defect. (a) Gaussian. (b) square

step.

The major limitation of the x-ray analysis is
that only the product N(R)A€Z is directly measured.
As A€, cannot be determined from these studies,
this method only yields the »elative variations of
the linear density of extended defects along the

range.

C. Etched-tracks measurements

The etching conditions used to reveal the etch-
able tracks are summarized in Table I, where we
report for mica, labradorite, and olivine the
“standard etching time,” ¢,, required to produce
fission-fragment tracks easily observable with an
optical microscope.’? Larger etching times used
in our work, intended to reveal tracks with very
small etching rates, will be expressed in units of
tor

The optical microscope can only be used to mea-
sure the length of tracks with relatively high etch-
ing rates. In fact, with this instrument a track
can only be identified as such when it s depth-to-
diameter ratio exceeds a critical value'? (~0.25).
However, we also investigated tracks with a very
low etching rate, which corresponds to tracks
partially annealed and/or registered in the vicini-
ty of the so-called “registration threshold.” For
such low etching rates, the etching time has to be
increased up to >100¢,, and the tracks then appear
as shallow etch pits which can only be observed
with a scanning electron microscope or an optical
microscope with a Nomarsky phase contrast at-
tachment.

In this paper we will refer to the tracks pro-
duced by a given ion as the Z(X) tracks, where Z
corresponds to the atomic symbol and X to the en-
ergy of the incident ion. The length distribution
of the tracks first annealed at a temperature T'
for two hours, then etched during a time ¢ starting
from a total range R,, will be quoted as the
D,_{Ro; (¢, T)} distribution. In the case of labra-
dorite, these distributions always exhibit a single
peak. This allowed us to determine the bulk etch
rate of the tracks, V,(R), as a function of the re-
sidual range B. In mica, such a determination
was not possible, as the observation of double-
peak structures prevented the measurement of a
significant mean track length.

III. EXPERIMENTAL RESULTS

A. Latent-track studies

1. Mica and olivine before a thermal annealing

Below a critical atomic number (~10 for mica),
the linear density of extended defects drops below
the detection threshold of the x-ray apparatus, and
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TABLE II. Etching conditions and “standard’” etching time £g.

Mineral Reagent Temperature ty
Muscovite mica? HF 40% 25°C 20 min
Labradorite® 6g NaOH, 8gH,0 120°C 40 min

10g EDTA, 25gH,0
Olivine® 0.25 ccH3POy,, 0.25g C,O4H; 120°C 200 min

adjusted to pH 8

2 P, B. Price and R, M. Walker, J. Appl. Phys. 33, 3407 (1962).
b D, Lal, A. B, Muralli, R, S. Rajan, A. S. Tamhane, J. C. Lorin, and P, Pellas, Earth

Planet Sci. Lett. 5, 111 (1968).

¢ S. Krishnaswami, D. Lal, N. Prabhu, and A, S. Tamhane, Science 174, 287 (1971).

only point defects are observed along the range.
Furthermore, for ions heavier than krypton, the
size of the extended defects becomes larger than
~40 f\., and they are not detectable with the x-ray
wavelength used (Cu Ko, A~1.54 &).

The size of extended defects can be considered
as constant when the incident-ion energy varies
from ~0.2 MeV/amu to 10 MeV/amu (Table III).
For example, in this energy range the size of the
extended defects generated by argon ions is con-
stant within 10%. From argon to krypton, the size
of extended defects increases by about a factor of
two.

In mica, the relative variations of the linear
density n(R) of point defects fit closely those of
the two functions widely used in previous work?!3:®
the total rate of energy loss, dE/dR, and the rate
of primary ionization J. In striking contrast, the
linear density N(R) of extended defects decreases

2
Ace N(E)
100 |
- [+ T J
2 ot e
3 g e—— g
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>
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1 . —.

1 5 10
E (MeV/amu)
FIG. 3. Relative variation of the linear density N (E)
of extended defects derived from x-ray observations of
mica irradiated by Fe ions. N (E) drops much more

rapidly when E increases than both the primary ioniza-
tion rate J and the energy-loss rate dE/d x.

by a factor of seven from 1 MeV/amu to 7 MeV/
amu, while J and dE/dR decrease by <50% (Fig.
3). In olivine, the relative variation of N(R) is
similar, although extended defects now have a
square-step profile (Table III).

2. Mica and olivine after a thermal annealing

In mica, upon thermal annealing the point de-
fects first disappear at a temperature 7', ~ 300 °C,
whereas a temperature T,~420 °C is required to
trigger a noticeable alteration of the extended de-
fects. Then, the annealing of the extended defects
occurs from 7', up to a temperature 7°,~ 500 °C,
at which they are no longer observable within the
limit of sensitivity of the x-ray apparatus (T, T,,
and 7', refer to two hours annealing runs). In
olivine, the same type of behavior is observed,
although the temperatures 7T, and T, are now
~50 °C smaller. In a given mineral, 7T, is inde-
pendent on both Z and E, and the annealing of
point defects can be characterized by an Arrhen-
ius-type equation corresponding to an activation
energy of ~0.8 eV.Y"

The annealing of extended defects in mica pre-
sent two unexpected features:

(i) For T>7T,, a complex change in the structure
of the extended defects is observed. The distribu-
tion of the electronic-density deficit reported in
Fig. 2 loses its wings, switching to a “square-
step” distribution. Then, the width of this partial-
ly annealed defect remains constant up to 7',
while the maximum electronic-density deficit
slowly decreases until the difference in contrast
between the defect and the host material is no
longer detectable.

(ii) N(R) is not changed as long as the annealing
temperature does not exceed T',.

B. Etched-track studies

We present a selection of results on etched ex-
ternal tracks which could not be interpreted be-
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FIG. 4. Length distribution of tracks produced in
mica by 7-MeV /amu Fe ions as a function of the etching
time ¢, after low-temperature annealings.

fore and which represent severe constraints on
any model dealing with the registration of tracks
in dielectric minerals. We investigated the length
distributions of tracks in mica, labradorite, and
olivine, as well as the bulk etching rate, V,(Z,R),
of tracks in labradorite. Furthermore we mea-
sured in the same minerals the variation of the
track density as a function of the annealing tem-
perature.

1. Fe and Kr tracks in muscovite mica

Before annealing, for both Fe(7) and Kr(6)
tracks, the track-length distribution D, {R,; (t,, T)}
present a narrow maximum centered at the total
range R, [~51 pm for Fe(7) and ~43 um for Kr(6)].
The position and width of this peak do. not vary
when the etching time is increased. When the en-
ergy of the incident ion decreases, these distribu-
tions keep the same width while the peak position

TABLE III. Size of extended defects in mica and oli-
vine.

Mineral Ion Size

Ne 15 A

Ar (1 MeV/amu) 22 &

Muscovite mica® Ar (10 MeV/amu) 20 A
Fe 26 &

Kr >26 A

Ar 32 A

Olivine® Fe 38 A
Kr >40 A

# Assuming a Gaussian profile.
b Assuming a square-step profile.

still corresponds to the total range of the ion R,,.

A thermal annealing triggers the following
changes in the D {R; (¢, T)} distributions:

(i) After a low-temperature annealing (7
<400°C), the Fe(4) and Kr(6) distributions are not
modified. However, the length distribution of
Fe(7) tracks now exhibits a double-peak structure
(Fig. 4). A fraction of the tracks are still etched
up to the total range R,, the others having much
smaller lengths (~10 um). The main effect of an
increase in the etching time is to deplete the 10-
um peak to the benefit of the total range peak.
Finally, the partially annealed length distribution
switches back to the unannealed one when the stan-
dard etching time ¢, is multiplied by a factor a(T),
where «(T) is a scaling factor which completely
describes the effect of a low-temperature anneal-
ing. We have for any etching time ¢

D {Ry;(a(T)t, TV =D {R,; (¢, 20°C)}.

a(T) is about 4 and 30 when the annealing temper-
ature is 250 and 350°C, respectively.

(ii) In the high-temperature range (7>400°C),
the Fe(7) tracks cannot be observed even after
very long etching times (>100¢,). In addition, the
Fe(4) and Kr(6) length distributions present a
double-peak structure which persists when the
etching time is increased.

The length distribution of tracks in mica cannot
be used to define a mean etching rate, v,(R), as
this requires the determination of the average
track length as a function of time, which is mean-
ingless for double-peaked distributions. A very
specific additional observation can be made in
mica, which considerably helped us in developing
the track-etching model presented in Sec. IV.
When observed with the SEM (scanning electron
microscope) or the Nomarsky phase-contrast opti-
cal microscope, the superficial etchpitsofpartially
annealed tracks present a very spectacular terrace
structure (Fig. 5). Such terraces can be character-
ized both by their lateral width and their linear
density along the track, which critically depend on
the residual range of the incident ion and the an-
nealing temperature.

2. Fe and Kr tracks in labradorite

Track-length distributions in labradorite show a
single-peak structure® (Fig. 6) which directly
yields the variations of the track-etching rate,
V,(R,T). Before thermal annealing, the
V,(R,20°C) curves measured for Fe and Kr exhibit
two distinct behaviors (Fig. 7): The Fe curve pre-
sents a broad maximum located at R ~8 pm and
limited by two steeply falling edges, as well as a
slowly decreasing tail for large values of R (>20
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FIG. 5. Typical terrace structure of Fe (7) tracks in
mica after an annealing at 350°C (2 h) and 200 min of
etching.

pgm). In contrast, the Kr curve exhibits a large

plateau extending over a range interval of ~30 um.

The variations of V,(R, T) with the annealing
temperature indicate the existence of two distinct
annealing steps:

(i) The low-temperature annealing (7' <400°C)
does not alter the shape of the V,(R) curve rele-
vant to Kr tracks. However, the etching speed
V,(R) of Fe tracks decreases by an approximately
constant factor (~1.4 at 300°C), while both the
position and width of the peak is not changed.

(ii) After a high-temperature annealing (T
>400°C), the peak in the Fe curve shrinks in both
extension and height (Fig. 7) around its maximum
at ~8 um. At 600°C, the maximum value of V,(R)
drops to about 2V,, where V, refers to the etching
rate of the unirradiated mineral along the track
direction. The V,(R) curve for Kr tracks starts to

be noticeably altered at much higher temperatures.

For instance, at 7~700°C (2 h), the extension and
height of the plateau have decreased down to ~20
um and 5V,, respectively.

D
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FIG. 6. Length distribution of unannealed Fe (7)
tracks in labradorite as a function of the etching time ¢.
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FIG. 7. Etch rate V, (R,T) of Fe and Kr tracks in la-
bradorite as a function of the annealing temperature.

3. Fe tracks in olivine

We have not obtained in this mineral sufficient
data to plot the V,(R) curves. Indeed, there are
two specific difficulties attached to this determin-
ation:

(i) Etching times up to 100t, are required to de-
rive V,(R). In olivine, this is impractical due to
the very high value of £, (~ 300 min).'?

(ii) In this mineral, the hollow canals that de-
lineate the etched tracks are highly asymmetric
and the length of short tracks cannot be measured
with a good accuracy.

However, the following preliminary observations
show that the registration of Fe tracks in olivine
follows the general rules established for mica and
labradorite: (i) Before thermal annealing, the
track-length distribution shows a single-peak cor-
responding to the total range of the ions, as in
mica. (ii) After a low-temperature annealing (T
<350°C), the track-length distribution switches
back to the unannealed one when an etching time
t=a(T), is used [a(T)~1.6 at 300°C]. (iii) Fe (4)
tracks are no longer observable with the optical
microscope when T>400°C.

4. Variations of the track density with the annealing
temperature

For all the minerals and ions so far investigated,
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FIG. 8. Etching efficiency p (T )/p, of tracks produced
in labradorite by Fe, Cu, and Kr ions with an energy of
1 MeV/amu.

the track density p(T) drops sharply over a narrow
temperature range (~50°C) around a critical tem-
perature T..® The value of T, is defined by requir-
ing that

p(Te) 10,
Po

where p, corresponds to the unannealed value of
the track density. T, varies with both the charac-
teristics of the incident ions and the nature of the
mineral, but it also depends on the observational
technique. For example, the value of T, for Fe
tracks observed in mica with an optical micro-
scope is ~50°C smaller than that derived with the
SEM. To establish a reliable scale of T, values,
we used only SEM observations. In Fig. 8 we pre-
sent a selection of our results concerning tracks
of monokinetic ions in labradorite (E~1 MeV/
amu). T, varies from ~670°C for Fe (1) tracks to
~730°C and ~830°C for Cu (1) and Kr (1) tracks,
respectively.

IV. THE GAP MODEL FOR THE REGISTRATION
OF ETCHABLE TRACKS IN DIELECTRIC MINERALS

Previous models, as reviewed recently by
Fleischer,' were based on the concept of a thres-
hold mechanism for the formation of etchable
tracks. In such models, a continuous trail of ra-
diation damage (the latent track) can only be
formed within a narrow-range interval AR(Z), near
the end of the range of the incident ion where the
rate of primary ionization J, or the rate of “re-
stricted” energy loss'® exceeds a critical value.
This critical value would depend on the nature of
the mineral, being much larger in olivine than in
mica. As the latent tract is much more chemi-
cally reactive than the host material, an etchable

track would thus be formed in the same range.
Such models could account neither for the detailed
shape of the track-length distributions, nor the
annealing behavior of the tracks. All external
tracks formed by a given ion at a given energy
should have the same length, in contradiction with
the observation of a double-peak structure for
partially annealed Fe (7) tracks in mica. There-
fore, any improved model dealing with track reg-
istration should issue detailed predictions on the
complex shape of track-length distributions. In
addition to these critical observations, it should
also account for the terrace structure of partially
annealed tracks in mica (Fig. 5), the distinct ef-
fect of a low- and a high-temperature annealing,
and the very sharp drop of the track density around
a critical temperature T,.

A. The model

Our model, which has been briefly presented
previously,® is derived from the existence of two
populations of defects in the latent tracks and the
observation that extended defects play the domin-
ating role in the etching of the tracks because their
annealing, but not that of the point defects, trig-
gers irreversible changes in track-length distri-
butions. In our model we thus consider that each
extended defect induces the formation of a “core
zone” along the track. Such core zones can be
characterized with an effective length 2, in which
the etching rate V, is far greater than that of the
unirradiated crystal V,, in the track direction.
Therefore, we assimilate the variation of the
etching rate across-this zone to a square-step
function. As a consequence of low values of the
linear density N(R) of extended defects and/or
statistical fluctuations, the distance between the
centers of two consecutive extended defects can be
greater than A,. In this case, a “gap zone” with a
length d appears between the two core zones,
which contains only point defects. These gap zones
are etched out at a rate V, much lower than V,
but still higher than V, due to the presence of
point defects. As the x-ray measurements show
that the density n(R) of point defects does not vary
markedly along the range, we considered V, as
constant as a first approximation.

For a given ion, the probability p that the dis-
tance between two successive extended defects
exceeds A, is

p=exp[-N®RNM].

Along one micrometer of range, N(R) such inter-
vals are encountered and the linear density NK(R)
of gap zones is thus

N,(R)=N(R) exp[- N®N\,] .
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In addition, the mean aggregated length w(R) of
gap zones per micrometer of range is

w(R)=exp[- NERM]
and the mean length d of gap zone is
1

d= &)
The etching time needed to etch out a 1- um-long
track segment represents the sum of the etching
times required to etch out all the constituent gap
zones and core zones. The mean etching rate
V,([R) is thus given by

1
V”(R)=w(R)+[1—w(_R_)]
v, v,

Ve
"1+ (V,/V, = Dexp[-NR,]

We finally obtain the average length L(R,,¢t) of a
track etched for a time ¢, and that intersects the
observation plane at a residual range R:

_ (%o dR
"o @

These mean values of the etching rate and etched
length can be directly compared with the corres-
ponding experimental values, but they cannot
yield the detailed track-length distribution. Con-
sequently, we developed a Monte Carlo code that
generates large numbers of theoretical tracks. In
these computations, a given latent track is divided
into successive segments one micrometer long,
located at a residual range R,. Extended defects
are randomly distributed over each one of the
track segments in agreement with the value of the
local density N(R,). From this distribution we
derive w(R,), the aggregated length of gap zones,
and the etching time §,#, required to etch out each
track segment:

®R) [1-wRr)
6it=wv’l +[ ;’/U ‘l]

4 c

Starting from the total range R,, we proceed from
one segment to the next, until the available etching
time is expended:

n
do5,t>t.
1
The etched length along this specific theoretical
track is then
L,=R,-R,.

It must be noted that the observation plane is si-
multaneously etched, and the “observable” etched
length is thus

Vs
L=L, —g‘{n—et ,

where V, is the etching rate of the plane, and 6 the
angle between the track and the plane. In this way,
the code generates a large number of observable
track lengths which can be compared to the ob-
served track-length distribution. In this model the
differences observed between the tracks produced
by a parallel beam of monokinetic ions are easily
interpreted in terms of statistical fluctuations in
the distribution of extended defects from one track
to the next.

There are several predictions of this model that
do not depend on the actual values of its parame-
ters and which will be discussed in the following
section. However, the computation of track-length
distributions does require the determination of
five basic parameters, namely the linear density
of extended defects, N(R), the effective length of
core zones, A, and the three etching rates, V,

V,, and V.

g

c?

B. Determination of the five basic parameters
of the model

We present below a determination of the five
basic parameters of the model which does not in-
volve any fitting between the theoretical and exper-
imental distributions. However, these determina-
tions are still in part, model dependent, as they
rely on the existence of gap zones along the latent
track.

Value of V,, etching vate of the univvadiated
mineval along the tvack divection. For a given
set of etching conditions, the value of V, will re-
sult from the contribution of the V,,, rates which
refer to etching rates evaluated perpendicularly
to the various crystallographic planes. Our meth-
od to determine the set of V,;, rates, which will
be reported in detail in a forthcoming paper, can
be outlined as follows. Let us consider a tiny
spherical hole reached by the reagent within the
crystal. Upon etching, a polyhedral cavity (the
etch polyhedron) limited by crystallographic planes
corresponding to the smallest V,;; values will be
formed. For tracks due to heavily damaging ions,
such as fission fragments, the etching rate along
the latent tracks, V,(R), far exceeds any one of the
V,.u rates. For appropriate etching conditions, the
etched track then looks as a hollow-etch canal with
a constant section which delineates the envelope of
the etch polyhedrons formed almost simultaneously
along the etchable range of the incident ion. The
intersection of this etch canal with the observation
plane gives a superficial etch pit which reflects the
projection of the etch polyhedron on the observa-
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tion plane along the direction of the track. Through
an analysis of the various etch pits observed on a
given plane, it is thus possible to derive the etch
polyhedron. In this context, mica and labradorite
represent two extreme examples of etching behav-
ior. In mica, the observation plane is always the
perfect cleavage plane (001), and the correspond-
ing etching rate Vy, (~2 A/min) is about 100 times
smaller than the two etching rates V 4 and V),
(~250 A/min) for the etching conditions defined in
Sec. II. Consequently, in this highly anisotropic
case, the V, value will be adequately approximated
by

_Voor

“sing’

[

where 0 is the angle between the track and the ob-
servation plane. In contrast, in labradorite the
etching rates Vi (300 A/min to 600 A /min) are
much less anisotropic. In this case, the V, value
can be assimilated to the mean value of ~400 f\/min
as a first approximation. Olivine corresponds to
an etching behavior intermediate between those of
mica and labradorite, as the slowest etching rates
differ by a factor of ~5 in this mineral.

Value of V,, etching rate in gap zones. V, is the
only parameter that depends on the density of point
defects. As the x-ray measurements clearly show
that the point defects, but not the extended defects,
are affected in the low-temperature range (T
<400°C), V, will be the only parameter to vary
upon a low-temperature annealing. From the gap
model, the track-length distributions should then
exhibit a scaling behavior ruled by the total length
of the gaps etched, V,(T). Indeed, distributions
measured after a low-temperature annealing match
the unannealed distribution when the etching time
¢ is multiplied by a constant factor @(7T), which
depends on the mineral (see Sec. III). We can thus
conclude that

a(T1)
a(T)’

where T, is the temperature at which all the point
defects have been annealed. When the annealing
temperature is larger than T',, the etching rate in
gap zones is simply that of the unirradiated miner-
al v,.

Value of V,, etching vate in core zones. The de-
termination of this etching rate is only required to
compute length distributions corresponding to
tracks heavily loaded with extended defects. In
this case, the integrated etching time of the core
zones is not negligible with respect to that of the
few residual gap zones. From the gap model, we
predict a saturation in the value of Vb(R) as soon
as the core zones start to overlap near the maxi~

V,(T)=V,

mum of the linear density N(R) of the extended
defects. This is in good agreement with the ex-
perimental measurements of V,(R) in labradorite,
which exhibits a plateau value for Kr ions and a
broad maximum for Fe ions near the maximum of
N(R). We thus assimilate V, to such saturation
values of V,(R). In mica, these saturation values
are at least 10* times larger than V, and can be
considered infinite.

Value of N(R), linear density of extended defects.
As already stated in Sec. II, x-ray measurements
only yield the relative variations of N(R) along the
range of a given ion. We have thus to determine
the absolute value of this parameter at a given
range to completely define the N(R) curve. This
is possible in mica due to the very specific terrace
structure of etched tracks in this mineral. In our
model, such terraces reflect the occurrence of a
gap along the latent track for a mineral in which
V, is much higher than V, and V,. Indeed, a sin-
gle gap can then delay the etching of the track for
a significant amount of time, while the diameter
of the overlaying etch canal continuously widens at
the rate V,,,. When the reagent has etched out the
gap at the relatively low rate V,, the difference &
between the diameters of the etch canal above and
below a given gap will be

V100

v, '’

6=2d

where d is the width of the gap. From the mea-
surement of 5 for many gaps at a given residual
range R, we can thus infer the mean value d of d,
which in turn yields the absolute value of N(R) as

NR)=1/4.

Relying on this model-dependent method, we ob-
tained for mica the values of N(R) reported on Fig.
9 for Fe and Kr tracks. In order to derive N(R)
for other silicates, we assumed as a first approxi-
mation that the N(R) distribution is the same for
all silicates. This critical assumption is compat-
ible with both the similar relative variations of
N(Z,R) in mica and olivine and the predictions of
the track-formation mechanism qualitatively out-
lined in Sec. VC. In addition, the validity of this
assumption is severely tested when one is trying
to compute track-length distribution in labradorite.
Indeed, in this mineral only the absolute values of
N(Z,R) determined for mica do reproduce the
striking features of the corresponding experimen-
tal distributions.

Value of X\, effective length of the cove zones.
The variations of A, with the characteristics of the
incident ions, the annealing temperature, and the
nature of the mineral, originate from the corres-
ponding variations in the size and the shape of the
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FIG. 9. Linear density N (R) of extended defects pro-
duced by Fe and Kr ions in mica.

extended defects. Consequently, we assumed that
the relative variations of A, closely match the
structural changes of the extended defects inferred
from x-ray measurements. In particular, as ex-
tended defects are not affected by a low-tempera-
ture annealing, ), is constant within this tempera-
ture range. We determine the absolute value of A,
in two different ways:

(i) In minerals such as labradorite, where the
Vi etching rates are relatively isotropic, gap
zones cannot completely block etching. Conse-
quently, the bulk etching rate V,(R) varies
smoothly with R and can be determined with a good
accuracy. We select a region in which V,(R) is
much lower'than V,, thus heavily loaded with gap
zones. In this case

V,(R)=V,exp[NR)] .
A, can thus be inferred from a single measure of
V,(R).
(ii) In mica, a single gap can block etching for

partially annealed tracks, forming a terrace. We
can determine A, by measuring the linear density

of gaps, N,(R), at a given residual range, as
N,(R)=N(R)exp[-NRM,] .

It must be noted that the values of A, determined
by these two methods (Table IV) are much larger
than the sizes of the extended defects (Table III).
Thus, even the weak wings of the Gaussian-shaped
extended defects seem to enhance the etching rate
by a large factor.

V. DISCUSSION

A. Comparison of the model with experimental results

As discussed above (Sec. IV B), two mainobserva-
tions are already predicted by the gap model with-
out considering the values of the five basic param-
eters: (i) Upon low-temperature annealing, only
V, is changed. Thus, the track-length distribution
after an etching time ¢ should match the unannealed
distribution corresponding to the etching time
tV,(T)/V,(20°C), in good agreement with our ob-
servations. (ii) The terrace structure of partially
annealed tracks observed in muscovite mica is a
direct consequence of the gap model in a mineral
where the etch rates V,,, are highly anisotropic.

We computed track-length distributions in mica
and labradorite as well as the mean etching rate
of Fe tracks in labradorite, both before and after
a thermal annealing, using the values of the five
basic parameters determined in Sec. IVB. We
show that the critical observations reported in
Sec. III are well reproduced by these computations.
This strongly supports the validity of the gap
model.

1. Mica

Before annealing, the length distribution of Fe
(7) tracks etched 20 min, which exhibits a single
peak at L =R, can be reproduced using our de-
rived A, value of ~700 & and a V, rate of ~ 360
A/min [Fig. 10(c)]. The total gap length etched is

TABLE IV, Effective length A, in labradorite, mica, and olivine.

Mineral Ion (annealing temperature) Effective length
Fe (25°C) ~270 A
Fe (500 °C) ~120 A
Labradorite Kr (25°C) ~350 &
Kr (700°C) ~200 A
Fe (25°C) ~700 A
Muscovite mica Fe (450°C) ~430 A
Kr (25°C) ~900 A

Olivine

Fe (25°C) ~60 A
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FIG. 10. Length distributions of Fe (7) tracks in mica,
computed from the gap model. (a) V,(T)¢ =1800 A,
() V (T)E =3600 &, (c) V,(T)t=7200 A.

then ~ 7200 .f\, whereas that of the gaps present in
the high-energy part of the range [N, (50 pm)
~2.5/um] is only ~4000 A (Fig. 11).

A low-temperature annealing (7 <400 °C) results
in lower values of V,. From the etching time re-
quired to etch all the tracks up to the total range,
we derived values of V, of 90 f&/min and 12 A/min
for annealing temperatures of 250 and 350 °C, re-
spectively. In this temperature range, A, remains
constant. For etching times such as 20 min (250 °C
annealing) corresponding to low values of the total
gap length etched (~1800 A), the gaps in the high-
energy part of the range (25 pm to 50 pm)block the
etching, and all the tracks are short [<20 um;
Fig. 10(a)]. When the etching time is doubled, the
total gap length etched also doubles (~ 3600 R). In
favorable tracks, the reagent breaks through the
last gap and rushes through the region 25-2 um,
where no gaps are present (Fig. 11). Then, a
population of tracks with lengths close to the total
range is observed [ Fig. 10(b)]. When the total gap
length etched reaches ~7200 A (¢ ~80 min), all
tracks are etched up to the end of the range, thus
matching the unannealed distribution. This very
good fit with the complex behavior of Fe track-
length distributions in mica (Fig. 4) strongly sup-
ports the discontinuous etching process we pro-

pose.
After a high-temperature annealing (7'>400°C),

only tracks almost devoid of gaps can still be
etched due to the very low value of V, (~2 A/min).
Thus, Fe (4) tracks (R,~28 um) but not Fe (7)
tracks (R,~51 um), can still be etched. Kr tracks
have higher linear densities of extended defects
(Fig. 9) with a greater effective length ), (Table III).
Thus, they can still be etched at a greater residu-
al range [R,~43 'um for Kr (6) tracks] aud are
more thermally stable than Fe (4) tracks.

2. Labradorite

In this mineral, the absolute value of V, is much
larger (~400 A/min). This implies that after 20
min of etching, hundreds of gaps will have been
etched. Therefore, the statistical variations from
one track to the next are smaller than in mica, and
the track-length distributions exhibit a single-peak
structure. Theoretical distributions corresponding
to A,~270 A (Table IV) and V,~400 A /min (Fig.
12), well reproduce the experimental ones (Fig.

6). For this mineral, V,(R) can also be derived
directly from the model. In the low-temperature
range, A, is constant and V, decreases by a factor
~1.4. In the high-temperature range, V, is now
constant and A, starts to decrease. Following
these guidelines, we are able to well match the
observed mean etching rates for Fe tracks (Fig.
13). The observed plateau in V,(R) curves corres-
ponding to krypton is easily interpreted, as the
high values of N(R) and X, induce a complete over-
lapping of the core zones, V,(R)~V..

3. Variation of the track density p with the annealing
temperature

The ratio p(T)/p, is usually defined at the “etch-
ing efficiency ” 1, of tracks after a given anneal-
ing. As shown previously,'? it is directly linked
with the ratio V,(R)/V,, which was not related to
the structure of the latent tracks. In our model we
have now

V,(R)/Vy=exp[NR,].

This ratio is thus very sensitive to small changes
in A;, and a small increase in the annealing tem-
perature can induce an abrupt drop in the etching
efficiency. Such a behavior could not be inter-
preted with models assimilating the track to a sin-
gle “defect” annealing in accordance with an
Arrhenius equation.

We emphasize that we have been able to inter-
pret two etching behaviors as different as those of
muscovite mica and labradorite only by assuming
the same distribution N(R) of extended defects
along the ion range. This supports our assumption
that differences between silicates arise mainly not
from track vegistvation, which leads to the n(R)
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FIG. 11. Aggregated gap length per micrometer,
w(R), for unannealed Fe tracks in mica (A,=700 A).
For comparison, the primary ionization rate is shown
together with the ‘“threshold” corresponding to an etch-
able range of 52 pm.

and N(R) distributions of defects, but from ¢rack
revelation, well described by the V, and A, param-
eters.

B. Discussion of previous concepts on etched-track
registration

Most applications of fossil-track studies in nat-
ural minerals originate from the registration of
internal latent tracks within the volume of a min-
eral grain. These tracks can be produced by a
variety of track-forming events such as spontane-
ous fission and slowing down cosmic-ray nuclei,
and their spatial distribution is generally isotrop-
ic. The latent tracks can be “externally etched”
on a polished surface, or “internally etched” using
cleavages to conduct the reagent inside internal
tracks that intersect such surfaces.?

These studies relied on a threshold mechanism
for the formation of etchable tracks: Only parts of
the range in which the ionization rate (or the re-
stricted energy loss) exceeded a critical value,
specific to the mineral, could be revealed through
etching, thus defining an etchable range, AR(Z).
This parameter AR(Z) allowed us to convert track-
length distributions into elemental abundances, and
to link the track density observed on a plane, p, to
the volume density of track-forming events, v. It

D
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FIG. 12. Experimental (a) and theoretical (b) distri-
butions of unannealed Fe (7) tracks in labradorite as a
function of the etching time ¢ . The theoretical distribu-
tions were derived for A, =270 A and V=560 A/min.

is directly related to the etching efficiency, n(R),
the proportion of tracks crossing the observation
plane at a residual range R which are revealed
through etching. However, it has been shown that
such a track-forming process is not consistent
with several experimental results: (i) Extended
defects are still observed when the ion range can-
not be revealed through etching. (ii) Track etch
rates vary continuously along the range down to
the etch rate of the unirradiated mineral.

v.(R)|
(Hm/ min)
0.4

10 20 30

FIG. 13. Experimental (dashed line) and theoretical
(solid line) etch rates V, (R,T') for Fe tracks in labra-
dorite, before and after a high-temperature annealing
at 500°C (2 h). The theoretical curves correspond to
A.=270 A, V,=560 A (nannealed), and A, =150 4,
V,=400 A (annealed at 500°C).
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In our model, this apparent threshold can be in-
terpreted from the very abrupt increase of the
proportion of gaps in two specific parts of the
range: For Fe tracks in mica, this proportion
increases from 107 to 1 over the last two micro-
meters of the range. It also doubles between 40
and 50 um of residual range, whereas the ioniza-
tion rate drops by only 109 (Fig. 11).

To clarify the concepts of etchable range and
etching efficiency, let us consider an isotropic
distribution of internal tracks with a volume den-
sity v, of track-forming events in an isotropically
etching mineral. The etching efficiency on a pol-
ished section can be derived as follows. Tracks
intersecting the plane at a residual range R etch
faster than the plane itself only if

V,(R)sine >V,

where 6 is the angle between the track and the
plane, and V, is the etching rate of the plane.
Furthermore, the revealed track can only be rec-
ognized as such if its depth-to-diameter ratio ex-
ceeds a minimum value B, characteristic of the
observational method (8 is larger for an optical
microscope than for a scanning electron micro-
scope or a Nomarsky phase-contrast optical mi-
croscope). This depth-to-diameter ratio can be
readily derived from the bulk etch rate V,(R) of the
track. The observability condition becomes

2 1/2)1/2
sin6>%{1+2ﬂ[<—‘{hﬁ@> —1] } =sinf,.

b
The etching efficiency n(R) is simply the propor-
tion of tracks crossing the plane at the residual
range R with an angle 6 larger than 6

e (sl s (52" ).
(1)

The etching efficiency of fresh iron tracks in lab-
radorite has been reported in Fig. 14. ~5% of the
tracks cannot be observed even at the maximum of
V,(R), while 5% of them can still be observed at
ranges up to ~100 um with an optical microscope.
This demonstrates the inadequacy of a threshold
etchable range outside which n(R) would be 0.

For the same irradiation geometry the number
of tracks intersecting the plane between the resid-
ual ranges R and R +dR/2, where v is the volume
density of track-forming events. Thus, the ob-
served track density is simply

p=§ fo”n(R)dR.

If we set

An(z>=fo°°nm)dR,

we obtain the classical formula

_VAR(Z)
P=—""5"">

extensively used in fission-track dating. However,
there is a marked difference between our definition
of the etchable range and the classical one. In-
deed, the latter is independent on both the track-
orientation and the observation technique. In con-
trast, the etchable range represents in our model
a mean for all possible orientations. Further-
more, the etching efficiency n(R) [Eq. (1)] and thus
the etchable range depend on the observation tech-
nique. For a given track population, the observed
track density will be larger with the SEM than
with the optical microscope, due to the smaller
value of 8. This explains the apparent discrepancy
between track densities measured in lunar mate-
rial with these two instruments,? as well as much
earlier observations.®

In a relatively isotropic mineral for a given ob-
servational method, Eq. (1) shows that n(R) and
AR(Z) depend only on the ratio V,(R)/V,. In our
model, for regions loaded with gap zones we have

K"‘-/m—)N%exp[N(R)ko] .
» »

In such minerals, the ratio V,/V, is small (<1.6

in labradorite and olivine). As we assume that

the distribution N(R) is similar in all silicates,

the etchable range AR(Z) depends mainly on the
effective length A,. A, can thus be considered as
representative of the “sensitivity” of the mineral
for track registration. For instance, A, ~60 A and
270 A for Fe tracks in olivine and labradorite,
respectively, in agreement with the classical sen-
sitivity scale.’? In muscovite mica, for unannealed
tracks, V, is much larger than V,. In addition,

OB 30 40 56 60 76 86 96 160
Residual range (nm)

FIG. 14. Etching efficiency n(R) of unannealed Fe
tracks in labradorite as derived from the model (dashed
line); variation of V, R) as a function of range (solid
line).
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spurious etch pits do not develop on the surface.
These two factors enhance track discrimination
and, together with the large value of ), (~700 A
for Fe ions), explain why mica is among the most
sensitive of all silicates. Upon a low-temperature
annealing (7' < 400 °C), the ratio V,/V, does not
change markedly in olivine and labradorite, which
thus keep their initial sensitivities. In contrast,
this ratio decreases by a factor ~100 in muscovite
mica, and the etchable range of Fe ions shrinks
to ~30 um, intermediate between olivine and lab-
radorite, after a low-temperature annealing.

Let us now apply these new concepts to illustrate
the limitations of previous track studies intended
to infer the chemical abundance of very heavy
cosmic-ray nuclei. For this purpose the external
etching of a polished surface as well as methods
in which the etchant reaches internal tracks reg-
istered within the mineral, were used. Such in-
ternal -etching techniques include the track-in-
cleavage (TINCLE) method® (internal tracks in-
tersecting cleavages can be reached by the etch-
ant) and the track-in-track (TINT) method?? (the
etchant propagates along natural or artificial
tracks reaching the external surface to the inter-
nal tracks they intersect). These internal-etch-
ing techniques were widely used because they
were thought to yield the “full” etchable range of
the tracks, which ought to be much less complex
to interpret in terms of the atomic number of the
incident ions than the partial length of tracks ran-
domly cut by the external surface.

These three techniques all have the following
major limitations: First, internal tracks intersect
the cleavage, track, or external surface anywhere
along the etchable range of the incident ion and
this increases the spread of the track-length dis-
tribution.!® Second, we have so far discussed the
ideal case of a perfectly isotropic mineral. Even
with the most appropriate etchant, slight anisot-
ropies usually remain (e.g., within a factor of
~2 for labradorite in NaOH). Thus, internal tracks
with favorable directions have longer etched
lengths than tracks in perpendicular directions.
Third, the natural annealing of fossil tracks fur-
ther broadens track-length distributions.® There-
fore, even the track-length distribution produced
by a beam of monoatomic ions exhibits a quite
large intrinsic spread.® In addition, there is a
last severe limitation specifically attached to the
TINT method. The external tracks that inject the
etchant inside the internal tracks, enlarge upon
etching by intersecting continuously new internal
tracks. Thus internal tracks start to be etched
anytime between 0 and the total etching time £ .
This peculiar effect, as illustrated in Fig. 6, fur-
ther increase the spread of the track-length dis-

tribution.

Previous methods can only yield very broad
abundance groups in cosmic rays with a mass
resolution much worse than those previously
claimed. Fortunately, a marked improvement in
mass resolution can be achieved by relying on a
new method originating from the gap model. This
method already described® relies on track-density
measurements performed after annealing at care-
fully selected temperatures. For example, in
lunar labradorites, an annealing at 650 °C for 2 h
completely erases tracks produced by iron-group
ions, whereas tracks produced by ultraheavy ions
can still be revealed. With such methods, a
charge resolution of 5 to 10 may be expected for
ultraheavy (Z >30) and superheavy ions.

C. Present limitations of the gap model

The radiation damage mechanism responsible
for the formation of both point defects and extended
defects is not yet understood and we cannot pre-
dict the values of N(R) for a given ion. Conse-
quently, when extending the model to other tar-
gets, we rely on the assumption that N(R) is sim-
ilar in all silicates. However we do not know how
to evaluate N(R) for other minerals. Further-
more, a detailed model describing the annealing
of extended defects in the high-temperétture range
is not available, and the variations of A, with the
annealing temperature have still to be determined
experimentally.

We will soon propose a track-formation mech-
anism intended to improve this situation, and
which can be qualitatively outlined as follows.
Each one of the extended defects represents the
microscopic scar of an “ionization” spike. As the
mean ionization potential is nearly constant in all
silicates, the linear density of the spikes should
be similar in these minerals. During the thermal
spike, point defects formed by single-ionization
spikes would quickly migrate towards the small
clusters of defects generated by multiple ioniza-
tion spikes which would thus act as “seeds” trig-
gering the formation of the extended defects and
their associated core zones. Consequently, in
this two-step model, the value of A, should re-
flect not only the specific etching behavior of a
mineral but also the spike-activated migration of
defects in its structure. We are currently inves-
tigating how this qualitative picture can be im-
proved by determining the critical ion fluences
required to amorphize various silicates and the
corresponding sputtering rates. Indeed, as first
suggested by Seiberling et al.,? the sputtering
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rate should be directly correlated to the average
number of atoms initially set in motion in spikes
occurring in the near vicinity of the surface. On
the other hand, the amorphizing fluences would
mostly reflect the much greater number of de-
fects aggregated during the migration step of the
track-formation mechanism.

The derived values of A, for krypton tracks in
mica (A, ~900 A) are much larger than the diam-
eter (~20 A) of the radiation- -damaged core of
fission fragment tracks in the same mineral, as
inferred previously?:® from two distinct types of
reliable etching experiments. It could thus be
argued that our measurements of the A, values
are in striking disagreement with previous mea-
surements. However A, refers to the longitudinal
and not to the lateral spread of the core zones,
which are expected to be highly assymetrical in
any concept of a track-forming spike mechanism.

Another difficulty arises from the well-known
observation that lunar fossil Fe tracks anneal at
a much higher temperature (~700 °C) than fresh
Fe tracks, whereas they are already partially
annealed (shorter total length). This apparent
paradox can possibly be interpreted by noting that
in solar flare cosmic rays, protons are ~10? times
more abundant than Fe ions. The high densities of
point defects induced by the protons in the grains
could cluster around extended defects produced by
Fe ions, which would thus enlarge their size and
increase their thermal stability. Double irradia-
tion experiments, involving high fluxes of protons
before and/or after the Fe irradiation, are needed
to test this hypothesis.

VI. CONCLUSION

Small-angle x-ray scattering experiments show
that latent tracks produced by heavy ions in sili-
cates consist of point defects and extended defects.
The linear density of extended defects falls off
much more rapidly with increasing residual
ranges than the primary ionization rate. The
track-etching model derived from these observa-
tions well accounts for the etching of tracks in
mica and labradorite. In particular, the bimodal
structure of the length distribution of partially
annealed tracks in mica and the detailed varia-
tion of the etch rate along Fe and Kr tracks in
labradorite are correctly predicted, using the
same N(R) distribution of extended defects for
both minerals. Thus, the differences between the
sensitivity of silicates arise mainly not from track
registration, but from track revelation. Classical
concepts such as the etching efficiency and the
etchable range AR(Z) can be reevaluated in terms
of our basic parameters, among which the ef-
fective length )\, of the core zones plays a dominat-
ing role.

From this model we derived a few preliminary
guidelines already used for improving the deter-
mination of the chemical abundance of very heavy
cosmic-ray nuclei from etched-track studies in
feldspars. These guidelines will be applied to
other important applications of track studies in
natural minerals in a forthcoming paper. How-
ever, these applications require a painstaking
study of the specific etching behavior of minerals
because we have not as yet a sufficient under-
standing of the track-formation mechanism.
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