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Abstract 

Using synchrotron small angle X-ray scattering we determine the ‘latent’ track morphology 

and their annealing kinetics in the Durango apatite. The latter, measured during ex situ and 

in situ annealing experiments, suggests structural relaxation followed by recrystallisation of 

the damaged material. The resolution of fractions of a nanometer with which the track radii 

are determined, as well as the non-destructive, artefact-free measurement methodology 

shown here, provides a new means for in-depth studies of ion-track formation in natural 

minerals under a wide variety of geological conditions. 
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Introduction 

Minerals, such as apatite (Ca10(PO4)6(OH, F, Cl)2) and zircon (ZrSiO4), can 

incorporate and retain trace amounts of uranium and thorium. The spontaneous fission of 
238U leads to two energetic nuclear fragments, which slow down in matter predominantly 

by electronic excitations and induce narrow cylindrical trails of highly damaged material 

just a few nanometers in diameter and several micrometers in length, so called ‘fission 

tracks’ [1]. At elevated temperatures, these tracks shrink in size and fragment into sections 

until they are completely annealed [1]. Fission tracks are used for determining the age and 

thermal history of Earth’s crust [2-7], and taken together with other techniques, to infer 

rates of tectonic uplift and landscape evolution [8]. The current fission-track dating 

technique utilizes chemical etching, which preferentially attacks the radiation-damaged 

volume in the undamaged bulk, to enlarge the nanometer sized latent tracks such that they 

can be easily observed by optical microscopy [9]. The number-density and length 

distribution of an etched-track population correlated with the present uranium content are 

then used to determine the age and thermal histories of archaeological and geological 

samples [2-7]. The etching, however, completely erases the initial damage structure so that 

essential information on the actual scale of the underlying radiation damage is irrevocably 

lost. Little is known about the primary, ‘latent’ damage track, and how its morphology 

depends on geological parameters such as pressure, temperature and mineral composition 

[10, 11]. It is precisely this missing information that is required in order to fully interpret 

and explain the details of fission-track dating and interpretation of etched-track 

distributions [7, 12].  

The detailed study of ion-track [13] damage is challenging, since the damaged zones 

are often characterised by only subtle changes when compared with undamaged material. 
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Synchrotron based small angle X-ray scattering (SAXS) therefore becomes a powerful tool 

for studying ion-track damage, as it is sensitive to small density changes at the nanometer 

scale that often occur in the damaged regions [14-16]. Here, we demonstrate the 

unprecedented precision with which SAXS delivers details of a specific ion-track 

morphology and its annealing kinetics in high-energy ion irradiated Durango apatite, 

measured as an average over millions of tracks at a time during ex situ and in situ annealing 

experiments. 

Experimental 

We have irradiated samples of 30-40 μm thick Durango apatite at the UNILAC accelerator 

at the GSI Helmholtz Centre using 2.2 GeV 197Au ions, 1.4 GeV 129Xe ions, and 1.1 GeV 
101Ru ions to a fluence of 5×1010 ions/cm2, and 0.64 GeV 58Ni ions to a fluence of 2×1012 

ions/cm2. The range of all ions exceeds 70 µm as estimated using SRIM 2006 [17], i.e. the 

ion tracks extend through the entire thickness of the samples with approximately uniform 

electronic energy loss. The applied ion fluences were sufficiently low to yield well-

separated aligned tracks. Without further preparation, these samples were investigated 

using transmission SAXS at the SAXS/WAXS beamline at the Australian Synchrotron. 

SAXS measurements were performed with an X-ray energy of 12 keV and a camera length 

of approximately 1600 mm. The samples were mounted on a 3-axis goniometer for 

precision alignment. Measurements were taken at 0, 2, 5 and 10º tilt of the ion tracks with 

respect to the X-ray beam. This enables access to the three dimensional structure of the ion 

tracks. Additionally, scattering was measured from an unirradiated sample for background 

removal. A schematic of the scattering geometry (left-hand side) and an example of a 

typical scattering image (right-hand side) are shown in figure 1 (a). The narrow horizontal, 

slightly curved streaks in the image (marked by arrows) constitute the highly anisotropic 
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scattering from the ion tracks when tilted with respect to the incident X-ray beam. The large 

anisotropy originates from the high aspect ratio of the cylindrical tracks that are only a few 

nanometers wide and tens of micrometers long. The X-ray intensity extracted from these 

streaks for a variety of irradiation conditions is plotted in figure 1 (b) after background 

removal. The strong oscillations in the scattering intensities indicate mono-disperse radii, as 

well as sharp transitions between the volumetric densities of the tracks and surrounding 

crystal matrix. The X-ray intensities in radial sectors perpendicular to the streaks were 

found to be identical to the scattering of unirradiated apatite, consistent with the lack of 

significant density fluctuations on the nanometer length scale along the ion tracks, thereby 

confirming the cylindrical morphology of the tracks. A simple cylinder with sharp 

boundaries and constant density (different from that of the matrix material) best describes 

the observed scattering for all irradiation conditions. The form-factor for this model is 

given by f q( )=
2πLRρ0

q
J1 R⋅ q( ), where L is the track length (equivalent to the sample 

thickness), R the track radius, ρ0 the density difference between track and matrix material, 

and J1 the Bessel function of 1st order.  The scattering intensity is expressed as

I q( )~ f q( )2
⋅ e−σD

2 q, where σD denotes a phenomenological roughness parameter between 

the track and surrounding matrix [18]. A narrow Gaussian distribution of track radii was 

implemented as in ref [16] to account for deviations from perfectly aligned, identical tracks. 

The solid lines in figure 1 (b) show the analytical fits to this model. 

To study the annealing kinetics of the ion tracks, we have performed isochronal 

annealing experiments as a function of temperature (ex situ) and isothermal annealing as a 

function of time (in situ) on the sample irradiated with 2.2. GeV Au ions. For the ex situ 

annealing measurements, part of the sample irradiated with Au ions was sequentially 

annealed at temperatures between 200 and 500°C for 30 min under ambient conditions. 

SAXS measurements were taken in between annealing steps. For in situ annealing, a 



6 

second part of the same sample was heated to 350ºC for 360 minutes during the SAXS 

measurements using a hot air heater that was positioned underneath the sample. The sample 

temperature was monitored with a thermocouple at sample height. The temperature reached 

335ºC after approximately 5 min and 350 ºC after about 30 min. Measurements were taken 

approximately every 40 seconds. 

Additionally, high-resolution transmission electron microscopy was performed on 

selected samples using a JEOL 2010F instrument operating at 200 kV with minimized 

electron current density to avoid annealing. Samples were prepared by dispersing crushed 

fine powders onto a holey carbon grid. 

Results and discussion 

Figure 1 (c) plots the fitted track radii as a function of the electronic energy loss, 

dE/dx, estimated using SRIM 2006 [17], for the different ion projectiles. The track radii 

increase linearly with increasing energy loss, in agreement with track observations in other 

materials [19]. The wide dE/dx range spanned by the utilized ion projectiles encompasses 

the range produced by the relevant fission fragments (typically between Xe and Kr of ~1 

MeV per nucleon energy with an average dE/dx of about 16 keV/nm) thus allowing direct 

conclusions from artificial to natural track properties [7].   

The utilised fitting model is consistent with the formation of amorphous tracks, which 

are likely to be characterized by rather abrupt, approximately cylindrical 

crystalline/amorphous interfaces. Indeed, macroscopic methods such as Rutherford 

backscattering spectroscopy in channelling configuration and X-ray diffraction have 

previously indicated amorphisation of apatite materials by swift heavy ion irradiation above 

a dE/dx threshold value of approximately 5 keV/nm [20]. The formation of amorphous 
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tracks is known for numerous insulators and selected semiconductors and can be explained 

by a rapid quench of the material from the molten phase. The high electronic excitations 

induced by the energetic projectile eventually lead to a so-called inelastic thermal spike via 

electron-phonon coupling. The temperature increase is highly localized around the ion 

trajectory and may exceed the melting temperature of the material [19].  

TEM can provide detailed information about the structure of individual ion tracks. 

Figure 2 (a) shows a TEM image of an apatite sample irradiated with 2.2. GeV Au ions. 

Apparent is the typical long columnar structure of the ion tracks embedded in the 

crystalline matrix. The track radius, also plotted in figure 1 (c), is in excellent agreement 

with that extracted from the SAXS measurements, thereby confirming the validity of our 

model assumption as previously detailed. A high-resolution TEM image of the cross 

section of a single track is shown in figure 2 (b). During TEM imaging, however, prolonged 

high-current density electron irradiation can lead to an enhanced recrystallisation of 

amorphous apatite or even bubble formation [21, 22], which renders in situ annealing 

experiments with sufficient resolution extremely challenging. Furthermore, when using thin 

film samples as required for TEM, results can be influenced by the existing proximity of 

the two surfaces which can be sinks or sources for point defects. SAXS, on the other hand, 

does not require elaborate sample preparation and measures the bulk properties of a large (~ 

106) ensemble of ion tracks, yielding superior statistics. Moreover, we verified that the X-

rays do not induce any measurable changes to the ion tracks by continually exposing a 

sample to X-rays for 2 hours recording SAXS patterns at regular time intervals. No 

measurable changes were observed in the scattering intensities. We note that the usual 

exposure time to obtain a SAXS measurement is between 2 and 10 s. 
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Absolute calibration of the scattering intensities enables an estimate of the density 

change within the ion tracks of approximately 1±0.5 % as compared with crystalline 

material for all irradiation parameters, a value typical for amorphous materials. Although 

no quantitative experimental values are reported, previous investigations on apatite 

materials clearly show a decreased density of amorphous material with respect to the 

crystalline phase [21]. Molecular dynamics simulations of ion tracks in fluorapatite suggest 

a similar magnitude [23]. 

Due to the presence of the strong oscillations in the ion-track scattering, relative 

changes of the track radius in the order of 0.1 nm can be resolved. Combined with the quick 

acquisition times, SAXS is well suited for studying the annealing kinetics of the ion track 

damage. In contrast to etching experiments, the same sample can be used for a complete 

annealing series, thus reducing uncertainties associated with processing of multiple 

samples. Scattering intensities from the ex situ annealing experiments and the 

corresponding analytical fits are shown in figure 3 (a). With increasing temperature, an 

increase in the spacing of the oscillations indicates a reduction in track radius, the evolution 

of which is plotted in figure 3 (b) as a function of annealing temperature. The inset shows 

an Arrhenius plot with the linear fits to obtain the activation energies involved. The 

annealing is characterised by two stages. In stage I, up to 300ºC, there is a small but 

measurable reduction of the track radius, while stage II exhibits a more rapid decrease at 

higher temperatures. The activation energies of the two stages for the given annealing 

conditions, extracted from the ex situ annealing data [24], are 0.23±0.05 eV for stage I and 

0.72±0.02 eV for stage II. Figure 3 (a) also reveals a smoothing of the oscillations in the 

scattering intensity with increasing temperature. A variety of conceivable density 

distributions in the cylindrical tracks was explored in order to explain this behaviour, 

including introduction of a density gradient between track and matrix, increasing 
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polydispersity in the track radius, and damping as a consequence of amorphous/crystalline 

track interface roughness [18], the latter producing the best fits. At temperatures above 

400ºC, reliable analysis of the scattering intensities due to the absence of oscillations could 

not be performed. After annealing at 500ºC no residual scattering could be detected. 

Consistent with this observation, no remnants of ion tracks were found by TEM analysis of 

this sample. The in situ annealing experiments were performed recording the evolution of 

the scattering intensity over a duration of approximately 6 hours, which is graphed in figure 

4 (a). The extracted track radii are plotted in figure 4 (b). Once again, two regimes are 

apparent, the first characterized by a decrease in the track radius with a rate of ~2×10-2 

nm/min in the first 15 min, followed by a significantly slower, approximately constant rate 

of ~3×10-3 nm/min over the remaining duration of the experiment. 

A two-stage recrystallization process due to progressive 200 keV electron irradiation 

has previously been reported for a synthetic apatite structure-type (Sr2Nd8(SiO4)6O2) pre-

amorphized by low energy ion irradiation [21], which is similar to the process described 

above. Stage I of the annealing is essentially athermal and consistent with a structural 

relaxation of the amorphous phase, possibly facilitated by point defect annihilation. A rapid 

quenching of the liquid phase in the ion track can leave an amorphous phase in a state that 

relaxes into an energetically more favourable configuration upon annealing below the 

recrystallization temperature, as reported for semiconductor materials [25]. Stage II of the 

annealing process, characterized by the higher activation energy and lower rate, is 

consistent with recrystallization of the amorphous material in the ion track. This is 

corroborated by the fact that the best fit to the data was achieved with a constant narrow 

distribution of sharp track radii, although with a roughness parameter that increases with 

increasing annealing temperature/time. As the ion tracks are not oriented with respect to a 

particular crystallographic axis or plane, an increase in interface roughness due to intrinsic 
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differences in recrystallization kinetics for different crystallographic directions can be 

expected. Differences in annealing kinetics of fission tracks with different orientations are 

well documented for etched tracks in apatite [26]. For annealing up to 400ºC, where 

reliable analysis of the scattering intensities could be performed, the remaining high 

anisotropy in the scattering images indicates the absence of significant track fragmentation. 

We note that the temperatures in our annealing experiments, leading to recrystallisation of 

the amorphous material, are significantly lower than the melting temperature of apatite 

(~1300ºC [27]), as typical for most solid phase recrystallisation processes. 

Conclusions 

In conclusion, we have demonstrated that SAXS is a non-destructive technique 

capable of determining fine structural properties of latent ion tracks in apatite, as well as 

their annealing kinetics, with unprecedented precision. The annealing kinetics suggests 

structural relaxation followed by recrystallization. The high accuracy with which the track 

radii can now be determined, as well as the non-destructive, artefact-free measurement 

methodology shown here, provides a new means for in-depth studies of ion-track formation 

and annealing for a wide variety of geological conditions, including variations in 

composition, crystal orientation, pressure and temperature, without the need for chemical 

etching. This understanding is central to a fuller development and exploitation of current 

fission-track methods in both geochronology and thermochronology and to broader 

applications of unambiguous interpretation of etched ion track distributions. 
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Figure captions 

Figure 1: (a) Schematic of the scattering geometry (left) and typical detector image (right). 

The arrows mark the streaky scattering patterns resulting from the ion tracks of large aspect 

ratio; (b) scattering intensities of ion tracks as a function of the scattering vector q extracted 

from the anisotropic scattering images after background removal. The solid lines show the 

fits to the cylinder model with sharp boundaries; (c) extracted track radii as a function of 

the electronic energy loss for different ion/energy combinations (red circles). The error bars 

relating to the fits are smaller than the symbol size. Additionally, the track radius observed 

by TEM for the Au irradiation is shown (blue triangle).  

Figure 2: Transmission electron microscopy images of sample irradiated with 2.2 GeV Au 

ions. The long columnar structure of the ion tracks is clearly apparent from the image in (a). 

The track diameter of 9±1 nm is in excellent agreement with the SAXS measurements 

(plotted in figure 1). A high-resolution image of the track cross-section (slightly tilted with 

respect to the track axis) is shown in (b). In the part of the sample that was used for the ex 

situ annealing experiments, no residual ion-track damage was found (not shown) indicating 

complete recovery after annealing at 500ºC. 

Figure 3: (a) Scattering intensities as a function of scattering vector q for the same sample 

irradiated with 2.2 GeV Au ions before and after annealing at different temperatures for 30 

min. The solid lines correspond to the fits assuming cylinders with sharp boundaries. The 

spectra are offset for clarity; (b) ion-track radius as a function of annealing temperature (red 

triangles), the solid line is to guide the eye. The inset shows an Arrhenious plot of ion track 

radii for extraction of activation energies. The solid line is the linear fit to the data points 

from annealing at temperatures ≥ 300°C (Ea=0.72±0.02 eV). The dashed line is the linear fit 
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to the data points from annealing at temperatures ≤ 300°C (Ea=0.23±0.05 eV). The blue 

square is extracted from a repetition of the experiment under identical conditions. 

Figure 4: In situ annealing of ion tracks at 350°C: (a) shows the evolution of the scattering 

intensity with time for the sample irradiated with 2.2 GeV Au ions; (b) plots the ion-track 

radius as a function of the annealing time (red triangles), the dotted lines are linear fits for 

the two recovery stages. The error bars relating to the fits are smaller than the symbol size. 

Apparent is an initially quick reduction of the ion-track radius followed by a slower rate 

that remains approximately constant over the remaining duration of the experiment. 

 

 

 

 
 
 
 
 
 

 










