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Abstract

The diffusion of defects (e.g., vacancies and interstitials) and elements used for dating (e.g., He and Pb) in a mineral struc-
ture is a thermal process: This is the primary assumption used to determine the age and thermal history of minerals. For
instance, thermal history reconstruction, through the number and length distribution of tracks produced by spontaneous fis-
sion of 238U, is obtained by assuming a thermal event to be the only energy source for shortening of fission tracks. Here, we
report a new, non-thermal energy source that induces additional shortening of fission tracks by the irradiation of alpha-recoils
from the alpha-decay of 238U and 232Th. We simulate alpha-decay induced track-shortening by combining ion accelerator
irradiations with transmission electron microscopy. This allows for the first observation of track-shrinkage during in situ

ion irradiation. We show that rather than alpha-particles, alpha-recoils induce a significant shortening of fission tracks by
nuclear-collisions. The shortening of track-length can be quantified as a function of alpha-decay event dose. However, apatite
is less sensitive than zircon to this non-thermal process. The findings exemplify the interactions among different types of self-
irradiation from alpha-particles, alpha-recoils and fission-fragment nuclei in single mineral grains and have important impli-
cations for the use of zircon and apatite for radiometric dating and thermochronology.
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1. INTRODUCTION

Internal irradiation by alpha-decay and spontaneous fis-
sion events creates alpha-recoil damage and fission tracks,
respectively. However, radiation may induce the recovery
of preexisting radiation damage under certain circum-
stances. This has a profound impact on the mobility of
defects (e.g., vacancies and interstitials) and elements used
for dating (e.g., He and Pb) at the atomic-scale (Cherniak
et al., 1991; Gleadow et al., 2002; Shuster et al., 2006),
thereby influencing the interpretation of the age and ther-
mal history for the geological processes at the Earth’s larger
scale (Lee et al., 1997; Valley et al., 2014; Kusiak et al.,
2015; Gerin et al., 2017; Willett et al., 2017). Ionization-
induced annealing of preexisting radiation damage (e.g.,
alpha-recoil damage) by ions with energies ranging from
low energy alpha-particles (Ouchani et al., 1997; Li et al.,
2017), intermediate (Zhang et al., 2015) and swift
(Benyagoub et al., 2006) energy ions, has been documented
in some nuclear materials used for stabilizing and immobi-
lizing radioactive waste. Assuming similar radiation-effects
for minerals in nature, interactions between the two types
of internal irradiation (or self-irradiation), could potentially
lead to alpha-decay induced shortening of fission tracks;
thus, track length should also be a function of alpha-
decay event dose. However, until now, heat has been used
as the only energy source for the recovery of radiation dam-
age in both fission track and (U-Th)/He thermochronology
(Laslett et al., 1987; Ketcham, 2005; Shuster and Farley,
2009; Reiners et al., 2017), and thermal histories are recon-
structed by combining the distributions of etched track-
length with the apparent fission track age (Gleadow et al.,
1986; Tagami et al., 1990; Ketcham et al., 1999; Gleadow
et al., 2002; Ketcham, 2019).

In apatite [Ca5(PO4)3(F, Cl, OH), P63/m] from
Fennoscandia, alpha-decay induced annealing of fission
tracks has been proposed as the cause of the observed
younger fission-track ages and shorter mean track-length
at higher a-doses (Hendriks and Redfield, 2005, 2006). A
similar trend has also been found in apatite from other
places (McDannell et al., 2019) and in zircon (ZrSiO4,
I41/amd) (Carter, 1990; Shi et al., 2019), showing younger
fission-track ages with increasing U concentration. Lacking
experimental evidence, however, this speculation has met
intense rebuttals, mainly on the reliability of the observed
trend (Green and Duddy, 2006; Larson et al., 2006; Kohn
et al., 2009). First, rather than by the self-irradiation from
alpha-decay, the distribution of etched track-lengths can
be significantly complicated by other factors, e.g., the crys-
tallographic orientations (Green and Durrani, 1977;
Donelick, 1991), the varied thermal histories of the samples,
and the different production-times of individual fission
tracks accumulated over time in a sample. Second, the con-
centration of Th is often not measured but is required in
order to calculate the correct a-doses on existing fission
tracks. The contribution of Th to alpha-decay event dose
cannot be neglected, especially in minerals with high Th/
U ratios.

Fission track thermochronology, often jointly used with
the (U-Th)/He or U-Pb methods, has found widespread
application in studies of tectonics, landscape evolution
and basin analysis (Gallagher et al., 1998; House et al.,
2002; Chew et al., 2011; Wang et al., 2012; Karlstrom
et al., 2014; Schildgen et al., 2018). However, there have
been no studies that have separated the possible fission-
track shortening induced by alpha-decay from that induced
thermally, despite the importance of this issue.

In this study, we simulate the alpha-decay induced
effects on latent, or unetched, fission tracks by combining
ion beam irradiation with transmission electron microscopy
(TEM). This enables the observation of the morphological
change of latent ion-tracks during in situ irradiations using
1 MeV Kr2+ ions (simulating alpha-recoils) or 400 keV He+

ions (simulating alpha-particles). In contrast, the gradual
change cannot be seen using etched fission tracks, since
the latent tracks are fully removed once they are etched.
These simulations are implemented in three sequential
steps: (i) production of parallel tracks created by ions with
masses and energies of fission fragments using an accelera-
tor, (ii) preparation of 50 nm-thick TEM specimens con-
taining parallel ion-tracks by the diamond-knife cutting
method (Li et al., 2012), and (iii) subsequent in situ TEM
observations of track-shrinkage induced by ion-
irradiations using another ion beam accelerator that simu-
lates the alpha-decay event effect. The contribution of
alpha-recoils to track-shortening has been generally
neglected, because alpha-recoils produce rather than
recover damage. However, we show that instead of alpha-
particles, alpha-recoil nuclei produce even more severe
track-shrinkage by nuclear collisions with the track. The
shrinkage of fission tracks induced, either thermally or by
nuclear-collisions, inhibits chemicals used for etching from
advancing along the track, leading to a similar shortening
of etchable tracks. More importantly, the present study
shows that zircon is more sensitive than apatite to alpha-
recoil-induced shortening of fission tracks. In addition, zir-
con normally experiences much higher a-doses in nature
than apatite. Thus, the length-shortening in fission tracks
induced by alpha-decay must be considered in zircon but
may be neglected in apatite.

2. METHODS

2.1. Ions for simulating self-irradiation

The main sources of self-irradiation in minerals are from
alpha-decay events and fission events. An atom of 238U fis-
sions (Murakami et al., 1991; Gleadow et al., 2002) into a
pair of heavy fission fragment (e.g., an 80 MeV Xe ion in
Fig. 1a) and light fission fragment (e.g., 107 MeV Kr ion
in Fig. 1b) traveling in opposite directions and creating a
damage trail by electronic excitations, which is approxi-
mately 9–13 mm in length in each direction. Therefore, the
tracks induced by either 80 MeV Xe or 107 MeV Kr ions
can be used to simulate one-half of a fission track. These
two types of ions produce no significant differences in the
track-diameter, even in different target materials (e.g., apa-
tite and zircon in Fig. 1a, b), since they are similar in elec-
tronic energy loss per unit depth, �(dE/dx)e, as a function
of target depth. Much more commonly, an atom of 238U



Fig. 1. Electronic and nuclear energy losses, �dE/dx, as a function of target depth, x, are calculated by SRIM program for the ion-irradiation
at different conditions. (a) 80 MeV Xe ions (i.e., simulating heavy fission fragment), (b) 107 MeV Kr ions (simulating light fission fragment),
(c) 70 keV Th ions (alpha-recoils), (d) 4.5 MeV He ions (alpha-particles), (e) 1 MeV Kr2+ ions (simulating alpha-recoils), and (f) 400 keV He+

ions (simulating alpha particles). For the in situ TEM ion irradiation experiments (e and f), one must ensure that the incident ions penetrate
the sample thickness �50 nm (marked by orange boxes).
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decays into a pair of alpha-recoil (e.g., 70–100 keV Th in
Fig. 1c) and alpha-particle (e.g., 4.5 MeV He in Fig. 1d),
with an ion-range of �25 nm and �14 mm, respectively in
opposite directions (Ketcham et al., 2013). The ratio
between alpha-decay events and fission events is �2 � 106

for 238U and is even higher in the presence of a significant
amount of 232Th, providing for a higher dose of alpha-
decay events in latent fission-tracks. In order to simulate
alpha recoils, the incident ions should be dominated by
nuclear collisions, or �(dE/dx)n (Fig. 1c, e), which pro-
duces damage (vacancies and displacements). Whereas,
for simulating alpha-particles, the incident ions should be
dominated by electronic interactions, that is, �(dE/dx)e
(Fig. 1d, f), which may induce recovery of alpha-recoil
damage in some materials, such as apatite (Li et al., 2017).

In the last two decades, 1 or 1.5 MeV Kr2+ ions have
been routinely used in in situ ion-irradiation experiments
to simulate alpha-recoils, since the two energies of Kr2+
ions are both dominated by ballistic interactions between
the incident ion and the target atoms (Fig. 1c, e) (Wang
et al., 1994; Wang et al., 2000; Li et al., 2017). In contrast,
typical alpha-recoil nuclei, such as 70 keV Th ions (Fig. 1c),
are actually unsuitable for simulating alpha-recoils for
in situ ion-irradiation due to their insufficient ion ranges,
which are needed to penetrate the TEM sample thickness.
The dose of Kr ions can be converted into the equivalent
dose of alpha-recoils by assuming the same amount of dis-
placements per atom, or dpa, produced by 70 keV Th ions
moving along the entire ion range (Fig. 1c) and by 1 MeV
Kr2+ ions penetrating the sample thickness of 50 nm
(Fig. 1e) (Li et al., 2017). For example in apatite, a fluence
of 1.0 � 1014, 1 MeV Kr2+ ions/cm2, DKr, in this experi-
ment has an equivalent effect along the sample thickness
�50 nm (Fig. 1e) as that of 1.17 � 1019, alpha-recoils/cm3

(or 3.66 � 1018 a/g), Da, in nature (Fig. 1c) using the
equation Da = DKr(nKr/na), where nKr = 0.83
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displacements/(ion.Å), and na = 715 displacements/a can
be estimated by the simulation program SRIM (Ziegler
et al., 2010). In zircon, for the same Kr ion-fluence, the
equivalent dose is 1.35 � 1019 alpha-recoils/cm3 (or
2.87 � 1018 a/g), where nKr = 1.10 displacements/(ion.Å),
and na = 817 displacements/a.

The 400 keV He+ ions have also been routinely used to
simulate alpha-particles since they both dissipate most of
their energy by electronic excitations (Ewing et al., 2003;
Li et al., 2017). Despite having a lower energy than
alpha-particles, 400 keV He+ ions can penetrate the TEM
sample thickness of approximately 50 nm in apatite, with
an electronic stopping power that is similar to that of
alpha-particles (Fig. 1d, f) (Li et al., 2017). A fluence of
1 � 1016, 400 keV He+/cm2, DHe, has an equivalent effect
along the sample thickness �50 nm as that of a naturally-
occurring dose, Da, �1 � 1019 a/cm3 (or 3.13 � 1018 a/g)
along the entire length LHe = 14 mm of the 4.5 MeV alpha
particle track, that is, DHe ffi 0.7DaLHe, by assuming that
the He+-ion-irradiations in this experiment and the alpha-
particles in nature produce the same average fraction of
electronic energy-loss-affected volume (Li et al., 2017).

As each alpha-decay event produces an alpha-particle and
an alpha-recoil nucleus, thedoses of alpha-particles and alpha-
recoils are the same. Thus, we can use the above two equations
to establish an important connection among alpha-particles,
alpha-recoils, 400 keV He+ ions, and 1 MeV Kr2+ ions in
order to compare their corresponding radiation-induced
effects in both the experiments and in nature.

2.2. The three-step experiments

Fission tracks were simulated by producing parallel ion-
tracks in apatite and zircon with ions having typical masses
and energies of fission fragment. Two single crystals, i.e., a
Durango fluorapatite (density: 3.2 g/cm3) and a flux-
method-synthesized zircon (density: 4.7 g/cm3) (Zhang
et al., 2008), were used in order to see if the alpha-decay
induced response of fission tracks depends on the target
material. High-quality single-crystals, with a size larger
than �3 mm, are necessary for the very delicate microtome
cutting in the next step. However, natural zircon samples
are usually too brittle due to their having many fractures
and voids. Synthesis of high-quality large fluorapatite single
crystals is unnecessary as such large (size: 5–8 mm) high-
quality single-crystals are easy to obtain in Durango apa-
tite. In apatite, 80 MeV Xe ions were used at the Cyclotron
DC-60 at the National Nuclear Centre in Kazakhstan to
produce ion-tracks along the c axis of 200 lm-thick-slices
of apatite, after heating at 500 �C for 5 h to fully remove
the pre-existing alpha-recoil damage and fission tracks. As
the density of fission tracks in natural apatite is too low
(�106 tracks/cm2) to be observed by TEM, a much higher
density (5 � 1010 ions/cm2) of ion-tracks was produced
and used in this work. At the same time, this track density
is low enough not to influence the behavior of the materials.
In the case of zircon, ion-tracks were created along the c

axis of 200 lm-thick-slices of zircon by 107 MeV Kr ions
using a fluence of 5 � 1010 ions/cm2 at the IC-100 cyclotron
at the Flerov Lab. of Nuclear Reactions in Dubna, Russia.
Cross-sectional TEM specimens containing parallel ion-
tracks were prepared by cutting the 80 MeV Xe ion- or
107 MeV Kr ion-irradiated sample along the ion paths with
a diamond knife by the microtome cutting method (Li
et al., 2012). As track-radius R decreases with decreasing
electronic stopping power along the incident ions (Fig. 1a,
b), tracks with different diameters were obtained in TEM
sectioned slices from different target depths, x. This method
also ensures that all the ion-tracks are parallel to the c-axis
of apatite and zircon, and all the TEM sections have a uni-
form sample thickness and identical crystallographic orien-
tation. The irradiated specimens were thinned to a thickness
slightly greater than 10 lm for apatite, and �30 lm for zir-
con, by mechanical polishing the unirradiated surface. A
thin layer of gold �20 nm was deposited on the irradiated
surface as a ‘‘surface marker” before the specimen was pol-
ished and then mounted in the microtome. The automatic
advance of the mounted specimen, �50 nm for each cut,
controlled the thickness of the sectioned slices that were
floated on distilled water before being loaded onto a carbon
thin-film TEM grid.

The alpha-decay induced shrinkage of fission tracks was
simulated by in situ irradiations of 1 MeV Kr2+ ions or
400 keV He+ ions. Thermal annealing takes place at room
temperature in hours or days immediately after the forma-
tion of fission tracks, but no additional reduction of track-
length can be measured at room temperature after one
month (Donelick et al., 1990; Tamer and Ketcham, 2020).
Thus, the chance of room-temperature thermal-annealing
was low in this study, as at least 3 years passed between
track creation and TEM observation. This ensures that
the fission-track shortening induced by alpha-decay can
be separated from that induced thermally by using ion-
irradiation experiments at room temperature. The morpho-
logical change of the ion-tracks was directly recorded at
room temperature or 150 �C using a TEM connected to
the beam line of the IVEM Tandem Facility at the Argonne
National Laboratory. A hot-stage TEM specimen holder
was used to heat the ion-tracks during the ion-
irradiations. Since the temperature at the specimen holder
tip was monitored by a hot-stage controller, it was main-
tained near the temperature of the specimen stage. The
ion beam was incident at 30� from the microscope optic axis
and electron beam. This setting assured that the ion beam
was perpendicular to the specimen during the ion irradia-
tions, and at the same time it allowed for imaging the mor-
phologies of the specimen in the interval of the ion
irradiations by tilting 30� back to align the specimen per-
pendicular to the electron beams. Ion dosimetry was mon-
itored using Faraday cups within the microscope and 2 cm
from the sample. The flux (or fluence rate) for the ion irra-
diations of 1 MeV Kr2+ and 400 keV He+ was approxi-
mately 2.50 � 1011 Kr2+ ions/cm2/s and 6.25 � 1011 He+

ions/cm2/s, respectively. These fluxes are low enough to
avoid any thermal effect on the irradiated specimens. Dur-
ing each interval of ion-irradiation, the time required to
take a TEM image of the ion-tracks of interest was mini-
mized to �1 s, and the electron-beam current was kept as
low as possible (0.1–1 A/cm2) to minimize the electron-
beam induced damage on the ion-tracks. The in situ TEM
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has the advantage of maintaining the image settings, such
as the focus conditions and the beam size (Paul and
Fitzgerald, 1992). This greatly minimizes the errors in the
measurements of the track-diameter.

3. RESULTS

3.1. The 1 MeV Kr2+ ion irradiation of apatite tracks at

room temperature

The morphological changes (e.g., local track radius) of
parallel 80 MeV Xe ion-induced tracks in apatite were
recorded at room temperature (RT) during in situ TEM
ion-irradiations with 1 MeV Kr2+ ions to simulate the
alpha-recoil (e.g., 70 keV Th) induced shrinkage of fission
tracks. The irradiation properties of these ions are detailed
in Fig. 1. The track-profile of 80 MeV Xe ions in apatite
was previously obtained by measuring the track-diameter,
d, at each location along the entire track length (or the dis-
tance to the irradiated surface), x, up to 8.7 mm (Li et al.,
2012). Thus, three TEM sections containing parallel tracks
with initial mean track-diameters: 8.9, 5.2, and 2.7 nm, were
selected to represent one half of a fission-track at a distance,
x = 0, 4.8 and 7.0 mm, respectively, from the irradiated
surface.

The gradual shrinkage of unetched ion-tracks is evident
by visually comparing the change of track-size as the ion-
irradiation fluence increases from 0 to 9.4 � 1014 Kr2+/
cm2. For each initial diameter, four representative images,
selected from up to 16 ion fluences, of the ion-tracks before
and at each of the three intervals of ion-irradiations are
shown in Fig. 2. The tracks with a smaller mean diameter
(e.g., 2.7 nm in Fig. 2i–l) shrink at a faster rate than the
wider tracks (e.g., 5.2 nm in Fig. 2e–h and 8.9 nm
Fig. 2a–d), similar to the faster fading rate of smaller latent
fission tracks upon heat treatment - as observed by in situ

thermal annealing experiments (Li et al., 2012). However,
track-shrinkage cannot be visually observed at the lowest
fluence 3.1 � 1012 Kr2+ ions/cm2. The track shrinkage is
not evident until �6.3 � 1013 Kr2+/cm2 (see the relatively
smaller tracks in Fig. 2f, j), or the equivalent of
2.3 � 1018 alpha-recoils/g. See dose-conversion in Methods.
Thus, this fluence (or dose) can be considered as the critical
fluence at which the track-shrinkage is first apparent. Note
that in natural apatite, the typical dose for tectonically
active area is between 1015 and 1016 a/g (Gleadow et al.,
2002), and up to 2.7 � 1017 a/g for deep time ther-
mochronology (Danisik et al., 2010; Recanati et al., 2017;
Ault et al., 2019). The in situ Kr2+ ion irradiation experi-
ment suggests that in nature such alpha-recoil induced
shrinkage of fission tracks is not significant even when the
alpha-dose reaches a very high value, e.g., 1 � 1018 a/g
(see a more quantitative analysis in Discussion).

3.2. The 400 keV He+ ion irradiation of apatite tracks at

room temperature

The morphology of parallel 80 MeV Xe ion-induced
tracks in apatite was recorded by TEM during in situ irra-
diations of 400 keV He+ ions at room temperature in order
to compare the alpha-particle (e.g., 4.5 MeV He ions,
Fig. 1) induced shrinkage of fission tracks with the shrink-
age induced by alpha-recoil nuclei. No distinct shrinkage,
or morphological change in the ion-track can be detected
at relatively low He+ ion fluences equal to or below
8.8 � 1015 He+/cm2 (Fig. 3a–c), or equivalent to
2.8 � 1018 alpha-particles/g (see dose conversion in Meth-
ods) for tracks with an initial mean diameter of 3.45 nm
at a target depth �6.5 mm from the irradiated surface.
When the He+ ion-fluence reaches the highest value of
2.0 � 1016 He+/cm2 (or equivalent to 6.4 � 1018 alpha-
particles/g in Fig. 3d) after more than 8 hours of ion-
irradiation within the TEM, the shrinkage of ion-tracks is
still insignificant, except that now additional ‘‘gaps” can
be found in some ion-tracks. In contrast, significant shrink-
age due to Kr2+ ion irradiation is evident at 6.3 � 1013

Kr2+/cm2 (equivalent to 2.3 � 1018 alpha-recoils/g, see
Fig. 2i–j, e–f) for tracks with similar track-diameters. This
suggests that the morphological change produced by
alpha-recoils is more significant than that caused by
alpha-particles. As the alpha-decay event doses are seldom
above 2.7 � 1017 alpha/g in apatite (Recanati et al., 2017),
the He+ ion irradiation experiment indicates that the
alpha-particle-induced track annealing can be neglected in
apatite.

In the target material, no morphological change can be
seen during the He+ ion irradiations up to a fluence of
2.0 � 1016, 400 keV He+/cm2 (Fig. 3d). The damage pro-
duced by both 400 keV and 4.5 MeV He+ ions is insignifi-
cant since their major energy loss occurs by electronic
interactions (Fig. 1). This is significantly different from
the gradual amorphization of the target material upon the
nuclear collisions by 1 MeV Kr2+ (Fig. 2), as evidenced
by the initial formation of separate ‘‘mottled” regions
between fluences of 0–2.5 � 1014 Kr2+ ions/cm2 (yellow
arrows in Fig. 2k-l).

3.3. The 1 MeV Kr2+ ion irradiation of apatite tracks

at 150 �C

In order to investigate whether elevated temperature
influences the alpha-recoil induced shrinkage of fission
tracks, the morphology of parallel 80 MeV Xe ion-
induced tracks in apatite was recorded by TEM during
in situ irradiations of 1 MeV Kr2+ ions at 150 �C. At this
temperature, the thermally-induced recovery of ballistic-
impact-induced damage in fluorapatite becomes effective
but is still lower than the production of damage from
the ballistic impacts of the ion-irradiation because previ-
ous experiments have indicated that above a critical amor-
phization temperature, �200 �C, fluorapatite cannot be
fully damaged and remains crystalline (Wang et al.,
1994). The elevated temperature (150 �C) was too low to
produce any detectable thermal-annealing effect of latent
fission tracks in less than 20 minutes during this experi-
ment. In contrast, it takes millions of years for an obvious
change to occur in the fission tracks heated at 60–110 �C
in nature (Green et al., 1986; Crowley et al., 1991;
Carlson et al., 1999; Gleadow et al., 2002; Gleadow and
Seiler, 2015).



Fig. 2. TEM images show in situ 1 MeV Kr2+ ions (simulating alpha-recoils) induced gradual shrinkage of parallel tracks produced by
80 MeV Xe ions (simulating fission tracks) in apatite at room temperature. The tracks (red arrows) in each of the three apatite sectioned slices
have a similar initial mean track-diameter d (two red parallel lines). As shown at four different representative fluences, the wider ion-tracks,
e.g., with (a–d) a diameter of d = 8.9 nm, shrink at an obviously slower rate than the smaller tracks, e.g., with (e–h) d = 5.2 nm, and (i-l)
d = 2.7 nm. The track-shrinkage is first apparent (f, j) at �6.3 � 1013 Kr2+/cm2, or equivalent to 2.3 � 1018 alpha-recoils/g. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Here we show that ion-tracks shrink at a significantly
slower rate at 150 �C than those at room temperature.
For example, at the same fluence of 2.5 � 1014 Kr2+/cm2,
an ion-track with initial diameter 8.9 nm shrinks into a line
of broken ‘‘droplets” at room temperature (Fig. 2a–d);
whereas, ion-tracks with the same initial diameter are still
continuous at 150 �C despite the obvious shrinkage in
track-diameter (Fig. S1a–c in the Supplementary Material).
Similar to the room temperature case, tracks with the smal-
ler diameter �3.5 nm (Fig. S1d–f) shrink much faster than
those with larger diameters, e.g., �8.9 nm (Fig. S1a–c) at
150 �C. However, at the elevated temperature of 150 �C,
no morphological changes can be seen in the target material
during the Kr2+-ion irradiations up to a fluence of
2.5 � 1014 Kr2+/cm2 (Fig. S1), which is different from the
severe radiation-induced damage at room temperature
(Fig. 2). This is consistent with previous results, showing
that the accumulation of radiation damage is hindered by
the enhanced thermal recovery (Wang et al., 1994).

3.4. The 1 MeV Kr2+ ion irradiations of zircon tracks at

room temperature

The morphological change of parallel 107 MeV Kr ion-
induced tracks in zircon was recorded by TEM during
in situ irradiations of 1 MeV Kr2+ ions at room temperature



Fig. 3. TEM images show in situ 400 keV He+ ion-irradiation (simulating a-particles) on the parallel tracks (marked by red arrows) pre-
produced by 80 MeV Xe ions in apatite at room temperature. (a–d) No significant shrinkage can be observed at a fluence up to 2.0 � 1016

He+/cm2, or equivalent to 6.4 � 1018 alpha-particles/g. The initial diameter d = 3.45 nm of the tracks is marked by two red parallel lines.
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to determine whether the alpha-recoil-induced shrinkage of
fission tracks depends on the target material. Parallel ion-
tracks with an initial mean diameter of 2.85 nm were
imaged at a target depth around 6 mm from the irradiated
surface. In fact, 107 MeV Kr and 80 MeV Xe ions are sim-
ilar in electronic energy loss, -dE/dx as a function of target
depth (Fig. 1). For a given material, the track-annealing
rate depends on the track diameter (or the corresponding
electronic -dE/dx). Thus, the use of either 107 MeV Kr ions
or 80 MeV Xe ions would not cause a difference in the
track-annealing rate when similar track-diameters are
examined. At an under-focused condition, the amorphous
tracks, which have a smaller difference in internal potential
with the matrix material zircon, appear dark (Fig. 4) and
are significantly different from the bright track-core and
dark fringe noted for the highly porous tracks in apatite
(Fig. 2) (Li et al., 2011).

The striking difference between zircon and apatite is the
much faster rate of 1 MeV Kr2+ ion- induced shrinkage of
the ion-tracks of zircon (Fig. 4, and Fig. S2 in the Supple-
mentary Material). For example, significant shrinkage can
be found in the ion-tracks (d = 2.85 nm) of zircon at room
temperature at a relatively low fluence of 6.3 � 1012 Kr2+/
cm2 (Fig. 4a, b), equivalent to 1.8 � 1017 alpha-recoils/g
(see the dose conversion for zircon in Methods). Such a
low fluence indicates that the alpha-recoil-induced shrink-
age of fission tracks in zircon in nature can be significant
since zircon has a wider range of alpha-decay event doses,
between 1017 and 1019 a/g, due to the high U and Th con-
centrations (up to several thousand ppm) (Murakami et al.,
1991), and the wide range of ages (up to 4.4 Ga) (Valley
et al., 2014). When the fluence reaches �6.3 � 1013 Kr2+/
cm2 for zircon (Fig. 4d), both the ion-tracks and the
surrounding material are highly damaged by the nuclear
collisions of the low-energy heavy-ions, and the contrast
of ion-tracks is weaker. In addition, the fully amorphous
state of the target material is reached at 3.1 � 1014

Kr2+/cm2 (Fig. 4f). At this fluence, the contrast of the
target-material image becomes very weak, the diffraction
rings are diffuse in the inset of diffraction pattern, and no
diffraction spots from the zircon are present - all properties
consistent with the complete loss of crystallinity.

4. DISCUSSION

4.1. Quantification of nuclear-collision-induced track-

shrinkage in apatite

A more quantitative analysis is used to investigate the
shrinkage of ion-tracks with different mean diameters by
measuring the volume change of tracks during the irradia-
tion of 1 MeV Kr2+ ions in apatite (Fig. 5, and Table S1).



Fig. 4. TEM images showing 1 MeV Kr2+ ion-induced gradual shrinkage of parallel 107 MeV Kr ion-tracks (marked by red arrows) with an
initial mean diameter of 2.85 nm (marked by two red lines) in zircon at room temperature (a) before, and (b-f) during the irradiation of 1 MeV
Kr2+ ions. When compared at a similar 1 MeV Kr2+ ion fluence and a similar track-diameter, tracks in zircon shrink at a more rapid rate than
tracks in apatite (refer to Fig. 2).
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For each mean track-diameter (e.g., 8.9, 5.2 and 2.7 nm,
taken at a distance x = 0, 4.8 and 7.0 mm, respectively, from
the irradiated surface), two or three tracks, which should
have a sharp contrast with the background and a uniform
track-diameter along the length, �100–400 nm, are selected
in order to measure the local track-volume, v, at the same
locations (i.e., the distances, x) of these tracks as a function
of ion fluence. Rather than the volume of the entire tracks,
only the local mean track-diameter, d, and the local mean
length, L, can be measured by TEM because of the limited
field view and the varied annealing-rates at different places
along the entire track. The local track-volume is estimated
using v = pd2L/4. The decrease in local track-volume, due
to the formation of obvious gaps or track-segmentation
for the severely damaged tracks, is subtracted from the vol-
ume estimated by the above equation.
The normalized volume as a function of Kr2+ ion-
fluence for any mean track-diameter can be fit by an
equation,

v=v0 ¼ expð�BDKr=T Þ; ð1Þ
where v0 is the initial track-volume, T is sample thickness of
50 nm, and DKr is ion fluence (ions/cm2), or equivalent
alpha-recoil dose, in a/g (or a/cm3). The only unknown
parameter, i.e., the shrinkage parameter B (in cm3/ion),
can be obtained by fitting. The normalized volume of ion-
tracks decreases as the ion-fluence increases. Consistent
with the visual observations, the shrinkage parameter
increases from 2.4 � 10�20 cm3/ion for the largest tracks
(d = 8.9 nm) near the irradiated surface (x = 0 mm), to
4.6 � 10�20 cm3/ion for the medium tracks (d = 5.2 nm),
and to 7.9 � 10�20 cm3/ion for the small tracks



Fig. 5. The normalized volume of ion-tracks in apatite decreases
with increasing 1 MeV Kr2+ ion-fluence (or equivalent alpha-recoil
dose). The normalized volume of 80 MeV Xe ion-induced tracks as
a function of fluence of 1 MeV Kr2+ (triangles) can be fitted by an
equation (solid lines), v/v0 = exp(�BDKr/T). Tracks with a wider
diameter, shrink at a slower rate, or have a smaller constant B that
can be obtained from the fit. The B values for any other track-
diameter can be deduced by fitting the B values of the three
measured diameters, e.g., 8.9, 5.2 and 2.7 nm (inset).

Fig. 6. The shrinkage-rates of ion-tracks for various conditions are
compared using a single physical parameter B. By fitting the
normalized volume of ion tracks as a function of ion-fluence with
the same equation, v/v0 = exp(�BDKr/T), for different combina-
tions (see symbol legends) of (i) track-diameter (in nm), (ii) ion-
types for in situ ion-irradiation (1 MeV Kr2+ or 400 keV He+) and
production of ion-tracks (80 MeV Xe or 107 MeV Kr), and (iii)
target material and irradiation temperature, the corresponding B

value (�10�23 cm3/ion) can be obtained. For the convenience of the
comparison, the fluences of He+ and Kr2+ ions have been
converted into the equivalent alpha-decay event dose, and three
calculated short-dashed or dashed lines have been added.
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(d = 2.7 nm) near the track-end (x = 7.0 mm). As the above
data are obtained from the three representative locations
along the track (see inset in Fig. 5), the shrinkage parameter
at any other location can be estimated by an equation that
is fit to the above three B values as a function of d,

B ¼ B0exp �adð Þ; ð2Þ
where the two fitting parameters B0 and a are 1.346 � 10�19

cm3/ion and 0.201 nm�1, respectively.

4.2. Comparison of different types of track-shrinkage

We further quantify and compare the shrinkage rates of
ion tracks under varying conditions with different combina-
tions of track diameter, ion-types for in situ ion-irradiation
and the production of ion-tracks, target-material and
irradiation-temperature (Fig. 6, and Table S1). Interest-
ingly, the normalized volume at all the conditions can be fit-
ted with Eq. (1). Despite their difference in the units (i.e.,
Kr2+/cm2 vs. He+/cm2), the ion-fluences of Kr2+ and He+

can be converted into the equivalent alpha-decay event
dose, as detailed in Methods. Thus, the shrinkage of fission
tracks under varied conditions in nature can be conve-
niently compared by using the values of B, as obtained from
the fit from in situ ion-irradiations. For example, similar to
the trend found in apatite, wider ion-tracks (orange dia-
monds in Fig. 6) in zircon have a smaller B value than smal-
ler tracks (wine diamonds in Fig. 6), as during the ion-
irradiation the 4.35 nm-wide-tracks (Fig. S2) shrink slower
than the 2.85 nm-wide tracks (Fig. 4). In addition to the fit-
ted curves, three calculated curves (short-dashed or dashed
lines in Fig. 6) are added for the convenience of compari-
son. Consistent with the visual observations, the following
quantified trends can be found in Fig. 6:
(i) In apatite at room temperature, the B value (e.g.,
8.9 � 10�23 cm3/ion for d = 3.45 nm, see black trian-
gles in Fig. 6) of tracks induced by alpha particles is
�2–3 orders of magnitude lower than that
induced by alpha-recoils, e.g., 6.7 � 10�20 cm3/ion
(black dashed line), as calculated using Eq. (2) with
the same d.

(ii) In apatite, a temperature rise leads to a decrease in
the B value of ion-tracks. For example, for the same
d = 4.35 nm, the value of B (5.6 � 10�20 cm3/ion) at
RT (orange dashed line) decreases to 3.0 � 10�20

cm3/ion at 150 �C (orange short-dashed line). The B

value at RT is calculated using Eq. (2), and that at
150 �C is calculated by a linear interpolation of the
two B values, 3.2 � 10�20 cm3/ion for 3.5 nm (violet
open triangles) and 2.0 � 10�20 cm3/ion for 8.9 nm
(red open triangles) at the same temperature.

(iii) Zircon is more sensitive than apatite to alpha-recoil-
induced shrinkage of fission tracks at room tempera-
ture, e.g., for the same track diameter of 4.35 nm, the
B value (14.6 � 10�20 cm3/ion) for zircon (orange
diamond) is distinctly larger than that (5.6 � 10�20

cm3/ion) for apatite (orange dashed line), as calcu-
lated using Eq. (2).

More importantly, without heating the zircon or apa-
tite sample, due to the larger B value, the smaller tracks
near the track-end shrink faster than the larger tracks in
the middle of a fission track. This indicates an impor-
tant relation that can be used to quantify alpha-recoil
induced shortening of track-length as a function of a-
dose.
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4.3. Quantification of radiation-induced track-shortening in

apatite and zircon

In apatite, we further quantify the self-irradiation-
induced shortening of an unetched fission track in order
to bridge the connection to the length analysis of etched fis-
sion tracks, based on the change of the track profile follow-
ing the ion-irradiation. In fact, the track-profile, i.e., the
track-radius at each position along the entire length of
tracks induced by 80 MeV Xe ions - as marked with ‘‘before
irradiation” in Fig. 7a, can be considered as one quarter of
the profile of a latent fission track. The ballistically induced
atomic displacements from alpha-recoils cause not only the
shrinkage of fission tracks but also the shortening of track-
length, since the smaller track-radius inhibits the etching
chemicals from advancing along the track. The change of
track-profile reflects the process of change for the track-
radius at any place along the track at the six, representative
ion-fluences, from 0 (i.e., before irradiation) up to
6.3 � 1014 Kr2+/cm2, selected from up to 16 ion fluences
(Fig. 7a, and Table S2). Since the profile of a fission track
at 0 Kr2+/cm2 is known, the corresponding B at any posi-
tion along the track can be calculated using Eq. (2), and
Fig. 7. The radius and etchable length of 80 MeV Xe ion-tracks in
apatite shrink with increasing fluence of 1 MeV Kr2+ ions or alpha-
recoils. (a) The track-profile shows the decreasing radius at each
position along the entire length of the ion tracks at the six
representative fluences. The radii, marked by the larger open
triangles, are measured at the three representative target depths at
any fluence. Other radii, marked by the smaller solid triangles at
any fluence, are calculated. The etchable lengths of a half of fission
track, are obtained at each of a-doses, by assuming that 80 MeV
Xe ion-induced tracks cannot be etched until the track-radius is
larger than 1.25 nm. (b) The shortening of the etchable length
(orange circles) has an approximate linear-relation with increasing
a-dose. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
then the corresponding radius R at any fluence and any
position can be further calculated by combining Eq. (1)
with R = R0(v/v0)

1/2, where R0 is the radius at 0 Kr2+/
cm2. The calculated radii (solid triangles in Fig. 7a) and
the measured radii (the larger open triangles at three repre-
sentative depths of 0, 4.8, and 7.0 mm) are consistent with
one another.

In apatite, the change in the etchable length of fission
tracks due to alpha-recoil damage is further estimated by
assuming that ion tracks cannot be etched at a target-
depth where the track-radius is below a threshold
(Fig. 7b, and Table S3). In a previous channeling Ruther-
ford backscattering spectrometry and chemical etching
study, four Kr irradiation energies were used to estimate
the threshold �1.8 nm in apatite (Villa et al., 2000), similar
to the thresholds in other oxides (Toulemonde, 1995). In
this study, the threshold can be estimated as 1.25 nm, at
which the etchable length (or the target depth 7.15 mm)
coincides with the contribution of the heavy fission frag-
ment ion (i.e., 80 MeV Xe) to the entire etchable length
(16.3 mm) of a neutron-induced fission track (Green et al.,
1986; Carlson et al., 1999; Barbarand et al., 2003). As com-
pared to the limited number of irradiation energies (Villa
et al., 2000), the track-radius at each place along the entire
length of the 80 MeV Xe ion-tracks at 0 Kr2+/cm2 is
obtained from the track profile, which allows for a better
estimate of the threshold. Note, that the etchable length is
�2 mm shorter than the range of the heavy fission fragment
ions (9–10 mm), as predicted by simulations using SRIM
(Ziegler et al., 2010). By intersecting the profiles of ion-
tracks with the horizonal line of 1.25 nm at a given depth,
the distance from this depth to the irradiated surface
(x = 0 mm) is obtained as the etchable length, e.g., 7.15,
7.08, 6.33, 5.39 and 4.46 mm at 0, 6.3 � 1012, 6.3 � 1013,
1.3 � 1014 and 1.9 � 1014 Kr2+/cm2, respectively. The
shortening of the etchable length, as obtained at the 16
ion fluences, has an approximately linear-relation with
increasing a-dose (Fig. 7b). This indicates that in apatite
(Fig. 7b), the alpha-recoil-induced track-shortening per-
centage, Dl/l0 � 100%, is actually insignificant, where
Dl = l0 � l, l0 is the initial etchable length. Even at an extre-
mely high dose in apatite (Danisik et al., 2010; Recanati
et al., 2017; Ault et al., 2019), e.g., 2.3 � 1017 a/g (blue tri-
angles), the percentage is merely 0.98%, or equivalent to a
shortening of 0.16 mm for a neutron-induced fission track
(etchable length:16.3 mm).

In zircon, a similar approach can be used to estimate the
track-shortening, but with more assumptions and uncer-
tainties, since a similar profile of fission tracks for zircon
is not available (Fig. 8 and Table S3). For simplicity, zircon
is assumed to have the same radius (4.45 nm) for a track at
the irradiated surface as apatite, and the radius at the end-
of-ion range (as simulated by SRIM) is assumed to be zero.
Thus, the track-radius, R, at any target depth, x, along a
heavy fission fragment ion (e.g., 80 MeV Xe ions) before
irradiation, i.e., the track-profile (Fig. 8a), can be assumed
to follow a linear relation R = 5.235 � 10�4 x, where the
constant is obtained from the fit of the two coordinate
points (0 mm, 4.45 nm) and (8.5 mm, 0 nm). Similarly, the
B values for zircon were estimated using Eq. (2), where



Fig. 8. Track-shortening, as predicted by the calculation of
80 MeV Xe ion-tracks, is significantly faster than that in apatite
(refer to Fig. 7), as a result of the larger B and higher a-dose in
zircon. (a) The track-profile shows the decreasing radius at each
position along the entire length of the 80 MeV Xe ion-induced
tracks at the seven fluences. The etchable lengths of a half fission
track, are obtained at each of the a-doses, by assuming that
80 MeV Xe ion-induced tracks cannot be etched until the track-
radius is larger than 2 nm. (b) The shortening of the etchable length
(orange circles) has an approximate linear-relation with increasing
a-dose. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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the two parameters B0 (3.385 � 10�19 cm3/ion) and a

(0.195 nm�1) are obtained by fitting the B values measured
at the two diameters (d: 2.85 and 4.35 nm) (navy circles and
magenta diamonds in Fig. 6). Similar to the case of apatite,
the horizonal line that intersects the track profile at each
alpha-dose is set at 2 nm, which ensures the intersected
point (4.7 mm, 2 nm) at 0 a/g coincides with the contribu-
tion (i.e., l0 ffi 4.7 mm) of the heavy fission fragment ion
(i.e., 80 MeV Xe) to the entire etchable length (11 mm) of
neutron-induced fission tracks before irradiation (Kasuya
and Naeser, 1988; Tagami et al., 1990). The shortening of
the etchable length (orange circles in Fig. 8b) in zircon also
has an approximately linear relation with increasing alpha-
decay event dose. The track-shortening percentages (Dl/
l0 � 100%) due to the self-irradiation of alpha-recoils in zir-
con are found to be significantly greater than that of apa-
tite: At a very low dose in zircon, for example 1.8 � 1017

a/g (blue line in Fig. 8a), the percentage is �3.2%; whereas,
at a normal dose of 1.3 � 1018 a/g (orange line), it increases
to �24.4%.

As compared to zircon, these effects are less effective for
track-shortening in apatite, due to lower alpha-decay event
dose and the weaker bonds that are easier to anneal from
limited alpha-decay damage. These differences in such
radiation-induced effects between apatite and zircon indi-
cate that the younger fission track ages (or shorter track
lengths) at high alpha-decay event doses can be more often
encountered in zircon than in apatite (Carter, 1990;
Hendriks and Redfield, 2005, 2006; McDannell et al.,
2019; Shi et al., 2019)

We further infer that thermal events likely lead to addi-
tional shortening - preferentially at the gaps where the
track-radius is smaller due to the impact of alpha recoils,
as the smaller fission tracks segment more easily at higher
temperature (Li et al., 2011). Upon the direct impact of
an alpha-recoil, a ‘‘gap” up to �2–5 nm (the diameter of
alpha-recoil damaged domain) (Murakami et al., 1991;
Farnan et al., 2007) can be created on the track. The more
rapid shortening of spontaneous fission tracks relative to
that of neutron-induced fission tracks at elevated tempera-
tures has been reported previously in zircon (Kasuya and
Naeser, 1988). The faster shortening rate has not been
explained via coupling the radiation-induced gaps in fission
tracks with higher temperature. The authors have (Kasuya
and Naeser, 1988), however, mentioned that the alpha-
recoil damage hinders the etching of surrounding materials.
This still cannot explain the experimental result that clearly
indicates the gradual increased difference in the etched track
length between spontaneous and neutron-induced fission
tracks at higher annealing temperatures up to 700 �C
(Kasuya and Naeser, 1988), because the thermal treatment
would gradually recover the alpha-recoil damage in the
sample that contains spontaneous fission tracks. Note, that
this track-shortening by coupled radiation and thermal
effects should not be confused with the decreased shrinkage
rate of ion tracks heated at a relatively low temperature
(e.g., 150 �C for apatite in this study) during ion-
irradiation due to a thermally-hampered production of
damage in the tracks. In the laboratory, a much higher tem-
perature (e.g., 300–400 �C for apatite fission tracks)
(Crowley et al., 1991; Gleadow and Seiler, 2015) is required
than that occurring in nature to induce observable thermal
annealing of fission tracks with gaps; however, this has not
been investigated in this study. Currently, the shortening of
etchable fission tracks in nature has been attributed to ther-
mal recovery of damaged zones, and this is the basis for the
determination of thermal history. More work is required in
order to clarify the coupled effects between the damaged fis-
sion tracks and higher temperature. In order to improve the
precision of thermal history reconstruction, investigators
must consider the impact of alpha-recoil damage.

In summary, in situ ion irradiation experiments and sub-
sequent quantitative analysis indicate that the shrinkage of
the track-volume upon the direct impact of low-energy
heavy-ions leads to the shortening of ion-tracks in addition
to the well-known thermally induced track-shortening. The
shrinkage rate can be quantified and compared by a physi-
cal parameter B for tracks under different conditions. The
shortening of fission tracks is induced by the direct impact
of alpha-recoils, rather than by the alpha-particle-induced
damage recovery. In zircon, even at an extremely low flu-
ence, the radiation-induced shortening of etchable track
length is significant, thus the non-thermally induced
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track-shortening should be considered in zircon. However,
this shortening may be neglected in apatite because of the
2–3 times lower B value and the much lower dose of
alpha-recoils (Gleadow et al., 2002; Danisik et al., 2010;
Recanati et al., 2017; Ault et al., 2019).
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