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Fission tracks in apatite and zircon, the minerals most often used for fission track dating and
thermochronology, have been considered to anneal by the same mechanism, essentially epitaxial
recrystallization. In this study, direct, atomic-scale observations of thermal annealing of unetched, latent
tracks at elevated temperatures by transmission electron microscopy (TEM) demonstrate that the annealing
behavior of tracks in apatite is entirely different from that of the amorphous tracks in zircon. Remnants of the
latent tracks in apatite can be seen after in situ heating at 700 °C for 130 min, in clear contrast to the complete
disappearance of tracks after they have been annealed at 360 °C for 1 h and then enlarged by chemical
etching. The “fading” or shrinkage of tracks in apatite results from thermo-emission of vacancies from the
porous core to the surrounding matrix, in contrast to the recombination of interstitials and vacancies within
the amorphous tracks in zircon. The high surface energy and high diffusivity of atoms at the surface of the
essentially porous tracks in apatite cause the discontinuity in the tracks by several different mechanisms:
Rayleigh instability, Brownian motion, and preferential motion of track segments. The preferential motion of
atoms along the c-axis accounts for more rapid annealing of fission tracks perpendicular to the c-axis of
apatite. In addition to the shrinkage, the discontinuity of fission tracks in apatite prevents solutions from
entering into the porous tracks for further etching, thus reducing the etched track length. This accounts for the
complete disappearance of etchable tracks in apatite at much lower temperatures, as compared to that of the
latent tracks observed by TEM. In contrast, the amorphous tracks in zircon do not segment due to the low
surface energy and low diffusivity of atoms at the track-matrix boundary. This explains the similarity between
the complete disappearance of latent tracks in zircon at 830 °C after 90 min and that of etchable tracks at
800 °C after 1 h. The very different behavior of fission tracks in zircon and apatite is a direct result of
differences in the internal structure of the track— the amorphous domain in zircon vs. the low atomic density
void in apatite.
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1. Introduction

Fission tracks caused by the spontaneous fission of 238U in apatite
and zircon, as revealed by chemical etching, are extensively used to
determine the thermal history of Earth's crust (Crowley et al., 1991;
Gleadow et al., 1986; Green et al., 1986; Tagami and O'Sullivan, 2005;
Yamada et al., 1995). The total kinetic energy for a fission fragment
pair is around 170 MeV (Fleischer, 2004), corresponding to a range of
~20 μm in fluorapatite, and of ~16 μm in zircon (SRIM, 2006). By
chemical etching, the 5–10 nm wide fission tracks are enlarged to
several μm, which can be directly observed by optical microscopy
(Fig. 1) (Gleadow et al., 1986). During the track formation, a fission
track becomes discontinuous at each end of the track trajectory,
impeding chemicals for further etching (Meftah et al., 1993; Villa et
al., 1999). This results in the etched lengths, ~16 μm in apatite (Green
et al., 1986), ~11 μm in zircon (Yamada et al., 1995), of fresh (or
unannealed) tracks being slightly shorter than the ranges calculated
by SRIM. Fission tracks are used in thermochronology because the
track lengths gradually shorten due to the thermal annealing at
elevated temperatures below approximately 150 °C over geological
time. In the laboratory, higher temperatures, e.g., 40–360 °C for
apatite (Crowley et al., 1991; Green et al., 1986) and 440–800 °C for
zircon (Yamada et al., 1995), are used to expedite the thermal
annealing process.

The present understanding of the annealing process is largely
limited to mathematical fits to data for etched track-lengths as a
function of temperature, time and composition (Carlson, 1990;
Crowley et al., 1991; Gleadow et al., 2002; Green et al., 1986; Laslett
et al., 1987; Yamada et al., 1995). The internal structure of latent
fission tracks controls the “fading” process and correspondingly the
shortening of track lengths. However, the empirical equations do not
reflect the relation between the internal structure of tracks and their
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Fig. 1. An optical microscopy image of etched spontaneous tracks on a polished internal
surface of apatite crystal. Arrows point to four individual confined tracks exhibiting
original entire track lengths, which are useful for estimating the true length distribution
(Gleadow et al., 1986).
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annealing behavior because the structural information of tracks is lost
due to chemical etching (Carlson, 1990; Crowley et al., 1991). Even a
highly cited physical model of the process has met with considerable
criticism in the absence of actual observations of the atomic-scale
process (Carlson, 1990; Crowley, 1993; Green et al., 1993). Atomic-
scale studies of fission track fading have long been recognized as
needed for the development of quantitative models of fission track
formation and annealing (Carlson, 1990; Gleadow et al., 2002;
Jonckheere and Chadderton, 2002; Rabone et al., 2008).

In contrast to etched tracks, latent tracks can be directly observed
by TEM, (Jaskierowicz et al., 2004), but there has been only a very
limited effort to investigate the annealing behavior of latent tracks by
TEM (Paul, 1993b; Paul and Fitzgerald, 1992; Price and Walker,
1962a). In the absence of atomic-scale studies, the fission tracks in
apatite have been considered to be amorphous (Miro et al., 2005;
Rabone et al., 2008; Tagami and O'Sullivan, 2005; Villa et al., 1999) as
in other minerals, such as zircon (Lang et al., 2008). There has been no
attention given to the influence of the internal structure of a track on
annealing behavior. Previous efforts to compare the change in shape
of single tracks after thermal treatment using the TEM were
unsuccessful (Paul, 1993a). By using advanced TEM techniques, we
have recently shown that the fission tracks in apatite are actually
porous channels of very low atomic density instead of having the
assumed amorphous core (Li et al., 2010). The formation of the
“porous” core results from the irreversible decomposition of fluor-
apatite, and the sublimation of volatile elements along the fission
track during the highly ionizing energy deposition (Li et al., 2010;
Saleh and Eyal, 2005). In this paper, the same latent tracks have been
observed and studied under TEM by both ex situ furnace annealing
and in situ thermal annealing over a range of temperatures. We
compare the annealing behavior and mechanism of the porous tracks
in apatite to that of the amorphous tracks in zircon.

2. Materials and method

Two types of tracks in fluorapatite from Durango, Mexico were
investigated in this study: thermal-neutron induced fission tracks,
and parallel tracks produced by exposing 50 μm thick single crystals
to 2.2 GeV Au ions in 5×1010 ions/cm2. TEM observations of unecthed
tracks are conventionally viewed only when very high track density
(up to 3×1010 tracks/cm2) are present (Fleischer et al., 1975; Price
and Walker, 1962b). However, the density of naturally occurring
tracks created by spontaneous fission of 238U in Durango apatite is too
low for feasible TEM observations. A greater track density (~109

tracks/cm2) was introduced into the crystal structure by thermal
neutron-induced fission of 235U (~1017 n/cm2) in the Georgia Institute
of Technology nuclear reactor. There are no fundamental differences
in the nature of the tracks created by the spontaneous fission of 238U
or the neutron-induced fission of 235U. Heavy ion irradiations were
performed at the UNILAC accelerator of the GSI Helmholtz Centre for
Heavy Ion Research (Darmstadt, Germany) under beam incidence
parallel to the c-axis of the crystals. 2.2 GeV Au ions create tracks of
90 μm length much longer as compared with typical fission fragments
(e.g., 100 MeV Xe ions, ~10 μm). The electronic energy loss per unit
path length of ions, dE/dx, is determined by the mass and kinetic
energy of the projectiles being 16 keV/nm for 100 MeV Xe ions and
26 keV/nm for 2.2 GeV Au ions. However, this difference in energy
loss per unit of depth does not result in significant differences in the
track morphology (Meftah et al., 1993). Parallel tracks were also
produced in natural zircon from Beaune–sur-Arzon, France by
exposing the single crystals to 2.2 GeV Au ions in 5×1010 ions/cm2.
TEM studies were conducted with a JEOL 3011 and a JEOL JEM 2010 F
electron microscope. To avoid possible further irradiation-induced
damage during sample thinning by ion milling, all TEM samples were
crushed and suspended on a carbon film supported by Cu grid. During
TEM observation, the electron current density was kept as low as
possible (0.1 to 1 A/cm2) to minimize electron–irradiation-induced
microstructural changes. The high resolution TEM (HRTEM) images
clearly show that the latent tracks in apatite are actually porous,
significantly different from the amorphous tracks in zircon (Fig. 2).
The bright core and dark fringes can be seen around a track in apatite
when the TEM is at under focus condition, in which a weak lens
focuses the beams slightly below the image plane (Fig. 2a). The
contrast of the porous track can change into a dark core with bright
fringes at the over focus condition, in which a strong lens focuses the
beams slightly above the image plane (Li et al., 2010; William and
Carter, 1996). The Fresnel contrast (the contrast change at different
focus conditions), results from the “density jump” between the tracks
and the surrounding crystalline matrix as a result of the decompo-
sition and mass loss during the formation of the “porous” tracks (Li et
al., 2010; Saleh and Eyal, 2005; William and Carter, 1996). However,
the density change in the amorphous track is insignificant as
compared to that of the porous track. This results in no fringes
around a track in zircon (Fig. 2b), and the contrast of the track remains
dark when the focus is changed. The porous track structure in apatite
provides strong support for the model of “enhanced trapping”
(Shuster et al., 2006) that radiogenic 4He is trapped within zones of
radiation damage, particularly fission tracks. It suggests that zircon, as
a result of amorphous nature of fission tracks, is unlikely to show the
same effect (or at least not by the same mechanism) as does apatite.

Amuffle furnacewas used to perform the ex situ thermal annealing
of the fission tracks with a crushed sample sealed in an Ar-filled tube.
In situ thermal annealing experiments were performed in the JEOL
2010 TEM equipped with a Gatan double-tilt hot-stage specimen
holder with temperatures up to 1000 °C. This enabled us to directly
observe high temperature fission track annealing behavior during the
TEM analysis.
3. Results

3.1. The same fission tracks after ex situ annealing

Paul has reported that latent fission tracks in apatite can still be
seen under TEM after heating at 450 °C for 5 h (Paul, 1993b). This is
seemingly inconsistent with the optical observations that the etchable
tracks completely disappeared at 360 °C for 1 h (Green et al., 1986).
Thus, the observations of annealing behavior of latent tracks by TEM
were thought not to correlate to those of etchable tracks observed by
optical microscopy (Paul, 1993b). Resolution of this inconsistency
requires that the same tracks be observed before and after the
annealing experiments.



Fig. 2. TEM images of latent tracks in apatite and zircon after exposure to 2.2 GeV Au ions in 5×1010 ions/cm2. (a) HRTEM image (inset) shows a porous track in apatite seen from
above. The dark fringes and bright core can be seen around the parallel tracks in apatite at under focus condition. (b) The amorphous feature (inset) is obvious in the core region of
tracks in zircon seen from above. No fringes can be seen around the dark core of the parallel tracks in zircon.
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The same unetched fission tracks after furnace heating were
observed by using a technique as shown in Fig. 3. The TEM images of
fission tracks in fluorapatite were first taken from the crushed
samples deposited on carbon thin film on a copper grid (Fig. 3a and b).
The copper grid was then removed from the TEM and sealed in a glass
tube filled with 1 atm Ar and then heated in a furnace. The grid was
inserted into TEM again to find the same fission tracks after the
thermal treatment. Markers were made on the copper grid in order to
locate the same tracks. Two different locations are shown to reveal
possible changes in morphologies of the same fission tracks before
and after heating (Fig. 3c–f). However, after heating at 400 °C for 2 h,
the tracks showed no obvious fading based on the comparison of the
morphologies of the same tracks before and after heating. This is again
seemingly inconsistent with previous optical microscopy observa-
tions of etchable track lengths in apatite, which appear to entirely
disappear after heating at 360 °C for 1 h (Green et al., 1986). However,
some newly formed gaps due to track fragmentationwere observed as
marked by the arrows (Fig. 3c–f), which may explain the lack of
etchability. One can also notice the change in the relative position or
relative distance between tracks, which results from the tilting of the
samples deposited on the carbon film after the heating.

The annealing temperature was increased to 700 °C and main-
tained for 2 h in another ex situ thermal annealing experiment in an
effort to induce a more obvious change in track morphologies. The
TEM images of fission tracks before and after the heating are shown at
two different locations (Fig. 4a–c). An obvious shrinkage of fission
tracks in apatite can be observed (Fig. 4a and b). In addition, the
fission tracks fragment into droplets, but without much periodicity
(Fig. 4a and b). In another location, an obvious segmentation with
periodic spacing occurs after the heating (Fig. 4c and d). The
segmentation of a highly porous fission track into periodic droplets
is controlled by Rayleigh instability (Glaeser, 2001; Li et al., 2010;
Nichols and Mullins, 1965). Rayleigh instability is known as a
harmonic perturbation of a cylindrical void in a solid or a cylindrical
solid, resulting in disintegration into a row of spherical droplets
spaced at ~8.89R in an idealized situation via surface diffusion
(Glaeser, 2001; Nichols and Mullins, 1965). For a cylinder of radius R
subjected to periodic longitudinal perturbation of wavelength λ, the
amplitude α(of initially infinitesimal α0) at time t can be given by a
growth/decay law (Glaeser, 2001),

α = α0exp½μt�: ð1Þ

The amplification factor

μ =
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R4kT

2πR
λ
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where δs is surface thickness, Ds surface diffusivity, γs surface energy, Ω
atomic volume, k Boltzmann constant, and T temperature. If any
longitudinal perturbation wavelength is longer than the circumference
(λN2πR), the cylinder is unstable, i.e., such perturbation increases in
amplitudewith time. There is a wavelength λM =

ffiffiffi
2

p
ð2πRÞ = 8:89R at

which the perturbation reaches a maximum value and dominates the
evolution of cylinder morphology. The segmentation of a void cylinder
into periodic or nonperiodic droplets at high temperatures has been
reported in alumina (Gupta, 1978) and Ca-doped sapphire (Glaeser,
2001). The segmentation of a cylinder into droplets is energetically
favored because of the strong tendency towards lowering the total
surface area of the chain. The large Dsγs in the porous tracks is the cause
of the segmentation (Glaeser, 2001).

The ability to observe the same track allows us to more precisely
compare the volume change of the periodic segmentation before and
after heating (Fig. 4c and d). The quasi-cylindrical track decays into a
sequence of spherical droplets with average radius of ~1.6R and
average interval of ~13R (R, initial track radius of 2.2 nm). The total
volume of the droplets decreases to approximately 47% to the track
volume before annealing. Therefore, the thermal treatment also
causes the shrinkage of porous tracks, in addition to the periodic
segmentation.

3.2. In situ thermal annealing

The rate for track annealing can be determined by comparing the
morphology of the same tracks before and after heating in an ex situ
thermal annealing experiment under TEM. However, this method

image of Fig.�2


Fig. 3. The same latent fission tracks in apatite shown after ex situ furnace heating at 400 °C for 2 h by the register marks made on the copper grid. (a) Copper grid, (b) particle on
carbon film. (c–d) The TEM images showing fission tracks in a particle before and after heating. (e–f) Fission tracks in another particle before and after heating. The TEM images are
taken at slightly over focus condition. Arrows point to the tracks where some changes in tracks may be seen after heating.
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cannot be used to directly observe the dynamic process, which is
critical to understanding the physics of the mechanism involved in
thermal annealing. In situ thermal-radiolytic annealing of fission
tracks has been previously reported by using a TEM at temperatures
up to 75 °C (Paul and Fitzgerald, 1992). However, at such low heating
temperatures, it would take up to tens ofmillions of years (Gleadow et
al., 2002) to find an observable change under the TEM. Therefore, the
track fading observed in their work was actually induced by the
electron beam instead of the thermal treatment (Paul, 1993a). We
performed in situ thermal annealing of fission tracks in apatite by
using a TEM specimen-heating holder at temperatures up to 1000 °C.
Between the recording of TEM images, the electron beam was moved
away in order to reduce the effects of electron–irradiation-induced
annealing.

We first performed in situ thermal annealing of tracks created in
zircon by 2.2 GeV Au ions (Fig. 5). After heating at 700 °C for 21 min,
there was no apparent change in themorphology of the tracks in zircon
(Fig. 5a and b). When the heating temperature was increased to 800 °C
for additional 16 min heating, the shrinkage of tracks was evident, but
not significant (Fig. 5c). Once the temperature was increased to 900 °C
and stabilized for another 3 min, the tracks disappeared rapidly
(Fig. 5d). This experiment confirms that an increase of the annealing
temperature can significantly reduce the annealing time, which is
consistent with the results of optical observations of etched tracks
(Green et al., 1986; Yamada et al., 1995). This result also suggests that
one may find a suitable temperature between 800 and 900 °C at which
to observe the change in shape of tracks in zircon as a function of time.

A fixed annealing temperature at 830 °C was selected for in situ
thermal annealing of amorphous tracks in zircon (Fig. 6a–d). The TEM
images clearly show the dynamic process of the thermal annealing of
the amorphous tracks in zircon (Li et al., 2010). The amorphous tracks
gradually become narrower and eventually disappear at 90 min.
These observations of the gradual fading process are consistent with
the common theoretical assumption that the annealing of the
amorphous tracks is a defect-elimination process by minor atomic
repositioning (Carlson, 1990; Fleischer, 2004). However, no track
segmentation during the annealing was observed in the amorphous
tracks (Fig. 6a–d), which is significantly different from the porous
tracks in apatite. As compared to those of the porous tracks, the
surface energy and the diffusivity of atoms at the surface of the
amorphous domains of the tracks are too low to allow the
segmentation of a track into separate droplets.

In order to further investigate the differences between the thermal
annealing behavior of amorphous vs. porous tracks, an in situ thermal
annealing experiment of porous fission tracks in apatite was conducted
by heating the sample at 700 °C (Fig. 6e–h). Dark spots from the copper
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Fig. 4. The segmentation and shrinkage of fission tracks in apatite is shown after ex situ
furnace heating at 700 °C for 2 h. (a to b) TEM images of two fission tracks in a particle
before and after heating. The tracks shrink and segment into separate droplets without
much periodicity. (c to d) TEM images of a fission track in another particle before and
after heating showing periodic segmentation, which agrees with Rayleigh instability
model. R, initial track radius, λ, spacing between segmented droplets.
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grid deposited onto the sample surface once the temperature stabilized
at 700 °C. Some fission tracks were filled with copper nano-rods due to
capillary effects at elevated temperature (Borowiak-Palen et al., 2006),
Fig. 5. In situ thermal annealing of 2.2 GeV Au ions induced tracks in zircon at different
temperatures observed by TEM. (a) Room temperature, (b) after heating at 700 °C for
21 min, (c) additional heating at 800 °C for 16 min, and (d) further heating at 900 °C for
3 min. The change in track morphologies is insignificant and slow at or below 800 °C,
while the change is obvious at 900 °C.
providing additional evidence of their porous nature. Similar copper
nano-rods have been seen to form in the hollow channels of carbon
nano-tubes after heating at 600 °C for 8 h (Zhang and Su, 2009). The
thermal annealing behavior of the porous tracks in apatite is
significantly different from that of amorphous tracks in zircon (Li et
al., 2010). Initially, the track radius either shrinks or grows along the ion
trajectorywithoutmuchperiodicity in the intervals (Fig. 6f, after 1 min).
After annealing times in excess of 53 min (Fig. 6g), the fission track
breaks into segments, randomly fragmented along the ion trajectory.
Brownian motion of helium gas bubbles in a vanadium metal has been
previously demonstrated by in situ TEMwith a heating stage (Tyler and
Averback, 1980). It is the random motion of atoms on the void surface
and the large surface energy of voids that account for the random
movement of voids and bubbles (Olander, 1976). The different
annealing behaviors of the porous tracks in apatite as compared with
the amorphous tracks in zircon are consistent with the significant
differences in their internal structure.

Themean lengths of etched tracks parallel to the c-axis (lc) in apatite
were found to be slightly larger than those that are perpendicular to the
c-axis (la) (Green et al., 1986,). Donelick et al. reported that lc is greater
than la in all cases (even at room temperatures), the difference
increasing systematically and continuously as the degree of partial
track annealing increases (Donelick, 1991). TEM observations of latent
fission tracks in apatite show that the average diameter of tracks along
the c-axis is found to be ~9 nm, obviously larger than that of tracks
(~5 nm) perpendicular to the c-axis (Paul and Fitzgerald, 1992). The
formation of larger tracks along the c-axis has been explained as a
result of the anisotropy in the dielectric constants, 9.65 perpendicular to
the c-axis and 7.75 parallel to the c-axis (Rabone et al., 2008). Amoving
charge has the greatest effect on the surrounding ions in the directions
perpendicular to itsmotion. The electricfield of a chargemovingparallel
to the c-axis interactsmore stronglywith the ions closer to the trajectory
than a chargemoving perpendicular to the c-axis, resulting in the larger
tracks along this axis (Rabone et al., 2008). However, the anisotropic
annealing behavior of fission tracks has been explained as a result of the
anisotropic diffusivity (Gleadow et al., 2002) instead of the anisotropic
dielectric constants (Rabone et al., 2008). The channels along the c-axis
of hexagonal structure of fluroapatite favor transport of diffusing
species, resulting inmore rapid annealing of tracks perpendicular to the
c-axis (Gleadow et al., 2002; Green et al., 1986). Track formation is
different from track annealing, but the quench of the hot vapor zone
during track formation (Chadderton, 2003) is actually an extremely
rapid annealing process. This anisotropic quench during track formation
likely causes larger tracks along the c-axis as observed by TEM (Paul and
Fitzgerald, 1992). However, direct observations of the dynamic process
of track annealing in different directions are extremely important for
unraveling the actualmechanism involved in the crystallographic effect.
Weobserved thepreferentialmotionof track segments influorapatite at
700 °C in an in situ thermal annealing experiment (Fig. 7). The breakup
of the track perpendicular to the c-axis into segments is faster andmore
obvious than that parallel to the c-axis (Li et al., 2010). The segments
move and elongate along the c-axis. The preferential motion of the
segments of a track almost perpendicular to the c-axis results in the
formation of several parallel segments along the c-axis, which rotate
almost 90° from the original ion trajectory (Fig. 7d). The preferential
motion of fission-track segments along the c-axis contributes to the
slower annealing and longer etched lengths of tracks along the c-axis.

4. Discussion

4.1. Differences between optical and TEM observations of fission tracks

The thermal annealing rate for unetched tracks in apatite has been
considered not to be consistent with that of tracks after being
annealed and chemical etched based on the differences between the
TEM observations of unetched tracks and the optical observations of
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Fig. 6. In situ isothermal annealing of latent tracks in zircon and apatite observed by TEM. (a–d) At 830 °C, the amorphous tracks created by 2.2 GeV ions in zircon gradually disappear
without track segmentation; (a) before heating, and (b) after 10, (c) 53 and (d) 90 min. (e–h) At 700 °C, a porous fission track in apatite gradually segments into shorter lengths; (e)
before heating, and (f) after 1, (g) 53 and (h) 130 min. Copper “spots” from the TEM grid deposit on sample surface, and the copper nano-rods fill in the porous fission track.
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etched tracks (Paul, 1993b). However, this inconsistency actually
implies that TEM-observable damage remains in minerals well after
etchable tracks have disappeared because of thermal treatment. This
is also reflected in the range difference between etched tracks and
latent tracks immediately after a fission event (Fleischer, 2004; Price
Fig. 7. In situ TEM images showing the preferential motion of fission track segments along [00
during thermal treatment at 700 °C. (a) Before annealing, (b) after 1, (c) 17 and (d) 60 min
et al., 1968). Before discussing the reasons for this apparent
inconsistency observed in apatite, one should clarify the differences
between the two methods.

First, the annealing rate of etchable tracks is determined by
measuring the mean lengths of many etched tracks as observed by an
01] (or the c-axis) of fluorapatite and the slower fragmentation of tracks along this axis
.
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Fig. 8. Comparison of shrinkage mechanism of fission tracks in zircon to that in apatite.
(a) The amorphous track in zircon shrinks by recombination of vacancies and
interstitials in the core. (b) The porous track in apatite shrinks by thermo-emission
of vacancies from the track to the matrix because the significant increase in the product
of equilibrium of vacancy concentration and vacancy diffusivity at high temperatures.
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optical microscope; while the measurement of latent tracks is
determined by comparing the shape change of individual tracks as
observed by TEM. The optical microscope allows one to observe the
entire length of etched tracks. In contrast, the lengths of individual
tracks that can be observed by TEM are limited by the thickness of the
TEM sample and the field-of-view on the TEM viewing screen.
Therefore the track lengths that can be directly observed under TEM
are usually shorter than 1 μm. It is not appropriate to use the
measured track lengths as determined by TEM in order to determine
the annealing rate.

Second, one can observe the dynamic process of annealing of
latent tracks under TEM, but it is impossible to observe them for
chemically etched tracks. The morphology of a fission track is
permanently changed by etching because the etching solution
removes both the track core and some of the surrounding solid
(Crowley et al., 1991). In addition, chemical etching can induce errors
in the length measurements because the etched length of tracks is
controlled, not only by the latent track length, but also by the solution
composition and the etching time (Crowley et al., 1991). Furthermore,
the actual change of track morphology depends on many factors, such
as the annealing temperature, the track radius, its crystallographic
orientation to the surrounding material, the gas content within the
track, and even the uniformity of the track along the ion trajectory.
Therefore, direct TEM observation allows one to determine different
annealing behaviors for individual fission tracks. By observing etched
tracks, one can reveal the difference in final lengths of individual
tracks after the etching, but not their detailed annealing behavior.

Despite the differences discussed earlier, the time and temperature
for the completion of the loss of latent tracks in zircon obtained by TEM
observation are actually consistent with that observed for the
chemically etched tracks. Direct TEM observation shows that the
amorphous tracks in zircon almost disappear at 830 °C after 90 min,
which is consistent with the completion of the fading of etchable tracks
at 800 °C after 60 min (Yamada et al., 1995). The amorphous tracks in
zircon do not segment, and fade in a continuous way at elevated
temperatures due to the recombination of vacancies and interstitials
within the track. The relatively simple annealing mechanism accounts
for the good correlation between the latent and etched tracks in zircon.
However, the etchable tracks are annealed both at lower temperature
(800° vs. 830 °C) and in a shorter time (60 vs. 90 min) thanare the latent
tracks. Given the potential uncertainties in comparing these two
measurements, there is the possibility that after annealing for certain
temperatures and times, radiation damage in zircon is still present and
visible under TEM, but no longer etchable. In contrast, there is a
significant discrepancy in the completion of track disappearance
between the latent and etched tracks in apatite. Based on micro-scale
studies on chemically etched-tracks, it has been generally believed that
etchable fission tracks in apatite completely disappear at temperatures
of ~360 °C within 1 h (Crowley et al., 1991; Green et al., 1985, 1986).
However, remnants of the tracks as demonstrated by TEM observations
of latent track annealing, in the form of isolated segments, are still
present at 700 °C even after times in excess of 130 min. During track
formation, the track becomesdiscontinuous at eachendof a trackwhere
the stopping power (energy loss per unit length, dE/dx) is lower than a
threshold, resulting in the shorter lengths of etched tracks as compared
with the calculated ranges (Meftah et al., 1993; Villa et al., 1999).
Similarly, the discontinuities of tracks in apatite, due to the track
annealing, impede the etching agent from reaching the entire track,
thereby significantly reducing the effectiveness of chemical etching. It is
still possible that the etchable tracks in zircondisappear at slightly lower
temperatures than the latent tracks. However, this difference in
annealing temperature is not as significant as that observed for apatite
because tracks in zircon do not segment. Etched tracks of zircon and
apatite are both widely used for fission track dating, but this difference
in the annealing behavior of latent tracks between these two important
minerals has not been previously noted.
4.2. Mechanisms of track annealing for amorphous and porous tracks

Due to a lack of direct experimental observation, track annealing in
apatite has generally been described as an atom-by-atom recovery of
damage by the recrystallization of the amorphous core, similar to the
process observed in the epitaxial recrystallization of other target
materials (Carlson, 1990; Fleischer, 2004). This results in the gradual
reduction of the observed etched track length. Based on the enhanced
understanding of the internal structure and thermal annealing of
latent tracks by TEM observations, we propose different mechanisms
for the thermal annealing of porous vs. amorphous tracks.

Both the amorphous and the porous tracks shrink in size at
elevated temperatures, but themechanisms are different. For tracks in
zircon, the damage recovery within the core of the amorphous track
results from the recombination of vacancies and interstitials at
elevated temperature (Fig. 8a). The atom-by-atom damage recovery
causes the gradual reduction of track length and gradual reduction of
track radius (Fleischer, 2004). In contrast, the shrinkage of the porous
tracks results from the thermal emission of vacancies from the track
(Fig. 8b). The gradual decrease in size and eventual disappearance of
H2 bubbles in alumina has been observed in situ by heating the sample
up to 225 °C (Furuno et al., 1991). The growth/shrinkage of a gas-free
cavity (a void) is controlled by diffusion of vacancies and interstitials
between the bulk solid and the void surface, which can be expressed
as (Olander, 1976),

Ṙ =
dR
dt

=
Ω
R

DV CV − Ceq
V exp

2γsΩ
RkT

� �� �
−DiCi

� �
; ð3Þ

where R is void radius, CV and Ci concentrations of vacancies and
interstitials in thebulk solid,DV andDivacancy and interstitial diffusivity,
and CV

eq equilibrium vacancy concentration. The vacancy concentration
at the void surface (the second term in the bracket of Eq. (3)) has been
taken as that corresponding to thermodynamic equilibrium in a solid
under a negative hydrostatic stress 2γs/R. The interstitial concentration
at the void surface is effectively zero. Similar to void-shrinkage, the
shrinkage of porous tracks can be neglected at low temperatures due to
the low vacancy diffusivity and the low equilibrium concentration of
vacancies. Whereas, at high temperatures, the porous tracks tend to
evaporate rather than grow because of the rapid increase in vacancy
diffusivity and the equilibrium vacancy concentration, thus making
thermal emission of vacancies from the porous tracks more favorable
(Olander, 1976). However, shrinkage due to thermal emission can
change to pressure-enhanced growth at high temperatures when the
void contains gas and the internal pressure is larger than 2γs/R(Olander,
1976). The growth of the porous tracks in apatitewas noted at the initial
stages of thermal annealing at 700 °C (Figs. 6e and f, and 7a and b),
suggesting the possible existence of a gaseous phase within the track.

image of Fig.�8
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The porous tracks in apatite may contain some of the decomposed
volatile elements from thematrix during the track formation, ormay be
filledwith gas via interactionswith the solid at elevated temperatures or
evenwith the external atmosphere; however this has not confirmed (Li
et al., 2010).

The annealing process of the amorphous tracks is not as complex as
that of the porous tracks (Fig. 9a). The composition of an amorphous
track is not significantly different from that of the surrounding solid. The
small chemical difference results in a low surface tension and the low
mobility of atoms along the track surface. This structure does not favor
track segmentation. Therefore, defect recombination is the main
mechanism for the decrease in size of the amorphous track at elevated
temperatures.

In contrast, the thermal annealing of porous tracks in apatite is a very
complicated processwith several underlyingmechanisms (Fig. 9b). The
porous structure of latent tracks is critical to providing an adequate
physical description for fission track annealing in fluorapatite at
elevated temperatures. The thermal emission of vacancies from the
porous tracks into the matrix accounts for the decrease in track size.
Further, the porous tracks become discontinuous either due to the
mechanisms of Rayleigh instability, Brownian motion or preferential
motion of track segments. The high surface energy of the porous tracks
and their high diffusivity account for the segmentation of tracks and the
movement of the track segments. In addition to the decrease in track
size, the discontinuity of porous tracks significantly reduces the
effectiveness of chemical etching, resulting in the shorter etched track
lengths. Surface diffusion is an importantmechanismbywhichvoids (or
bubbles) in thematerialsmove randomlyorpreferentially along specific
directions if there is potential gradient (Olander, 1976). Random
motions of atoms on the surface of a void result in Brownian motion
of the void. If the atoms move along in a preferred direction, the void
moves preferentially along this direction (Olander, 1976). The Brownian
or preferential motion results from the high surface energy and high
diffusivity of atoms on the surface of voids. Similarly, the random (or
preferential) motion of atoms on the porous tracks causes the random
(or preferential) motion of track segments.

In order to explain the decrease in the rate of shortening over time
that is observed during the isothermal annealing of etched tracks,
Carlson has proposed a model of axial defect distribution, such that the
Fig. 9. Comparison of (a) track annealing mechanism of amorphous core to (b) that of
porous core. The etchability of porous tracks is controlled by the gradual shrinkage and
the discontinuity of fission tracks, which is either caused by Rayleigh instability, by
Brownian motion or by preferential motion of track segments due to the high surface
energy and high diffusivity of atoms on the inside surface of porous tracks.
defect density drops off muchmore rapidly with distance at small radii
than for the larger radii of tracks (Carlson, 1990). According to this
assumption, the defect density of a disrupted zone would gradually
decrease to that of the surrounding crystal near the track boundary.
However, this assumption disagrees with the sharp boundary that is
observed by HRTEM (Fig. 2a and b) and in other studies (Lang et al.,
2008; Vetter et al., 1998). In fact, the radius change of a fission track
along the ion trajectory alone may result in the decrease of the
shortening rate for isothermal annealing. An amorphous track with
small radius completes defect elimination muchmore rapidly than that
of a track with a larger radius. The fading of porous tracks is more
complicated, but the faster annealing rate for the smaller radius is the
sameas that for amorphous tracks. According toRayleigh instability (see
Eq. (2)), the fading rate of a porous track is very sensitive to track radius,
and a track with smaller radius anneals much faster. For an individual
track created by a fission fragment pair, the radius is largest near its
middle where the fission event occurred, and decreases toward each
end of the track as the dE/dx decreases approximately linearly along the
ion trajectory (SRIM, 2006). At elevated temperatures, the track begins
to fade at each end, where the radii are smaller, and the fading gradually
approaches that of the larger radius at the centre of the track. A
calculation based on the Szenes model (Szenes, 2000) shows that the
track radius is approximately proportional to,(a−bx)1/2, a and b are
constants, and x target depth along the ion trajectory. The square root
relationmeans that, along the ion trajectory, the track's radius deceases
slowly in the middle of a track, and decreases rapidly near each end of
the track (as illustrated in Fig. 9). Therefore, the convex shape of the
track profile can result in a decrease in the shortening rate, as has been
observed by isothermal annealing of etchable tracks. The experimen-
tally obtained profile of a latent track created by afission fragment is not
available, but this description would be more convincing if the square
root relation could be confirmed. More atomic-scale studies are
necessary in order to investigate the defect distribution and subsequent
defect elimination processes.
5. Conclusion

We have compared the thermal annealing behavior of latent tracks
in apatite and zircon by TEM. Remnants of latent fission tracks in apatite
heated at 700 °C for 130 min can be observed by TEM,which is different
from the observation of etchable fission tracks in apatite that are
completely removed by annealing at 360 °C for 1 h (Green et al., 1986).
In contrast, the complete removal of the amorphous tracks in zircon
heated at 830 °C for 90 min, as observed by TEM, is similar to that of
ecthable tracks, which disappear at 800 °C after 60 min (Yamada et al.,
1995).Due to thehigh surfaceenergy andhighdiffusivity of atoms in the
porous tracks of apatite, these tracks segment on annealing, preventing
etchant solutions from entering into the porous tracks and significantly
reduce the etched track length.

In situ thermal annealing experiments of the latent tracks
demonstrate that the annealingmechanisms proposed for amorphous
tracks in zircon are entirely different from those of the porous tracks
in apatite. Both types of tracks in apatite and in zircon decrease in size
at elevated temperatures. However, the shrinkage of the track in
apatite results from thermo-emission of vacancies from the porous
channel, as compared with the recombination of vacancies and
interstitials with an amorphous track in zircon. The high surface
energy and high diffusivity of atoms on the track surface results in
Rayleigh instability of the porous track, as well as Brownian or
preferential motion of track segments. The random motion of atoms
on the surface of porous tracks accounts for the Brownian motion of
track segments. The preferential motion of atoms along the c-axis of
fluorapatite causes the more rapid annealing of fission tracks
perpendicular to the c-axis. The distinctive thermal annealing
behavior of apatite is consistent with the porous nature of the tracks.
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