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Abstract 

Heavy-ion irradiation (14 MeV/u Pb ions) of zircon crystals gives rise to 

linear latent tracks of 80A diameter and length 140 u.m. Direct observation of the 

track core, by high-voltage high-resolution electron microscopy at atomic 

resolution, reveals a core having rougnly circular cross-section, with some 

facetting of the core/matrix interface on {101} planes of zircon. The core 

diameter appears quite uniform. Conventional transmission electron microscopy 

(bright- and dark-field imaging) reveals an clastic strain field extending for a 

short distance into the zircon matrix. This appears to drop off more rapidly with 

distance, say 1/R , than do dislocation strain fields (~ 1/R). Analysis of the various 

contrast mechanisms yields the result that the core is essentially amorphous. 

Our observations confirm directly the conclusions of Fleischer, Price and 

Walker, 1975, based on track etching and electrical conductivity measurements, 

that the irradiation damage is confined to a 50-100A core region of atomically-

disordered material, with virtually no damage outside this region. 

Mechanisms for track production are discussed briefly, but it is concluded 

that the problem, which is now defined by our structural analysis, has not been 

fully-appreciated by condensed matter physicists. In particular a damage 

confinement mechanism is required, which is not intuitively obvious. Some 

tentative suggestions along this direction are proposed. 



1. Introduction 

The direct observation by electron microscopy of latent fission tracks in 

solids has proved to be rather difficult, despite a number of attempts over the past 

30 years since the discovery of fission tracks by Young (1958). Silk and Barnes 

(1959) and Price and Walker (1962) enccuntered track fading under continuous 

bombardment of mica with the 100 kV electron beam. The results of this first 

phase of transmission electron microscopic (TEM) studies, using bright- and dark-

field imaging conditions were critically reviewed by Chadderton and Torrens 

(1969); where the crystals studied had by then included a wide range of structural 

and bonding types (metals, insulators, etc.). A major limitation of TEM is the 

n-.cessity to prepare thin transparent areas (<_ 1000A thickness) from a bulk 

sample, with the tracks lying finally either parallel or perpendicular to the 

incident electron beam, as required to enable both longitudinal and lateral cross-

sections to be imaged. This may be a difficult and tedious task, requiring the use of 

chemical thinning or ion beam etching techniques, both of which may introduce 

artifacts, due to selective etching of the original latent tracks. It is therefore not 

surprising that research in nuclear track imaging moved into the more accessible 

direction of optical microscopy of chemically-etched tracks, when track density, 

track diameter or length could be estimated (Fleischer, Price and Walker, 1975; 

referred to hereafter as FPW75). Direct structural observations were no longer 

possible since all information pertaining to the atomic structure of the original 

(latent) tracks was etched away. These macroscopic studies proved subsequently 

to be very productive and interesting for a surprisingly wide range of 

applications in science and technology (see FPW75). More recently thermal 

ageing of latent fission tracks in zircon has been exploited with respect to 

petroleum exploration (Gleadow, Duddy and Lovering, 1983). 
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Nevertheless, a high level of interest has been maintained in the atomic 

details of track structure and their mechanism of formation: see for example the 

seven models discussed by FPW75 and their final comment that "widespread 

technical use is being made of defects whose real nature is relatively completely 

unknown". With the advent of high-resolution electron microscopic (HREM) 

techniques it became possible " .mage directly structural detail of defects on the 

atomic scale (see Spence 1981 for an introduction to the technique). Nevertheless, 

less than a handful of HREM studies of latent tracks have been reported. Thus 

Yada, Tanji and Sunagawa, 1981 studied natural fission tracks, due to radioactive 

impurities in the mineral zircon. However, little structural detail was observed, 

due to the extremely low density of natural fission tracks. In fact, only one HREM 

track image was published. Earlier Izui, Nishida, Furano, Otsu and Kuwabara 

(1978) and also Furano, Otsu and Izui (1981) had obtained convincing images of 

charged particle tracks in silicon and molybdenum disulphide. However again 

very few track images were reported and virtually no conclusions were made 

concerning track structure or formation mechanism. More recently, 

Chakoumakos, Murakami, Lumpkin and Ewing (1987) returned to study a-induced 

radiation effects in zircon. However, once again the HREM images were of 

disappointing quality, conveying little if any structural information. 

New opportunities for controlled production of a high density of well-

collimated charged particle tracks arose with the introduction of heavy-ion 

accelerators at Caen (GANIL)* and Darmstadt (GSI)**. Fuchs ej_ ^. (1987) obtained 

HREM images of GeV heavy ion tracks in Y ^ F e ^ O ^ ' B a F e ^ O . g and other 

ferrimagnetic oxides (see example Toulemonde, Fuchs. Studer, Nguyen and Grouit 

(1987); Fuchs, Studcr, Balanzat, Grouit, Toulemonde and Jousset (1987) and 

Haupert, Hcrvieu, Grouit, Studcr and Toulemonde (1988)). By this time some useful 

GANIL = Lc Grand Accclcratcur National d'lons Lourds. 
GSI = Gcscllschafl fur Schvvcrioncnforschung mbH. 
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images, for both lateral and longitudinal cross-sections became available. 

However, the HREM image quality was still relatively poor. It was claimed 

(Haupert et al.. 1988) that for Y o F e t O ^ . BaFe^Ojg and the spinel oxides NiFe20 4 

and MgFc20^ the tracks appear as dark line contrast consistent with a distorted 

cylindrical shell surrounding an amorphous core, with some further elastic strain 

in the surrounding bulk crystal. However, I ^ F e ^ O g showed no evidence for such 

a transition region, the bulk crystal continued essentially undcformed up to an 

amorphous core region. 

Interest in reliable structural characterization of heavy-ion tracks is now 

being further stimulated by the growth of technological applications of charged 

particle track techniques, including production of submicron holes for the super 

fluid Josephson effect, nuclear track filters, channel-plates and production of 

synthetic microstructures of relevance for mechnical and microelectronic 

applications as well as elementary particle detector technologies (Fischer and 

Spohr, 1988). Some of these applications have been reported in GSI annual 

Scientific Reports (Grundinger, Ed., ly87; 1988). 

In the present paper we show conclusively that heavy-ion tracks may be 

reliably and reproducibly imaged with excellent optical quality using HREM at 

high-voltage (400 kV). Experimental techniques arc described in §2. HREM 

results arc given in §3 and advantages and remaining limitations of the 

techniques, as well as contrast mechanisms are discussed in (§4). It is clear that 

useful structural parameters may be extracted from HREM images. Finally track 

formation mechanisms arc discussed in §5. In a further publication HREM 

techniques for structural analysis of charged particle and other structural defects 

in zircon have been analysed systematically as an exercise in electron optics 

(Braunshauscn and Bursill, 1989). 
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2. Experimental 

Gem quality zircon single crystals were obtained from GeoTrack 

International (Melbourne). These originated in the Mudtank region of the 

Northern Territory (Australia). These were known to have good homogeneity and 

a low density of natural radiation damage. The track density was measured as 

follows: first specimens were crushed and 300 jim diameter grains (obtained by 

sieving) were mounted onto a teflon microscope slide; the track density was then 

measured using a tracking-counting optical microscope (80x objective) after the 

grains had been etched for 89h in eutectic KOH-NaCH at 220°C. The natural track 

density was (2 ± 0.5) x 10 tracks cm . 

A single crystal selected for heavy ion irradiation was oriented using zero 

level X-ray precession photographs. Thus the [100] direction was located, actually 

perpendicular to a prismatic face. This crystal was then cut into several slices 

parallel to (100) -0.5 mm thick. The planar surfaces were then mechanically 

ground and polished, using finally 0.25 um diamond paste. Similarly, a second set 

of crystal slices was prepared, with polished faces parallel to [001]. 

A series of irradiations was then carried out at GSI, Darmstadt. The beam was 
3 

highly-collimatcd (divergence <. 10 steradian) Pb ions (incident energy 14 MeV 

per atomic mass unit). Theoretical predictions yield a range of -140 u.m in zircon, 

with only a few u.m longitudinal and virtually no lateral straggling (Vetter and 
i i o 

Spohr, 1987). The requested dose was D = 10 ions cm , which should yield a 

readily observable track density of -1000 tracks |im 

Sample A was irradiated once only, with heavy ion beam direction [100], i.e. 

normal to the polished (100) surface of the zircon. 

Sample B was irradiated once only, with heavy ion beam direction |001], i.e. 

normal to the (001) surface of the zircon. It was found, on removing the specimen 
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holder from the irradiation chamber, that this crystal had tilted off its original 

orientation by the order of a few degrees. 

In order to search for orientation dependent effects, sample C was irradiated 

three times, first after tilting the crystal by 45° with respect to its original [100] 

alignment; second at 70° to [100] and finally at 45°, after rotating 90° with respect 

to the original alignment. Unfortunately the direction of the tilt axis was not 

recorded in Darmstadt. 

Specimens suitable for HREM were obtained from samples A and B by first 

removing small fragments from the irradiated surface by indentation, grinding 

one of these in an agate mortar and pestle under ethanol then dispersing the 

randomly oriented fracture flakes onto holey carbon support film on 300 mesh 

electron microscope specimen grids. This crushing technique had been 

introduced for brittle mineral specimens by Bursill and McLaren 1965, and used 

successfully for a TEM study of irradiation effects in natural zircon crystals 

(Bursill and McLaren (1966)). 

Thin fragments were examined at 400 kV with a JEOL 4000EX high-resolution 

electron microscope, fitted with a double-tilt goniometer so that tilts of ± 20° were 

available, about two mutually perpendicular axes. The spherical aberration 

coefficient of 0.94 mm yields an effective resolution, at Scherzcr defcus, of 1.8A. 

A GATAN TV camera with image intensifier system was used to optimize image 

defocus and astigmatism corrections. The image quality was maintained by use of 

the z-translation facility of the goniometer. This enabled beam and crystal 

alignments, as well as astigmatism correction to be tightly controlled. 
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3. Results 

(a) Natural Zircon Specimen. Contrast features were typical of crystalline 

zircon, as described already by Bursill and McLaren (1965); i.e. dislocations and 

surface steps and river patterns due to mechanical damage associated with 

crushing (brittle fracture) during the specimen preparation. No conclusive 

evidence for natural radioactive impurity-induced fission tracks was found. 
ft -1 

According to the measured track density (-10 tracks.cm' ) a typical medium 
2 magnification micrograph (area "1 u,m ) will contain one track with a probability 

of only 1/100, consistent with the fact that no tracks were positively identified. 

(b) Sample A 

(i) TEM Observations. Fig. 1 is a bright-fieid image with approximately a two-

beam diffracting condition for reciprocal lattice vector k(132). The surface 

normal was then .'pproximately [913], which is inclined by 25° with respect to the 

heavy ion irradiation direction [100]. The area of this figure corresponds to ~1 

p.m , and contains about 150 parallel line contrast features consisting of a central 

strip, width ~80A, accompanied by periodically-placed pairs of bright- and dark-

contrast features along either side of the track. The apparent track length varies 

from two such periods, for thin areas of the specimen, up to five or six such 

periods in the thicker (darker) areas. Since the tracks are inclined at 25° to the 

projection axis we expect the periodic contrast features to have spacing 

L„ = t-- /sin 25° where T-- is the (many-beam) extinction distance for the 132 
0 132 132 ' 

diffracted beam. On this basis, with t - - n 250A, we expect the specimen thickness 

ranges from 500 - 4000A for the area of Fig. 1. The track width (diameter in 

projection) appears remarkably uniform throughout the foil. 

For the thin areas the track contrast reduces to essentially bright or dark 

patches of contrast, closely rcssembling void contrast, where it appears that the 
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effective thickness of the crystal containing a track is lowered by a significant 

fraction of an extinction distance with respect to the adjacent crystal thickness. 

This effect is analyzed further in §4 below. Note also, however, that there appears 

to be some enlargement of the tracks in the thinnest edges of the foil, and that 

shifts of contrast of the central 80A diameter strip do not occur beyond the second 

extinction contour. 

We note that this sample vas prepared from near the surface of the 

irradiated sample A; thus the tracks observed should be produced by ions of 

energy close to the initial value of 14 MeV/u, which is far in excess of the 2-3 

MeV/u of fission fragments due to a-decay of natural radioactive impurities in 

zircon. The number of tracks observed is 147, which corresponds to a track 
1 1 - 9 1 1 - 9 

density t= 0.147 x 10 cm , i.e. -15% of the estimated dose of 10 tracks.cm . 

Figure 2a refers to a bright-field image for the same crystalline fragment as 

for Fig.l after tilting to the symmetricrl [100] orientation, i.e. parallel to the 

heavy-ion flux direction. The field of view includes the thinnest crystal edges, 

which were suitable for HREM images. The track density was again -10 
_2 tracks.cm Roughly circular white spots, again showing remarkably uniform 

diameter ~80A, are seen dotted randomly throughout the field of view. The track 

core contrast varies systematically, decreasing with increasing foil thickness, and 

finally giving reversed (dark) contrast in the thickest areas. 

Fig.2b shows another area from this fragment, after tilting away from the 

symmetrical zone axis, to give a relatively high contrast approximately two-beam 
condition for k(002). Note the variation of track core contrast with increasing 

thickness. Bright contrast occurs at the thin edge and this gradually changes to 

dark contiast in the thickest areas; this change of contrast is not coupled to the 

thickness extinction contours. In fact five to six extinction contours arc crossed 

before the core contrast changes from bright to dark. Note also the dark annular 
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contrast which spears at intermediate thickness. Sometimes roughly circular 

fringes appear within the track core. Fig. 2c is an enlargement of part of Fig. 2b. 

Note details within the track cores. 

Figure 3 shows another image from a thick area of this same fragment, after 

again tilting off the [100] zone axis. Note the strong line contrast, showing the 

formation of two dislocation networks in the centre of the field of view. Roughly 

circular contrasts are tracks (seen virtually edge-on, cf. Fig.2a,b), which 

occasionally may interact with the tracks. It is believed the dislocations were 

produced due to the small amount of plastic flow associated with essentially brittle 

fracture of the zircon crystals on crushing for specimen preparation. This image 

carries the implication that the mechanical toughness and elastic limit of zircon 

may be modified significantly by interaction of dislocations with heavy-ion track 

implantation. 

(ii) HREM observations. Fig.4a.gives a high-resolution image, from the area 

indicated in Fig.2a, after carefully aligning the crystal exactly parallel to the [100] 

direction. Note also the dislocation contrast in the region between the two tracks. 

Another facetted irack core is given as Fig. 4b. Further enlargements of the three 

track cores and the dislocation are given as Figs.5a-d. NciC the fine detail in the 

two-dimensional image, with spacings of dQj* = 4.45A, d/^Q = 3.31 A, and ^QAQ = 

1.66A readily visible. The track cross-sections are now revealed as distinctly 

facetted, parallel to (011) and (Oil) planes. The core appears to contain non

crystalline material, giving random noise-like contrast typical of amorphous 

materials. These core regions should be compared with the contrast of amorphous 

edges of the zircon crystal, which transformed to the glassy state after extensive 

irradia;ion in the electron beam (>_ 1 hour). In fact the track core areas show 

relatively low background intensity.. 
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The core diameter may be measured with high precision, using the internal 

calibration provided by the lattice images, being of roughly square cross-section 

with long diagonal D = 14 x 6.0 = 84A. Intensity changes of the lattice image detail 

at the crystalline matrix/amorphous core interface suggest that the core 

fluctuates in diameter by only 6A along the projected length of the track, which is 

estimated as ~500A as viewed in Fig.5. Sighting along the lattice rows at glancing 

incidence reveals that (Oil) and (Oil) fringes run undeviated up to the track core, 

then appear undeviated on the opposite side (Figs.5a-c). This is in marked contrast 

to the behaviour of these same fringes as they cross the dislocation (Fig.Sd), 

where an extra half-plane may be observed, along with variations in detail of the 

lattice image, as well as marked variations in matrix background contrast. We 

note that a large number of HREM images of tracks could readily be obtained, by 

searching for tracks in thin areas of crystal. The contrast behaviour is fairly 

reproducible and characteristic, see Figs.5a-c although subtle differences of detail 

may be seen by sighting along the lattice fringes. 

(c) Sample B. 

(i) TEM observa t ions . Fig.6a shows a bright-field image obtained from a 

symmetrically-oriented [301] projection axis. Note the parallel line contrasts, as 

expected for heavy-ion tracks lying approximately in the plane of the specimen. 

Individual tracks may be located in the thinner regions. There are a number of 

patches of light and dark contrasts, associated with the tracks, similar in nature to 

features already commented on in Fig.l, although there the tracks were 

intersecting the foil plane at -45°, when the projected lengths were much reduced. 

Fig.6b shows a further bright-field image from this same crystal fragment, after 

tilting about an axis approximately perpendicular to the track; note the 

forshortcning effect and the appearance of dotted contrasts even more closely 

comparable to Fig.l. It is especially interesting that a small fraction of the tracks 
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in this area appear misoriented by a few (<_10o) degrees with respect to the others. 

It is possible that this specimen changed orientation during irradiation, since, as 

commented upon in §2 above, the crystal appeared misaligned after removal from 

the irradiation chamber. It seems that the Crystalbond cement used to hold tht 

specimens may have softened in this case (softening temperature 70°C). 

( i i ) HREM images. Figs.7a shows a HREM image of the same fragment just 

described in Fig.6, on reverting to the symmetrically excited [301] zone axis, thus 

near-longitudinal sections of the track were obtained. A track was selected for a 

relatively thin area of the fragment (cf. Fig.6a), and which continues across the 

field of view. Note that the track shows approximately constant diameter, with a 

diffuse change of background contrast on either side. Fine detail also changes at 

the edges of the track. A segment of track is shown enlarged in Fig.7b. The lattice 

image detail tends to be less distinct within the projected width of the track, 

showing subtle variations in detail from segment to segment along the track; 
thus, half-spacings d-- = l.oA occur in some areas. There are some small changes 

246 

in contrast in the zircon host crystal in the vicinity of the track, and a slight 

darkening of the mean intensity extends along the whole length of the track, 

confined visually to within a few unit cells to either side of projected diameter of 

the track. Whether this shou'd be five or ten unit cells depends upon a qualitative 

judgement as to where the track core starts and ends, of course. It is remarkable, 

however, that there is no evidence for small or extended structural defects in the 

vicinity of the track, all irradiation damage events appear to have been confined 

to a very well-defined core region (cf. lateral cross-sections shown in Figs.2-5). 

(d) Sample C. Fig.8a shows a dark-field image, approaching a weak-beam 

condition, from sample C, which had been irradiated in th.ee directions. For this 

imaging condition the track edge, in projection are distinguished bv pairs of 

continuous bright parallel straight lines. The three individual track directions 

may be readily distinguished, with the short track corresponding to the 70° angle 

http://th.ee
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of incidence to the foil normal, the other two to the two 45° tilts away from [100]. 

Fig.8b shows the same area after the fragment was tilted so that the optic axis 

corresponds to the surface normal. Therefore, only two track directions, forming 

a right angle, are apparent. Along one of these however, both long and short 

track projections arc seen in some areas of equal thickness of foil, corresponding 

to the 45° and 70° tilts of the crystal with respect to the heavy-ion beam direction. 

Strain contrast regions, associated with specific parts of one set of tracks, are 

typical of inclusions of a second phase, which induce elastic strain in the 

surrounding zircon matrix. 

4 Discussion 

(a) Zircoi. structure. Zircon, ZrSiO^, has tetragonal symmetry, with four 

molecules per unit cell. The cell dimensions are a = 6.6164A, CQ = 6.0150A 

(Wyckoff, 1965). Fig.9 shows the projection of the structure onto (100). SiO^ 

tetrahedral units are indicated, which surround the Zr atoms. It is seen that {101} 

planes are relatively close-packed and that glide on these planes would not break 

Si-0 bonds within SiCh tctrahedra. Thus the predominant slip system is <101>{101} 

(Bursill and McLaren, 1966). 

(b) HREM image contrast. The lateral cross-section images (Figs.4-5) reveal an 

apparently amorphous core -z. 80A diameter which is not circular, but tends to be 

facetted parallel to (101) planes of the zircon host crystal. As discussed in part (a) 

above these planes may be expected to be relatively stable and should possess low 

surface energy. Enlargements of the track core region (Figs.5a-c) reveal only 

very slight, h;ghly-localiscd deviations in the lattice planes within two- or three-

lattice spacings of the core; the deviations appear to be variously outwards or 

inwards with respect to the core. Such deviations should be compared with the 

lattice displacements evident in the vicinity of the dislocation (Fig.Sd), which as 

well as showing a terminating half-plane of atoms, parallel to (101), shows 
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significant shifts for many lattice planes (-10-20 at least) in the vicinity of the 

dislocation core. Variations in intensity of the lattice image in the immediate 

vicinity of the track core (again only -1-2 lattice spacings) imply that the track 

diameter may fluctuate by ~ one or two lattice spacings aionp the track length; i.e. 

that the core/crystalline interfa^i is not perfectly smooth, but possesses some 

steps and ledges, on the atomic scale (surface roughening). Overall, tl^ere are 

evident subtle variations in lattice image detail in the vicinity of the track core; 

these have some of the characteristics of the dislocation strain field, but are far 

less severe. 

The longitudinal section images (F.g.7) are quite consistent with the 

structure just implied by consideration of the lateral section; i.e. the core has a 

well-defined diameter without gross fluctuations along the length. The change in 

lattice image detail presumably reflects phase shifts in the diffracted beams 

passing through the amorphous core, which will result in changes in contrast for 

the projected area of the track. The nature of these phase shifts is discussed 

further below (see §4(d)). It is noted that if the core was amorphous or void of 

atoms, one would also expect variations in mean contrast level, which is clearly 

the case in Fig.7a. These changes in mean contrast level which occur along the 

track length (see also Fig.l) are discussed in §4(d) below. 

Note that the above discussion of the track structure is not dependent on 

HREM location of Zr, Si or 0 atoms; we refer here only to the unit cell scale. It has 

not yet been feasible to attempt computer-simulations of the atomic scale detail in 

the HREM images of tracks. 

(c) TEM image contrast; end-on tracks. The relatively very slow variation of 

core contrast with increasing thickness (Fig.2b) implies that the core is virtually 

empty of atoms. Thus five or six thickness contours arc crossed before the core 

contrast reverses, implying that the density of the core ( p c o r c ) is of the order 
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°f Tr\ Pvir#-nn- T n ' s interpretation is based on the assumption that the core 

contains a fairly uniform but low density distribution of amorphous material. It 

has also been assumed that the track lies exactly parallel to the incident electron 

beam direction. 

A further contribution to this contrast reversal effect is likely to come from 

Fresnel diffraction effects associated with the core/matrix interface. This 

problem has previously been encountered and analyzed for void contrast in 

diamond (Barry, Bursill, Hutchison, Lang, Rackham and Sumida, 1987; Hutchison 

and Bursill, 1983). Beams scattered by twice the Bragg angle (28g-2°) will have 

spread by ~50A, i.e. more than half the track diameter, after traversing -5-10 

extinction distances (2500-4000A). Thus one might expect interference fringes, 

plus some incoherent background due to the amorphous content, to appear in the 

core image for increasing crystal thickness. Note also that if the tracks are 

misaligned by -1-2° off the incident beam direction, and one accounts for the 

scattering angle of the diffracted beams, it is unlikely any beams will traverse the 

whole length of the track (say 2000-3000A in thicker areas) without being 

scattered, thus scattering mechanisms exist for all beams even if the track core is 

totally void. Additional scattering will arise due to clastic strain in the zircon 

matrix close to the core, this presumably contributes to the black ri..g contrast 

which appears in a range of thickness in Figs.2b,c. Close inspection of these ring 

contrasts (shown enlarged in Fig.2c) reveals, however, that the contrast level 

inside the ring is often little different from that of the neighbouring zircon 

crystal. This effect tends to go against the possibility of void track core. 

In order to reconcile these apparently conflicting conclusions, i.e. that 

tracks are void at the thin edges, whereas they appear to have density close to that 

of zircon in thicker areas, it is necessary to consider that there is some track 

etching, either during observation in the electron beam, or during specimen 

preparation (the particles had been suspended in cthanol for a few minutes only). 
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That this is probably the case is supported by the observations (Fig.l and Fig.2a,b) 

that tracks in the thinnest edges often appear enlarged, one is elongated in Fig.2a, 

compared with the majority of the track cores imaged. Electron beam etching has 

been observed previously in oxide specimens (see e.g. Salisbury, Timsit, Berger 

and Humphreys, 1984). This effect may well be accelerated in track cores 

containing a highly disordered silicate. Thus short tracks at the thin edges may 

be effectively etched away relatively quickly compared with long tracks in 

thicker specimens. 

Returning to the HREM observations of core facetting with some amorphous 

core contrast (Figs.4-5) we have to suspect that facetting may have occurred 

during track etching, as these images are mostly from relatively thin areas. 

Useful HREVI images cannot be obtained from 2000-3000A thick crystals. 

(d) TEM contrast: inclined tracks. The observations of Fig.l also imply that the 

track core density is significantly less than that of the zircon matrix. Thus the 

shift of mean contrast of the core towards a smaller thickness condition, between 

the first two extinction distances, implies an optical thickness change of ~ t 0 / 2 , i.e. 

a significant fraction of an extinction distance. Now the many-beam extinction 

distance t for k-- close to the low order zone axis [913] (Fig.l) should be ~250A. 

If the track core was void of atoms then the optical thickness would change by 
80A, the track diameter, which amounts to ~ r : , which is consistent with the 

observed contrast shift at the edge of Fig.l. However, once again we have to 

caution that track etching appears to have occurred at liic thin edges; close 

inspection of tracks between the first and second extinction distances shows 

rectangular-shaped voids, whilst for thicker areas there appears to be little 

evidence for a significant shift of mean contrast inside the track core (strip 

projection) relative to the adjacent contrast level in the zircon matrix. 
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The periodically-dotted contrasts obtained for the strongly excited two-beam 

diffracting conditions, for bright-field images (Fig.l) closely-resemble the 

contrast of inclined straight dislocations (Hirsch, Howie et al.. 1965; Amelinckx, 

1964; Head, Humble et al.. 1973). The periodicity exhibited by these images is 

related directly to the extinction distance x for bright-field (Fig.l) or x for dark-

field. This parameter measures the periodicity of oscillations in transmitted beam 

or dark-beam intensity which occur with increasing thickness of the specimen. 

Typically, extinction distances may be in the range 1U0-500A for relatively 
strongly excited diffracted beams (i.e. small deviations ( s z. 0) from the Bragg 

condition). For weakly-excited beams x may increase to several 1000A, which 

may readily exceed the specimen thickness. In this case no depth oscillations will 

be observed in the weak beam images for thin crystals (<.x to x A thick). This was 

clearly the case for Fig.6b, although the tracks were clearly inclined to the plane 

of the specimen foil for all three sets of tracks. 

The first point to note is that the dotted contrast is primarily a diffraction 

effect, it does not imply that the track structure is periodic on the scale of MOO A. 

How tlien can an essentially amorphous prismatic column defect, containing 

some void space perhaps, diameter ^.80A, produce dislocation-like contrast? TEM 

contrast predictions for imperfect crystals arc based on the use of structure 

amplitude and phase contrast considerations. Thus transmitted and diffracted 

beams arriving at some point £ in an imperfect crystal suffer amplitude and phase 

shifts with respect to the amplitude and phase of the beams at the corresponding 

point £ in a perfect crystal. The cumulative effect of such amplitude and phase 

shifts give rise to modification of the amplitudes and phases of the diffracted 

beams at the exit surface of the crystal, usually confined essentially to the 

projected area of (he defective or deformed crystal. 
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Taking the HREM and TEM analysis together so far we are obliged to conclude 

that the track core is essentially amorphous, but may contain a void space in thin 

crystals. The core has approximately circular cross-section. The core is 

essentially homogeneous along its length, taking the shape of a prism having 

rounded diamond cross-section. There should also be a weak strain field, 

containing some of the symmetry elements of t're [010] projection of zircon, 

probably with a tendency for matrix atoms to move slightly in the vicinity of the 
core region; the maximum displacement is < 20% of a lattice spacing at the 

core/matrix interface (Fig. 5); these displacements should reduce at a rate more 

rapidly than 1/R, say -1/R , with radial distance R from the track core. The dark 

circular ring contrast, which appears for intermediate range of thickness in 

Fig.2b,c is also suggestive of elastic strain in the immediate vicinity of the track 

core. 

Thus for a region of crystal containing a charged particle track we expect 

three contrast regions: I normal perfect crystal contrast; II core plus strain 

contrast, and; III strain contrast region. 

The phase shift of the transmitted and diffracted beams, say T and S for a two-

beam situation, will, for the core region, be given approximately by 

2K A<f> 
Act = Y ' 2E * A z ( 1 ) 

where X is the wavelength of the electrons, E is the energy of the incident 

electron beam, A/, is the depth of core traversed, and A$ is the difference between 

the mean inner potentials of the core with respect to the perfect crystal. For 

finite, bul small A<{> (say -0.1 volt per unit cell) one would expect a shift in 

intensity for both bright-field (T) and dark-field (S) images along the projected 

area of the track core. Thus wc expect a narrov strip .̂SOA diameter, of contrast 

different from the neighbouring bulk contrast (cf. Fig.I). 
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For region III; i.e. that containing the strain field only we assume, as is done 

for dislocation contrast calculations (see Head, Humble et al.. 1973 for example), 
that as a result of the strain field of the track, each point r of the lattice has been 

displaced by vector R( r ) relative to the point r of the corresponding perfect 

crystal. 

As a result of the displacement R(r ) the coefficients of the plane wave 

expansion of the scattering potential acquire position dependent phase factors 

with phase angles a given by 

a = 2 n g . R ( 0 (2) 

To include these changes in theoretical calculations of image contrast it is 

convenient to write T and S in the form of two coupled first order differential 

equations 

= iir | z— + —̂ ] exp(2rcisz)S dT . (\ i 
dz 

dS . (\ \ \ exp(-2;tisz)T (3) 

The effect of the lattice distortion is included by adding the extra phase factor a 

appropriate to points in the range z -» z+dz 

dT 
dz 

'1 * \ 
~ + z~\ exp(2;tisz+ia)S 
. ° &) 

-^ = in j — + — I exp(-27tisz-ia)T (4) 

(see e.g. Howie and Whclan, 19G1). If we put T=l, S=0 at z=0 the amplitudes al the 

bottom of columns of crystal having coordinates ( x 0 . y 0 ) may be obtained by 

integrating Eq.(4) with a = 2rcg «R (x ,y ,z). The bright- and dark-field images are 

then described by Iy(x,y) and lc(x.y). The latter may be expressed as computed 

images (dot matrix or laser printer) for various combinations of the parameters 
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x,y,/.,s, and t /T . They may be matched to experimental images if the e x a c t 

imaging conditions are known. Complete studies of this kind, for dislocations, 

have been detailed by Head, Humble et al. (1973). For strain fields the details of the 

contrast arc critically dependent on the crystal thickness, the orientation of the 

crystal and its surface normal, as well as the sign (compressive or dilatory) of the 

strain field, and the orientation of the dislocation, or, in our case, the fission 

track, the structure of the core (amorphous or void <~orcs have not been computed 

to our knowledge) and may involve detailed knowledge of the anisotropic elastic 

constraints of the crystal. Wc expect this latter to be important for zircon, as 

indicated already by the facetting observed for the amorphous core/zircon host 

interface. A wide variety of experimental situations have been described for 

dislocations and precipitate strain fields by Amelinckx (1964), as well as Head, 

Humble ct al. (1973). 

The case in contention here, i.e. the images of the inclined tracks in Fig.l, 

would appear to be quite simply explained; thus the central band of almost 

uniform contrast represents the projected image of the core, which differs from 

that of the surrounding mean background contrast. The periodically-dotted 

contrast, to either side of the core represents contrast due to the strain field plus 

phase shifts in the amorphous core. The magnitude of the contrast implies that 

the strain has similar magnitude as that produced by typical dislocations, observed 

in a strong two-beam diffracting condition (cf. Head, Humble ct al.. Figs. 5.8, 5.9 

for example). This is consistent with the HREM images Fig.5a-c, which shows 

shifts of < z dp j . at the core/matrix interface; roughly analogous to a Burgers 

vector b ~ T <101>, in so far as magnitude of strain field is concerned. The strain 

field of a prismatic or cylindrically compressed track core may be expected to 

decrease more rapidly than ~1,R, as is typical of the long-range strain field of a 
2 

dislocation, FPVV75 suggest a 1/R dependence. 
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It may become reasonable to attempt a quantitative analysis of charged 

particle track contrasts in future, when more carefully-controlled imaging data 

has been collected. This could then be of more than electron optical interest if 

future studies reveal systematic variations of track diameter, or strain contrast, 

with heavy-ion incident energy, or if position sensitivity along the track could be 

established experimentally. Since we do not have suitable TEM image contrast 

software at present we propose to first extend the range of observations before 

deciding whether full contrast analyses is a realistic goal. If future applications 

of synthetic track materials become established it may well be important to 

quantify the analysis. 

Finally we conclude this discussion by asserting that the track core is 

confined to an approximately circular cross-section, of 80A track diameter, 

containing amorphous material. The density of the core is presumably less than 

that of zircon although, due to the liklihood of beam etching effects, it is not 

possible to obtain an absolute measure of it from the existing track images. 

(d) Critique of earlier analyses. The single (track?) image claimed by Yada et al. 

1981, for a zircon mineral specimen seems to us, in hindsight, to have been rather 

optimistically interpreted. Their image, Fig.7, seems to be consistent with a 

surface step. It is highly unlikely that the only track they could observe should 

lie precisely along a <101> cleavage direction, and further, that it should terminate 

conveniently in a sufficiently thin area of crystal to yield a HREM image. Their 

further claim to observe point defects surrounding the track termination, as 

modelled schematically in their Fig.8, would appear to be an unjustified 

speculation. The work of Houpcrt et al. (1988), on synthetic heavy-ion tracks, is 

far more relevant to the present discussion, although they appear to have 

confused dotted contrast along the track image, which should be due to the strain 

field of inclined tracks, with structural fluctuations (sec their Fig.5). It is clear 
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from the present results that use of 400 kV, or higher, accelerating voltages, in a 

HREM instrument should greatly enhance the image resolution and hence 

interpretability. Furthermore, much more extensive lengths of track become 

accessible, due to the increased penetrating power at high voltages. It was our 

experience earlier that virtually no useful images could be obtained, with the 

same specimens, using a 100 kV instrument. 

(e) Stability of HREM latent track images. It is notable that the present images of 

zircon were relatively very stable, showing negligible "fading" on viewing for up 

to 1 hour for the relatively high beam energy densities required for HREM. This 

enhanced stability may be due to the relatively high-vacuum condition, in 

particular low H^O/OH content of ou*- microscope, as well as lower irradiation 

damage effects in zircon at 400 kV, compared with say 100 kV. Nevertheless it 

seems that track-etching has occurred to some extent for end-on tracks in the 

very thin edges. Analogous experiments with the mineral apatite were very much 

complicated by rapid in situ electron beam etching and irradiation damage 

(Braunshauscn, 1990). 

(f) Track core diameters. Prior to the recent HREM studies (Houpert et al.. 1988, 

and this work) track diameters were deduced by analysis of electrical conductivity 

measurements of crystal slices containing etched tracks, in particular by analysis 

of the dependence of electrical conductivity as a function of etching time, in 

KOH/NaOH or HF for example (Bear ct al.. 1970; sec also discussion by FPW75; Ch.l). 

Extrapolation to zero time yielded diameters of ^.35-80A for fission tracks in mica, 

etc. The present results for zircon clearly represent a v-rv significant jump in 

precision, from ~50% for the etching method, to z. one lattice plane spacing (<5%) 

for HREM. Furthermore, the shape of the track cross-section, facetted in the 

present case, and inhomogcnciiics along its length (track roughening) also 

become accessible. 
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The observation of an essentially amorphous core for heavy-ion tracks in 

zircon (above), confirms directly the conclusion cf. Fleishcr, Price and Walker 

(1975) that the lasting damage occurring along tracks is atomic disorder within a 

core region, rather than relatively disparate ionization or electrostatic 

excitations, which may more readily self anneal. Their conclusion was based upon 

extensive etching experiments on a wide range of materials. It remained to 

establish, however, the nature of the track-deficit length, discussed by FPW75, 

which appeared to be not accessible to etching. It may be that this involved 

development of discontinuous structures which become too widely separated 

finally to be accessible to etching, which presumably is initiated at the specimen 

surface and proceeds inwards along continuous atomically disordered track cores. 

This last few jim of a track should finally become accessible *o high-voltage HREM 

with due care in specimen preparation. 

5. Track formation mechanisms. 

FPW75 have summarized their extensive discussion of some 7 track formation 

mechanisms (see FPW75; Table !-5, p.40). According to their conclusion the most 

promising mechanism for further study was based upon a structural model in 

which there is virtually total energy loss in the track core. This model suffers 

from the criticisms that it ignores the difference between the qualitatively 

different defects produced by primary electrostatic excitations and ionization, and 

those produced by cascades of secondary energetic particles, e.g. electrons and 

ions which arc capable of producing further structural disorder. We will not 

repeat the arguments used by these authors for preferring the confined core 

damage model. However, it is relevant to claim that our observations appear to 

directly confirm their conclusion, at least for the high-energy component of 

hcavy-ion tracks in zircon, with the comment, however, that there is certainly a 

significant clastically-straincd region outside the track core. 
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Finally wc wish to contribute the following discussion concerning the 

physical mechanism for a core-damage model. Our comments are made in the 

light of extensive studies of glassy metals and also amorphous ceramic materials 

obtained by rapid quenching techniques during the past 15 years or so. Most 

materials studied at quenching rates >_10 °K.sec" solidify in the glassy state 

(Zallcn, 1983; Elliot, 1984). Glassy magnets and ferroelectrics, ceramic in nature, 

are routinely produced and used in vast quantities for technological applications. 

In the present context we propose that whatever the primary and secondly 

energy loss processes may be (see discussion by FPW75) the immediate core region 

of the track must be essentially in a highly energetic and randomly disordered 

"liquid-like" state, due to its confinement within a continuous crystalline matrix. 

We note that extremely high confining pressures may be expected, due to the 

relatively high elastic constants of zircon. Furthermore, the surface area to 

volume ratio for a linear track is ~ unity. Also note that zircon is a poor thermal 

and electrical conductor so that, whereas the track core may reach a high 

effective temperature, the zircon matrix will remain at temperatures considerably 

less than its melting point (2il700 oC). Thus we conceive of a confined liquid pipe, 

which must be in virtually a high density plasma state, containing energetic 

positive ions and electrons which however, cannot travel more than 50-100A from 

the original heavy-ion path. It should be remembered that the track core is 

initially and finally electrostatically neutral. 

Since the heavy ions are moving initially at 17% of the spocd of light, one 
1 2 may deduce a total energy-deposition time of ~5 x 10 s; i.e. the whole track is 

laid down in little more time than it takes an atom to undergo a few cycles of 

lattice vibration. 

u 
The total number of atoms involved in a track core is 6.4 x 10 , which share 

the total energy of -14 McV/u = 14 x 208 McV = 2.9 GcV. Thus an average of 4.5 cV 
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of energy must be dissipated per atom in the core. Note that this is a typical 

binding energy per atom in a crystal. It should be expected that a fraction of this 

amount will be emitted as electromagnetic radiation. A portion of energy is also 

required to support the clastic strain field observed outside the track core, as well 

as the amorphous core/matrix surface energy. Overall, the above simple-minded 

argument suggests that the 4.5 eV per atom may be reasonably accounted for by 
production of a narrow track core of ZrSiO^ which has undergone a crystalline -» 

glass transformation, as observed above. 

It is quite remarkable that there was virtually no evidence fcr radiation 

induced defects outside the track core. Small clusters of displaced atoms (say >2 0 

atoms) should be detectable in both the bright-field TEM images (say Fig.l; Fig.2b) 

and the [100] HREM images (Figs.4,5) (see discussion in Bursill, Shen, Smith and 

Blanchin, 1984). 

6. Conclusion 

Our study has confirmed directly the conclusion of FPW75, based on etching 

and conductivity studies, that charged particle tracks in dielectric solids consist 

essentially of a cylindrical track core (~ 80A 2 x 140 u.m the present case) 

containing amorphous zircon. It would appear that any displacement collisions 

which occur do so within only ~50-100A of the original charged particle path. 

This result surely poses a most interesting problem for condensed matter 

physicists, since the observed phenomena imply a highly cooperative 

phenomena, which may be not too far removed from questions of plasma 

confinement and the crystalline/glass phase transition. 
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Figure Captions 

Figure 1 Bright-field image showing heavy-ion tracks in Sample A. Note 

periodic dotted contrasts to either side of a central strip 

(track core) diameter 80A. Additional periods of dotted 

contrast are added for each step of one extinction distance 

in crystal thickness. 

Figure 2 (a) Wide-field lower magnification image of [100] projection of 

sample A, shewing end-on track contrast; note elongated 

track shapes at the thinner edge. 

(b) Bright-field image for approximately two-beam condition, 

close to [100] orientation. Note variation of track core 

contrast with increasing thickness. 

(c) Enlargement of section of Fig.2b. 

End-on tracks for area of sample A containing two 

intersecting dislocation networks. Note interaction of 

some dislocations with tracks. 

Show HREM images of lateral cross-section of tracks in 

sample A, [100] projection. Note facetting of core/zircon 

matrix interface, forming roughly diamond-shaped cross-

section. A dislocation image occurs between two track 

images in (a). 

(a-c) show enlargements of track cores only; note slight 

deviations of some lattice fringes in the immediate vicinity 

Figure 3 

Figure 4a,b 

Figu 
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of the matrix/core interface (sight along lattice directions 

at glancing incidence). (d) shows enlargement of the 

dislocation core region of Fig. 4a. 

Figure 6 Bright-field image for medium magnifications (a) for [301] 

zone axis images of sample B. Tracks lie almost in the plane 

of the specimen foil. (b) shows same area as (a) after 

tilting about [020]. Note dotted contrast from inclined 

tracks (cf. Fig.l) and presence of significant percentage of 

misaligned tracks. 

Figure 7 (a) Show HREM images from sample B, for symmetrical 

[301] zone orientation. Note variations of background 

contrast on proceeding along, and across, the track. 

(b) Segment of Fig.7a enlarged to show fine detail within 

the track core longitudinal cross-section, and also within 

the zircon matrix to either side. Note slow change of mean 

intensity within the core region on passing from 

matrix to core region to matrix. 

Figure 8 (a) Weak-beam dark-field image of sample B, showing 

three sets of inclined tracks; note narrow core strips ;r.8 0A 

diameter bounded by bright line contrasts to either side 

(b) Shows a further fragment of sample C, for higher-

order two-beam diffracting condition; note precipitate-

type strain contrast associated with one set of tracks and 

change of aspect ratio. 

Figure 9 Projection of zircon structure onto [100], only Si-0 

tetrahcdral bonds arc lined. 
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