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The fission track dating technique, as it is used in geological studies, is largely based on mathematical fits to data for etched track-lengths as a 
and composition. Observations of tracks in geological materials by techniques other than optical microscopy (e.g. Paul and Fitzgerald 1992; Jaskie
less common. Consequently, the internal structure of latent (i.e., unetched) fission tracks is rather poorly known. In fact, the added value of using t
microscopy to study fission track annealing behavior - in order to improve the geological application of the technique - has been questioned (Paul 
behavior of latent fission tracks, as revealed by TEM investigations, was thought not to correlate with that of etched tracks.

During the past decade, important papers (e.g., Jonckheere 2003; Hendriks and Redfield 2005) have highlighted the need to investigate the struc
tracks at the nano-scale. Most recently, researchers at the University of Michigan have led a multidisciplinary effort to understand the internal struc
advanced high-resolution analytical techniques. Transmission Electron Microscopy (TEM) and synchrotron based Small Angle X-ray Scattering
been carried out, and the authors of cited articles are from: University of Michigan (USA), Helmholtz Centre for Heavy Ion Research (GSI, Ge
Undersøkelse (NGU, Norway), Rensselaer Polytechnic Institute (USA), Australian National University, Australian Synchrotron, Centre Interdiscip
Ions, les Matériaux et la Photonique (CIMAP, France) and Pacific Northwest National Laboratory (USA). Exciting results offering new perspectives
annealing have appeared in a series of papers: Lang et al. 2008a, 2008b, 2009a; Zhang et al. 2010; Li et al. 2010, 2011; Afra et al. 2011. These s
heavy ions can be used to simulate fission tracks in minerals with and without pressure, that detailed thermal annealing studies can be comple
observed in situ by high-resolution TEM, that very precise data on track size can be obtained on millions of tracks at a time and observed in situ du
SAXS, and that molecular dynamics methods can be used to simulate the internal structure of tracks.
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Figure 1 (from Li et al. 2011): TEM images showing the preferential motion of fission track segments along
the crystallographic c-axis in fluorapatite and the slower fragmentation of tracks along this direction during
thermal treatment at 700°C (a – before experiment; b – after 1 minute; c – after 17 minutes; d – after 1 hr).
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interstitials and vacancies within the amorphous zircon fission tracks. The amorphous core of zircon fission tracks is not significantly different 
surrounding solid, which results in a relatively simple annealing mechanism. Fission tracks in zircon fade in a continuous way and they do not se
also explains the agreement between the total annealing temperatures of etched (800°C after 1 hr; Yamada et al. 1995) and unetched fission trac
hrs as observed by TEM). The thermal annealing of the porous tracks in apatite is a much more complicated process involving several underlying
tracks can segment into periodic droplets (controlled by Rayleigh instability) and random motions of atoms on the surface of track segments (voids)
these segments. Preferential motion of atoms along the c-axis results in a more rapid track segmentation and annealing of tracks perpendicular to 
fission tracks in apatite is due to the high surface energy and high diffusivity of atoms on the inside surface of the porous tracks.

The two studies by Li et al. referred to above employed TEM, which can image individual
tracks. A disadvantage of this technique is that prolonged electron irradiation can actually
anneal  the  damage structure.  Li  et  al.  circumvented this  issue by  using  a  low current
density beam and by moving samples away from the beam during the thermal annealing by
the heating stage inside the TEM. SAXS however, does not have this disadvantage, has
rapid  data  acquisition  times  and  does  not  require  elaborate  sample  preparation.  This
technique  is  sensitive  to  subtle  changes  in  electron  density  within  latent  tracks  by
measuring the scattering of x-rays due to density fluctuations on length scales comparable
to the lateral  track dimensions. A suitable model is used to describe the experimentally
determined  scattering  intensities  (Figure  3a).  The  change  in  electron  density  due  to
radiation damage is significant and the damage boundaries sharp, which makes ion tracks
into  excellent  scattering  objects.  Thus,  high-quality  data  on  track  dimension  and
morphology (discontinuous vs. continuous tracks) can be obtained with accuracy down to
fractions of a nanometer. Since x-ray beams of 100 μm spot size are used in transmission
mode,  millions  of  tracks  can  be  investigated  along  their  entire  length  during  a  single
measurement without any track modifications (x-rays are non-destructive). Afra et al. (2011)
used SAXS to study fission tracks in the same set of Durango apatite samples used for
TEM investigations  (Li  et  al.  2010,  2011)  and  performed  both  isochronal  ex  situ  and
isothermal  in  situ  annealing  experiments  (Figure  3b).  They  demonstrated  that  this
technique  can  determine  the  detailed  structure  of  the  latent  tracks  as  function  of
temperature in apatite and found that annealing initially occurred by structural relaxation
which was then followed by recrystallization.

The initial paper to come out of our collaborative efforts (Lang et al. 2008a; also presented
at the Fission Track meeting in Anchorage) documented the first report of fission tracks simulated in a laboratory under geologically relevant pre
studies of pressure effects done previously were conducted on tracks created at surface conditions, only to be put under pressure and temperature
of  our  experiments  was  to  create  tracks  in  zircon at  250°C and 7.5  kbar  (typical  of  conditions  described for  subduction  zones)  by  irradia
diamond-anvil cell (DAC) with very energetic ions (Figure 4). Subsequently, track diameters were measured by TEM after pressure release and co
tracks induced at ambient conditions. A statistically significant difference was observed (with the high P/T  tracks slightly larger),  which was 
relevance for zircon fission track studies employing chemical etching. Other materials have since been studied by the same technique by Lang et
different material’s response at more extreme conditions. The newest development in this direction combines irradiation at ion accelerators a
synchrotrons. This will not only allow to create the tracks directly under pressure, but also to study their annealing kinetics at high temperatur
pressure.

Figure 3 (from Afra et al. 2011): Synchrotron SAXS measurem
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fixed annealing time (ex situ annealing).

Using TEM it is not possible to measure track lengths as is commonly done on etched fission tracks. However, the morphology of a fission track
etching because the core of the track as well as some of the surrounding material is removed. The contrasting nature and annealing of latent fissio
as documented by Li et al. (2011) is a striking example of how the internal structure of a track controls its annealing behavior, and this information
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studies of chemically-etched tracks. Etching can reveal the final, etchable lengths of individual tracks, but details about their annealing behavior 
changes in morphology during annealing depend on many factors and only some of these are considered in traditional etching based studies (e.g. 
orientation, etc.). Others, such as track radius, radiation damage in the surrounding material, potential gas content and the uniformity of the track al
taken into account. The fission track technique as it is used in geological studies will ultimately benefit from these new insights, just as the consi
and the crystallographic orientation of tracks has already improved the fission-track technique in the 80s and 90s.

Figure 4 (from Lang et al. 2008a): Photograph (top) and schematic illustration (bottom) of the irradiation experiment for exposing pre
to a beam of relativistic heavy ions. The very small sample is enclosed in the DAC. The inset is a TEM-image and displays simulated
7.5 kbar and 250 °C. For the irradiation, the DAC is placed in air, 45 cm behind the beamline window. The schematic (not to scale) sho
including the resistance heating coil (only shown for one anvil).

References

Afra, B., Lang, M., Rodriguez, M.D., Zhang, J., Giulian, R., Kirby, N., Ewing, R.C., Trautmann, C., Toulemonde, M. and Kluth, P., 2011. Annealing ki
tracks in Durango apatite. Physical Review B, V83, 064116
Hendriks, B.W.H. and Redfield, T.F., 2005. Apatite fission track and (U-Th)/He data from Fennoscandia: Anexample of underestimation of fission tra
Earth and Planetary Science Letters, V236, 443 – 458.
Jaskierowicz, G., Dunlop, A. and Jonckheere, R., 2004. Track formation in fluorapatite irradiated with energetic cluster ions. Nucl. Instrum. Meth. Ph
227.
Jonckheere, R., 2003. On methodical problems in estimating geological temperature and time from measurements of fission tracks in apatite. Radia
– 55.
Lang, M., Lian, J., Zhang, F., Hendriks, B.W.H., Trautmann, C., Neumann, R. and Ewing, R.C., 2008a. Fission tracks simulated by swift heavy ions 
temperatures. Earth and Planetary Science Letters, V274, 355 – 358.
Lang, M., Zhang, J., Lian, J., Trautmann, C., Neumann, R. and Ewing, R.C. 2008b. Irradiation-induced stabilization of zircon (ZrSiO4) at high pressu
Science Letters, V269, 291 – 295.
Lang, M., Lian, J., Zhang, J., Zhang, F., Weber, W.J., Trautmann, C. and Ewing, R. 2009a. Single-ion Tracks in GdZr2-xTixO7 pyrochlore irradiated 
Physical Review B, V79, 224105.
Lang, M., Zhang, F., Zhang, J., Wang, J., Schuster, B., Trautmann, C., Neumann, R., Becker, U. and Ewing, R.C. 2009b. Nanoscale modification of
high pressure with relativistic heavy ions. Nature Materials, V 8, 793-797.
Li, W., Wang, L., Sun, K., Lang, M., Trautmann, C. and Ewing, R.C., 2010. Porous fission fragment tracks in fluorapatite. Physical Review B, V82, 1
Li, W., Wang, L., Lang, M., Trautmann, C. and Ewing, R.C., 2011. Thermal annealing mechanisms of latent fission tracks: Apatite vs. zircon. Earth a
Letters, V302, 227 – 235.
Paul, T.A. and Fitzgerald, P.G., 1992. Transmission electron microscopic investigation of fission tracks in fluorapatite. American Mineralogist, V77, 3
Paul, T.A., 1993. Transmission electron microscopy investigation of unetched fission tracks in fluorapatite – physical process of annealing. Nucl. Tr
507 – 511.
Yamada, R., Tagami, T., Nishimura, S., Ito, H., 1995. Annealing kinetics of fission tracks in zircon: an experimental study. Chemical Geology, V122, 
Zhang, J., Lang, M., Ewing, R.C., Devanathan, R., Weber, W.J., Toulemonde, M. 2010. Nanoscale phase-transitions under extreme conditions with
Materials Research, V25, 1344-1351.

New insights into the formation and annealing behavior of latent fission tracks http://www.ontrackforum.org/index.php?option=com_content&view=arti...

3 of 4 7/1/2013 12:33 AM



KATE DOBSON -

SAGES Post-doctoral Research Fellow
University of Glasgow
Geographical & Earth Sciences
G12 8QQ
UK

email: Kate.Dobson@ges.gla.ac.uk
Tel: +44 (0) 141 330 5442

< Prev  Next >

New insights into the formation and annealing behavior of latent fission tracks http://www.ontrackforum.org/index.php?option=com_content&view=arti...

4 of 4 7/1/2013 12:33 AM


