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Abstract It would be very interesting to develop a picture about removal of atoms from the radiation damaged paths

or latent nuclear tracks and undamaged bulk material in track detectors. Here, theory of chemical etching is described

briefly and a new model for chemical etching along radiation damaged paths in solids is developed based on basic

scientific facts and valid assumptions. Dependence of chemical etching on radiation damage intensity and etching

conditions is discussed. A new parameter for etching along radiation damaged paths is introduced, which is useful for

investigation of relationship between chemical etchability and radiation damage in a solid. Results and discussion

presented here are also useful for further development of nuclear waste immobilization.
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1 Introduction

Chemical etching of latent tracks, damaged
cylindrical zones created by moving charged particles
in solids, is an important procedure in track detection
technique. Comparison of removal of atoms in these
damaged zones and in the bulk material may provide
useful information about track formation. It is also
helpful in understanding radiation damage to materials,
which  has applications in

immobilization'"
[2]

nuclear  waste

and ions implantation in

etc. A number of researchers have
[3-6

semiconductors

! and other
[7-9]

studied track formation mechanism

involved processes, e.g., annealing and

1121 of nuclear tracks. Nuclear track etching

etching!
involves a number of parameters, of which etching
temperature, concentration of the etchant and relative
chemical reactivity of damaged and bulk material are
significant. In track detection technique, a suitable
etchant and proper etching conditions are essentially

needed. They can influence the interpretation of the
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experimental data about a nuclear reaction, cosmic ray
measurement or radiation dosimetry.

It is always useful to develop a mathematical
relationship between parameters involved in a process
like chemical etching of latent tracks for analysis and
interpretation of experimental data. Here an attempt is
made to develop a model for chemical etching of
latent tracks starting with the atomic scale picture of
the etching process. The mathematical relationship
developed for etching at atomic scale is then
transformed into a relationship of observable etching
parameters. Justification for the assumptions used in
doing so is given. In the next section, theory of etching
is described very briefly followed by a section
containing the mathematical derivation of a model for
chemical etching of latent tracks. Experimental data
are analyzed using the proposed model. Discussion
about significance and application of model and
conclusions are given in the last section.
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2 A model for chemical track etching
phenomenon

2.1 Physical picture

The parallel processes occurring during chemical
etching are diffusion of etching molecules to the
etching front in the narrow track and transportation or
diffusion of etch products out of narrow channels.
Especially, at the start of track formation, the etchant
flow into a nanometer sized track channel is
complicated. It might be one of the reasons for etch
induction time which is the delay in the first
appearance of track at micrometer scale. Temperature
of the etchant has a strong impact on diffusion of
etching molecules and transportation of etch products.
Fig. 1 shows a schematic of the typical situation of
chemical etching of a latent nuclear track in a solid,
which is a well-defined type of radiation damage,
utilizing the etching schemes by Ditlov!'*! and Schulz

et al'¥.

Molecules
Na® OH"

Water molecules

Etch products Etch sensitive

Fig.1 Pictorial representation of etching process of an ion
induced damage in a dielectric solid. This picture is a further
development of chemical etching schemes by Ditlovt"®! and
Schulz et al™*,

Maximization of preferential track etching for a
particle track with the component of deposited energy
density used to cause disorder &, =&-¢&
determining the ratio of track to bulk etching cross
section o, /o, for a given detector material, along
the track is possible by the optimisation of (a) the
etchant selection, which determines the activation
energy of etching E?, (b) concentration of the etchant,
the measure of concentration of etching
molecules/atoms c, in the etchant, (c) the temperature

of the etchant, the measure of attempt frequency v, and

(d) introduction of proper magnitude of stirring or
turbulence in the etchant, rotation or oscillation
frequency q of the etchant. The function of stirring is
to remove etch products out of growing tracks and to
keep concentration and temperature of the etchant
uniform. The stirring or pumping (say, millilitre per
sec scale) of the etching solution from and to etching
bath shall introduce steady oscillatory or rotational

flow within the etching bath.

2.2 Mathematical model

The ratio of track etch cross section to bulk etch

cross section is given by

O': /O-: zg(gdis’gbbind) (D

where ., is the average binding energy of atoms in

the bulk detector material. The bulk and track etch
cross sections are defined as

b B,
— =0,Cdv,re " )
and
Net =o.Cdvre kE} 3)
where N° and N! are numbers of atoms in bulk of

volume d}a and track volume dia materials,
whereas a is the area of the latent damaged trail of
and N,

removed in etching time interval 7 per unit volume of

radiation; N? are numbers of atoms
etching front with thickness equal to the depth (d. or
d; for bulk and track etching, respectively) at which

the attempt frequency v, or v, has a non-zero

value.
N b E B,
Ni /]va =cld've 1 /cd v,e T 4)
‘ db Nb El—Eb
GC / dt Nb]
AR A
(d‘ b)( )(N°b e T (5)

The etchability is proportional to cross section
ration given in above equation. So,
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de Nt Nb E,-E,
§ =Ko e i (7
dlv, N?

where V, and V, are, respectively, track and bulk

etch rates, K is constant of proportionality. Parameters
d’ or d!

€

are very important and depend on
chemical reaction kinetics and porosity of the latent
tracks.

E, —E,
ddv, Nt 2%

V.=K( TV ®)

t d[

For various radiations and the same target and
etching conditions, ¥, will be constant.

The term “reduced etch rate” was defined for the
purpose of analysis and comparison between different
track data sets as it has weaker dependence on etching
conditions compared with track etch rate. Now, it is
realized that reduced etch rate is not quite independent
of etching conditions. Eq. (7) shows that dependence
of reduced etch rate on temperature is considerable
due to direct dependence of term exp[(E—Ey)/kT] on
temperature, whereas ratio of bulk to track attempt
frequencies vy/v; might also depend upon temperature.
It is clear from Eq. (7) that there is no direct
dependence of S on concentration of the etchant. The
track etch rate in Eq. (8) strongly depends on
temperature and concentration of the etchant.

A new parameter S, called here as “temperature
normalized reduced etch rate” is defined as

E,—E,

S, =Se I )

Using this definition, Eq. (7) may be written as,

dbvb) N;
dt

S, =K(

(10)

If average values of activation energies of bulk
and track etching are known for a range of ions, the
S; will be a very suitable parameter for analysis of a

track data set and comparison of different data sets.

3 Experimental method and results

CR-39 detectors from Pershore Mouldings (UK)

were irradiated with fission fragments of **Cf using

21 geometry placing detector samples directly on 2*Cf
source holder, as shown in Fig. 2a. The irradiated
etched in NaOH
concentration 1~7 mol-'L" at temperatures 50~80°C

detectors  were solution of
for 45 min after which track length measurements
were made. Another set of CR-39 detectors was
irradiated with fission fragments and etched for 3 h
under similar conditions. Variation in set values of
etching temperature was not more than £1°C. Fig. 2b
shows the etching procedure of irradiated CR-39
detectors. Details are given in our previous paper
presenting initial results'',

Detector
holder

CR-39 Chemical
etchant

ZSZCf —

(@)

(b)

Fig.2 Diagram showing (a) exposure geometry and (b)
etching procedure of fission fragment irradiated CR-39
detectors.

After chemical etching, lengths and diameters of
fission fragment tracks in CR-39 detectors were
measured using a Leitz DAILUX 22EB optical
microscope. Track lengths were corrected for bulk etch
rate. Track length measurements yielded fission
fragment track etch rates whereas bulk etch rates were
measured using track diameter variation method.
Average diameter value of 25 most circular fission
fragment tracks (selected out of 125 measurements)
was used for determination of bulk etch rate under
different Details
elsewhere

etching conditions.

[16]

are given

Fig. 3 shows the temperature dependence of
traditionally used reduced etch rate S and that of newly
S exp[(E—Ey)/kT] in the
proposed model in Section 2, which is temperature

introduced parameter St =

normalised reduced etch rate, over a wide range of
etchant concentration (1~7 mol'L" NaOH water
solution). Experimental results in this figure clearly
demonstrate that the dependence of S, on temperature
is much weaker than that of S . For analysis and
comparison of nuclear track etching results from
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different etching conditions, and possibly from
different laboratories for the same detector, the new
parameter S; will provide more reliable and conclusive

picture of physical processes involved.
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Fig.3 Dependence of St on temperature is very weak
compared with that of S.

4 Discussion and conclusion

Along the radiation damaged paths, atomic

]

binding energy and density!'” in the target material is

lowered, resulting in preferential etching along
radiation damaged paths (nuclear tracks). Intensity of
preferential etching depends on intensity of radiation
damage and etching conditions. For reliable analysis
of relationship between chemical etchability and
intensity of radiation damage in the target material, an
experiment results based etching parameter P is
essentially required, showing ideally no dependence
on etching conditions, as given below:

P(T,C)=P (11)
where 7 and C are etchant temperature and
concentration. Following this motivation, a new
parameter S; for nuclear track etching is discovered,
which shows very weak dependence on etching
temperature. So, use of S; over S will be very useful
for enhancing chemical etchability of radiation
damaged paths or nuclear tracks. Definition of new
parameter S; includes activation energies of track
and bulk etching, which will help understanding these
important etching energetics related parameters during
analysis of experimental data based on this new
parameter. The model

microscopic describing

chemical etchability of latent tracks developed here is
supported by experimental results and will be helpful
in understanding radiation damage and possibly micro

and nanofabrication of channels using single ions!'*!.
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