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The rate of formation of extended defects by heavy energetic ions in track-forming minerals shows a pro-
nounced nonlinear dependence on the linear ionization rate. It is suggested that the formation of an ex-
tended defect—as recorded by small-angle x-ray scattering—requires a certain threshold ionization density.
As a consequence, the mean number of observable defects per ion track is related more directly to the fluc-

tuation in ionization density than to its mean value.

Tracks of energetic ions, in particular, etched tracks in
minerals, have been extensively studied after Price and
Walker! developed a technique of fixing latent tracks by
means of preferential etching.

The main interest of developing the study of latent and
etched tracks in dielectrics was their identification as thresh-
old detectors. It was then thought that this kind of material
could be used as solid-state nuclear track detectors. Many
calibration experiments were done in order to determine the
threshold of registration for the different ions in various
minerals.2 It was then observed that in reality in such
minerals as labradorite and mica (the most-used mineral
detectors), for monoenergetic beams of incident ions, the
distribution of lengths of their etched tracks is not a single
function characteristic of a threshold of registration, but
presents a width which depends on the etching conditions.’
It was then shown that it is impossible to define a ‘‘total
etchable range”’ for an incident ion of given atomic number
in a mineral. This seemed to rule out the theories of
etchable-track formation since they are all based on a
threshold concept related to the mean energy loss or ioniza-
tion rate of the incident ion. .

On the other hand, the existence of a distribution in the
lengths of etched tracks should be more easily explained
with statistical considerations: Instead of the mean value of
the energy loss or primary ionization rate, it is the fluctua-
tions about this mean value which should be considered.*?
In the case of minerals, the accepted theory of track forma-
tion in minerals is the ‘‘ion-explosion-spike’’ theory of
Fleischer, Price, and Walker® which covers the main charac-
teristics of track registration in minerals. According to this
theory, an etchable track will result if the rate of primary
ionization of the incident ion exceeds a critical value depen-
dent on the detector. Starting from this point, it is of in-
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terest to consider that the fluctuations of the ionization rate,
rather than its mean value, are effective in creating etchable
tracks of ions when their energy is in the critical region
where the ‘‘registration threshold’ was thought to exist.

Defects that make up latent tracks prior to etching have
been studied®® for ions with atomic numbers 7< Z, <36
and energies E ranging from 1 to 8 MeV/amu by means of
small-angle scattering of x rays. This covers the region of
the ‘“‘registration threshold’’ defined for muscovite mica and
olivine. These measurements were linked with etching of
the tracks of the same ions with the same energy. It was
observed that the latent track in muscovite and olivine con-
sists of extended defects with spherical symmetry linked by
point defects.® After a very short etching time, 7 =15 s, the
defect contrast increases and the defects become cylindrical.
It was concluded that the defects seen by small-angle x-ray
scattering are lined up along the path of penetrating ions
and are preferentially etched by the reagent.” The etchabili-
ty of tracks was then linked to the linear density of the de-
fects.

Experimental results on size, electronic density, and an-
nealing behavior of such defects versus Z;, as well as the
rate of production of extended defects versus energy, have
been reported.? These results are summarized in Table I
which shows the mean diameter D of the spherical defects
versus Z;. It is seen from Table I that the diameter of the
defects increases only slightly with atomic number Z;,. A
similar conclusion is arrived at from alternative evaluations
of the defect diameter.” Unlike the diameter, the mean
number of defects is seen to vary quite drastically with Z,
and E. This variation is much stronger than that of the per-
tinent cross sections for ionization, electronic or nuclear en-
ergy loss, as well as restricted energy loss.?

These observations, together with the fact that the mean
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FIG. 1. Mean number of extended defects per unit track length x for Fe, Ar, and Ne ions incident on mica at initial energy E. Solid lines:

Eq. (4).

rate of ionization is quite high (—~1 event/.&), suggest a
mechanism of defect creation based on the fluctuations of
the ionization rate rather than the mean rate. In such a
model, extended defects are created only in regions of ex-
ceptionally high ionization. Except for the different view at
the microstructure of the individual track, this picture is
compatible with any mechanism that produces observable
damage by way of high-density (primary or secondary) ioni-
zation.!0-14

Let r be the mean number of pertinent ionization events
per unit track length. In the case of statistical indepen-
dence, the probability W (m) for m events to occur on a
track element of length / is given by the Poisson distribu-
tion,

Wm)=e "(rD"/m!, 1

and the probability for at least m events on / is

Ulm)= 3, W(m) . @

(4

Thus, the mean number per unit track length of track ele-
ments of length / with a linear ionization density exceeding
a critical value r, = m./l is given by

x=U(m)/I, 3)

provided that U (m,) << 1.

As a first attempt to evaluate the implications of this
model, we keep the track-length element / fixed, i.e., in-
dependent of ion type and energy, and of the order of the

TABLE 1. Mean diameter D of defects (full width at half max-
imum) observed at 1 MeV/amu by small-angle x-ray scattering in
muscovite (Ref. 9), based on the assumption of a Gaussian distribu-
tion of the electron density in the defect.

Ion z, D (A)
N 7 <16
Ne 10 16
Ar 20 22
Fe 26 - 26
Kr 36 > 26

defect diameter D. This implies that m. must also be kept
constant for a given material. Then, the density of damage
zones along the track,

O]

x=Le-r > (D™m!
! m=m,

depends only on the ionization density r, and its variation
with r is determined by the expression
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FIG. 2. Same as Fig. 1 with r/ as the abscissa to demonstrate the
scaling behavior predicted by Eq. (4).
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In case of a high ionization rate or r/ >> 1, an observed ra-
pid increase of x with increasing r thus indicates that m,
must be very much greater than 1.

Figure 1 shows a comparison of the measured values of x
with Eq. (4), for m. =17, /=20 A. r was calculated assum-
ing r = n o, with n the number of electrons per unit volume,
o the ionization cross section estimated from simple
Coulomb interaction,

2nZ*%e* 1

i mv2 Is ’ (6)
m and e the electron mass and charge, v the ion velocity, I
a mean ionization potential which has been set equal to
I,=91 eV for a mean atomic number Z =8 of the target,!’
and Z* a velocity-dependent effective charge number.!%!’

The value of m has been chosen to fit the calculated x to
the experimental point at £ =1 MeV/amu for Fe ions. It is
seen that good overall agreement is obtained for the energy
dependence of x, especially for Fe ions.

The data have been replotted in Fig. 2 in order to test the
dependence of the defect-production rate x on r/, as predict-
ed by Eq. (4). From Fig. 2, the following conclusions can
be drawn:
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(1) The three sets of data following from Ne-, Ar- and
Fe-ion bombardment show a scaling behavior such that the
defect-production rate is a function of the ionization rate r.

(2) This function deviates drastically from linearity.

(3) Within the accuracy of the scaling, the empirical
function agrees well with the prediction Eq. (4), with
parameters as indicated.

(4) The precision of the experimental data does not allow
us to choose between ‘‘energy loss,”” ‘‘restricted energy
loss,”” or ‘‘primary ionization rate’’ as the relevant parame-
ter for creating the defects, since all these parameters do not
have a different variation with energy, and it is possible to
replace r by one of them and fit the data as well. However,
these statistical calculations should be included in consider-
ing any of these models. The notion of ‘‘threshold,”” which
is now in contradiction with experimental data, should be
replaced by the ‘‘rapid variation of the rate of occurrence of
fluctuations about a mean value.”

This work was started when one of us (P.S.) was a visit-
ing scientist at Orsay. The hospitality and interest of the
group, especially H. Bernas and M. Maurette, are gratefully
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