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ELECTRON MICROSCOPIC OBSERVATION OF ALPHA PARTICLE

TRACKS IN CELLULOSE NITRATE PLASTIC

CHAPTER I

INTRODUCTION

The work contained in this thesis is directed toward the develop-

ment of electron microscope specimen preparation techniques for the

study of alpha particle tracks in cellulose nitrate plastic. Both

direct observation and replica production techniques were investigated.

Although the specific techniques developed and explained herein pertain

directly to alpha particle track detection in cellulose nitrate plastic,

applications involving other charged particle tracks could easily

include the same procedures.

There will be no attempt made to justify any one particular tech-

nique as superior to the others. However, advantages and disadvantages

will be presented in an attempt to relate the individual techniques to

specific applications for which they would be best suited.

The work involves three main areas of development: direct obser-

vation by transmission electron microscopy, Formvar single stage

replica, and carbon replica (both single and double stage). The devel-

opment of these techniques incorporated the use of some standard speci-

men preparation practices, but with particular care and attention given

to the peculiarities and requirements inherent in the use of cellulose

nitrate plastic.
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STATEMENT OF PROBLEM

The charged particle track registration phenomenon can be used to

study the concentration and microscopic distribution of boron and

lithium in metal, glass, and ceramic systems. Studies of the immisci-

bility of Li20 in Si02 have incorporated the technique of neutron

autoradiography to examine, in detail, the spatial variations of the

Li
2
0 (18).

Diffusion couples are prepared in the Li20 -Si02 system (lithia -rich

Li20 -Si02 material placed in contact with pure Si02) and given diffu-

sion anneals at elevated temperatures. Quenching of the diffusion

couples will retain the higher temperature phase separations and con-

centration gradient. A surface perpendicular to the junction is ground

and polished flat so that the spatial variation of the Li20 in the dif-

fusion couple could be studied. An alpha sensitive cellulose nitrate

plastic film was placed in direct contact with the glass surface and the

sandwich subjected to a neutron flux. The charged particles produced by

the Li (n,a) reaction then create etchable tracks in the cellulose

nitrate plastic. The density of these tracks in the plastic film is

proportional to the surface concentration of the Li. The plastic film

was then taken from the glass surface and etched in sodium hydroxide so

that the concentration gradient could be established and the immisci-

bility concentration determined.

The ability to study the phase separation structures of the Li20-

Si02 system using this technique of neutron autoradiography is severely

limited by normal optical microscopy. Resolutions on the order of 1/2 II

are attainable at best. It is desirable to be able to examine



3

and analyze the phase separation structures and any inhomogeneities,

which are caused by microscopic phase separations that are quite common

in glasses, at a very high resolution. High resolution is essential

for the investigation of the details of these microscopic phase separa-

tions, or inhomogeneities, and the measurement of their basic param-

eters. The electron microscope is very well suited for this purpose.

In all phases of electron microscope specimen preparation, extreme

patience and care must be exercised to insure cleanliness. Dirt and

dust or residues left on the specimen can contribute to contamination

in the microscope column as well as confusing and blurring the specimen

image as viewed on the scope screen.

Contrast in the specimen image arises primarily from the scatter-

ing and absorption of selected areas of the electron beam. Those areas

which scatter and/or absorb more electrons than adjacent areas will

appear darker on the microscope screen. Unless there exist some areas

which will transmit electrons and illuminate the screen, no image will

be observed. It is therefore essential that the specimen be able to at

least partially transmit the electron beam. This requires relatively

thin specimens, usually about 2000 to 5000
0

thick. This requirement

for a thin specimen became a primary goal through much of the technique

development.

For the purpose of specimen preparation development, alpha particle

tracks were produced in cellulose nitrate with an alpha source. All of

the irradiations were performed with Americium-241 (2.47 x 105 dpm). A

standard distance of approximately 3 cm between the source and the

plastic was used for the exposures in order to obtain particles of low
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enough energy to produce etchable tracks. A small polyethylene cylin-

der (1 cm in diameter) was used to partially collimate the alpha parti-

cles and produce near normal particle tracks. Under these standard

conditions, with only the length of exposure varied, the cellulose

nitrate samples were prepared.

The electron microscope used for all'specimen observations was a

Hitachi 11 -B3. The accelerating voltage used was 100 kV except where

otherwise noted in the text. Other important microscope settings are

indicated where pertinent.

The following chapters will provide a background of the charged

particle track registration phenomenon (Chapter II) and explain in

detail the techniques which were developed (Chapters III, IV, and V).

Chapter VI will summarize the work and present conclusions.
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LITERATURE REVIEW

BACKGROUND
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The discovery by Silk and Barnes (19) in 1959 of submicroscopic

tracks produced by fission fragments in mica has opened an entirely new

area of scientific study and led to the development of new charged par-

ticle detectors with a wide variety of uses and many important advan-

tages over earlier detectors. Since the first observation of these

pipe-like tracks in mica, it has been found that almost all insulating

solids will record the tracks of charged particles. Natural minerals,

glasses, and plastics have been used to record such tracks (9, p. 1).

In general, tracks have not been observed in good conductors and will

only register in materials with resistivity greater than approximately

2000 Q -cm (6).

Experimental evidence indicates that these tracks are probably

composed of a disordered, strained, and chemically reactive region of

material which is quite porous and may even consist of a fine tubular

channel (16). The chemical reactivity of tracks is illustrated by the

preferential etching which occurs along the damaged region when placed

in a suitable chemical reagent. Tracks have also been revealed by the

precipitation of a second phase along the damaged material in silver

chloride and in some types of glass, again indicating a region of higher

free energy for the nucleation of the precipitate (6). The diameter of

these damaged regions is not well known and will actually vary depend-

ing on the material, the specific charged particle, and its energy.



6

Early reports (19) gave the basic track damage region diameter as about

100 to 150 A. This is an estimate of the widened diffraction image of

the tracks in mica, and thus would be greater than the true width.

With appropriate etchants, it has been determined that the basic dam-

aged area produced by the passage of fission fragments ranges from 30

to 50 A in diameter in mica (6) and up to 400 to 500 A in diameter in

cellulose nitrate (13). This diameter includes both the core or fine

channel and the surrounding elastic strain field of the track.

The length of charged particle tracks will vary considerably

depending again on the material, the specific charged particle, and its

energy. Tracks have been observed which vary, depending on these

parameters, from a few microns up to a few hundred microns in length.

MECHANISM OF FORMATION

The mechanism of track formation as related by Bonfiglioli, Ferro,

and Mojoni (4) in 1961, and which has since been disproved, was a ther-

mal spike process. This was asserted on the basis of measurements of

track widths in muscovite, synthetic fluor-phologopite, and dehydrated

muscovite. The reasons given for this interpretation were that (a) the

track widths in various materials increased as the decomposition tem-

perature of materials decreased, and (b) the measured track widths

showed fair agreement with widths calculated from a simple thermal spike

model.

The "decomposition" temperatures (temperature at which a definite

new crystal phase is formed) which were quoted by this author were in

some cases actually dehydration temperatures and in general, were not

well defined (17, p. 12). Annealing experiments have shown that the
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tracks in these same materials are apparently unaffected by tempera-

tures where dehydration is extensive, thus indicating that this parame-

ter is not particularly relevant. Also, it has since been shown that

the track widths measured in these materials with the same charged par-

ticles actually differ considerably from those observed earlier. The

more recent measurements of track widths show no correlation with the

decomposition temperatures. The thermal spike model for track forma-

tion may therefore be rejected on the basis that it does not lead to

good predictions.

An energetic, charged particle travelling through a solid loses

energy in two primary ways. Most of the energy is lost in exciting and

accelerating electrons. A lesser amount is given up in elastic inter-

actions with ions. The atomic displacements which result from these

direct collisions with atoms are not the main mechanism for track forma-

tion in most solids because (a) tracks would be expected to occur in

both conductors and insulators (which they do not), and (b) tracks would

be expected to become more prevalent near the end of the charged par-

ticle range (where tracks do not often register). This is not to imply

that displacement spikes do not occur, but only that this is not the

usual mechanism of track formation in solids (6).

The mechanism which is thought to be the most realistic and which

generally accounts for the most recent experimental data is set forth

by Fleischer, Price, and Walker (6). The mechanism they propose is one

which states that tracks result from the defects which are created when

electrons are excited and removed from their nuclei, thus leaving a

densely packed region of positive ions. These ions strongly repel each



other and are ejected into the surrounding interstitial sites. The

path of the charged particle is thus left with a depleted core region,

surrounded by an elastic strain field. The authors have called this

process the "ion explosion" spike mechanism.

In order that tracks may be formed by this mechanism, four condi-

tions must be satisfied (6). The first condition is that the coulomb

repulsive forces within the ionized region must be great enough to

overcome the lattice bonding forces which exist between the atoms.

Stated quantitatively:

2e2
> E

4 10
E a

o

where no= number of unit charges of ionization per atom

e = unit of charge
E = dielectric constant for the material

1a0 = average atomic spacing

10
E = theoretical mechanical tensile strength.

Therefore this condition may be stated as:

no > R

4
E e ao

where R =
10 e

2
(stress ratio).

This means that tracks should form most easily in materials of low

mechanical strength, low dielectric constant, and close interatomic

spacing.

The second condition for track formation by this ion explosion

mechanism requires at least one ionization per atom plane crossed by

the charged particle. Therefore, in materials which form continuous

8

(1)

(2)



tracks, no> 1 is a second condition which must be met. In order to

satisfy this condition, a reasonable concentration of ions must be

produced along the path of the charged particle. If a particle of

effective charge Z*, mass M, and energy Ef passes a distance b from an

electron, then the electron will be given an energy Ee:

4b
2
mE

2

E
e

= 4ME
f
IM + 2 24

M Z* e

9

(3)

where e = electronic charge
m = mass.

If this calculated electron energy for a particular charged particle

is at least as large as the first ionization potential, then a continu-

ous trail of ionization will exist and this condition is satisfied.

A third requirement for continuous track formation by this mecha-

nism is related to the supply of electrons near the ionized path. If

other electrons are available to replace those ejected by the charged

particle before the ionized atoms are forced into the adjacent mate-

rial, then no track would form. In order for this to happen, it would

be necessary to drain electrons from the surrounding region in less

than the 10
-13 seconds required for the displacement of the ions from

their sites. Thus, tracks will not form unless:

n
a
e

n <
n Tra

o
p
n
kTt

where nn = density of free electrons
na = number of ionizations per atomic plane = ffr

2aonn

t = diffusion time '40-13 sec
k = Boltzmann's constant

pn = electron mobility
T = absolute temperature.

(4)
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The time for an electron to diffuse a distance r is equal to r
2
/D,

where D = diffusion constant.

This third condition is normally followed under typical conditions

by semiconductors and insulators. It also implies that tracks will not

form in metals unless the conduction electron density is less than

about 1020/cm3.

The fourth condition for track formation by this mechanism involves

the mobility of holes in the specific material. Since the highly ion-

ized region along the path of a charged particle is essentially a high

concentration of holes (unoccupied electronic energy states), their

"movement" away from this region would tend to retard track formation.

If diffusion of at least one atomic distance is assumed, the following

relationship will hold in cases where no tracks are formed:

a
2
e

u > (5)
p tkT

Thus at room temperature, tracks will not form in materials with a hole

mobility p greater than 0.2 cm
2
/V-sec.

The first condition related is the primary criterion and could be

used to rank materials according to their sensitivity. As the stress

ratio R decreases, the sensitivity should increase (no
2

> R). Values

of n
2
will depend on the ionization energies of the specific material

and on the energy and charge of the particle.

The known characteristics of tracks in bulk solids are consistent

with the ion explosion spike model on the following four points (6).

(1) The strained and chemically reactive nature of tracks is a
direct and reasonable consequence of a region of high
vacancy and interstitial concentration.
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(2) The existence of tracks only in materials with low hole
mobility is consistent with the need for ions to be dis-
placed from their original positions before the holes have
a chance to migrate away from the particle path.

(3) The size of tracks (.30 to 50 A diameter for fission fragment
tracks in mica) is generally consistent with the model.

(4) The stress ratio R varies generally in a manner consistent
with other measures of sensitivities.

The ion explosion spike model is greatly oversimplified and is

justified only on the grounds that it has been the best model for which

their exists reasonably extensive experimental data with which to com-

pare it. For example, the electrostatic forces acting on the ions will

actually be determined by a summation of the forces from all the ions

along the path rather than just the force between two adjacent ions (6).

The greatest deviation from the proposed ion explosion spike mecha-

nism exists in the case of polymers. The energy required to break bonds

is less than that required to ionize atoms in these materials and there-

fore a relatively high density of broken chemical bonds is created along

the particle path as well as the previously mentioned ion concentration.

For these polymers then, tracks are probably not due primarily to this

ion explosion spike but are suggested to be more a result of the bond

breaking in the case of lighter nuclei such as alpha particles, tritons,

deuterons, and protons (6). For more highly ionizing charged particles,

it is throught that besides the ion production contributing to the for-

mation of a track, that secondary effects due to the resulting low

energy electrons (delta rays) are also a contributing factor.
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GENERAL CRITERION FOR TRACK REGISTRATION

The total rate of energy loss per unit length of particle path in

a track registering material was thought at one time to be the parame-

ter which determined whether or not a charged particle would register

an etchable track (11). Particles with a total energy loss rate above

the critical value (dE/dx)crit for the specific material would regis-

ter tracks, while particles with total energy loss rates below this

critical value would not. There actually exists a narrow range of

energy loss rates in which the track registering efficiency varies from

0 to 100%. Using this parameter it would be possible to predict

whether or not a particle with a certain energy loss rate would regis-

ter tracks in a particular material.

Recent track registration data have contradicted this criterion

for track registration (10). It was found that relativistic iron did

not register tracks in cellulose nitrate, as the criterion had pre-

dicted. Because of this incongruent behavior in the track registration

phenomenon, a more consistent criterion was needed.

The ion explosion spike mechanism predicts that a solid will

record tracks when the rate of primary ionization per unit of particle

path length in that solid exceeds a critical rate. This parameter, the

primary specific ionization
'

-1-
'

is the number of ions formed per unit
dx

distance along the particle path and was calculated in 1930 by

Bethe (10).

d

dx
(*2)
I0132/ - 2) I

In 2m0c

2 2
J xZ

+ 3.01Q 2

0

(6)
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[

where: Z* = effective charge of the ionizing particle =Z 1 -exp -9-
Z2 3

-
particle velocity v
velocity of light c

m
o
= electron mass

I0 = ionization energy of outer electron of material, '%,2 eV

a = constant for the specific material = 0.57 Trnr
2
m
o
c
2

o

n = density of electrons in material

r
o
= electron radius.

This expression for the effective charge of the ionizing particle is

good for velocities down to 13 2_, 0.25 x 10-2 Z
2/3

and for ions of atomic

number between 2 and 20.

All of the ionization and bond breaking is not included in this

expression for the primary specific ionization. There is some second-

ary ionization which is produced by delta rays to the side of the main

track. This ionization is ignored by the ion explosion spike model and

by the criterion of primary ionization rate (PI). Only the primary

ionization is considered as contributing to the track registration.

Calculations by Pfohl, Monnin, and Debeauvais (15) indicate that

fission fragment tracks in polymers produced by the primary ionization

alone would not exceed 10 X in diameter. This is in direct contradic-

tion to the observations of Pfohl and another investigator, Malmon (13),

who reported unetched fission fragment tracks in cellulose nitrate

between 400 and 500 X in diameter using an electron microscope.

E. V. Benton (2) presents a track registration criterion for poly-

mers which does consider the low energy delta rays as contributing

significantly to track formation. For a given charged particle, the

amount and distribution of the transferred energy is mainly a function
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of the particle velocity. A low velocity particle loses most of its

energy by many low energy collisions with the electrons, this energy

being confined to a small cylindrical area along the particle path. A

higher velocity particle will lose a substantial amount of energy

through the production of high energy electrons, thus distributing the

energy loss over a greater volume of material.

The critical energy loss rate parameter would not include the

energy lost to the high energy electrons, but only the energy damage

left near the particle trail. This would include the damage and

increased chemical reactivity created by the lower energy delta rays as

well as the primary ionization. The criterion which considers this

energy loss as the significant parameter is called the restricted

energy loss (REL) rate and is calculated for a particle of effective

charge Z*, velocity = v/,:, in a material by the following equation:

27nZ*2r2m
o
c2

o
2m

o
c2132y

2141°/ - 132 - 2-C- - 6 (7)(t)REL 32
In

I
2

where: Y = (1 (3

2
)

-1/2

I = mean excitation potential of the material
info = energy above which electrons (delta rays) do not contrib-

ute to track registration. 1.0 ± 0.2 keV for cellulose
nitrate

= tight binding shell correction

6 = correction for the density effect
n = density of electrons in the stopping material

e
2

r
o

-
2'

classical electron radius.
me
0

The mean excitation potential of the material, I, and the tight binding

shell correction, e/Z, can be calculated using procedures outlined by
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the National Academy of Sciences - National Research Council Subcommit-

tee on Penetration of Charged Particles in Natter (14, p. 1133).

Reference 1 also has tables of these parameters.

The primary ionization and restricted energy loss criteria predict

very similar behavior over a wide range of ions and energies. Each

approach uses an adjustable parameter in order to fit the existing

experimental data (2, p. 16). However, both are considerable over-

simplifications of the track formation phenomenon.

The primary ionization or restricted energy loss of a charged par-

ticle is a function of its velocity, charge, and the material in which

it is slowing down. As the particle loses velocity, the rate of energy

transfer to the material gradually increases to a maximum value and then

decreases rapidly as it approaches the end of its range in the material.

The critical value of primary ionization rate or restricted energy loss

rate for a material is not well established. There usually exists a

narrow range of values in which the track registering efficiency varies

from 0 to 100%. The maximum rate of PI or REL which is attained by

charged particles increases with increasing atomic number and therefore

each substance that is able to register tracks has associated with it a

minimum particle mass, below which charged particles will not produce

etchable tracks (9, p. 3) regardless of its energy. These concepts are

illustrated by Figure 1.

The assumption that for a particular material there exists a well

defined critical rate of primary ionization or restricted energy loss

is actually not totally correct. This assumption neglects the discrete

nature of energy transfer between charged particles and matter. The
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PI or
REL

MD

Transition Region

=MP OM. 1111

1

Z2

100%

.1, - - --. 0%

Z
2 > Z1

B = v/c

Figure 1. Energy loss rate and track registration.

irregular dotted appearance of some tracks observed in synthetic mica

indicates that there exist definite discrete islands of damage. It is

probably safe to assume that particles which actually have a mass slightly

below that normally required for track formation (and thus maximum pri-

mary ionization or restricted energy loss rate lower than the critical

value for the material) will occasionaly produce tracks when the energy

transfer fluctuations create closely spaced damage regions (17, p. 16).

This partially explains the transition region for track registration.

METHODS OF TRACK DELINEATION

By far the most general and widely used technique for particle

track detection involves the phenomenon of chemical etching. This

effect was first discovered in synthetic fluor-phlogopite mica when fis-

sion fragment paths were found to selectively etch fine, hollow channels

when the mica was placed in a suitable reagent (16). The inherent

increase in the free energy associated with the disordered region of the
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charged particle path is thought to be the cause of this preferential

chemical reactivity. This effect has since been demonstrated in homoge-

neous insulating solids of wide variety, including ionic and covalent

crystals, layer-structure crystals, glasses, and plastics (11).

Chemical etching of materials which have been irradiated with

charged particles has made it possible to (1) eliminate the problem of

track fading in the electron microscope which occurs in some unetched

materials, (2) observe the tracks much more easily, and (3) observe par-

ticle tracks which were previously undetectable (17, p. 17).

In order that a track be able to etch preferentially, the rate of

chemical attack along the damage trail, VT, must be greater than that of

the bulk material, vB; that is, the etch rate ratio, vT/vB must be

greater than one. The etch rate ratio is a function of the rate of

ionization or restricted energy loss rate of the incident charged parti-

cle, increasing as the rate of ionization increases. For lighter ioniz-

ing particles, vT/vB approaches one and is equal to one below the critical

rate of ionization or restricted energy loss (1, p. 8).

The geometry of a track is that of a narrow cone with a half-angle

equal to arcsin (vB/vT). If a track meets a surface at an angle less

than e
c
E arcsin (vB/vT), then the rate of dissolution of the surface

exceeds the component of vT normal to the surface, and no track will

form (11).

The process of track formation and enlargement appears to occur in

three stages.

(1) Immediately upon immersion, the etchant penetrates each track and

reacts with the damaged material in the track.
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(2) An "incubation" period follows during which very little increase

in channel width occurs.

(3) During the third stage, the rate of widening appears to be rela-

tively constant (16).

There are several other factors which help determine the size,

geometry, and the rate of formation of tracks. If the particle enters

the material with an ionization rate greater than the critical rate

required for track formation, then growth of the track hole begins imme-

diately upon immersion in the etchant. The actual growth rate of the

track diameter will be a function of the ionization rate of the particle

in that particular material. As the etching time becomes very long, the

diameter of the tracks approach a limiting value which is dependent on

the length of the etchable track (21). If a particle enters the material

at an energy great enough to have an ionization rate below the critical

value and at an angle 0 to the normal, then that particle will not regis-

ter at the surface but will be found to register at a depth of (R* L)

cose below the original surface, where R* is the approximate range of

the particle in the material and L is the maximum attainable etched track

length (5, p. 9). Tracks such as these that register below the original

surface because of their excess energy upon entering the material will

appear as smaller cones when compared with the track of a particle of a

lower energy which registered at the surface as it entered the material.

The rate of track etching and the final track geometry is very

easily affected by the choice of etchant, its concentration, temperature,

and orientation of the attacked surface (8). It has been found that a

relatively slow attack rate is obtained at lower temperatures which seems
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to produce narrower, more cylindrically shaped tracks. Essentially, the

lower temperature increases the etch rate ratio, vT/vB. It has also

been observed that the cone angle can be further reduced by stimulating

diffusion of the etchant along the particle path using ultrasonic

vibrations (3, p. 10).

Although chemical etching is the most common method for revealing

tracks in most track recording materials, there do exist a few tech-

niques which are more specialized in their application. One such method

is that of preferential precipitation of a visible second phase material

along the particle path (9, p. 1). This track decoration technique is

possible in only a few types of materials: silver chloride (AgC1) and a

phosphate glass doped with silver are two materials capable of this type

of track delineation.

Another method, which is sometimes used when a low density of

tracks exists and microscopic scanning would be inefficient, involves

the coating of one side of a very thin sheet of the detector material

with aluminum (7). This may be accomplished by evaporating a thin coat

of aluminum onto one side of the material in a vacuum evaporator. The

tracks can then be etched from the opposite side, penetrating the parti-

cle paths and dissolving circular areas of the coating adjacent to the

ends of the tracks. This technique greatly increases the ease with

which the tracks may be observed, increasing the apparent hole diameter

to more than 100 11.
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APPLICATIONS

There are several features of solid state particle detectors which

make them useful and flexible as tools for research (9, p. 11).

(1) They can withstand, without fogging or fading, very large doses of

particles that have ionization rates below the critical value for

track registration.

(2) A wide variety of materials exist with sufficiently different

sensitivities that they can be used to differentiate between heavy

charged particles.

(3) The tracks that register are very stable under severe environ-

mental conditions such as high temperatures and pressures, high

-
humidity, Sand y radiation, and extreme mechanical vibrations.

(4) The possibility of using an electron microscope for high spatial

resolution makes the study of nuclear interactions in thin films

quite convenient.

(5) The detector materials are very easy to handle and develop, and

observing techniques are simple.

Several areas of nuclear physics, biology, and geochronology have

successfully used solid state track detectors in research work.

Nuclear physics research has involved studies of fission and

spallation reactions, low cross-section reactions, lifetimes of heavy

unstable particles, and cosmic ray detection (8). It has also been

possible to measure the concentration and microscopic distribution of

elements which decay rapidly by alpha emission such as plutonium, radium,

and radon; of fissile elements such as uranium and thorium; and of ele-

ments with large (n,a) cross sections such as boron and lithium.
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Convenient neutron dosimeters are easily produced by doping cellulose

nitrate with known quantities of boron or lithium (9, p. 11).

The determination of a charged particle's energy by measuring the

diameter of the hole that it makes when entering the nonconductor has

been demonstrated (20). Discrimination between scattered and direct

particles can be accomplished using this same technique.

Several unique applications in the field of biology have been

reported. Possible analysis of biological organisms or macromolecules

containing Oxygen-17 tracer atoms is suggested using the electron micro-

scope to locate tracks in an alpha-sensitive polymer which could be used

to support the organisms. Closely related is the determination of

uranium and plutonium distributions in thin sections of animal tissue,

plants, and natural waters (12).

The separation of biological cells of differing sizes has been

accomplished using polycarbonate plastic which is irradiated with fis-

sion fragments and subsequently etched to the desired hole diameter.

Holes of various sizes ranging from 1/2 to 15 u in diameter can be pro-

duced. With sieves of different hole diameter as filters, the cells may

be separated into groups according to size (9, p. 17).

The existence of a background of ancient or fossile tracks in

natural minerals has led to an interesting application of the track

registration phenomenon. Trace amounts of uranium in natural materials

will undergo spontaneous fission which will create a record of the age

of the material. The decay constant for this spontaneous fission is

-1
approximately 10 6/year. If the tracks produced by these events are
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counted, and if the uranium content is measured (by inducing fission in

a reactor), the age can be calculated using this relationship (9, p. 18):

A =
Ao

In(c) s f) +
o Pi "F

where: ps = density of spontaneous fission tracks
pi = new density of tracks induced by the reactor irradiation
XF = spontaneous fission decay cgnstant of U238
X0 = total decay constant of U23°
f = fraction of total uranium fissioned in the reactor

irradiation used to measure uranium content
A = age of the natural material formation.

( 8 )
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CHAPTER III

DIRECT OBSERVATION

Direct observation of the alpha particle tracks in cellulose

nitrate plastic was approached using two different methods. One method

involved the use of an ultramicrotome to cut very thin sections from an

irradiated sample. The second technique incorporated a solution of

cellulose nitrate dissolved in amyl acetate which served for casting

thin sheets of plastic for subsequent irradiation, etching, and direct

electron microscope observation.

ULTRAMICROTOME SECTIONS

The preparation of specimens using the ultramicrotome requires

some preliminary work. A mounting cylinder of epoxy is needed for the

rigid mounting of the cellulose nitrate.

Small cylinders, approximately 0.75 cm in diameter, can be made by

casting an epoxy resin (Araldite was used here) in small cylindrical

capsules. When the epoxy is dry, the capsule can be dissolved away,

leaving the mounting cylinder free. This cylinder must be able to fit

the chuck of the specific ultramicrotome. An Ivan Sorvall ultramicro-

tome, Model MT-1, was used for the purpose of cutting sections of

irradiated cellulose nitrate plastic in this work.

Besides the preparation of the mounting cylinder, the glass cutting

knife must also be prepared. A device for scribing and breaking glass

knives into the proper triangular form for use on the ultramicrotome was

used in this work. The use of such a machine requires little practice

and its specific operation will be omitted here because of variations of
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technique required depending on the particular ultramicrotome used. An

adhesive tape trough directly behind the cutting edge of the knife is

prepared and sealed with wax so that it may hold water,

Technique

The alpha irradiated cellulose nitrate plastic is cut into very

small squares or rectangles, with dimensions of approximately 2 to 3 mm.

The rounded end of the epoxy cylinder is sanded flat, perpendicular to

the length of the cylinder, so that the small sample of plastic may be

glued, irradiated surface up, to this flat area. An epoxy glue was used

for mounting the cellulose nitrate. Care is exercised to make sure that

the glue does not contact the irradiated surface.

When the glue has dried, the mounted sample is placed firmly in a

chuck and carefully trimmed with a razor blade under an optical micro-

scope. Slanting cuts, parallel to each edge of the plastic, are made in

order to produce a smooth entrance and exit surface for the sectioning

glass knife. These cuts are made at a relatively short distance from the

edge in order to leave most of the irradiated surface for the actual

sectioning operation.

With the trimming accomplished, the cylinder and mounted plastic

assembly, as well as the glass knife, are placed in their holding fix-

tures on the ultramicrotome. The irradiated surface of the plastic is

very carefully aligned with the glass knife cutting edge in order to sec-

tion the plastic as nearly parallel as possible with the surface. This

particular procedure will vary depending on the type of ultramicrotome

used. The one used in this work required alignment using only a three

power microscope as a guide.
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Once the microtome is aligned as closely as possible, the cylinder

assembly can be advanced toward the glass cutting edge. An elliptical

path is swept out by the cylinder which makes one sweep by the glass

knife edge for each rotation of a hand crank. The magnitude of the

advancement per pass of the cylinder assembly can be adjusted to control

the thickness of the sections that are cut. The thickness of the sec-

tions can be determined by their color. The color code and associated

thickness is given in the table below.

Color Code

Gray <600

Silver 600 to 900

Gold 900 to 1500 A

Purple 1500 to 1900 A

Blue 1900 to 2400 A

Green 2400 to 2800 A

Yellow 2800 to 3200 A

The manual operation of the crank requires a smooth, continuous motion

through the cutting segment of the rotation in order to obtain smooth

sections. This calls for a steady hand and much practice.

The maintenance of a sharp edge on the knife is essential for good

quality sections also. It was found that approximately ten to twelve

sections could be cut with the same knife before it became too dull for

successful use. A dull knife will cause the edges of the alpha particle

tracks to appear rough and jagged. The uniformity in thickness ofethe

sections is lost with a dull knife also. Thus, the cutting edge of the

knife should be protected at all times. Contamination or contact with

anything other than air will shorten its useful life drastically.
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Another factor which will reduce the quality of the sections

obtained is any vibration of the ultramicrotome. Actual ripples and

even folding of the thin sections may occur if this factor is not con-

trolled. A weighted table or desk may be used to help keep vibrations

minimized.

As the sections are cut, they advance onto the surface of dis-

tilled water which is placed in the trough directly behind the cutting

edge. The level of the water is adjusted to just below the knife edge,

with a slight meniscus extending up to the edge. As the thin sections

float off onto the water, they are picked up on electron microscope

specimen grids. This may be accomplished by either of two methods. The

specimen grid can be held in a pair of tweezers and lowered onto the

thin section from above, or the grid may be brought from below the water

surface to pick up the section. In the former case, as the specimen

grid is raised, water tension holds the section until the grid can be

drained. Both techniques require the draining of excess water onto some

type of tissue paper. When the specimens are dry, they are ready for

observation with the electron microscope.

Results and Discussion

Very thin cellulose nitrate sections obtained were determined to

be between 2 x 103 and 3 x 103 ,(1 thick. This determination was made

using the color code given previously. Photomicrographs were taken of

the alpha tracks both before and after the sectioning operation. Fig-

ure 2 is an optical micrograph of cellulose nitrate plastic that was

given the standard irradiation for 24 hr and etched in 6M NaOH for 2 hr
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and 45 min at room temperature. The calculated pit density (3.6 x 106

tracks/cm
2) corresponds very closely with the hole density observed in

the electron micrograph (Figure 3) taken of the thin section which was

microtomcd frcm the same piece of plastic. This correspondence was

consistently observed. Figure 4 is an electron micrograph of a sec-

tioned cellulose nitrate plastic with smaller but more densely popu-

lated tracks.
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Figure 2. Cellulose nitrate with an alpha track density
of 3.6 x 106 tracks/cm2.

These illustrations show plainly the difference that a sharp

cutting edge can make in the appearance of the tracks. Note the jagged

edges of the tracks in Figure 3. Also note the slightly greyed areas

which represent tracks which did not etch as deeply as the cut of the

ultramicrotome penetrated.
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Figure 3. Alpha tracks in a thin cellulose nitrate section
cut with an ultramicrotome.

I---- 10 p

Figure 4. Ultramicrotome sectioned cellulose nitrate
with a high track density.
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Liquid nitrogen was used to cool the specimen stage during obser-

vation of the thin cellulose nitrate sections in the electron micro-

scope. This prevented melting or softening of the specimen due to the

energy loss of the electron beam while penetrating the plastic. It was

found that the thin sections would give way or sag when exposed to high

beam currents when this coolant was not used. To help alleviate this

problem further, very low beam currents were employed (10 to 12 PA).

The main difficulty encountered with this technique was the

inability to obtain sections which were large enough to represent the

total length or surface of the mounted plastic. This consequently

results in the problem of relative track position and possible problems

with obtaining areas which reveal the overall mechanism of second phase

formation. This inability is a direct result of the absence of an ade-

quate aligning mechanism on the ultramicrotome. In order that sections

may be cut from the cellulose nitrate that are exactly parallel with

the irradiated surface, the ultramicrotome must have very sophisticated

adjustments that will allow such an alignment.

If this problem were alleviated, the technique of ultramicrotome

sectioning would prove quite useful. Until it is resolved, however,

the technique will remain limited.

CASTING THIN FILMS

The second technique of direct observation of alpha particle

tracks involves casting a solution of cellulose nitrate plastic dis-

solved in an appropriate solvent. When the solvent has evaporated, a

thin film of cellulose nitrate remains, the thickness of which can be
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controlled by the concentration of the original solution. The solution

used in this work was made up of approximately 5 grams cellulose nitrate

in 50 ml amyl acetate. This solution resulted in a film thickness of

approximately 0.5 to 1 u after the solvent had evaporated.

For the specific technique used here, a wire ring, about 5/8 in.

in diameter, was constructed with a handle extending perpendicular to

the plane of the circular ring for manipulation purposes. At the end of

the handle, the wire was bent into a hook shape so that it could be hung

during the evaporation phase.

Technique

The cellulose nitrate solution is kept as clean as possible during

both the process of plastic dissolution and storage. A period of 2 to

3 days is allowed after the solution has been mixed to let it become as

homogeneous as possible. The wire ring is cleaned thoroughly before the

dipping operation. As nearly as possible, a dust-free area is used for

pouring the cellulose nitrate solution into a small, clean petri dish.

The wire ring is dipped into the solution and then withdrawn. The sur-

face tension will hold and form a thin film of the solution across the

ring. By tilting the ring slightly, the excess solution runs off into

the petri dish and a more nearly constant thickness film is obtained.

The ring is then hung in a dust-free area until it is relatively dry.

This usually takes about 2 to 3 hr.

At this time the thin film is placed in a furnace and heated at

80 to 100 °C for about 12 hr. This operation insures that most of the

amyl acetate has evaporated from the film. If a substantial amount of
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solvent is left in the cellulose nitrate the tracks will etch with a

larger cone angle. The film is then stored in a dust-free area for 3

to 4 days. If this curing step is not included the film will not hold

together well when etched.

Care must be exercised at all times to insure cleanliness of the

film and that the film does not become damaged. A film this thin is

easily punctured by foreign objects. With the cellulose nitrate plastic

still in the wire ring, the film may be irradiated with alpha particles.

The etching process is also performed with the plastic still on the wire

ring.

When the cellulose nitrate has been irradiated and etched, it may

be cut from the ring with a razor blade and placed on a clean surface

such as a microscope slide. In order to observe the plastic in the

electron microscope, the film is cut into small squares about i to 3 mm

per edge. Examination of the small prepared specimens were made both

with and without the specimen support grids.

Results and Discussion

The resulting specimens revealed an extremely definitive display

of alpha particle tracks in the electron beam image. It was very

obvious as to what constituted a track with the background being com-

pletely featureless. This aspect makes the observation and study of

these specimens very convenient and easy.

Figure 5 shows an optical micrograph of an irradiated cellulose

nitrate thin film. This thin film was irradiated under the standard

conditions, outlined in Chapter II, for 14 hr and given a 1 hr etch at

room temperature in 611 NaOH. This micrograph reveals dust or impurities



32

which have been introduced during the film preparation. The electron

micrograph (Figure 6), however, is totally free of these impurities.

This was found to he the case over the total thin film specimen surface

when studied on the electron microscope viewing screen. This is due to

the fact that the undamaged region of the cellulose nitrate plastic was

opaque enough to the electron beam to make any additional absorption or

scattering of electrons by foreign particles insignificant with respect

to the resultant image.

The comparison of track densities on these two micrographs (both

1.3 x 10
6 tracks/cm ) reveals an excellent correspondence which indicates

that essentially all tracks etched completely through the thin film.

Figure 5. Cellulose nitrate with an alpha track

density of 1.3 x 1066 tracks/cm2.
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Figure 6. Alpha tracks in a thin, cast cellulose
nitrate film.

Liquid nitrogen was used to cool the specimen stage when observing

these cellulose nitrate films in the electron microscope. This was done

to keep the films from softening and sagging under the electron beam.

Very low beam currents (10 to 12 pA) and a relatively low magnification

(2500X), which did not require an extremely intense beam, also helped to

minimize this problem. A technique that would most likely need to be

applied when studying these thin films at significantly greater magnifi-

cations is that of vapor-depositing a metallic element or alloy onto the

cellulose nitrate film, A low melting point gold-palladium alloy of

eutectic composition is recommended for this process in order to keep

from destroying the cellulose nitrate. The deposition can be accomplished

by heating and vaporizing the alloy in an evacuated chamber. The alloy
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deposits on the film specimen to produce a thin layer of extra support

and at the same time provides an efficient heat transfer medium for

keeping the specimen cool under the intense beam which is required at

higher magnifications.

The preparation of thin cellulose nitrate plastic films for direct

observation of alpha particle tracks in the electron microscope has

proved to be a very promising technique for the study of inhomogeneities

or phase separations using neutron autoradiography. The use of this

technique for practically any type of distribution study involving the

appropriate elements would be feasible.
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CHAPTER IV

THE FORMVAR REPLICA

The technique of replicating the surface of an irradiated cellu-

lose nitrate sample by evaporating the solvent from a polyvinyl formal

solution is discussed in this chapter. The Formvar solution makes its

way into all tracks and nonuniformities on the cellulose nitrate sur-

face, leaving a thin layer of polyvinyl plastic in this replicating form

as the ethylene dichloride evaporates. When the replicating plastic is

removed, the cellulose nitrate plastic, with tracks, is left undamaged

and undeformed, and the "negative" replica can be studied in the elec-

tron microscope. This is referred to as a single stage replica.

A solution of 3% polyvinyl formal dissolved in ethylene dichloride

was used in this work. This solution may be obtained commercially as

Formvar. A Scotch Brand transparent tape was used for removing the

replica from the cellulose nitrate surface. Small squares of paper or

tissue about the size of a microscope grid are cut in order to facili-

tate the removal of the desired portion of replica from the tape. These

few items plus a pair of tweezers and a razor blade or an Exacto knife

are all that is required for producing this type of replica.

Technique

A piece of cellulose nitrate plastic that is as free of surface

scratches and nonuniformities as possible is irradiated with alpha par-

ticles. After the plastic is etched under suitable conditions, the

sample is washed and dried with care taken not to scratch the surface.
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Tweezers are used for transferring the Formvar solution from its

container to the cellulose nitrate surface to be replicated. The solu-

tion is allowed to drop onto the plastic and is spread over the general

area of interest with the edge of the tweezers. One drop of the Formvar

solution is usually enough to cover the desired area. Apiece of the

transparent tape is placed over the replicating plastic when the

ethylene dichloride has evaporated. This usually takes about 1 min.

The tape is pressed against the replicating plastic with a thumb or

forefinger, and with a smooth rapid action is stripped from the cellu-

lose nitrate. The replica sticks to the tape and is thus removed from

the replicated surface. This operation removes any dust or foreign

material from the surface which was not removed by the washing opera-

tion. The tape can be discarded and the same operation repeated. The

second stripping operation insures a clean cellulose nitrate surface for

replication. If the replicating plastic tends to be difficult to remove

during the stripping operation, it may help to breathe on the replica

just before pressing the tape to the plastic.

When the area to be replicated has thus been cleaned, another drop

of the Formvar solution is spread over the cellulose nitrate. Care

should be taken to attain a film of this solution which is as smooth and

thin as possible. The Formvar solution is allowed to dry at room temper-

ature for about 1 min. When the ethylene dichloride has evaporated, an

electron microscope specimen grid is placed directly onto the polyvinyl

plastic, precisely over the area of interest. The small paper square is

now placed directly on top of the specimen grid. Care should be taken

to insure that the grid is still in the desired position. The tape is



37

then pressed onto this same area. The sharp point of the tweezers may

be used to insure that the tape makes good contact with the polyvinyl

formal around the edges of the grid. The same stripping action is used

here as was used before in the cleaning phase. The angle with which the

tape is pulled from the plastic should not exceed about 45° in order to

eliminate any distortion of the replicating plastic.

If the replica for some reason does not strip off completely, then

the tweezers can be used to remove the rest of the replicating plastic,

and the operation can be repeated. The microscope specimen grid can

easily be worked from the tape with the tweezers because of the small

piece of paper which was placed between it and the tape. The same tech-

nique of breathing on the replicating plastic can be employed here to

minimize this problem.

When the replica and grid have been removed from the cellulose

nitrate, the tape is stretched out with the replica side up. A razor

blade is used to cut around the specimen grid. This cut is made through

the replicating plastic only. An Exacto knife or the tweezers can be

used to carefully work the specimen grid away from the tape adhesive.

When the grid is free of the tape, the tweezers should be used to trans-

fer the replica and grid either directly to the specimen holder for

observation in the microscope or to a specimen storage slide.

Results and Discussion

The resulting replica is a "negative" of the irradiated cellulose

nitrate surface. Wherever a track existed in the cellulose nitrate, a

protrusion or column-like structure forms on the replica. Some of the
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columns remain erect and others tilt or fall over completely. The obser-

vation of this single stage replica in the electron microscope was per-

formed at an accelerating voltage of 125 kV and a beam current setting of

20 pA. This combination seemed to give the best contrast and resolution

in the replica image. An objective aperature was used in taking pictures

in order to improve the contrast further. It was found that shadowing

with a gold-palladium alloy did not significantly increase the contrast

of this type of replica. The production of replicas which were as thin

as possible helped to alleviate the resolution and contrast problem

partially, but only up to a limit. Single stage replicas produced from

a 1.5% Formvar solution, which were thus thinner yet, resulted in the

revealing of less significant and undesirable cellulose nitrate surface

nonuniformities.

Figure 7 is an optical micrograph of a piece of cellulose nitrate

that had been irradiated under standard conditions for 26 hr and then

etched for 1.5 hr in 6m NaOH at room temperature. The electron micro-

graph of Figure 8 reveals a track density greater than that generally

noted in the optical micrograph. In scanning the replica, it was found

that the area which is shown in the electron micrograph contained signif-

icantly more "tracks" than was generally observed.

It was found that liquid nitrogen was not necessary for cooling

these replicas. The polyvinyl formal plastic was quite stable under even

the most intense electron beam.

The principle advantage of this single stage replica is that the

main cellulose nitrate detector need never be cut into smaller pieces or

destroyed. The removal of the replicating plastic leaves the cellulose
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Figure 7. Cellulose nitrate with an alpha track
density of 2.0 x 106 tracks/cm2.

i-10 u __-1

Figure 8. Single stage Formvar replica
revealing alpha tracks.
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nitrate in its original condition and completely available for as many

replicas as desired. The relative position of any particular track can

easily be determined by producing identification marks or lines on the

cellulose nitrate plastic that would be replicated simultaneously with

the production of the specimen.

A factor that would cause some restrictions on the use of this

technique is the inability to obtain good contrast at high magnifications.

Figure 9 shows an electron micrograph of the same replica as Figure 8,

but at a magnification of 18,000X.

With an increase in the resolution of this type of replica, the

technique would be quite convenient for many types of studies involving

lithium or boron distributions.

F--1

Figure 9. Single stage Formvar replica at 18,000X.



41

CHAPTER V

THE CARBON REPLICA

The use of carbon for the production of replicas in the study of

many types of materials is quite universal. In this chapter, two tech-

niques are specifically discussed which involve the deposition of carbon

onto plastic surfaces for the purpose of track replication. One method

deposits carbon directly onto the cellulose nitrate surface for replicat-

ing. This is essentially a single stage replica. The second method

involves an intermediate process which strips a Formvar replica from the

cellulose nitrate surface and then evaporates carbon onto this replicat-

ing plastic. This is called a double stage replica. The plastics are

dissolved away in both cases, leaving the thin carbon film as a record

of the cellulose nitrate surface.

SINGLE STAGE CARBON REPLICA

With the proper cellulose nitrate thickness, the single stage car-

bon replica can be a very rapid and easy technique for studying alpha

particle tracks. In this work, two sizes of cellulose nitrate were used

to produce this type of replica. A relatively thick ("35 mil) cellulose

nitrate and a very thin (1 to 2 p) cast plastic were irradiated, etched,

and subsequently placed in a Varian bell jar vacuum evaporator (Model

VE-10). Carbon rods (0.25 in. in diameter) were used for the vapor-

depositing process. Methyl Acetate (99.9% pure) practical grade was

used as the solvent for the cellulose nitrate. A paraffin (45 °C melting

point) was used to hold the carbon together when dissolving the thick

(35 mil) cellulose nitrate plastic.
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Technique

The thin cellulose nitrate is stored in a container after the

etching process to keep its surface clean. The carbon rods are prepared

and placed in the electrodes of the evaporator. Approximately 1/8 in.

is sharpened on one of the rods, and the other rod is sanded flat. This

creates a point of high resistance when the rods are placed together. A

spring action maintains this contact as the rod is evaporated and con-

sumed. The carbon rods are positioned in the electrode holders at a

distance of about 4 1/2 in. from the evaporator turntable where a clean

microscope slide is placed. When the carbon rods are in place, the thin

plastic is placed on the clean microscope slide and taped firmly into

position. The bell jar is lowered into position and the chamber is

evacuated to approximately 10 torr.

In order to vapor-deposit the carbon onto the plastic, the current

is turned to about six or seven on a relative current scale and the

power to the electrodes switched on. When the 1/8 in. of carbon has been

consumed, the power is turned off and the chamber vented. If another

layer of carbon is desired, to add strength to the replica, the carbon

rods are again prepared, and the operation is repeated.

When the deposition step has been completed, the plastic is taken

from the bell jar and cut into small squares about the size of an elec-

tron microscope specimen grid. The squares are placed carbon side up on

the appropriate grids (150 mesh were used here), and a pair of tweezers

is used to transfer it directly to a small petri dish which contains the

methyl acetate solvent. With cellulose nitrate this thin, the transfer

operation must be made with a swift action in order to prevent the curling
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of the plastic while in the vapors of the solvent. Thicker plastic

will not behave in this manner.

As the cellulose nitrate dissolves in the methyl acetate, the thin

carbon replica will settle onto the specimen grid. The specimen is left

in the solvent for 10 to 15 min. After this time, the specimen is trans-

ferred with tweezers into a fresh Petri dish of solvent and moved around

slowly to complete the washing process. It was found that a rapid wash-

ing motion in this last step will cause the carbon to break-up and fold

over on the specimen grid. The specimen is now taken from the methyl

acetate and placed on a clean tissue to allow the residual solvent to be

drawn from the grid. When the specimen is dry, it is ready for observa-

tion in the electron microscope.

This technique works quite well for cellulose nitrate that is less

than about 2 to 3 mils thick. With thicker samples, the thin carbon

replica tends to break-up during the dissolving process due to the swell-

ing of the plastic which occurs. Because of this break-up of the carbon,

an entirely different dissolution process is required for the thick

cellulose nitrate.

The vapor-deposition of the carbon onto the thick plastic is per-

formed in exactly the same way as with the thin plastic. However, the

plastic is cut into small squares before the deposition operation rather

than after this step as was done with the thin plastic. After the carbon

is deposited, the plastic is taken from the bell jar and placed under a

protective lid to keep dust from settling onto the surface.

The technique of holding the carbon together during the process of

dissolving the cellulose nitrate is accomplished with the paraffin. A
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small, clean petri dish is used to hold the paraffin while it is heated.

When it has melted, tweezers are used to transfer a drop of the molten

paraffin from the petri dish to just above the sample of cellulose

nitrate and carbon replica. The tweezers are opened and the paraffin

drops onto the replica. As the paraffin cools and solidifies, it forms

an effective clamping device to hold the carbon in place. The carbon

should be completely covered for the best results. Care should be taken

to make sure that the paraffin does not make contact with the underside

of the plastic. Any excess paraffin can be scraped away from the sides.

The sample is now placed, paraffin side up, on a small, square

grid which is supported by bending the four corners perpendicular to the

grid surface to form legs. This "grid table" and sample are placed in a

small petri dish and methyl acetate added to a point just covering the

paraffin. The cellulose nitrate is allowed to dissolve. This usually

takes 2 to 3 hr with this thick plastic. The sample can be transferred

to fresh solutions periodically to speed this process. When most of the

plastic has dissolved, the sample is placed on a microscope specimen grid

with the paraffin side down. The specimen grid is again placed on the

grid table in a small petri dish with methyl acetate added to the table

top level. The solvent is now heated to the 45 °C melting point of the

paraffin. As the paraffin melts, the carbon replica settles onto the

specimen grid. The solvent is then heated to between 60 and 70 °C for

approximately 15 to 20 min to dissolve as much of the cellulose nitrate

and paraffin as possible. A reflux washer which incorporates the

continuous condensation of a fresh solvent onto the specimen may be used

to facilitate this process. The carbon replica is transferred on the
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grid to a fresh solution of methyl acetate and washed thoroughly using

the same slow movement as was used with the thin plastic carbon replica.

The specimen is then placed on a clean tissue to allow the excess sol-

vent to be drawn from the grid. When this drying process is complete,

the replica is ready for observation with the electron microscope.

Results and Discussion

The resulting carbon replica reveals distinct circular areas of

folded and collapsed carbon from the walls of the individual tracks.

Some of the tracks show a "tail" resulting from the toppling or tilting

of the carbon. Also apparent in the carbon replica are surface nonuni-

formities from the cellulose nitrate. These are revealed by half circles

of slightly thicker carbon and irregularly shaped areas.

Figure 10 is an optical micrograph of a piece of cellulose nitrate

(35 mil) irradiated under standard conditions for 24 hr and etched at

room temperature for 2 hr and 45 min in 6M NaOH. The track density

observed here ("3.5 x 10
6
tracks/cm

2
) corresponds very well with the

track density in Figure 11 showing an electron micrograph of a specimen

taken from this same sample. The contrast obtainable with this type of

replica is excellent as can be seen in this electron photomicrograph.

Figure 12 is an electron micrograph of the same specimen magnified

30,000 times. This micrograph illustrates the excellent contrast and

resolution obtainable with the carbon replica. The variation in track

size is under present investigation to determine its cause.

Figure 13 is an electron micrograph of a carbon replica taken from

the very thin cast cellulose nitrate (2500X). The tracks are seen as
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Figure 10. Cellulose nitrate with an alpha track

density of 3.5 x 106 tracks/cm2.
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Figure 11. Single stage carbon replica revealing

alpha tracks.
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Figure 12. Single stage carbon replica
at 30,000X.
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Figure 13. Single stage carbon replica taken from thin,
cast cellulose nitrate with alpha. tracks.
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quite distinct from the vastly greater number of irregularities in this

plastic as opposed to the nonuniformities observed in the thick plastic.

The major difficulty encountered in producing this type of a

replica revealed itself in the inability to obtain completely clean

specimens from the thick plastic. Certain areas of the replica were

observed to be entirely free of the cellulose nitrate and paraffin, while

other areas were covered with an undissolved substance which made it

impossible to view and study the alpha particle tracks. This substance

is hypothesized to be a mixture of the plastic and paraffin. This was

not a problem in the case of carbon replica production from the thin

cellulose nitrate plastic.

A definite disadvantage of this technique is the fact that once

the plastic has been dissolved, the original tracks are gone. This

requires extreme care in the preparation and storage of the specimens.

The technique cannot be repeated on the same plastic if a better replica

or slightly different area is desired.

Considering all points, however, the technique would be quite

satisfactory for studying phase separations and particle distributions

if the thin plastic is used. The thicker plastic technique would involve

extremely thorough cleaning procedures in order to be useful. This would

necessitate the use of a reflux washer and possibly alternate washings

with methyl acetate and a paraffin solvent (xylene).

DOUBLE STAGE CARBON REPLICA

The production of a double stage carbon replica from cellulose

nitrate plastic requires definite modifications of the normal double

stage replica technique. The problem encountered when facing the
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production of such a replica involves the selection of a suitable sol-

vent which will not dissolve or soften the cellulose nitrate but which

will dissolve or soften some other type of plastic. The appropriate

solvent and associated plastic is readily available in the form of

Formvar (polyvinyl formal in ethylene dichloride).

The technique of producing a double stage carbon replica involves

essentially the production of two single stage replicas, the combination

of which retains the advantages and drops the disadvantages of each. A

Formvar replica of the desired cellulose nitrate area is produced and

carbon vapor-deposited onto this original replica. When the Formvar

replica is dissolved away, a "positive" of the cellulose nitrate surface

is produced.

Technique

The Formvar replica is produced in exactly the same way as is

described in Chapter IV. The grids, with the single stage replicas, are

placed on a microscope slide and positioned on the vacuum evaporator

turn table. If better contrast or track identification is desired in

the replica image, the specimens may be shadowed with a metal or alloy.

The technique of shadowing involves the evaporation and simultaneous

deposition of a metal or alloy onto the replica at an angle. This is

performed in a vacuum in much the same way as carbon is deposited. For

the Formvar replica, a low melting point alloy is suggested such as the

gold-palladium eutectic alloy. This will prevent melting of the plastic.

It was found that good contrast could be obtained without this shadowing

technique.
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The carbon deposition onto the Formvar replicas is performed in

exactly the same way as described in the first part of this chapter.

Depending on the desired strength of the final replica, one or more

layers of carbon may be deposited onto the plastic replica. When the

carbon depositing process is complete, the specimens are taken from the

evaporator and stored in a dust free area.

In order to dissolve the Formvar replica, ethylene dichloride is

poured into a small, clean petri dish. The specimen is transferred with

tweezers into the solvent. The grid is allowed to rest on the bottom of

the dish with replica side up for about 10 min. The specimen can be

moved to a different position in the dish once or twice to provide

fresher solvent. The movement should always be slow so as not to dis-

turb or tear the carbon. After this step the specimen is transferred

to a second, fresh ethylene dichloride solution and moved around slowly

for a final wash. The grid is then placed on a clean tissue to draw off

excess solvent and to dry the specimen. Storage should always be in a

clean, dust-free area. The double stage carbon replica is now ready for

electron microscope observation.

Results and Discussion

The replica produced with this technique gives an electron beam

image quite similar in appearance to the single stage carbon replica.

The folded and collapsed carbon is produced by the Formvar protrusions

and thus there is rarely observed an actual hole in the replica as is

seen in the single stage carbon replica.
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Figure 14 shows an optical micrograph of a sample of cellulose

nitrate plastic with a track density of approximately 2.5 x 10
6

tracks/

cm
2

. A double stage replica of this sample (Figure 15) observed with

the electron microscope reveals a density of about the same magnitude.

Note the excellent contrast of this replica. Figure 16 shows an elec-

tron micrograph of the same replica magnified 30,000 times. The very

good resolution is quite apparent in this picture.

Figure 14. Cellulose nitr te with an alpha track
density of 2.5 x 10 icm2.



52

44

'to

Figure 15. Double stage carbon replica revealing
alpha tracks.

1-1

Figure 16. Double stage carbon replica
at 30,000X.
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This technique has proved to have some unique features. It has

the combined advantages of the Formvar replica and the single stage

carbon replica. The cellulose nitrate is not deformed or destroyed in

the process of replication, and the final replica has very good contrast

and resolution. These features have made this technique of track obser-

vation quite attractive.

Two essential factors which should be kept in mind during the

Formvar replica production are the cleanliness of the cellulose nitrate

surface and the production of a thin plastic film. Each of these fac-

tors have proved to be of great help in producing a faultless replica.

The thicker Formvar replica tends to trap residual solvent in very small

pockets in the polyvinyl formal plastic which results in corresponding

circular and oval shaped areas in the final carbon replica. By produc-

ing a very thin Formvar replica and making sure the cellulose nitrate

remains clean, this type of imperfection can be avoided.

The double stage carbon replica technique could be used with good

success in any study involving the observation of charged particle

tracks in cellulose nitrate. This would include the study of phase

separations in glass and very short concentration gradients such as

discussed in Chapter II.

Experiments have shown that cellulose nitrate plastic contains

imperfections which will actually etch to form relatively small holes

when compared with alpha tracks etched under the same conditions. These

etched imperfections seem to be randomly distributed and of uniformly

small relative size and thus will not be confused with the alpha tracks.
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CHAPTER VI

SUMMARY AND CONCLUSIONS

The development of techniques for electron microscopic observation

of alpha particle tracks in cellulose nitrate plastic will allow the

study of atomic distributions of lithium and boron, and alpha emitting

elements such as plutonium, radium, and radon at tremendously greater

magnifications and resolution than has previously been possible.

The techniques which were developed incorporate several standard

specimen preparation practices but also include important modifications

which became necessary due to particular characteristics of the cellu-

lose nitrate plastic.

The techniques developed in this work and described herein can be

summarized as follows:

1) The sectioning or cutting of very thin slices from the surface

of alpha irradiated cellulose nitrate plastic was accomplished using an

ultramicrotome. The thin sections are picked up on specimen grids and

dried for electron microscopic study. The electron beam image obtained

reveals quite distinct holes in the section which represent the alpha

particle tracks. Special problems with alignment of the cellulose

nitrate while mounted on the ultramicrotome result in sections which

represent only part of the total sample surface. For this reason use of

the technique is limited.

2) The production of thin films for alpha irradiation, etching,

and subsequent electron microscope observation has proved very success-

ful. A solution of cellulose nitrate dissolved in amyl acetate was used



55

to cast the films with a wire ring. The surface tension of the solution

held the film in place while it dried. Subsequent annealing, irradiat-

ing, and etching were all performed with the film left in the ring. The

image observed on the microscope screen revealed holes in the film from

the alpha irradiation and etching process. There were no background

nonuniformities to be mistaken for tracks. Low beam currents and liquid

nitrogen are required to prevent the softening or melting of the film.

The ease and simplicity of thin film preparation plus the excellent

image and track identification characteristics make this technique very

appealing with a great deal of potential.

3) The production of a polyvinyl formal plastic single stage

replica was accomplished by using a 3% solution of this plastic dis-

solved in ethylene dichloride. The solution is available commercially

as Formvar. The solution is dropped onto the cellulose nitrate surface

and the solvent allowed to evaporate. The plastic is then stripped from

the surface and viewed with the electron microscope. The image produced

does not have the resolution that the other techniques do, but the tech-

nique does have the advantage that the cellulose nitrate need not be cut

up or destroyed. Because of this advantage, the method is attractive if

resolutions no better than approximately 3000 A point to point are

needed.

4) The single stage carbon replica was produced by vapor-

depositing carbon onto the surface of the cellulose nitrate plastic and

then dissolving the plastic away with methyl acetate. Problems involving

the break-up of the carbon on thick plastic when trying to dissolve it

were solved using paraffin to hold the carbon together during this
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process. The paraffin was dissolved after most of the plastic had been

dissolved. The image produced by this replica had very good contrast

and resolution. Problems in obtaining a completely clean specimen were

encountered with the thick plastic, but no such problem occurred with

the thin plastic. Very thorough cleaning involving the use of a reflux

washer is recommended when this replica is produced on plastic thicker

than about 2 mils. The main disadvantage of this technique is that the

original plastic and consequently tracks are destroyed in the prepara-

tion process. If this factor is not important and consistently good

replicas can be produced which are satisfactory for the specific purpose,

then this technique is quite useful.

5) The incorporation of two single stage techniques to produce a

double stage carbon replica was accomplished also. A Formvar replica of

the alpha irradiated cellulose nitrate was produced and then carbon was

vapor-deposited onto the replication surface. The Formvar plastic was

then dissolved away with ethylene dichloride leaving the carbon to settle

onto a specimen grid. The grid was left to dry and was then ready for

observation. The image formed by this replica in the electron micro-

scope was very much like that of the single stage carbon replica with the

same folded and collapsed layers of carbon. This excellent image was

obtained without destroying or cutting the cellulose nitrate in any way.

Extreme care with cleanliness in the specimen preparation is required in

order to avoid background contamination of the replica, however. The

technique would be very useful for any type of particle distribution

study of interest.



57

When all factors of replica and image quality, ease in prepara-

tion, and convenience are considered, the techniques of the cast thin

films and the double stage carbon replica seem to be of most promise, for

particle distribution studies of the type discussed in Chapter II.

These techniques do not involve the destruction of the original tracks

and yet produce an excellent electron beam image in the microscope.

In order to develop these techniques to the point of usefulness

for the study of phase separations, a few modifications are necessary.

The density of tracks in the cellulose nitrate will have to be increased

significantly. The study of phase separations will require much higher

magnifications and therefore the greater track density is required for

track observation on the microscope screen. The etching conditions will

have to be modified to produce smaller, more cylindrically shaped tracks.

This factor could be easily controlled using a combination of lower

etchant temperatures and shorter etch times. Ultrasonic vibrations dur-

ing the etching operation would also help to reduce the track cone

angle.

The higher magnification requirement necessitates some modifica-

tions in the thin cast film technique. Because a more intense electron

beam is required at higher magnifications, some method of reducing and

dissipating the heat which builds up in the cellulose nitrate is

required. Besides the use of the liquid nitrogen and as low a beam cur-

rent as possible, the thickness of the film will need to be reduced to

minimize the amount of material present that the electrons must pass

through. The thickness should be reduced to below 3000 if possible.

The thinner plastic film will also minimize the problem of decreased
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spatial resolution due to the track cone angle. Besides this reduction

in thickness, the provision of a heat dissipating shield is easily made

by the vapor-deposition of a metal or alloy onto the thin film surface.

This thin layer of metal will remove heat much more readily than the

plastic alone. A low melting point gold-palladium eutectic alloy is

recommended for this purpose so as to keep from heating the plastic

excessively during the deposition process. With these modifications,

the thin film technique would become a useful tool for the study of

phase separations.

The use of the double stage carbon replica for this purpose

requires only the careful attention to cleanliness and cellulose nitrate

plastic selection. The cleanliness, as previously mentioned, is essen-

tial for minimizing the background foreign particles which could pos-

sibly be mistaken for tracks. Some cellulose nitrate plastic has been

found to contain microscopic pits in the etched condition which could

possibly be confused with the alpha particle tracks. The selection of

cellulose nitrate plastic which does not contain this type of heteroge-

neity would greatly facilitate the task of track identification when

smaller track diameters are being observed.

The carbon replica is very stable under intense beams, making the

heat removal problem nonexistent. With the above precautions observed,

this technique would also be useful in the study of the phase separa-

tions discussed in Chapter

These two specimen preparation techniques developed in this work,

and just discussed, were able to produce specimens which had easily
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distinguished tracks on the order of 1500 to 2000 A in diameter. It is

conservatively estimated that with additional effort, tracks with

diameters on the order of 100 A will be easily observable.
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NOMENCLATURE

n
o
= number of unit charges of ionization per atom

n
n
= density of free electrons

n
a
= number of ionizations per atomic plane

e = unit of charge

m = electron mass

r
o
= electron radius

a
o
= average atomic spacing

E = dielectric constant

E = elastic modulus

p
n
= electron mobility

p = hole mobility

t = diffusion time

D = diffusion coefficient

k = Boltzmannts constant

T = absolute temperature

Z* = effective charge of the ionizing particle

Z = atomic number of ionizing particle

I
o
= ionization energy of outer electron

I = mean excitation potential

v = particle velocity

c = velocity of light

W = energy above which electrons do not contribute to track registration

vT = rate of chemical attack along damage trail

vB = rate of bulk chemical attack

e
c
= angle between track and surface

o
= total decay constant of U238

F
= spontaneous fission decay constant of U238

p. = density of tracks induced by reactor irradiation

p
s
= density of spontaneous fission tracks

f = fraction of total uranium fissioned in the reactor
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R = stress ratio

NI = charged particle mass

e
= electron energy

E
f
= charged particle energy

b = distance charged particle passes from electron

r = distance of electron diffusion

V = volt

= ratio of particle velocity to velocity of light

n = density of electrons in the stopping material

m = classical electron mass
o

Y (1S 2
)
-1/2

= tight binding shell correction

d = correction for the density effect

R* = range of charged particle in material

L = maximum attainable etched track length
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