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DEVELOPMENT OF ETCHED NUCLEAR TRACKS*
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of the Hungarian Academy of Sciences
Debrecen, Hungary

Abstract. The theoretical description of the evolution of
etched tracks in solid state nuclear track, detectors is
considered for different initial conditions, for the cases
of constant and varying track etch rates, isotropic and
unisotropjc bulk etching as well as for thick and thin
detectors. Tt is summarized how cr.e can calculate the main
parameters of etch-pit geometry, the track length, the
axes cf a surface track opening, track profile and track
contour. The application of the theory of etch-track
evolution is demonstrated with selected practical problems.
Attention is paid to certain questions related to the de-
termination of unknown track parameters and calculation

of surface track sizes. Finally, the theory is extended

to the description of the perforation and etch-hole
evolution process in thin detectors, which is of particular

interest for track radiography and nuclear filter production.

*This paper was presented as an invited survey lecture at the
International Spring School on the Development and
Applications of Solid State Nuclear Track Detectors held at
Islamabad (Pakistan), March 5-14, 1979.
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1. INTRODUCTION

Numerous applications of solid state nuclear track
detectors to the present and future needs of users and
"trackologists” have become apparent. Consequently, more

and more researchers raise a claim to get more experi-

mental and also theoretical information about the be-
haviour of etched nuclear tracks. In view of this con-
sideration | am very greatly honoured to be invited here

to try tc satisfy, even if only partially, one half of
this demand.

One of the aim of my lecture is to provide a survey
about our present possibilities fcr the theoretical de-
scription of the main problems related to the evolution
of etched nuclear tracks. In other words | will examine
here the etch-pit geometry and try to show how this geo-
metry affects quantitatively several measurable track
parameters like track length, axes of surface track open-
ing, shape of the profile and contour of etch-pit. At-
tention will be mostly focused cr the basic principles
and relations governing etch-track evolution under differ-
ent initial conditions (isotrcpic arid unisot: ropic bulk
e”-hing, constant and varying track etch rate, thick and

ti_r' detectors). With knowledge of the principles and

guantitative relations concerning the kinetics of track
etching, | also intend to familiarize the participants of
this Spring School with several, specific questions of

track-evolution which may appear the most likely to be



usefully utilized in their future werk. Of particular inter-
est in this respect are the problerrs of the calculation of
different track quantities in terms of measurable etch-pit
parameters for nuclear particle identification, track rari:-
ography and nuclear filters.

It is to be emphasized that my survey is necessari-
ly incomplete, and it should be considered only as a review
of some of the m.ost important ideas and assumptions or. the
subject which have been mostly reported cr, by other re-
searchers and myself. In respect cf detailed infcmatier. 1
refer to the basic literature available cr the; geometry of
etched nuclear tracks [1, 2, 3, 4, 5, 6]. For those wha
whish to understand, more deeply, the details of the- calcu-
lation of some relations, my survey gives c-r.ly a logical
basis cr, the strength of which, the participants of this
Spring School may solve the prchbleitis as an "amusing
homework”. My lecture, tc some extent, is also devotee! tc
a certain systematization of the kinetics of etch-track
growth, sc full proofs of formulas will be giver only in
exceptional cases when they can be considéré«! tc be of

"higher educational value".

2. BASIC CONSIDERATIONS

Let me begin by summarizing briefly and schematical-
ly the way which leads to the kinetics of etch-tracl- gnewth.
In Fig.l a simple scheme is illustnated showing the "mile-
stones" along this way. At the two ends we have the parti-

cle parameters (charge, mass, energy) as input data and
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the etch-track parameters (length, axes, profile, contour)
as the output ores. Along the way we can meet the response
of the detector or. microscopic and macroscopic levels in
the course of the radiation damage and the chemical etching
process, respectively. In order to understand clearly how
this scheme works in practice, we have to find out the
fundamental relations existing between the main parameters
of the directly connected milestones.

At present there is a variety of proposed S = f(P)
functions that relate radiation damage quantities to the
nuclear particle parameters. In the practice of different
laboratories the use of the primary ionization and the
restricted energy loss is equally preferred and justi-
fied [7]. However still more effort is required to find
the conceptually correct damage quantity which is re-
sponsible for the preferential etchability.

There is a large gap in our present knowledge of
the next fundamental relation, V(S) , which is frequent-
ly referred to in the literature as response function,
and which gives the connection between the etching and the
damage response of a detector. Our present knowledge of
this function is almost completely empirical and little
effort has been still made to describe theoretically the
expectable variation of the etch-rate ratio along the
damage trails and specially in terms of detector and
etching parameters.

The finding of a proper response function is a central

problem in any quantitative work w'ith a given track de—



teeter. For an adequate expression acceptable in practi-

cal work the criterion of self-consistency

V(S,ZL) = V(S,z2)= ____ - Vis.z~ (1)

should be satisfied as much as possible, i.e. with the

same damage etching response should be independent of
nuclear charge. Having a reasonable etch-rate ratio vs
damage curve and using a range-energy relation, R(E) , one-
can derive a set cf etch—rate ratio vs residual ranee
curves, V(R), for different nuclear particles, the knowledge
of which is of primary importance in any kind cf calculation
related to the geometry of etched tracks.

The basic relation for the understanding cf the de-
velopment cf the geometry cf etched nuclear tracks can be
represented by the function T = f(V,h,0,R ) indicated in
Fig.l. The determination of such functions fer différent

experimental conditions can be considered as a basic task

of the theory of etched track evolution during the chemical
etching process (i.e. etch-track kinetics). It is my present
task to demonstrate the capabilities c¢f such a theory fer
typical cases. First of all, however, for the sake cf an
easier explanation of the topic, it is advisable tc intro-
duce a reasonable systematization for the variety ct etch-
-track kinetics. Our systerr,atizaticn applied Ir. this review
is shown in Fig.?2.

At first distinction should be made between etch-pit
formation in track detectors with, isotropic and uniso-

tropic bulk etching rate (henceforth isotrcpic and un -



isotropic solids). The criterion of isotropic bulk etching
is completely satisfied for glasses and in most of the
cases with good appro*irr.aticn for high polymers if they
are not oriented along a preferred direction during foil
production. The unisotropic case is obviously represented
by crystals, where the bull< etch rate is a complex function
of the crystal plane orientation.

The second distinction is made according to the degree
of alteration of the track etch rate along the nuclear track.

This may be considered a computation technical simplifi-

cation, because actually varies along the trajectory of
particles in most track detectors. In certain practical
cases, however, it is a justifiable assumption to approxi-

mate VT with a constant value, for which condition all

relations of etch-track kinetics car. be expressed in ex-
plicit, welL- .amputat'd e closed formulas.

The situations when V' may be approximated as a
constant are generally restricted to small layer removals
and to track portions of higher energy particles where
the damage density is only a slowly varying function of
the range. In certain cases, however, when the calcu -
lation of a given track parameter is not very sensitive
to the changes in the value of , one may usefully apply
the etch-track kinetics with constant etch-rate ratio,
even if VT displays a sharply changing character. Such

a situation arises for example in track axis calculations

if the V(x) >10 condition is satisfied.



In the end, from the point of view of etch-track
kinetics, one can distinguish the cases which are related
to thick and thin detectors where, by definition, the thin
detector represents the case when during etching the foil
is perforated through completely. Tt should be noted that
for etch-track kinetics in thin foil there is no literary
data available. Recently, however, it has become clear
that it is most desirable to extend rhe theoretical de-
scription to the problem of film perforation and the hole
evolution process, too. Having this ;n siJdhrj r the end
of my review, | intend to give a preliminary account.of

the results achieved in this field in our laboratory,

3. STARTING PARAMETERS

Before working out methods for giving the basic
eguations T = f(V,h,O,RO) of etch-track kinetics, a few
words should be devoted to several important starting pa-
rameters of the theory, namely to the etch-rate ratio,
critical angle and critical layer removal.

Etch-rate ratio. A satisfactorily quantitative and
practically computable treatment of our problem can be
obviously accomplished only with the knowledge of the
complete form of the relation V(R). A specially important
guestion which arises here is how we can take into account
the so-called "threshold region", i.e. the hardly etchable
track portions.

As a part of a comprehensive study L81 we have shown

that sound reasons force us to suppose that no sharp regis-



tration threshold exists, although the threshold concept
has been a useful general classification guide for nuclear
track detectors according to sensitivity. The existence
of a registration threshold cannot be accepted, at least
almost certainly, for pure polymeric materials or foils
containing relatively small amounts of additives. In a
recent work further evidence is given that there is no
sharp threshold for track production, and even tracks of
0.02 MeV protons can be observed in LR-115 cellulose
nitrate providing the use of a sufficiently long etching
time [9]. In a detailed study Price et al [KO3 have shown
that even for mineral detectors there is no evidence for
a "critical ionization rate" and the etching response is
a smooth function of the radiation damage density along
the track.

In the end, one can conclude that for the de-
scription of etch-track kinetics one should choose V(R)
functions approaching the V=1 value (threshold criterion)
gradually at increasing residual ranges. In Fig.3 such
V(R) curves deduced from our studies for alpha-particle
tracks are presented, clearly showing the absence of a
well-definable threshold in the plastics studied. A
reasonable representation of these curves can be given by

the relation of the form
V = 1 + exp (-AR+B) (2)
for PC, CA and CN and by the formula

V =1+ A R-B (3)



for CR-39 homopolymer, which has been recently found to
be an exceptionally sensitive detector material [11].
where A and B are fitting parameters. It must be noted that
eq. (2) seems also to be applicable for CR-39 but only in
a portion of the alpha-particle residual range between
about 8-40 pm. Generally, if no other simpler function

is found, the use of the expression

V"l = 1 - | Azexp(-BzR) (4)
i

may be proposed for both light and heavy ions. With this
and also with eq.(2) one can easily calculate the integral

of type

M(x) = V"1 (x) dx (5)

which frequently appears in the relations of etch-track
kinetics at varying etch-rate ratio along the range of
particle.

Critical angle and critical layer removal. Consider-
ing a constant etch-rate ratio, the evolution of track
geometry can be relatively easily followed at any incident
angle as a result of the competition between the track

and bulk etching effects. Only a critical angle given by
0 = arcsin Vg/Vy (6)

should be taken into account as a |limit angle for re-
vealing tracks. At varying etch-rate ratios, however, the
situation is obviously more complicated. Here, instead of
the critical angle, it is more advisable to introduce a
so-called critical layer removal, h , into the theoretical

formalism. A demonstrative presentation of the meaning of
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this new starting parameter of etch-track kinetics is
given in Fig.4. It is clear from here that the actual
value of hc as a function of the incident angle and the
"starting range", R , of the nuclear particle can be ob-

tained from the solution of the equation
V(Ro-x C)S|n© -1=0 (7)

for xc= hc/sin0. Taking into account eqs.(2) and (3) as

etch-rate ratio vs residual range curves, from eq. (7) we

can get
; 1 5 sSin®© B 4
h sin 0 { R0 A n 1-sin© “ A ¢ (8)
and h = sin®© [R - (—-®-n-—] ] (9)

c 0 1 - sin®©

From these it can be well seen that in practice we can
meet with two cases, when hC= 0 and when hC A0, respective-
ly. In the first case the etched track formation starts
immediately, in the second case only after a sufficiently
long period of etching. The origin of the coordinate system
used for describing the basic relations of etch-track Kki-
netics is obviously to be placed in the x = h /sin®©® point
of the particle trajectory (see Fig.4) for the case hc / O.
In order to demonstrate, in a realistic practical
case, the importance of the above-mentioned parameter and
the order of the delay of etch-pit formation, we have ana-
lysed track appearance for various Ilight nuclei in Lexan.
Our calculation was based on the procedure published in

[8] for REL and range determination, starting from the
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response function

V = 1 + 0.027 REL2*84, (10)

where the REL value is expressed in MEchng_l. As a
result we got the curves indicated in Fig.5 which clearly
show a sharp variation of the critical etching time, t =
= hc/VB, as a function of the specific energy and incident
angle. The variation is so sharp that it may be usefully
proposed as an identification method for ions entering
the detector at appropriately tilted angles. It is inter-
esting to note that the so-called etch induction time
method proposed by Ruddy et al. [12] , in experimental
consequences appears to be very similar to the critical
etching time method proposed by us here. The physical
explanation of the origin of the two methods, however, is
almost certainly different, since our hc calculations for
the CN foil used by Ruddy et al. have completely failed

to explain their observations.

4. ETCH-TRACK FORMATION IN THICK ISOTROPIC SOLIDS AT

CONSTANT ETCH-RATE RATIO

Let us consider now the etch-track kinetics for an
isotropic track detector, assuming a constant etch-rate
ratio. The basic idea of one of the most elegant mathe-
matical treatments of this problem can be found in [13].
Other important details related to the track geometry of
this case have been published in [2,3,6]. In this review

will first outline a simple demonstrative model of track

12



evolution, which in principle, is capable of describing
completely our problem, and the formalism of which can be
generalized and extended to the complete description of

the etch-track kinetics for varying etch-rate ratios, too

The Geometrical Model

When the chemical dissolution proceeds with a
velocity Wj- along a narrow central track region and with
Vg velocity in other directions in the detector medium,

mathematically the track shape can be considered as a

"normal cone". The surface of this cone can be generated

by the rotation of a straight line given by the equation

y-'-xtg”:+ Ltgr , with tgS= — — j t-=Vh, (11)
(vi-1) L/?

around the x axis of the coordinate system indicated in
Fig.6. The equation of the circular conical surface can
obviously be obtained from eq, (11) by replacing y by
(yr+z2) Thus, we have the relation

yZ (x-hv)

AR |

(0]
A (12)

which describes the kinetics of track growth in the first

[5].

so-called "cone phase" of etch-pit formation illustrated
in Fig.6.
After a layer removal h = U”A/M, where is the range

of a nuclear particle, there is no more preferential etching

along the axis of the track cone. The end of the track cone,

in this phase, becomes spherical i.e. the track is composed

of a conical and a spherical portion. It is a "partial cone



and sphere phase™

of etch-pit formation,

which may shortly

be called "transition phase"”. The equation

p ? o] R 2

z +y + (x-ROP - (h - 72) =0 (13)
represents the gradually growing sphere joined to the
gradually diminishing cone portion in this phase.

Finally, in the last so-called "sphere phase" of
etch-pit formation, the track becomes entirely spherical,
when with the etched-off surface given by the equation

X - yctgQ sino = 0, (14)
the conical track portion is entirely removed.
Calculation of Track Parameters

With the knowledge of not more rhan four parameters
(in our case V,6,h and R ) and by using egs. (12) , (13)
and (14) related to the track cone, track sphere and post-
-etch detector surface, one can quantitatively predict the
variations of any track parameter during the chemical etching
process.

The track profile is obviously given by eq. (11).

The contour of the surface opening of the track can be
obtained from the solution of the equations describing the
track wall and detector plane. For the "cone phase" of
track formation, for example, the solution is an ellipse
defined by the equation

€S



where a and b are the semiminor and respectively the
semimajor axes of the ellipse and ayo is the "shift" of
the point of intersection of the track cone axis with
respect to the geometrical centre of the ellipse. The
actual values of a, b and AyQ are indicated in Fig,6. We
note that at this calculation we used the y = yQsin0
transformation, taking into account that the plane of
the surface track contour is parallel with the plane de-
termined by the z and yQ axes. This tranformation means
that the track contour is replaced to the plane of the z
and yo axes.

In principle, similarly to the above procedure, from
the solution of eqgs. (13) and (14), one can get the track
contour in the "sphere phase" of track formation. It is a

circle determined by

(h - ~)2-(h - RQsin0)2 = r2, (16)

where Sy = i s
tgO

With the equations (15) and (16) of the elliptical
and circular parts of the surface track opening, the
relations describing the evolution of the minor and major
track axes are fully determined. From the point of view of
track axes the phases of evolution indicated in Fig.7 can
be distinguished. Two evolution phases exist for the minor
axis but three phases for the major one. There is no need
to explain the reason because the schematic drawing in

Table | speaks for itself. Finally, it can be clearly
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seen that the actual value of the track axes can be deduced
from the relations
d = 2a , d2 = 2r ,

D1 = 2b , D2

b+|l'|y0|+r- |6y0|,D3:2r,

and the h values at the phase boundaries of track evolution

can be obtained from the solution of equations

é = n

9T o for h - hi
b = r + &VO F 5vy01 for h - H1
b =1 - /\\./D“1 «vyi for h = H2.

For a better survey, the above track quantities are
summarized in Table I.
5. ETCH-TRACK FORMATION IN THICK ISOTROPIC SOLIDS AT

VARYING ETCH-RATE RATIO

There are several practical cases when the deviations
from a perfect conical track shape are not negligible and
the previously presented track formation model represents
only a very rough approximation. Therefore, we must face
a more complicated question i.e. how the track geometry

can be described at a varying etch-rate ratio [1,3,4,5].

The Geometrical Model

Let us suppose that the track-etch rate is a mono-
tonically changing function of the residual range of the
nuclear particle in an isotropic solid (see e.g. Fig.3).
In this case let us try to describe the etch-track growth
in a form which allows the calculation of any track para-

meter of interest (pit-wall, track length, profile,axes ,

16



contour) for nuclear particles entering the detector at
arbitrary angles. If we want to avoid a sophisticated and
complicated treatment of the problem without the loss of
generality, it is advisable to try to find the simplest
mathematical formalism possible. This requirement may be
satisfied with a certain generalization of the geometrical
model used previously for describing the different track

evolution phases at a constant etch-rate ratio. We have

to take into consideration, however, that at varying
etch-rate ratios, under certain ccnditions, one more
phase, the "incubation phase" of track evolution due to
the existence of a critical layer removal, may appear
(see eqs. (8) and [9)). One can also meet here the "cone",
"transition” and "sphere" phases, but in the "cone phase"
we actually have a track with a more complicated surface
of revolution (see ”"ig.8)

A further distinction comes frcm the fact that the
track shape shows a dependence on etch direction as
compared to the direction of particle travel, as it s
clearly shown by the photographs of alpha-track profiles
in Fig.8 obtained in CR-39 polymer with the "track in track
method. The direction effect is schematically illustrated
in Fig.9 from which one can clearly realize the analogy
of track formation to an accelerating (forward track) or
a slowing-down (backward track) wave source. This de-
monstrative picture can be usefully applied to the
required simple description of the equation of the etch-pit

wall at a varying etch-rate ratio.

17



A convenient coordinate system introduced into our
problem is shown in Fig.10, in relation with a spatial
picture of a forward track developing parallel with the
travel direction of the particle. The origin of the system

is fixed at the intersection of the original detector plane

and the trajectory of the particle, so that the x axis
should coincidence with the track axis. The y axis of

the coordinate system lies in the plane determined by

the particle trajectory and the direction of the major
track axis. Using this system, the basic formulas de-
scribing etch-track kinetics consist of the equation of the
etch-pit wall and that of the planes parallel with the de-
tector surface. From the common solution of these equations,
at a particular value of a parameter C introduced to de-

termine the spatial position of the planes, one can answer

all the questions of track evolution at a varying etch-rate
ratio.

The etch-pit wall. In order to get the equation of the
etch-pit wall, a realistic basic assumption must first be

set up for the mechanism of etch-track formation. As it is
suggested by Fig.8 and Fig.9, from the mathematical point of
view the description of the evolution of an etch-pit wall
is equivalent to the description of the evolution of a head

wave produced by an object moving at a variable speed V-j-(x) ,

in a medium having a wave propagation speed VB. On the analogy

of wave front production by a small object, the enhanced
chemical dissolution of the material in a track is gradually

delayed and is limited only to a narrow central zone of the

18



particle trajectory. At a given xq coordinate point of the

trajectory, the chemical dissolution of the bulk material starts

after a delay

X
h 0 , h H(x )
t(x ) = — + |/ V"o (x) dx = ° (19)
B X B B

and after that it takes place at a rate VB along a spheri-

cal surface of increasing radii of
r(xo) = VB(t-t(xo)) = h-hC-H(Sx ), (20)
where t is the total etching time. In this way the equation

of the surface of the spheres of bulk material dissolution

can be given by

B(xo) = z2 + y2 + (x-xo)"~ - (h-hC-H(Sx ))2 = 0. (21)

The etch-pit wall in this phase of track evolution can
be considered as an enveloping surface of the family of

B(xq) spheres, and is determined by the set of parametric

equations

B(x ) =0 , IS- =0 (22)
° 3*o
where £, = x . Xg - (- h - Hx ))V "~ (x ). (23)
c 0
?Xo0
This set of equations, which will shortly be referred to

as the relation of "travelling balls" [5], describes the
track growth in the "cone phase" of track formation.
As soon as etching has reached the end of a damaged

particle trail of length R , after a layer removal h = H(RQ)

(see in Table I1), there is no more preferential etching

19



and the track end becomes spherical. In this "transition

phase" of track evolution, the formula
B(RO)I:22+y2+ (x-RO)Z- (h-hC-H(R)éZ:O., (24)

derived from eq. (21) through the xqg = R substi-

X =

omax o

tution, represents the gradually growing sphere joined to
the gradually diminishing "cone" portion. (The "cone" is
only a conveniently short notation here, the real track

is, of course, a more complicated body of revolution,)The
formula (24) may be shortly called the "standing balls"

relation.

In the last, "sphere phase" of track evolution the

the "standing balls" relation is valid.

Planes parallel with the detector surface. In order
to determine completely all the details of track formation
at a varying etch-rate ratio, in addition to the "travelling

and standing balls" relations, one should also determine
the "moving planes” relation, i.e. the equation of the
family of planes parallel with the detector surface (see
Fig.10). A plane which intercepts, on the coordinate axes,
the (nonzero) segments a, B, y, can be represented by the

equation

-6 o -1 . (25,
In our case, as can be seen from Fig,10, we have

a= L.+ C
T sxn 0 (26)

20



Substituting these values into eq. (25), we obtain the

equation of "moving planes” in the form
h + C
X ctgO -
yctg sinG 0 . (27)

Calculation of Track Parameters

By using the eqs. (22), (24) and (27) one can quanti-
tatively predict the evolution of any track parameter at a
varying etch-rate ratio, on the full analogy of the methods
used previously at a constant etch-rate ratio» Here, however,
the common solution of the equations of "moving planes" and
"travelling balls" cannot explicitly be given due to the
complex parametric form of the latter one. Consequently,
the relations with respect to the track parameters of in-
terest can also be generally expressed in parametric form
and their actual computation can be performed with successive
iteration procedures.

Some of the formulas related to different track para-
meters are summarized in Table Il. For simplicity, they
are presented for the case hc= 0. As concerns further de-
tails of practical calculations using these formulas one
should refer to the work [8].

Finally, it is perhaps reasonable to present here the
only case for which the track parameter calculation can

be explicitly carried out. It must obviously be the situ-

ation of the "sphere phase" of track evolution where the
formulas (24) and (27) to be used are not in parametric

form. Using the condition C = 0 and the y = yQsin0 transfor-
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mation, the solution of eqs. (24) and (27) can be expressed

in the form

z2 + (y - 6yo0)2 = (d/2)2 (28)

h - R sinO
0]

where 6y0 similarly to eq. (16), and

tgo '

the track diameter is given by

(d/2)2

(h-H(RQ) 2-(h-RQsin0) 2 =

[R SinG-H (R_)I[2h-R _sin'.-H (R )]. (79)

6. ETCH-TRACK FORMATION IN THICK UNISOTROPIC SOLIDS

Lastly, we must touch upon the etch-trank kinetics
for thick solids at an unisotropic bulk etching rate (see
Fig,2). | intend to deal with this question only very
briefly because this situation cannot be treated as yet
with the same generality and certainty as track evolution
in an isotropic solid. In other words, at present, no
etch-track formation model exists which would be valid for
arbitrarily chosen unisotropic solids in the case of
particles entering various crystallographic planes at
arbitrary incident angles. In spite of the fact that

valuable experimental data have been recently collected

for the different etching properties and etch-pit: formation
characteristics of crystals [e.g. 1, 10, 14-19’'., there is so
far no appropriate basis available to build up an appropri-
ately general etch-track formation theory for unisotropic

solids.



I can try to outline here some of the cardinal points
that should come into consideration at a future theoretical
description of etch-pit formation in crystals. At the same
time, | emphasize that these effects should be the objectives
of more detailed experimental studies in the future.

a) In crystals the track etch rate is also a varying
guantity along the track. In most cases, however, it does
not show such a smooth function as in amorphous solids [1CI}

b) Both the bulk and track etch rates display depen-
dence on the crystallographic orientations. Consequently,
the track appearance (critical angle for revealing tracks)
as well as the various observable track parameters show
more or less unisotropy in different directions in a
crystal (e.g. CI7] CI91l, Figs.11 ¢, d).

c) It appears that the shape of etch-pit figures,
in certain cases, is influenced by the damage density along
the track. This effect may be of special importance at
small damages where the discontinuous damage distribution

may result in serious consequences in etch-pit evolution.

d) The geometrical shape of track opening may also
depend on the etching time (see e.g. [16]).

e) The etch-pit contour, is sometimes turned away
at different depths of the track and even the shape of
the contour may be changed in the same etch-pit at the
same etching time.

f) The track wall frequently has a well-visible

step-like structure (Fig,lid).
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In the light (or shadow?) of the above consider-

ations | am afraid to propose here any kind of definite
track formation model for unisotropic solids. | shall con-
sider only a simplified model [3 j which, nevertheless, |

hope, can fairly elucidate the essential differences
between etch-pit evolution in isotropic and unisotropic
solids. In crystals, according to this model, etch-pit
formation is governed by three different etch rates. These
are the track etch rate along the damage trail, , the bulk
etch rate in a direction normal to the surface plane of the
crystal, Vg, and the bulk etch rate parallel to the surface
plane, V , where Vp is a function of crystal surface ori-
entation. Assuming a constant along the track, the ex-
pectable track profile in a given plane of symmetry seems
to be the one illustrated in Fig.12, Here, from the point

of view of track axis evolution, two phases are to be

distinguished in which the axes can be given by the re-

lations
VP
d1 2h Of h £ h, :Rosin© (30)
VB \/jsinO
VP
dg = 2R sin®© (31)
o}
VB
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In addition, the angles at the track tip in the two phases

can be calculated from

2sin0 (V_/V_)

tg Sl = (32)
WT/Vp)2 - 1

£8 Vv VB - (33)

The above equations fairly represent the main features of
track evolution in crystals. For example if VB~ 0 and

V-j.>>Vp» we have a track generally observable in muscovite
and phlogopite micas, i.e. 67* 0°, 6 % 180° and d™ is

a linear function of etching time (from eq. (30) d-"= 2Vpt)

7. SELECTED THEORETICAL AND PRACTICAL QUESTIONS

Henceforward, in the knowledge of the basic information
on etch-track kinetics in solid state nuclear track de-
tectors, we can direct our attention to the question how
we can apply this theory in practice and how we can get
useful information by using it. This is, of course, a very
branching-cut question and we must confine ourselves here
only to a few selected problems. First, | want to say a
few words about some methods for determining unknown track
parameters, then | want to show some results related to
surface track sizes calculated with the theoretical
formalism presented here, and finally 1 wish to present
the way how we can solve the problem of etch-hole for-

mation in thin isotropic foils.



Methods for Determining Unknow Track Paremeters

Up to this point we have used only four selected
parameters (h,0,R ,V) to describe etch-track kinetics.
In different practical situations, however, these para-
meters must be replaced by other ones. The best set of
parameters should obviously be ebesen for each particular
situation, depending or, the calculation requirements anu
measurement facilities. It is clear that for this purpose
the knowledge of the relations supplying the cc-nr.ecticr
between the unknown and measurable (or known) track para-
meters is greatly required. Such relations would also be
very useful in the case.s when the paremeiters cf interest
are obtained from procedures of fitting the theoretical
and experimental results.

Some cf the most useful relations derived and applied
by myself [3] and other [1,2] for different etch-track
situations in isotropic solids are summed up in Table* 1'Il.

I don't want to comment on these relations or.e after the

other, because most of them are self-evident or easily

understandable from the illustrative figures attached to
the Table. | prefer to select only one relation fer each
track parameter (angle of incidence, cone angle, track
length, etch-rate ratio) included in the Table.

One of the most useful relations for determining the
angle of incidence in case of an unknown track is eg.2'
in table 111, derived from the equations d» and in
Table | , Its wuse requires the knowledge of the well-

-measurable minor and major track axes and the extent of
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layer removal. The latter one can also be obtained from the
minor track axes related to fission fragment tracks <2h« d*
for not to small 0). According to our experience the

ancle data calculated from eq.2* agree extremely well with
the expected values for bcth long and short-range tracks.
It should be noted, however, that this equation holds only
for certain, net too high values of layer removal, and only
in the "cone phase" of etch-track formation (see Fig. 1l1la).

The value of the cone angle of a track can be

generally determined from the simple relation
sin 6 COSO0.sin (34)

if the angle of incidence is known and the projected cone
angle, ip, can be well measured on the surface of the
detector. Otherwise, the eq.3' in Table IIll can be

usefully applied.

The relation of real track length to other track para-
meters is frequently required. This demand arises parti-
cularly in studies concerned with particle identification
based on the well-known L (R), track length-residual range
method. For longer track cones the conventional relation
represented by eq.4' can be naturally applied. For shorter
tracks, however, it fails to work and one should choose
track parameters measurable in the horizontal plane of the

detector. For such a situation a useful relation may be,

for example, the one given by eq.6* in Table IIll together
with eq.2*, which can be applied, in the "cone phase" of
track formation. It should be noted that track lengths

(ranges) can be determined even in the "sphere phase" of
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track formation for very shallow

For this situation

in C3].
Finally, few words

of the etch-rate ratio, one of

of etch-track kinetics.

parameter is advisable

a method based on eq.(2S)

should be devoted tc
the
Generally one can say

to derive

etch-pits, too

was published

most important parameters

that this

from track Ilengths at

high radiation damages and, respectively, from track axes
at low damages, but in both cases at reasonably small layer
removal. Here, | prefer to emphasize the still less-known
track axis method represented by eq.8* in Table 1I1.
According to our experience it can be reliably used even
for rather obliqgue track ccnes. The etch-rate ratio,
however, with fair approximation, should be related tc

the residual range K = Rq - h/sinG

Calculatior. of Surface

Let me continue my

etch-track calculations for both

-rate ratios, performed by using

model discussed previously. From

possibilities allow me tc chocse

particularly familiar, the

calculations. This field is very

the possibilities

talk by presenting

problem of

involved within

Track Sizes

some actual

constant and varying etch-

the etch-track formation

among the numerous

only one with which 1 am

surface tree.k sice

suitable, to demonstrate

the theory and the

usefulness of calculations before performing time-ccnsuming
experiments. From, our examples it also becomes clear that
track calculations are greatly needed tc ersure the proper

28
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interpretation of different track measurements.

As a first example, in Figs. (13) and (14) , we diow
a typical set of theoretical curves illustrating the
variation of the minor and major track axes as a function
of layer removal at different incident angles. The curves
were calculated at a particular value of V and Rq characte-
ristic of fission tracks in soda glass by using the relations
of the track size evolution phases given in Table 1. One can
clearly see that the evolution of the minor and major track

axes is strongly different in character. From the practical

point of view, the d* and evolution phases are par-
ticularly interesting, in which the relations summed up
in Table IIl are valid. The minimum values of layer removal

characteristic of these phases can obviously be obtained
if 0O is replaced by Oc = arcsin V~”" in the formulas

d* and D”. Thus, we have

(35)

Il
o
=
N
<
<

di (Vv

1
Y
=
<
N

D1 (OC) 0 ! V sc,= v V- (36)
From this one can see that if h S ROIV the relations
describing the evolution of the minor and major axes are
definitely valid at any incident angles, i.e. for tracks
obtained in an irradiation in 2n-geometry.

As a second illustrative example we choose the calcu-
lation cf the theoretically expectable variation of the
track diameter of different light nuclei as a function of
their "starting" range at particular thicknesses of layer

removal. For the actual calculations the change of the

etch-rate ratio along the residual range of the particles
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was described by the empirically obtained functions given
in [5] for a polycarbonate detector. The curves calculated
for 0 = 90° are presented in Figs. 15 and 16. From Fig. 15
one can see that polycarbonate, one of the least-sensitive
alpha-track detectors (see Fig.3) has proved to be ere cf
the best detectcrs in alpha-particle spectrometry as a

consequence of the high sensitivity of the track si:i'e to

alpha-particle energy. This behaviour offers wuseful
practical application possibilities especially in nuclear
reaction studies TI20j. Maximum energy resolution can be
attained at the inflexion points of the curves (dotted
line in Fig.15). It can also be seen that the range
resolution reaches saturation (i.e Ad/ LR = const) at
above 3 MeV. Such, calculations can obviously be extended
to other detector materials, tco. Thus, e.g. one can
explain all the properties of the experimental curves
obtained for various glasses as energy detector's for fission
fragments [21,22].

The calculated curves shown in Fig.16 indicate that
with extended etching in polycarbonate a fairly good energ/
and charge resolution can also be attained for various,
normally incident light nuclei. It is interesting to note
here that the above sets of curves remain valid ever for
tracks of oblique incidence by using a so-called effective

track diameter calculated from

deff = 2h (ﬂ +c2- 0, c :-|.|.|,- (37)

in the knowledge of the minor end major track axes in the
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"cone- phase" of track evolution (A = D/2h, B = d/2h) . This
transformation gives a new possibility to extend the use
of the track-diameter method to particles incident at
arbitrary ancles on the detector surface.

As a third illustrative example we use the theory of
etch-track e-volution to predict the expectable variation
of the surface track contour of alpha-tracks at different
incident angles in the least and in the mcst sensitive
alpha-track detector shown in Fig.3. The: results given in
Fig, I/ were obtained by using a computing programme based
or the "track contour formula"™ in Table Il, The contours
obtained clearly show the high effect of detector sensi-

tivity on track appearance.

EtchiH o le Formation in Thin Foils

As a last discussion point of my talk | have chosen a
guite complex set of problems related to the perforation
and hole-formation process in thin isotrcpic foils. Although
this set of problems is getting mere and more important in
different track applications (e.g. spark counting, radiography
with double-layered or strippable films, nuclear filters),
to the best of my knowledge, there is nc comprehensive theory
available in this field. In the last few years in our la-
boratory we have made efforts to solve this problem [23,24]
by extending the theory of etch-track formation to the
specific condition of thin foils. Here, without going into
details, | wish to présért some results of this study and
at the same time to illustrate how complicated etch-hole

formation can be at different initial conditions.
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Foil perforation. The easier part of the problerr is
the determination of the moment of perforation (see e.g.
in Fig.22d) as a function of the particle and detector
parameters. A schematical illustration on the possible
etching situations leading to the perforation of a thin
film with (situation S) and without (situation T) support
layer is given in Fig.18 for a constant etch-rate ratio,
and in Fig.19 for a varying one. For these etching
situations, the relations determining the "perforation layer-
removal", hp, are summed up in Tables IV and V. If we use
the relation V(R) = 1+expL-0. 205R (yrr.)+3 ] obtained for a
stripped 13 ym thick strippable Kodak LR-115 film, one
can get the curves indicated in Fig.20. (Details of
calculation with a V(R) function c¢f such form can be found
in [24].)The calculated curves clearly show the sensitivity
of the perforation of a thin foil to the ranges and incident
angles of alpha-particles. From such calculations one- can
easily derive also the changes in the efficiency of track
hole registration as a function of the residual thickness
of the etched foil.

Pore size evolution. After foil perforation a much
more complicated task is the description of the evaluation
of the size of etched-tTrough tracks (henceforth only pores,
see e.g. in Fig.22c). From the practical point of view,

regarding the perforated foil as a filter, the most

interesting parameter may be the minor axis in the pore
section of minimum area. The evolution of the minor hole

axis in this pore section was determined for all the
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possible etching situations S and T illustrated in Fig.18.
The results obtained for a constant etch-rate ratio are
shown in Table VI. The nine relations found to be necessary
for a ccrr.plete description of the problem indicate the
wide variety of the cases for the production of a nuclear
filter. A study of the practical consequences of these
relations at various initial conditions is in progress in
our laboratory.

Another, even more complex problem is the description
of the evolution of pore size at a varying etch-rate ratio.
This problem can also be completely solved by using the
relations of etch-track kinetics, given in Table 11. Here,
for simplicity, | present results only for track holes
related tc nuclear particles incident normally to the
surface of a stripping film. The formulas for describing
the etch-hole diameters at the back, and top surfaces of
such a film are summarized in Table VII. (Note that here
the S and T etching situations are denoted by small s and
t letters tc make distinction between the cases given in
Table VI and Table VII.) These formulas were obtained by
taking into account that for the top surface C = 0, for

the back ore C = 1 -h and for both cases at 0= 90° the

equality jy™l = |y?['= d/2 are valid in the formulas in
Tabic 11.

According to our recent experience, the formulas given

in Table VII. can be efficiently used for predicting the
behaviour of tracks in different applications. As an illustra-
tion of this statement, in Fig.21, | present the result of
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a track-hole calculation for alpha-particles of different

energy, entering a 13 pm thick LR-115 strippable film at

right angles. In the figure the etch-hole diameter is shown
in the surface plane of the foil supporting the red-dyed
cellulose nitrate layer. As can be well seen such a calcu-
lation predicts the best etching condition (1 - h»9-10 pm)

for high-resolution alpha-radiography and at the same time

clearly indicates the width of the energy interval in which

brigth alpha-tracks (holes) can be observed. Such information

can obviously be obtained experimentally only by performing

very time-consuming measurements.

When | was invited to give this lecture, 1 thought it
would be appropriate to speak first about the most important
theoretical aspects of the evolution of etch-tracks under
different initial conditions and then to demonstrate the

possibility, the method and the results of certain typical

applications of the theoretical considerations. | hope, |
have achieved this aim in the necessary degree and all of
you will make good use of this knowledge in your future

studies in any phase of the evolution of your home tracks.
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fig. ]

Fig.2

DETECTOR ETCHING

ETCH-TRACK

*me

Schematic representation of the basic

relations of the irra

diation, track

etching and track visualization phases.

Etch-track kinetics

classification

according to the etching and detector

properties.
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Fig.3

Fig.4

Excess etch-rate ratio as a function
of the residual range of alpha-
-particles for various polymers.

NUCLEAR

Schematic representation of the increase
of track etch rate (VT) in comparison
with the bulk etch rate (VRB) along the

damage trail of a charged nuclear
particle.



Fig.5 Critical etching time, tc= h /Vg,
the first appearance of tracts of
various light nuclei as a furctior.
of their specific energy.

for

z\

Fig.6 Scheme for describing etch-pit
guantities in the "core phase" of
track formation in isotropic solids
at a constant etch-rate ratio, V.
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Fig.7

Fig.8

MINOR AXIS
id, if Ofihih,
Id2 if h,ih

MAJOR AXIS
D, if OihsH,

D Djif Hph"Hj
D3if Hah

Typical phases and their validity
range for describing track axis

growth in isotropic solids at a

constant etch-rate ratio.

Examples of tracks showing typical
profiles of forward and backward
etch-pits. The photographs were taker,
of alpha-tracks in fission track
observed in CR-3Q polymer placed

in contact with a 252Qf source.



Fig.9

Fig.10

COos a = V(Xn)

Schematic view of the formation

of forward and backward etch-pits in
an isotropic solid, i.e. when during
etching the track tip develops
parallel with and opposite to the
direction of particle travel,
respectively.

NUALEAR PARTIAE

Scheme for describing etch-pit
guantities in isotropic solids at
a varying etch-rate ratio, V(x0),
along the trajectory of a nuclear
particle.



Fig.11 Examples of typical track contours
a) alpha-tracks at 45° in PC ("cone
phase"); b) fission tracks at 90°
in glass after extended etching
("sphere phase"); c) fission tracks
at 45° in biotite; d) fission
track at 90° in muscovite

Fig.12 Schematical view of etch-pit formation
phases in an unisotropic solid at
constant etch-rate ratio



MINOR AXIS (pm)

@ 13 Theoretical curves showing the
variation of minor track axis as a
function of layer removal in the track
formation phases, at different
incident angles. The calculations were
performed using the formulas in Table I.

MAJOR AXIS (pm)

LAYER REMOVAL (pm)

Fig.14 Theoretical curves showing the
variation of major track axis as a
function of layer removal in the
track formation phases, at different
incident angles. The calculations were
performed using the formulas in Table I.
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Fig.15

Fig.16

ENERGY IMeV)
4

Theoretical curves showing the variation
of the diameter of forward tracks as a
function of the "starting" range (and
energy ) of normally incident alpha-,

particles in PC, at different degrees
of layer removal.

Theoretical curves showing the
variation of the diameter of forward
tracks as a function of the "starting"
range of various light nuclei in PC,

extended etching.



Fig.17

Fig.18

3 MeV of, h=4 pm
V=1*exp[-0.22R(um)*0.45]
of

Calculated track contours for 3 MeV

alpha-particles in PC and for 4 MeV
alpha-particles in CR-39 polymer as a

function of the incident angle. The

calculations were performed using the
experimentally derived V(r) functions
indicated in the Figure.

P =RONT G PERFCRATION

Schematic drawing of the etching
situations leading to track
perforation through a thin isotropic
foil with (S) and without (T)
support layer in case of a constant
etch-rate ratio.
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Fig.19

Fig.20

Schematic
situations

drawing of
leading to

perforation through a

foil with

etch-rate

Calculated

perforation

-particles

the etching
track
thin isotropic

(S) and without (T)
support layer in case

ratio.

of a varying

residual thickness of an
etched-through CN foil

support layer in the moment of

as a function of the
ang.le of incidence of

of various

without a

alpha-
ranges.



Fig.21 Calculated hole diameter
film (13 yum thick foil
layer) as a function of
range, at different
of foil.

Fig. 22 Examples of typical
a) alpha-track in
phase"); b)
("sphere phase");
in thin CN after
situation T]_); d) heavy
thin CN before perforatio
situation TA")#

CA

residual

c ) heavy
perforation
ion

in a stripping
with support

alpha-particle
thicknesses

track profiles
("transition
alpha-track

PC
ion track
(etching
track in
(etching

in

n
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TRACK
LENGTH
L

MINOR
TRACK
AXIS

MA30R
TRACK
AXIS++

Table 1. Formulas for describing track Ilength and axes in
thick isotropic solid at constant etch-rate ratio
FORMULAS* VALID IF ++
R
L= vh 0 £ h - W2
ivsinB - 1
fe - o § o —h~h R (sinG+—)
*Vsing + 1 [ 0 -
hj~ h
d2 = 2Ro/l(sin6 - ")(ZII(-) sin9 - V)
0 oh Ne - 1 2 .
- N nm- h - u, (V —i)sino+n
A vsine + | v- Si".+a
, hv
R A = -
°2 = ?2(D1+D3) + (Ro ", ;& , ,)c0s0 H, - n M (y'-1)sme-A
sin V- Sinp-A
H2 £ n
03 = 2RO /(sine - )(2% - sing - 1)
? 0
layer removal from single surface of detector;
VAIVg = etch-rate ratio; Rq = etchable range of particle;
angle of incidence of particle to the detector surface;
arcsin V- /""" 0 «90°
R —
cose vv - 1



Table I1. Formulas for describing etch-track

in thick isotropic solid at varying

ratio
FORMULAS*
PLANES
PARALLEL WITH X — yctgS — ——£ =0
DETECTOR sin0
SURFACE
| (x-x0)2 +Y2 +z2 = (h-n &dl)2 =o
ETCH-PIT h — H(x)
X = X =—————- — =0
WALL V ix0)
il (x-Ro)2 +y2 + 22 —(h-H(RO))2 =0
TRACK L
LENGTH h =J~ V_1(x) dx
LG) X
c
TRACK h — HfxO0) h — H(xo0)
PROFILE y =w=m=mmes x = X oo
X 1 V(xo) 0 V (x0)
i X, sin6 = H(x -C
poc VDR v\« o *0
. ° 1-vVv¢ (sine — wicose)
MAJOR
TRACK D yl " y2) il o+ ly2
AXIS Sino Sino
D
TRACK Z= T [(h-H(x0))2-y"-(yctg0+ >0 f
CONTOUR X sin0 — yccs© — H(x )-C
I T P -
(zYO" Tbé)H 1 —v (xQ sine
+1f xc 0, in all the equations the transformation
X — » X - X and h —» h - h, = h - X sine
0 0 c c ¢

must be peformed

parameters

etch-rate

REMARK

Heo= jov_l(x)dx
HRJS HiXo 4 xo0=Ro

Xc — X0 — Ro

«i5 (-1)yivv2(xa =1

1=12

0—C~ R_sin0O-h
o]
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Tablelll.Methods for determining

in
TRACK Eq.
PARAMETERS NO.
ANGLE I-
OF
INCIDENCE 5
6
CONE ANGLE 3
a
4
REAL 5"
TRACK
LENGTH
L 6
70
8"
ETCH-RATE 9"
RATIO
io -
11"

terms of measurable (or known )

tge

sin9

sin d=

v(x0)

V(xo0)-

\%

unknown track parameters

in isotropic solid

RELATIONS

V'l o=

z + h
9in©

. z .
sin© -sind"

h +(p + 8§

sin©

- Ayo)t3Q

h A 2-B2

1+B2

[(1-B2) 2+4AZT'rd  d

------- J . B2

s ITIT fij-

X0'

-1 B=5TT:

. D
A-5n *

+[F(x)] 2]

h - Ttg2fi

SIKT where

COSif ( \Zn*-COS~<f -

n

refractive

sincf)»

index

sin<$,

Fig.

No.

track quantities

Fig.®

Fig®

Fig.®

gt beam



Table |V Formulas for calculating the layer
of perforation of a thin isotropic
etch-rate ratio.

cases
for S1 2 T1
V=cons't
h = lo i R Xo
P V sin0 V. R(sine - &) 2 Vsme
Valld Z . . z .
it 10 a Rosmg 0 £ %sm© a l0 10 & Rosm@
VsvT/vB, Rg= range, 1Q m original thickness of foil, sin© >~

Table V. Formulas for calculating the layer
of perforation of a thin isotropic
etch-rate ratio

cases ) .
for si S2 Ti and Tj
const
1 /sine RO 1 /sine L
- - i "A
hF> ><r VvV 1ldx+h 1,-Rgsin6 + f V' dx+h Vi oviidx 6 -1
c ¢ xc Xc
valid
if o™ Rysin e o ~ wsine o Xo* Rosine
xc * hc/ein0 j hc B critical layer removal® sin©@ » ——

Ynax

removal, h , at the moment

foil in case of constant
T2 T3
A _ |)
R R
0 £ R sin® € I0 v ly 7 & Rysin® 1,

h~, at the moment

in case of varying

removal,
foil

T2 T3

AN Kovo - -V d x ) 4
XcC

Ro «0

N : . hoL )
0* R Sine & lohC y/vfl.dx lghc = Y V-1dx * Rysine A 1,



Table VI- Formulas for describing etch-hole minor axes* in

thin isotropic foils at constant etch-rate ratio

ETCH
SITUATION FORMULAS VALID* IF ETCH-HOLE CONTOUR*
hvsind - 1
. ) ) h | h 4 10 growing ellipse
st 1 1 \/(vsine)2-i p(sh <
R ® growing circle, then
di(s2) - 2\/(th - ~)2- (10-ROeine)2 hp(s2) * h % htiS27S 22 + ( W ini) Vsins circle portion linked
fife with growing ellipse
portion
S2 L .
semicircle and semi-
i ht(s2) « h * io ellipse then ellipse
d21s2) - dl<sSlI . - . .
) <sh portion linked with di-
minieing circle portion**
2hVsin® - 1 . .
. sin [¢] growing circle, then
R B = a hE(Ti) * h * ht(Ti» T2 VeI T we
eins +1 -
sinsyvz -1 it d=-(I -2h)icoes,
T1 . a complex‘_’spetie_xl
hVsin®@ + h - 1 configuration with the
dZIT? R S, S— ht(Ti) a ils ALA indicated projected
2 V(Vsine)2 - 1 shape
growing circle, then
CD circle portion linked
i h (T . h h (T)S M S2,.1 with growing ellipse
di(T2) - 21 - V2)Z-(lo-h-Rosine)2 P( ) « h( 2) Y2l portion
T2
semicircle and -ellipse,
(yYyynn then ellipse portion
d2AaT2n * d27TIH ht(T2) * h * 7 with diminising circle
portion
R
. 4 f2h - xo)v - RO(vsine - 1) . . 2 - VB ¢ (veins - i)b o see the remerx
hp(T3) * heht(r3)3 I - "
1 : . Vsins + 1 - VB P for di(T2)
T3
* see the remark
d2(T3) m dz(TI) ht (T3) h
for az(t2)
+ up w AVEr removal at the moment of foil perforation (see in Table iv. ) X The contour and minor axis
ht = ayer removal at the moment of transition, i.e. when the hole are considered in the plane of
contour is just composed of a semiellipee and semicircle. back surface of the foil for
(veins)2 - 1 SI> s2 hard '|I'2' amfi for T1 and
; n T~ in t int ti
s mi in e plane of interception
+e¢ The total ellipse contour can not develop if 1*iVcos© the tvw0 co”ecting track
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Table Vil. describing etch-hole diameters

/support/ top surfaces
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