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ADBSTRACT

Both experimental end theoretical contributions are presented on the
topic of dielectric charged particle track detectors. Cellulose nitrate
was the principel track recording material., The study covers four areas:

l, The Chemicel Etch Development of Tracks.

\

There have been no previous systematic studies of the chemical
etch development of particle tracks in dielectric track detectors. Part
of the research reported here is an investigation of the effects of the
different constituents of cellulose nitrate plestic on the chemical etch
development of tracks, The dependence of track etching on certain etching
solution parameters is discussed.

It has been found that the degree of preferentisl etching of
the particle damage trails can be significantly increased by reducing the
chemical attack rate,.rB, of the undamaged bulk material. The gquantity
rp 18 lover for the more highly nitrated (12.4% vs. 10.9% N,) end higher
degree of polymerization (1000 vs. 50) nitroceliulose. The presence of
plasticizers greatly reduces Ty and the presence of residusl solvents
in concentrations of a few percent slso has a similar, but smaller effect.
Preferentiel etching can also be increased by etching at lower temperatures,
The thermal stability of tracks is discussed. The geometry of tracks is
exemined, Useful relationships between track parameters are derived.
Experimental observations of etched tracks in several types of cellulose

nitrate plastic are reported.




2. Treck Registration Criteris,

The knowledge of which particles produce lastent (etchable) tracks
in e given polymer is basic to the understending of the track etch

phenomena., It is also essential to the practical utilizetion of these

detectors in quantitative meesurements.

A new track registration criterion is presented., The criterion
is besed upon the restricted energy loss rate of charged particles. In
order to produce an etcheble track,Pa charged particle must possess a
restricted energy loss rate above some criticel value thrt is character-
istic of the material. This criterion, as well es the two previously
proposed criteriea, are critically examined.,

3. Range-Energy Calculations end Comperisons with the Etched Tracks

Lengths. -

The knowledge of range-energy relations is essential in the study

f end use of any cherged particle detector. Most of the dielectric track
detector materials require comprehensive range-energy data, The
relationship between the ranges of particles, end the etched track lengths
also needed to be established,

The calculations were cerried out using the basic method of
Barkas and Berger which has been modified and extended to include lower
energies., Range-energy and energy loss data are given in the form of
tables for e wide variety of particles and a broad energy spectrum in a
wvide variety of stopping meterials. The range calculations have been
checked experimentally with the use of lithium drifted solld state
detectors. It is shown that the length of the etched tracks, when etched
until the tips of the tracks become round, agrees closely with the

celculated renge end, therefore, is a good measure of the particle energy.
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L, Cherged Particle Detection.

The use of the dielectric track detectors for quantitative
measurements of multicharged perticles is examined., Measurements of the
dependence of the track etch rate on the restricted energy loss rate of
charged particles are presented. The informetion content of tracks is
exemined. A simple, direct and accurate method for cherge determination
of multicherged cosmic rey porticles is prescnted. The mcthod 1s based on
the measurement of the portion of the particle range over which s latent

track is produced by a charged particle penetreting layers of plastic.

111




The Problem

In recent years a nev class of charged particle detectors called
dielectric track detectors has been discovered, The detecting principle
is based on the delineation of individual paths of heavily ionizing
charged particles in & number of dielectric solids, including minerals,
glasses, and polymers, The most important features of these detectors
are their capability to discriminate between light and heavy particles
and a sharp threshold of sensitivity, The detectors appeared wvell
suited for numerous applications involving measurem<rts of heavily
ionizing charged particles, The chief shortcoming of these detectors
has been the lack of quantitative information about their behavior,
Since such information is essential for the utilization of these
detectors, some fundamental studies were undertaken, At the same time,
it was hoped that such information would provide criteria for the
future design of better detecting materials, Cellulose nitrate was
chosen because it represents the most sensitive material presently

availadble,

The Findings
Particle track development by means of the chemical etching
technique was studied, The criterion for the design of better track

recording cellulose nitrate plastics was found, A track registration
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L criterion for polymeric materials has been established, In order to
produce a latent track, a charged particle must have a restricted
energy loss rate greater than a critical value that is a function of
the detecting material, Extensive range-energy tables for a wide
variety of particles and a broad energy spectrum in a wide variety of
materials were calculated, The calculated ranges agree closely with

experimentally measured etched track lengths, Simple, direct and

particles were devised,

Numerous applications of these detectors to present and future
needs of both Navy and NASA have become apparent,

1, The high chemical stability and mechanicel ruggedness of
these detectors makes them suitable for measurement of radioactive
species in solutions, This may include monitoring the concentrations
of alpha emitters in deep-ocean environments, measurement of alpha
emitters released during undersea accidents, and measurement of alpha
and fission freagment emitters in the presence of high backgrounds of
garma and beta radiation,

2, The Navy is currently involved in the Manned Orbiting
Laboratory program, There will be Navy personnel aboard the satellite,
NASA is contemplating 18 month, manned Mars missions, It is estimated
that up to about 40% of the total dose received will result from
heavy particle interactions, Also, high fluxes of alpha particles
together with protons emitted during solar flares pose imminent denger
to the astronauts if a large flare occurs during flight, Conventional

passive dosimeters presently in use for the proton component of dose




are inadequate for the measurement of the multicharged component, "
A heavy particle dosimetry system capeble of discriminating between

different linear energy transfer (LET) multicharged particles can be

achieved through the utilization of threshold type dielectric track

detectors, The small site of the system wuld permit its inclusion

into the radiation badge o the astronaut,

3. In several years Navy combat planes as well as the civilian
supersonic transport planes vill be flying at 60,000 - 65,000 foot
altitudes, At the present time, the radiation environment at these
altitudes is imperfectly known, This is particularly true in the
case of the highly ionizing stopping primaries, Dielectric track
detectors can be effectively utilized in mapping this radiation
enviromment,

k, It nov esppears fessible to measure the fluxes of the ultra-
high charge particles (2 > 26) vhose knowledge is currently of great
interest to cosmic ray physicists, It is possible that the detectors
could be refined, in the future, to the point where the measurement
of the isotopic abundance of all of the elements present in cosmic
rays could be achieved, The unique properties of these detectors
make them also well suited to the measurement of the cosmic ray
spectra outside of the earth's magnetosphere,

5. Bulk etch rate measurements of some of the dielectric treck
detectors can be utilized for measurement of dose in the range of
about 106 to 109 rad, An application of particular interest would be
measuring maesive doses of low penetrating power, soft x or gamma

radiations that accompany weapons tests, By successively etching,




each time removing only a few microns of the dosimeter surface, a

depth-dose profile may be measured,

6. Ipiividual fallout particles may be analyzed for their
content of alpha emitters end, with neutron irradistion, for heavy,
fissionable isotopes, The alpha particle energies may be determined
by accurate measurement of etched track lengths,

Te The nature and extent of the cosmic dust in the vicinity of
the earth has a practical bearing upon erosion of optical surfaces
in satellites, Also, the physics of high velocity impact .s currently
of great interest to investigators in several fields of science and
technology. It has been found that cellulose nitrate together with
the chemical etch principle cen be effectively utilized :in these
studies, In space exposures, simultaneous flux measurement of the
heavy particle cosmic ray component, and of micrometeorites are
feasible, The etching technique can be used to study the ionization
and the healing phenomena in certain aolids after pessage of high

velocity microparticles,
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CHAPTER 1

INTRODUCTION

A, Background Information

A new class of charged particle detectors called dielectric
track detectors has recently been discovered, The detecting
principle is based on the delineation of individual paths of
heavily ionizing charged particles in & number of dielectric solids,
including minerals, glasses, and polymers, Delineation is accom-
plished through the selective etching of the radiation damaged
material along the particle's trajectory., This results in an etch
pit, or in some cases a narrov channel, referred to as a track,
Further etching enlarges tracks to a convenient size for direct
viewing with an ordinary optical ndcroscope.l

Dielectric track detectors have already found numerous applice-
tions in several different scientific fields including physics,
geophysics and medicine, The physics applications include such
studies as nuclear fission and spallation reactions ,2 lifetimes of
heavy unsteble nuclear particles,3'7 ternary fiuion,e'9 and neutron

dosimetry.lo'lh In geophysics 2 these detectors have been used in

geochronology]'6'2'1 and studies associated with spece erosion and

22.23

atmospheric ablation of meteorites, In medicine selectively
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etched tracks in thin layers of plastic have been used as fine
sieves for the filtration of cancer blood <:e1.1:;.‘?h

It was early recognized that certain polymers, which represent
the most sensitive materials in this class of detectors currently
aevailable, could be profitably utilized in measurements of the heavy
particle component of cosmic radiation.aﬁ The characteristics which
make these detectors partiicularly well suited for space applications
include: small weight, simplicity, mechanical ruggedness, high
latent track stability, freedom from distortion, and simple and
direct processing., Their chief merit, however, lies in their
ability to discriminate between light and heavy particles, making
possible the registration and measurement of the highly ionizing
charged particles while at the same time being insensitive to the
high backgrounds of electrons, protons, neutrons and gamma radiation,

The chief shortcoming of these detectors has been the lack of
quantitative information about their behavior. In 1965 at the
commencement of this research, accurate range-energy and energy
loss relations for heavy ions in the track detecting materials were
not available, A reliable track registration criterion was needed
to determine vhich particles will produce etchable tracks in a
given polymer, It was not known how the sensitivity of a given
polymer was affected by its composition parameters (molecular weight,
plasticizers, residual solvents) or by the etching conditions
(temperature, hydroxide concentration). Although it was recognized
early that particle damage trails of very heavily ionizing particles

(such as fission fragments) etch-out faster than tracks of lighter




particles (such as alpha particles) and also result in narrower

tracks, no investigations w:'e yet made on how this information
could be utilized for particle identification, Since such infor-
mation is essential for the utilization of these detectors, some
fundeamental studies of this nature were undertaken in this program,
The aim of this program has been to investigate several
broad aspects of the dielectric track phenomena. It was hoped
that such an investigation would provide the necessary background
information and generate the understanding that is required if
these detectors are to be used in quantitative measurements, At
the same time, such information would provide criteria for the
future design of better track detecting materials, Since a number
of polymeric systems exhibit track recording properties, a
comprehensive study of all systems was clearly beyond the scope of
this work, Cellulose nitrate was chosen because it represents
the most sensitive track recording material presently available
and one vhich appears the most likely to be utilized in future
applications, However, many of the concepts and techniques to be
presented are not restricted to cellulose nitrate, but apply to

other polymers and other track recording materials as well,

B, Previous Work on Dielectric Treck Detectors:

In this section, the short history of the development of the
dielectric track detectors will be reviewed, Attention will be
focused on the fundamental developments rather than on the numerous

reported applications, The original discovery of the chemical




etching of tracks and much of the subsequent development is due
to Fleischer, Price, and Walker, A recent review of the subject
is found in their refe.':ence.l

In 1958 Young first utilized the chemical etching technique
by observing fission fragment etch pits in thick samples of
lithium fluoride.26 He reasoned that with respect to the chemical
properties, the damage trail of a fission fregment is similar to
that of & dislocation, He argued that the free energy of the
particle damage region 18 higher than the surrounding undamaged
material, and that this region should be preferentially attacked
by a suitable chemical reagent. Accordingly, he found that by
using a mixture of concentrated hydrofluoric acid, glacial acetic
acid and ferric fluoride, surface etch pits could be produced at
the sites vhere fission fragments entered the crystal,

In 1962 Price and Walker reported that fission fragment tracks
in mica could be revealed by etching with hydrofluoric acid, They
subsequently showed that this was a general phenomenon; tracks were
observed in many other dielectric materials, including other

21-30 Of all the track recording

minerals, glasses, and polymers,
materials, polymers were found to be the most sensitive; tracks

of lov energy alpha particles were observed in cellulose nitrate,

1, The Chemical Etching Process - Genersl Considerations

Although it is possible, under some circumstances, to
directly observe tracks of charged particles with the electron
microscope (see, for example, Figures I-1,2), this technique has a

number of severe limitations: extremely thin (< 30003) samples are
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required, large densities of tracks are needec, only small track
lengths can be examined, and measurements are limited to observations {
of tracks of very heavy particles,

A much more versatile and sensitive technique is nov avail-
able for track delineation, The method consists of immersing the
irradiated samples in a suitable chemical reagent., The reagent must
be capable of slightly etching the bulk material, while at the same
time preferentially attacking the particle demsge trails., In the
case of cellulose nitrate, a strong hydroxide, such as sodium hydroxide,
is normally used, Bulk etching enlarges the treck region to the point
vhere it becomes visible under an ordinary light microscope. This
makes possible the observation of relatively light particles over
large track ranges, Large track densities are not needed, and observa-
tions can be made in virtually any sample thickness.

In their reviev artile! of dielectric track detectors,
Fleischer et al, have noted that the chemical etch development of
particle tracks in dielectric solids is as much of an art as a science,
The etching process can be affected in a complex way by a large number
of variables including the exact composition and history of the
sample and the type, concentration, and the tempersture of the etchant,
Orientation of the surface, agitation of the etchant, as well as the
presence of impurities in trace quantities may alter the etching
behavior,

Development of charged particle tracks by means of chemical
etching is, in principle, similar to that of the chemical etching of

dislocations in crystals (aee, for example, Amelinckx31). Tracks are




linear imperfections with & diameter less than about 100&.l For

track development the rate of chemical attack of the particle damage
trail, Tps must be greater than that of the bulk material, oY) i.e,,
r,r/rB > 1l, We shall call the quantity rT/rB the etch rate ratio,
It 1is an important parameter which is used to denote the degree of
the preferential etching,

Under ideal etching conditions (absence of diffusion
effects, homogeneous track rccording material) the etched tracks are

conical in shape, with sharp terminal ends, The quantity 9, one-half

of the cone angle, is given by1

-1
0 - 8in rB/nr. (1.1)

Ae etching proceeds, the vertex of the cone' remains sharp until it
reaches the point where the particle came to rest; further etching
causes the apex to become rounded (see Figure I-3)., In the case vhere
the particle penetrates the entire thickness of plastic, etching can
proceed from both sides, resulting in two collinear cones (see
Figure I-4), If etching is allowed to proceed long enough, the two
cones merge and produce a hole penetrating the thickness of the
plastic,
Not all of *he particle damage trails (latent tracks) which
intersect the sample surface can be developed through the chemical
etching technique, In order to produce a latent, etchable track, a i
charged particle must have a rate of ionizetion above a certain l
critical value, characteristic of that material (see Chapter V),
The quantity ij/rB is a function of the rate of ionization of the

charged particle, increasing as the rate of ionization rises, For

8



FIGURE I-3.

Lo SR .'.‘l-

Tracks of stopping heavy cosmic ray particles, (a) The
etching has not reached the end of the particle range;
(b) the etching has continued beyond the point where the
particle came to rest,




FIGURE I-4k., Track segments of & slow heavy cosmic ray particle that
traversed the entire thickness of the plastic layer, The
etching vhich proceeded from both sides was terminated as
the two tracks were about to merge,

10




lighter ionizing particles rT/rB # 1, and tracks are not observed
(see Chapter VII), There is also a geometrical restriction: latent
trecks making an angle less than 6c = sin'l rB/rT with the surface
will not be seen because the surface dissolves more rapidly than the
tracks can deepen.l Thus it is desirable to have the etch rate ratio
as large as possible,

The bulk etch rate, r_, is sensitive to a large number of

B’
variables such as the exact composition of the cellulose nitrate,

the manner of sample preparation, the exact history of the sample,
the type of etchant and the etching conditions, At the same time,

the treack etch rate, r_., is also a function of the type and the

T’
velocity of the charged particle that produced the demage trail,
Thus, the quantity, Y provides information with regard to the
chemistry of the sample and of the etching process, while rT also
provides information about the charged particle, In order to under-
stand the track etching process, it becomes necessary to study the

effects of various parameters on r_, and r., individually as well as

B T
on rT/r .

2. The Critical Rate of Energy Loss Track Registration Criterion

The knowledge of which particles produce etchable tracks in
a given polymer is basic to the understanding of the track etch
phenomenon, It also allows the practical utilization of these
detectors in various quantitative measurements,

Fleischer, Price, and Welker reported the first track regis-
tration criterion in l96h.32 In order to produce a latent (etchable)

treck it was considered necessary for the charged particle to have a

11




rate of energy loss above some critical value, (dE/d‘x)crit’
characteristic of that particular detecting material, Data
supporting this hypothesis for muscovite mica, Lexan polycarbonate

resin, and cellulose nitrate plastic were given for heavy ions of

energies of up to 10 MeV/nucleon. The (dE/dx)crit criterion
predicted that the cellulose nitrate plastic used in these experi-
56

ments should record tracks of relativistic Fe nuclei, Subsequent

cosmic ray experiments showed this prediction to be :lncorrec‘b."i3
The dE/dx of a charged particle is a measure of the total
ionization produced by that particle, At high velocities of the
incident heavy particle a large fraction of its total dE/dx results
from high energy transfer electron collissions, These high energy
electrons generate ionization trails of their own, which occur at
e considerable distance awvay from the path of the primary particle
and hence contribute little to track formation, For this reason the

(de/dx) criterion cannot adequately describe the spacial

crit
distribution of energy loss resulting from these secondary and

tertiary energy transfer processes,

3. The Ion Explosion Spike Model of Track Formation

In 1965 Fleischer et al, reported a model for the formation
of tracks in solids based on the Ion Explosion Spike Mechanism.3h
They reasoned that a cyiindrical region of net positive charge is
produced along the path of the incident heavy particle as a result

of the ejection of electrons from this region by the primary particle,
The mutual repulsion of the positive ions, if greater than the

cohesive forces within the solid, result in lattice displacements;

12
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these displacements, in turn, result in a region having a large 4
number of imperfections, and thus & high chemical reactivity, This |
semiquantitative model satisfactorily accounted for the gross observa-
tions regarding the track phenomena, It predicts correctly the absence
of etched tracks in conductive and good semiconductive meterials, It
also arranged the minerals in the correct order of sensitivity. Wwhen
applied to polymers, predictions based on this model did not egree
with experiments, The authors conclude that in the case of the high

polymers, additional damage mechanisms exirt,

Lk, The Primary Ionization Criterion for Track Registration

Recently Fleischer et al, introduced a new criterion for
particle r-egj.zstration.35 This criterion, vhich is an outgrowth of
their "Ion Explosion Spike Model ,"3h is called the "primary ioniza-
tion criterion", Specifically it states that an etchable track will
be formed in a given polymer if the linear ion density produced by
the primary particle along its trajectory is greater than a critical - 1

value required by the material, They postulate that the secondary

jonization produced by the ejected electrons (6-rays) is largely
irrelevant to track formation, This is opposite to the view of
Pfohl et al:,36 and that of the author, which is that the low energy
8-rays play a vitel role in the mechanism of track formation in
polymers.,

The ion explosion spike mechanism predicts that a solid
will record tracks if the rate of primary ionization, PI, exceeds
a critical rate for that s:>11<1.3‘j The PI criterion riakes use of

the expression of Bethe,37
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( dJ) 2Mn(z#* )2r§m°c * - am c 2[5272 2
&/ - 2 T [‘“—‘1——"5"3]: (1.2)
8 ) )

giving the average number of collisions per g cm'2 that results in
the ejection of an electron from an atom, Here, r and S are dimen-
sionless constants of the stopping materisl equal to 0,285 and 3.0h,
respectively; Io is the ionization potential of the outer shell of
the atom, and the other symbols have the usual meaning (see Chapter
V).37 It should be noted that the above values of r and S are
strictly true only for hydrogen (I o = 135 eV). Thus, the absolute
values of the primary ionization in plastics are not known;
Fleischer et al, use relative values to explain track registration,
The primary ionization is a measure only of the ionization
produced directly by the incident particle, In order to fit the
experimental data Fleischer et 01.35 use a value of 2 eV for Io.
However, this value does not appear to be consistent with the ion
explosion spike mechanism vhich requires electron ejection from the
track region, The energy of 2 eV may suffice to break a chemical
bond (raise the bonding electron to a higher energy state) but , in
general, does not suffice to ionize the atom (remove the electron
and thus alter the charge equilibrium), For ionization, a higher

energy of 9-15 eV is requilred.38

5. Range-Energy and Energy Loss Relations for Multicharged

Jons in Track Detecting Materials

The knowledge of range-energy relations and the associated
derivative reiations of (dE/dx) vs, energy is essentiel in the study

of the properties of dielectric charged particle detectors since:
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(1) the length of tracks is dependent upon the range of particles, and
(2) the energy loss rate, (dE/dx), plays a role in particle registra-
tion, Extensive calculations and measurements of range-energy relations
have been made for protons and alpha particles in many common materials,
However, most of the dielectric track detector materials do not have
comprehensive range-energy data available, The situation for heavy
ions, z > 2, is considerably worse, Experimental data for particles

of z < 18 end energies less than 10 MeV/nucleon are available for
materials such as nuclear emulsion, aluminum, and some other common
metals., For heavier ions with energies above 10 MeV/nucleon, very few
theoretical or experimental data exist in the literature, The relation-
ship between the ranges of particles, and the etched track lengths in

dielectric track detectors also needs to be established,

C. Program of Investigation

From a reviev of the present state of knowledge of dielectric
track detectors, it is clear that a great deal of research, both
theoretical and experimental, remains to be accomplished., In this
dissertation, contributions are presented in four areas: the chemical
etch development of particle tracks, track registration criterion,
comparison of etched track lengths with calculated range-energy
relations, and techniques for identification of heavy, multicharged
particles, The studies reported here were initiated early in 1965,

1, The Chemical Etch Development of Tracks

There have been no systematic studies of the chemical etch

development of particle tracks in dielectric track detectors, In this
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dissertation the geometry of tracks is examined. Useful relation-
ships between track parameters are derived, Experimental observations
are reported of etched tracks in several types of cellulose nitrate
plastic,

The composition and s method for specimen preparation of a
sensitive cellulose nitrate plastic is reported. The etching behavior
in this plastic is examined in detail, This includes the investiga-
tion of the effect on the etch development of tracks of the parameters
associated witn the specimen composition, the etching solution, and the
specimen preparation, The tlLermal stability of latent (unetched)

tracks is examined,

2, Track Registration Criterion

A nev track registration criterion is presented, The
criterion is based upon the restricted energy loss rate of the charged
particle, This criterion, together with the previously proposed

criteria, is critically exemined,

3. Range-Energy Calculations and Comparisons with the Etched

Track Length

The purposec . f these calculations was to provide range-
energy relations for a wide variety of particles and a broad energy
spect.rum in a variety of stopping materials, The basic method is that
of Barkas and Berger39 which has been modified and extended to
include lowver energies, The range calculations have been checked
experimentally with the use of lithium drifted solid state detectors,
It is shown tha. the length of the etched tracks (etched until the
track ends become round) egrees closely with the calculated range and,
therefore, is a good measure of the particle energy.
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b, Charged Particle Detection

The use of dielectric track detectors for quantitative
measurements of nulticharged particles is examined, Measurements
are presented showing the dependence of the track etch rate on the
restricted energy loss rate of charged particles. Different cate-
gories of ¢ “ncks exre examined to determine what types of infcermation
can be obtained from the measurements of the various track parameters.,
A newv technique for identifying the charge and the mass of multi-

charged particles is presented,
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CHAPTER II

CELLULOSE NITRATE

This chapter is included in order to provide a background and to
femiliarize the reader with the cellulose nitrate system, A brief
description of the origin, the chemical composition, and the physical
structure of this broad and very complex group of materials is presented,
Also included is a short discussion of the effects of radiation on the

atomic structure and the bulk properties of the material,

A, Cellulose

Cellulose is a naturally occurring carbohydrate which generally
comes from either cotton linters or from wood pulp, The empirical
formula can be written as [C6H7°2(0H)3]n' The structural formula is
shown in Figure II-1, Cellulose is thus composed of & large number of
anhydroglucose unitz Jjoined together by ether linkeges, The molecular
weight of the anhydroglucose unit is taken as 162, with end groups and
trece substituents in the cellulose assumed to be negligible, The
average number of anhydioglucose units in the molecule is several
thousands for most native celluloses; and ranges from 500 to 2,500 for
chemically purified celluloses.uo Cellulose is considered to be a long,
linear polymer of united rings as shown in Figure II-1, It occurs in

e fibrous form having a specific gravity of about 1,50 - 1.55, and an
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FIGURE II-1.

10.3A -

The structural formula for cellulose, Three hydroxyl groups
are shown in each of the anhydroglucose units, the latter
being joined by ether linkages. The long chain molecule
may be composed of as many as 3000 anhydroglucose units,

19

]

|

I H OH

I

I OH HN\H
: HN\ H 0
|

|

I CH,OH

|

I

———




index of refraction of 1,599 along the fiber and 1,532 perpendiculaer

to it. It is thought that the cellulosic fibers are built up of bundles

of long molecules, held together in a more or less parallel alignment
by intermolecular secondary valence forces due to the highly polar
hydroxyl groups., The clectric field configuration between neighboring
chains is conducive to their perallel orientation. The crystallities
are called micelles, The minimum dimensions of the micelle is thought
to be 60 - TOR wide and 600R long. Individual chain molecules may
traverse many micelles, resulting in an interlocking assembly of
parallel miceles or submicroscopic crystallites, According to x-ray
measurements, cellulose is about 70 percent crystaliine, Cellulose is
insoluble in all organic solvents, has no melting point, and is fairly

resistent to thermal degradation,

B. Cellulose Nitrate

l, Chemical Composition

Cellulose nitrate is a condensation polymer produced by the
esterification of cellulose with nitric acid in the presence of a
catalyst, usually sulfuric acid, The hydroxyl ions are replaced by
the nitrate ions, according to the following formula for complete

nitration:

“25°u

c()u.{oa(or{)3 + 31mo3 S C6H702(N03)3 + 3H0. (2,1)

The most important function of sulfuric acid is its role as a
dehydrating agent for the additional undesirable water formed in the
nitration reaction, Sulfuric acid also functions as & swelling agent
allowing initial entry of the nitrate groups and influences the degree

of substitution or nitrogen content.ho-h3
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The structural formula of cellulose nitrate is shown in
Figure 1I-2, The degree of substitution is defined as the average
number of hydroxyl groups rerlseced per anhydroglucose unit and varies
between O and 3, In principle it should be possible to replace all
three hydroxyl groups in each anhydroglucose unit with nitrate groups
to give cellulose trinitrate, Such a product, having a degree of
substitution of 3, would contain 14,1k% nitrogen. In practice, the
practical upper limit for substitution is about 2,9, corresponding
to a nitrogen content of 13,84, To provide properties most valuable
for industrial uses, the nitrogen content is maintained between 10,9
and 13,6%. Cellulose nitrate with a nitrogen content of about 11% is

used in plastics, 12% in lecquers, and 13% in explosives, Cellulose

nitrate with nitrogen conte “ess than about 10% is quite

insoluble and hence not useful,

2, Physicael Structure

The physical state of cellulose nitrate is intimately
related to the forces between molecules and to the molecular length,
shape, and symmetry, The covalent atomic bonds confer electrical and

thermal resistance, rigidity, and hardness, The length of the polymer

chain is specified by the number of repeat units in the chain, This
is called the degree of polymerization (DP). The degree of poly-
merization, in turn, is related to the viscosity of the solution
formed when cellulose nitrate is dissolved at a given concentration
in a particular solvent, The viscosity of commercial cellulose
nitrate is generally expressed in terms of either centipoises (cps)

or in the time, expressed in seconds, required for a metal ball of




FIGURE II-2, The structural formula for cellulose trinitrate,



specified size and density to fall through a measured distance in a
solution of specific formulation at 25°C. A viscosity of 1 second is
equal to about 370 cps, Commercially available cellulose nitrate

varies in viscosity from 18 cps to about 200,000 seconds., The

approximate relation between viscosity, molecular weight, and the degree

of polymerizatior is given in Table II-l.h2

TABLE II-1 Approximate Relation Between the Viscosity,
Molecular Weight, and the Degree of
Polymerization of Cellulose Nitrate,

Degree of
Viscosity Molecular Weight Polymerization
1/k sec 22,000 Th
30 - 4O sec 68,000 229
600-1000 sec 140,000 W71

Although considerably less crystalline than the parent
cellulos2, cellulose nitrate possesses, in general, short range order,
X-ray and electron diffraction studies amply support this view, 1In
Figure II-3 is shown an electron diffraction pattern of a cellulose
nitrate film used in this study. The ring pattern is characteristic
of material having a short range order extending to about 20 to 30l.
The extent of crystallinity depends on many factors, such as, the
degree of nitration and the exact conditions and manner of sample
preparetion, Cellulose nitrate is more naturally crystalline in the
trinitrate state than in the less nitrated states, However, as the

degree of nitration is decreased toward the pure cellulose form, the
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FIGURE II-3., An electron diffraction pattern of a thin film of
cellulose nitrate of the type used in this study (NRDL-1).
This pattern is characteristic of a material having a
short range order extending to about 20 to 30A,
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polymer becomes more crystalline again, The extent of crystallinity

haes a definite influence on the mechanical properties of the material,
As is the case with many polymers, this material has a viscoelastic

response to an applied stress,

cC. Cellulose Nitrate Plastic

Cellulose nitrate is only one of the constituents of cellulose
nitrate plastics, In order to improve or otherwise alter the properties
of the basic material, various modifier are added, These consist of
plasticizers, resins, and pigments, Small amounts of solvent, left over
from sample preparation, are also generaliy present, The presence
of these substances affect both the chemical and the physical behavior
of the plastic,

The function of plasticizers is based on the fact that it contains
groups capsble of solvating particular polymer groups, The polar bond
from the plasticizer is believed cavrable of neutralizing or
sufficiently weakening the Veu. der Wael3 forces that exist between the
polymer chains, The addition of a plasticizer also produces swelling;
the secondary valence forces are relaxed, permitting flexing of the
long linear polymer cheins, The addition of these lovwer molecular
weight materials (generally organics) to high polymers changes a
hard, brittle, glass-like solid to a softer, more flexible material,

A plesticizer capable of becoming incorporated as a permanent component
of the finished plastic product is called a primary plasticizer,

There are basically four different types of plasticizers used

to plasticize cellulose nitrate; they are classified as solvent,
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non-solvent, monomeric, or polymeric types. Solvent type plasti-

cizers are defined as those which exhibit complete miscibility with
cellulose nitrate .n all proportions, They act as nonvolatile
solvents which remain in the dried film, Dibutyl phthalate (DBP)

is a typical example, Nonsolvent type plasticizers neither dissolve
nor form a colloid with nitrocellulose, but are compatible with
cellulose nitrate in the dry film, They also contribute flexibility
to the film; castor oil is a typical example, Monomeric plasticizers
such as dioctyl phthalate are generally of low molecular weight, The

polymeric types of plasticizers have a relatively high molecular

weight (1000 -8000). These plasticizers show very low volatility,
and do not leave the film even at high temperatures; Paraplex G-kl
is a typical example,

Cellulose nitrate is soluble in ketones, esters, amides,
nitroparaffins, and ethyl ether-ethyl alcohol mixtu.res.hl These
liquids are usually referred to as true, active, or primary solvents,
Another group of liquids such as ethyl, isopropyl, or butyl alcohols,
and others, are not true solvents in that they alone do not dissolve
cellulose nitrate, However, when used in combination with a primary
solvent, they improve the dissolving power of the primary solvent,
resulting in solutions with appreciably lower viscosities, These
liquids are called cosolvents or secondary solvents, Often several
primary and secondary solvents, each having a specific desirsble
characteristic, are used in the preparation of films, A proper
combination of primary and secondary solvents is needed in order to

achieve a uniform evaporation, and thus & uniform plastic film, Some
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of the physical properties of plasticized cellulose nitrate filmhh

are listed in Table II-2,

TABLE II-2 Mechanicai, Physical and Electrical Properties
of Plasticized Cellulose Nitrate Films

Specific Gravity 1.35 - 1,60

Refractive index 15

Thermal conductivity (3.1-5.1) x 107"
(cal/sec cm °C)

Electrical resistivity (volume) (0.106-0.32) x 10™°
et 30°C, ohm-cm

Specific heat, cal/oc gram 0.3+ ~ 0,38

Softening point T0° - 90

Effect of heat Decomposition at 100-150°C

Burning rate Very high

Effects of ultra-violet light Discoloration and

embrittlement
Effect of water Very slight swelling

D. Effects of Radiation

The interaction of radiation with a polymer and the subsequent
events that occur can be chronologically divided into three distinct
periods of time (see Algerhs). The first period, lasting less than
1071 sec, is that of energy dissipation by the incident radiation,
and the sbsorption of this energy by matter, There are three ways
to absorb energy in a solid: (a) electron displacement (both ioniza-

tion and excitetion are included under this heading), (b) atomic
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displecement, and (c) generetion of an impurity atom as & result of
12

a nuclear reaction, The second period, lasting enywhere from 10°
to 10'9 sec, involves the transport and disposition of absorbed
energy by the molecular motion as the thermal equilibrium within
the 8olid is esteblished, Again, there are three alternatives:
(a) energy can be emitted as luminescence, (b) it can be dissipated
as heat, or (c) energy can be stored as potential energy in the form of
chemically reactive species, The path followed depends strongly on
the structure of the molecule and the environmentel conditions, The
third and final period is that of the establishment of chemical
equilibrium, Here, the potential energy stored in the form of
chemically reactive species is dissipated, Diffusion processes and
reaction rates extend the duration from a minimum of about 10"8 sec
up to months or years. To recapitulate, from the absorber point of
view it 1s convenient to think of three distinct phases: (a) energy
absorption, (b) establishment of & therral equilibrium, and (c) the
establishment of & cliemical equilibrium,

The primary mechanism for the absorption of the energy
deposited by charged particles is electronic and atomic displacements,
The probability of a nuclear reaction is generally low, and the energy
transfer resulting from this process can generally be neglected,
Except at very low velocities of the incident particle, the predom-
inant mechanism of energy absorption is through electron displacement,
1.e,, through ionization and excitation of electrons of the absorbing
medium, Since cellulose nitrate does not readily luminesce, the

bulk of the absorbed energy goes either into heat or is stored as
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potential energy of reactive species, The manner in which the energy
is divided between ionization and excitation depends upon the type of
particle, its velocity and the state of the absorbing medium, Very
little is known of the number, types, or distribution of the
chemically reactive species that are formed, Even less is known of
the manner in vhich these species react with each other or with
substances present in the matrix of the bulk material (such as
oxygen or water), It is in this srea, the approach to chemical
equilibrium, that our knowledge of this subject is least satisfactory,
In the studies of irrediated polymers it has been reported that

in general the major reactions in polymers depend primarily on the J

total absorbed energy (dose) rather than on dose rate, the type of
6-48

rediation, or its sources.h Fest electrons, x-rays, gamma rays,

or mixed radiation from a reactor, including neutrons, all produce
approximately the same effect for a given dose, However, the
resultant changes in the chemical and physical structure of the

polymer are very strongly dependent on the chemical structure of

the original materlal, the physical state of the material during
irradiation, as well as the environmental conditions of the irradia-
tion,

In general, the irradiation of polymers produces either cross
linking or scission.h6-h8 It is reported that cellulose nitrate
undergoes scission at a relatively high rate. The scission reaction
breaks the molecule into smaller fragments, decreasing the molecular
weight, increasing the solubility, and lowering the softening point.

Scission is often accompanied by gac evolution, This is
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particularly so for cellulose nitrate, where over 95% of evolved gas

is hydrogen, The mechanical properties of cellulose nitrate are also
changed by scission, The shortened chains and the larger number of
chain ends lead to a weakening and embrittlement, Free oxygen

present in matrix of the polymer is thought to play an important role
in the process of scission., Instead of recombining with each other or
some other portion of the polymer chain, the broken cheain's ends now
combine with oxygen to produce scission, Some of the known effects of

radietion on cellulose nitrate are summarized in Table II-3,

TABLE II-3 Some Effects of High Energy Radiation
on Ceilulose Nitrate Plastic

l. Exitation

2. Production of unsaturation and bond rupture
3. Ionization

4, Hydrogen gas evolution

5. Scission of polymeric chains

6. Production of free radicals,

Polymers containing a high percentege of aromatic rings have been found
to be resistant to radiation (for example the polycarbonate resins);
those with highly aliphatic structure are the least rersiat;mnt.h’8 There
is also a general trend for polymers with the largest molecular size
to be more susceptible to rediation damage, This arises from the fact
that a small number of chain scissions or cross links can change a
large percentage of the molecules, In agreement with these observa-

tions, cellulose nitrate is found to be one of the most sensitive of

all polymers to high energy radiation,
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CHAPTER III

DESCRIPTION OF INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

In this chapter the instruments and the experimental techniques
used in these investigations are discussed, Emphasis is placed mainly
on the unusual, nev, or unique aspects of the experimental portion of
the research, Four broad subject areas are considered: the instruments
and the experimental techniques for specimen preparction, radiation
exposure of specimens, etching of specimens, and the measurement of

various track parameters,

A, Specimen Preparation

At the present time most investigators using dielectric track
detectors use commercially available plastics, There are two good
reasons for this, First, the preparation of uniform, thin films of
large areas is a complicated and a time consuming procedure, which at
times requires large presses and other industrial equipment, 3econdly,
the exact composition as well as the details of prepearation of certain
plastics are generally regarded by the manufacturer as trade secrets
and, therefore, are not available to the public,

Although there are commercially available ceilulose nitrate
plestics suitable for track recording (sce Table III-1), there are

certain difficulties associated with their use, For example, since the
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exact composition is generally unknown, it is not possible to
calculate accurate range-energy relations or to study the effects of
the various constituents of the plastic on treck registration,
Different batches of plastic, different plastics within a batch, and
even the two surfaces of a given sheet of plastic, usually vary in
their track recording characteristics, The plastics are generally
available in only a few thicknesses, The aging plastics tend to pick

up background tracks from the natural alpha particle emitting reactions
such as 2‘Q"zltn(a)"'zls!'o.

TABLE III-1 Cellulose Nitrate Plastics

Highest Energy Alpha Background Etch
Type Particle Recorded#® Pit Density
NRDL-1 4,0 Mev lovw
Daicel, Japen ~ 5.0 MeV fairly high
(2501, red)
Dynamit Nobel, Germany ~ 3 Mev very high
(2504, clear
Nixon-Baldwin, U, 8, 4,0 Mev low
(5004, organge, clear)
Rovland, U, 8. ~ 3 Mev high

#For the most sensitive surface of the plastic, etching was
performed in 10M NeOH solution at 23°C,

l., NRDL-1 Cellulose Nitrate Plastic

During these investigations, a mixture of ingredients was
found which vhen properly processed resulted in a superior type of

cellulose nitrate film well suited for the registration of tracks,
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This material is referred to as NRDL-1l Cellulose Nitrate Plastic.,

Many of the investigations reported here, and particularly the
investigations described in Chapter IV, were carried out using this
material,

The composition of the nitrocellulose solution from which
the NRDL-1l cellulose nitrate plastic is prepared is given in Table III-2,
A detailed description of the possible role played by each constituent
is further discussed in Section B of Chapter IV, The nitrocellulose
used is RS (11.8-12,2% Na), 5-6 sec viscosity commercial grade end is
manufactured by the Hercules Powder Company, of Wilmington, Dela\mre.]‘1
The plasticizers and solvents are also of commercial grade,

TABLE III-2 Composition of the Nitrocellulose Solution
for Preparation of NRDL-1 Plastics

Quantity
Constituent (% by Weight)

5-6 sec RS nitrocellulcse 17.0 (primary constituent)
Dioctyl phthalate 4,0 (monomeric plasticizer)
Isopropyl alcohol 5.1 ‘

(secondary solvents)
Butyl alcohol 4,0
Cellosolve acetate 8.0

(primery solvents)
Ethyl acetate 61.9

The preparation of the specimen films proceeded as follows,
Commercial nitrocellulose, which contains 30% by weight isopropyl
alcohol, is dissolved in a solvent composed of butyl alcohol,

cellosolve scetate, and ethyl acetate, Dioctyl phthalate plasticizer
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is added, end the mixture is stirred vigorously for several hours.

The solution is then aged at room temperaturz for about 4 days before

sample preparation begins, This time is required for the solution to
come to equilibrium, and for the trapped air (in the form of bubbdles)
to come to the surface, Plastic films are cast by pouring the liquid
on & polished glass surface and allowing the solvents to gradually
evaporate, The evaporation rate of the solvents can be controlled
by placing a glass container over the drying liquid, It is important
to keep the solvent evaporation rate low so as to achieve a smooth

surface, A drying period of about 24 hours was found to give

satisfactory results, A film of about 50 microns in thickness is
formed in this manner; thicker films are prepared by pouring multiple
layers, The dry film is then annealed at 70°C for about 12 hours,
This is an important step as the solvent content of the film needs
to be reduced to a few percent to achieve good track recording
characteristics, The film is separated from the glass surface by
briefly soaking in warm water, after which it is dried, and is ready
for use, Sometimes, particularly with thicker semples vhich have a
tendency to buckle, it is desirable to anneal a second time., In this
case tre plastic is placed between two polished glass plates, held
tojether by spring type clamps, and heated for several hours at a
softening temperature of sbout 100°C. This procedure generally results
in flatter samples and surfaces which are more highly polished,

It is important to minimize the number of surface imperfec-
tions such as scratches, bubbles, and imbedded dust particles, These

imperfections tend to etch out preferentially, resulting in a badly
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pitted surface, Electron photomicrographs of shadowed carbon 1
replicas of the surfaces of NRDL-1 and No, 1025 Daicel plastics are

shown in Figures III-1 and III-2, respectively, The numerous

surface inclusions and striations are characteristic of the
commercial plastics, The striations are generally still observed
even after an etch treatment that may remove several tens of microns
of the bulk material., Some inclusions may have dimensions of several
hundred microns, In Figure I1II-3 is shown & portion of a specimen
that has & linear inclusion which etched more slowly than the
edjoining bulk material, This remarkably repeating structure, with
the repeat distance of about 20u, may possibly be a remnant of a
cellulose fiber,

Samples prepa:2d from NRDL-1 solution were observed to
show differences in the times necessary to etch out tracks, Samples
prepared from freshly mixed solutions required less time than those
from older solutions, This effect is shown in Figure III-4, Samples
poured at 0, 1, 2, 3, 4, and 8 days after solution preparation were
dried and heat treated in the standard way, and exposed to 3.2 MeV
alpha particles, The samples were progressively etched in a 10M
NaOH solution at ho°c, until all tracks were fully etched out, The
time nci:essary to fully etch out tracks versus elapsed time in days
before ss.ple preparation is shown in Figure III-4, It is clear
that about four days are needed for the solution to stabilize, There
are other indications of the non-equilibrium state of the freshly
prepared solution: the viscosity of the solution is observed to drop

slightly during this time interval,
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| FIGURE III-1, Shadowed carbon replica of the surface of NRDL-1 plastic,
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FIGURE I1I-2, <c:.aicwed carbon replica of the surface of type No, 1025 1
Daicel plastic, The numercus surface inclusions and
striations are characteristic of the commercial plastics,
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FIGURE III-4, The time (minutes) necessary to fully etch out 3,2 MeV
alpha particle tracks as a function of the age, in days,
of the nitrocellulose solution,
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The chemical reactivity of cellulose and of cellulose
nitrate has been reported to be highly dependent upon the impurities
preuent.hg During these studies it was not possible to determine the
purity of either the nitrocellulose or the other constituents used in
the specimen preparation, As an example of the types and concentra-
tion of metal ions present, a spectroscopic analysis of three

different types of nitrocellulose is shown in Table III-3.*

TABLE III-3 Spectroscopic Analysis of Three Types
of Nitrocellulose (ppm)

Ion Degree of Nitration
12¢ (Rs) 11.5% (As) 14 (ss)

Pb 3 0.8 5
Zn 20 < 2.0 100
Cu 2 0.8 2
Mg 10 15 10
Mn 0.2 0.2 0.2
N 0.5 0.5 0.5
Fe 3 3 3
Al 10 5 10
Ca 30 30 15
Ti 2 0.2 < 0,2

2, Commercial Cellulose Nitrate Plastics

The cellulose nitrate plastics used in these studies are
tabulated in Teble III-1, The Daicel material, recording alpha
particles of energies up to about 5 MeV (determined from track length
neuureuenta), is the most sensitive plastic tested, The Dynamit
Nobel and the Rowland plastics are considerably less sensitive and
also have poor surface etching characteristics, The Nixon-Baldwin

material, although somevwhat less sensitive than the Daicel plastic,

# The spectroscopic analysis data were obtained through
the courtesy of Mr, C, Gilbert, Hercules Inc,, Parlin,
New Jersey,
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nevertheless is a satisfactory treck recording material, Unfortunately
this material is no longer manufactured,

In general, the two surfaces of a single sheet of a commercial
plastic will differ in sensitivity. The difference may be considerable,
For example, while one surface may record alpha particles of up to
L4 MeVv, the other surface may register alpha particles only to about 1 or
2 MeV, A further difficulty with using commercial plastics is that the
manufacturer generally ineists on a rather large minimum order (160

pounds in the case of the Daicel Ltd,).

B. Rediation Exposure

The study called for exposures of cellulose nitrate plastic to a
broad spectrum of heavy ion particle types and energies; in Teble III-k4

are listed the natural and artificial sources used,

TABLE III-4 Heavy Ions Used in this Study

Energy
Source Particle (MeV/nucleon)
™ Yire 1.37
25201‘ fiscion fragments = 1l
1l <z < b4, long range >1
lgze 1.52
Hilac, Berkeley 12C, 160, wAr 1-10
High altitude 16
balloon flights, 0 S 140
Ft. Churchill, 56re s 270
~ 3.7 g/cn®
Satellite e 56 ~ 3
xposures, Fe >5x 10

(Gemini), > 1 g/cm?

41




P - . < -
i TR e s e R W e T Ly

1,

Alpha Particles

The principal source of alpha particles was a 2,87 uc 2!"1An

source in a form of a thin deposit on a 1 inch in diameter platinum
disk, The isotope was electrodeposited on the central area of about
3 mm in diameter, The half life of this isotope is 458 years., The two
modes of alpha decay have similar energies of 5.48 and 5.31 - 5,54 MeV,
Calibration with nuclear emulsions revealed a negligible amount of self-
absorption in the source, thus the alpha particles were considered to
be monoenergetic,

Exposures were usually performed in a partially evacuated
chamber with a standard source-to-sample distence, By varying the air
pressure alpha particles of any energy from 5,5 to about O,L0 MeV could

be readily obtained,

2, Fission Fregments

A6 x 107 dpm spontaneously fissionable isotope of 252(!f
electrodeposited onto & thin platinum disk was used as a source of
fission freagments. This isotope also emi:s alpha particles (6,12 and
6,08 Mev) and spontaneocus neutrons, For approximately 1 out of every
10% f1ssions of 7%t a long range, l1ght ( 1 S z £ k) particle may
also be emitted,”%27) In Figure III-5 are shown photomicrographs of
tracks of the three types of charged particles, The short, wide tracks
are the overetched tracks of fission fragments, The short narrow track
in B is that of an alpha particle; the long treck in A is that due to a
rare, long range, lov z particle, The half life of the isotope is
2,55 years, The mass and kinetic energy distributions of fission frag-

ments emitted from 252Cf have been studied by Fraser et 11.52
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FIGURE III-5. Tracks of particles emitted from -7°Cf: the short, wide
tracks are the overetched tracks of fission fragments;
the short, ncrrow track in B is that of an alpha
particle; the long track in A is that of a rare, long
range, z > 2 particle,
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3. Heavy Ions of Energy < 10 MeV/nucleon

Heavy ions, 1% 3 16O, and “Oar vitn energies up to 10 Mev/

nucleon, were obtained from the Heevy Ion Linear Accelerator (HILAC) at
Bex'kc].ey.53 Lover energies were obtained by degrading the full energy
of the beam with predetermined thicknesses of aluminum, In this manner
useful energies in the intervel of from 1,0 to 10 MeV/nucleon wvere
obtained, 1In order to make precise and independent energy determination
possidble, nuclear photographic emilsions were included with all irradia-

tions .

L, Heavy Ions of Energy > 10 MeV/nucleon

The heaviest ion currently aveilable at the HILAC is lK’Ar.

Since there are presently no techniques available for artificially
accelerating heavy ions to energies in excess of 10 MeV/nucleon, natural
sources of these particles found in cosmic rays must be utilized,
Specimens were flown on & variety of high altitude balloon and satellite

flights for this purpose (see Teble III-k, page 4l),

C. Etching Techniques

Irradiated specimens were usually et:hed in an aqueous solution
of 10M NeOH which wvas meaintained at a corstant temperature by means of a
vater bath.* Etching was ueually performed at either 23, 40 or 60° ’
although temperatures as low as 0°%C end as high as 98°c we:re occasionally
used, Since the etch products tend to settle to the bottom of the etching
container, stirring of the solution is necessary; ultrasonic stirring has

proved most effective,

# In this dissertation the symbol M is used to denote the
molality of the etching solution,
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When measuring track etch rates, it is desirable to view the
tracks during the actual etching process. The removal of the specimens
from the etching solution for this purpose causes some difficulties,
There is evidence that a freshly etched surface reacts with the
atmosphere to produce a thin layer of material whose etching properties
are different from that of the bulk material., Also, extended rinsing
in water of partially etched tracks may result in a large increase in
both T and ry for the remainder of the track, An example of this
phenomenon is shown in Figure III1-6, Here, a 10 MeV/nucleon 160 ion
track was first etched for 8 hours at 23°C in a 10M NeOH solution,
This resulted in the observable track length Ll' The specimen was
then allowed to soak in distilled water overnight, The specimen wae
then etched again under the same etch conditions for 0,5 hours, This
resulted in the observeble track length, 12. An increase in the
average track etch rate from 18 p/hr for 1«1 to 200 p/hr for 12 was
observed, At the same time, the unusual sppearance of the track
indicatcs that the vater soaking treatment also resulted in the
increase in rB for the previously unetched portion of the track, This
type of behavior was not observed for the previously unetched tracks,
Presoeking in water of previously unetched specimens resulted in an
increase in the etch time needed to develop tracks,

A technique was devised for the observation of tracks during the
actual etching process, If etching is carried out in a shallow
container with a glass bottom for illuminating the specimen, tracks cen
be cbserved directly through the etching solution with the use of a

very long working distance objective, The Leitz UMK 50X obJjective,
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FIGJRE III-6, Track of a 10 MeV/nucleon 160 ion in NRDL-1 plastic

etched in a 10M NaOH solution at 23°C., Specimen was
first etched for 8 hrs (4;), then soaked in distilled
water overnight, then etched again for 0,5 hr (£

).
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described later in this chapter, was found o work satisfactorily,
Tracks viewed in this manner are not very distinct; the resolution is
only fair, The difficulty comes about because the track cavities are
filled with the etchant which has an index of refraction similar to
that of the plastic, This technique was used for etching at room
temperatures only; however, it can readily be extended to etching at

higher temperatures,

D. Optical Techniques for the Observation and Measurement of Tracks*

The chemical etch development of the particle demage trails
produces permanent, three dimensional cavities or tracks. The dimen-
sions of tracks may vary from a fraction of a micron to several hundred
microns. The observation and measurement of tracks requires the use
of an optical microscope., The precision with which track parameters
of interest, such as track lengths, cone angles, or surface openings,
may be measured depends upon the optical resolution attainable as well
as the ability to perform the actual measurements,

The microscopy of etched tracks has a number of unusual aspects
that are generally not encountered in ordinary microscopy. The problem
centers on the fact that usualls the etched tracks are in the form of
transparent cavities rather than c¢paque objects such as silver grains
in the processed nuclear photographic emulsions, Some of the major
difficulties encountered are as follows:
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